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Can macrocyclic phosphonate molecules inhibit
barium sulfate crystallization?¥

Tomoko Radomirovic,® Mark |. Ogden, ®c
Andrew L. Rohl @? and Franca Jones @ *©

Macrocyclic compounds such as DOTP (1,4,7,10-tetraazacyclododecanetetrakis(methylenephosphonic
acid)) and NOTP (1,4,7,-triazacyclononanetri(methylenephosphonic acid)) are found to inhibit precipitation
of barium sulfate just as potently as their non-cyclic counterparts depending on the ionisation state of the
molecule. Morphologically, DOTP has a more significant influence on the shape of barium sulfate particles
formed than NOTP while turbidity results show that NOTP does not significantly affect the induction time
observed, unlike DOTP, which does impact the induction time at higher concentrations. Overall, the inhibi-
tion of these macrocyclic compounds can be explained by the number of de-protonated phosphonate
groups and is not significantly impacted by the presence of the ring. The presence of calcium ions during
barium sulfate crystallization lowers the degree of inhibition for both NOTP and DOTP. Molecular model-
ling showed that an uncomplexed DOTP molecule could lattice match to the barium sulfate lattice but had
fewer Ba---Opnos interactions than the equivalent non-macrocyclic molecule. The comparison of
uncomplexed with complexed DOTP shows that the final configuration is similar for these two
situations, thus in this case it is not the Ba---Opos interactions but the overall replacement energy that is

rsc.li/crystengcomm important.

Introduction

Scale is defined as the unwanted crystallization of a solid. In
off-shore oil production, the combination of temperature and
pressure changes and the mixing of aquifer and sea water
commonly result in barium sulfate as a scale product."™ A
great deal of effort has been invested to devise strategies for
either removing or avoiding the formation of scale.”” One
mode of tackling barium sulfate scale is to use an organic
additive so that crystallization is inhibited to such a degree
that the scale does not form. Some industrially used inhibi-
tors are, for example, HEDP (hydroxyethylenediphosphonic
acid®®)  and EDTP (ethylenediaminetetraphosphonic
acid"™*%). Previous literature has stated that DOTP (1,4,7,10-
tetraazacyclododecanetetrakis-(methylenephosphonic  acid))
would not be suitable as an inhibitor as it is a rigid mole-

cule.”'' While the term ‘rigid’ was not defined in this pa-
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per, the authors were referring to the decreased molecular
flexibility once the molecule is in the complexed form. This
limitation on movement is above and beyond the constraints
that the initial ring structure would impart. The impact on
crystal growth due to changes in ‘rigidity’ upon complexation
has not yet been studied experimentally in detail. An advan-
tage of macrocyclic compounds relative to acyclic analogues
is that their coordination to metal ions is typically well de-
fined in terms of structure and stoichiometry. Hence we de-
cided to investigate the behaviour of some macrocyclic com-
pounds as inhibitors, with an emphasis on quantifying the
impact of complexation to a metal ion.

Complexation of an additive with cations in solution can
influence crystallization by impacting on the activity of the
free cations, that is, by impacting supersaturation. For com-
plexation to be effective, equivalent molar concentrations of
the ligand to cation are often required to induce significant
effects. This is in contrast to most ‘threshold’ inhibitors that
influence crystallization significantly at very low levels (typi-
cally ppm levels or mM concentrations). However, this as-
sumes that the complexed molecule has no interaction with
the crystallization process. This assumption that complexing
agents only interact by influencing activity has been shown to
be erroneous in the case of ethylenediaminetetraacetic acid"®
and oxalate.’” ‘Rigidity’ on the other hand is thought to
decrease inhibition efficacy due to the ‘lattice matching’
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hypothesis. This hypothesis proposes that a molecule re-
quires a certain amount of flexibility to match the lattice
spacings of the crystallizing solid.”'*'> For example,
nitrilotrimethylenephosphonic acid (NTMP) and 1,3,5-
benzenetriphosphonic acid have recently been compared as
inhibitors of barium sulfate, and it was found that the more
flexible NTMP was more efficient (although neither additive
impacted on crystal morphology under the conditions stud-
ied)."® In the case of stronger ionophores, complexation is
reasoned to lead to a molecule less able to ‘lattice match’
and, therefore, less able to inhibit. However, data on this
effect is lacking.

Here, we investigate the impact of macrocyclic molecules
on crystallization and study the role of complexation in more
detail. To do this, we have carried out experiments with the
macrocycles DOTP and NOTP (1,4,7,-triazacycloheptanetri-
(methylenephosphonic acid)), and compared these results
with their acyclic analogues EDTP, and NTMP (nitrilotri-
methylenephosphonic acid). We also report computational
results for DOTP and EDTP to probe the hypothesised mecha-
nisms of inhibition (lattice matching) in more detail. Finally,
the macrocyclic additives with and without calcium ions pres-
ent are assessed for their inhibitory powers in an attempt to
de-couple the impact of the flexibility of the additives from
complexation effects. The structures of these additive mole-
cules are shown in Fig. 1.

Methods and materials

The program PHREEQC'® was used to determine the molality
and activity of ions for each experiment. The ion activity
product (IAP) was calculated and the supersaturation index
then defined as SI = log;(IAP/K,), where K, is the solubility
product.

Conductivity

Unseeded runs were conducted at 25 °C using conductivity
(WTW LF 197 Conductivity meter) to monitor the crystalliza-
tion in situ as previously described.>>> The method consists
of equilibrating 0.249 mM BaCl, and adding the molar
equivalent Na,SO, solution to initiate crystallization. The
total volume is kept constant at 201 mL and the graph of
conductivity versus time is used to calculate ks (observed
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Fig. 1 Schematic structure of a) DOTP, b) NOTP, c) EDTP and d) NTMP.
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de-supersaturation rate) by fitting the linear region of the de-
supersaturation curve. The pH is kept constant at 6.5 by the
addition of NaOH or HCI as required. Organic additives were
added to the barium chloride solution prior to the addition
of sulfate. Calcium chloride, when present, was also added to
the barium chloride solution prior to the sulfate in order to
allow complexation of the macrocycle to occur prior to the
crystallization reaction. The concentration of calcium ions
was kept constant at 2.5 mM. The de-supersaturation rate
has been found to have an error of ~10%.%

The conductivity measures the mobile ions in solution,
thus complexation of cations with the macrocyclic anions will
alter the conductivity value compared to the value obtained
in the absence of the macrocycle. However, the changes in
the conductivity post addition and equilibration of the
macrocyclic organic will be mainly due to the barium and
sulfate ions coming together to crystallize.

Turbidity

The effect of the macrocyclic additives on the nucleation be-
haviour of barium sulfate during crystallization was deter-
mined by its impact on turbidity as in previous studies.”*>*
The turbidity was measured by operating a UV-vis instrument
(GBC, UV-vis 916 instrument) at 900 nm to limit absorption
of light by the solution. The crystallization reaction, equili-
brated at temperature, involved 200 mL ultrapure water, 0.5
mL barium chloride solution (0.1 M) and 0.5 mL sodium sul-
fate solution (0.1 M) stirred at 150 rpm with a two-pronged
glass impellor. The macrocyclic solution (1 g L™ stock solu-
tion) was added after the barium chloride and the amount of
ultrapure water was adjusted to maintain a constant final vol-
ume. This solution was pumped through a flow-through
quartz cuvette using a Masterflex® peristaltic pump and the
absorbance reading through the cell monitored over time.

The induction time (time taken for the turbidity to rise
above zero) was determined at different additive concentra-
tions. Induction time changes reflect nucleation rate changes,
which in turn can give information about the surface free en-
ergy of the nuclei (in classical nucleating systems).>*>”

SEM (scanning electron microscopy)

The barium sulfate solids were collected after conductivity
runs, filtered onto 0.22 pm membranes and subsequently
washed. After drying in a desiccator, a portion of the filter pa-
per was placed onto a carbon-coated stub and gold sputtered
prior to viewing in a Zeiss Evo instrument.

Complexation

Conductivity was used to measure the degree of complexation
using the reaction scheme below:

L' + 2Ba*" = Ba,L (1)
here L refers to the ligand and the 4- charge was chosen due

to speciation data (discussed later). The decrease in

This journal is © The Royal Society of Chemistry 2019
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conductivity is assumed to be due to the loss of barium ions
resulting from the complexation reaction. The mobility of the
residual ligand is assumed to be negligible. The experiment
consisted of adding a known concentration of the ligand to
ultrapure water and measuring the conductivity. Barium chlo-
ride solution is then added and a plot of the change in con-
ductivity versus barium ion concentration is made. The de-
gree of complexation can be determined by the differences in
behaviour between the graphs obtained in the absence and
presence of the ligand. The results are displayed in Fig. 2 and
calculation of the approximate complexation constant is
given in the supplementary section.

Molecular Modelling

The modeling was performed by using the previously
reported empirical models for barium sulfate.">*® For the
macrocyclic organic molecules, the parameters used can be
found in the supplementary information, the parameters
were modified from CVFF forcefields as reported previ-
ously.”?® The visualization software GDIS*® was used to con-
struct 2D simulation cells and GULP*! was used to minimize
their energy. The first step was to construct a supercell of bar-
ium sulfate large enough to accommodate the DOTP without
there being interactions with neighbouring DOTP molecules
due to the periodic nature of the system. Secondly, the slab
was split into two regions; region I represents the surface and
ions within it are able to move during minimization while re-
gion II represents the bulk and all ions in this region are
fixed. The seven most stable faces of barium sulfate were sim-
ulated (including the two possible surface cuts of the (100)
face, called a and b*®). The number of phosphonate groups
present on the organic dictated the number of sulfate groups
removed from the surface (to maintain charge neutrality of
the system as a whole) and many different configurations
were trialled in an attempt to find the global minimum.

For the complexed DOTP, the DOTP molecule was
modeled with calcium in a binding position (i.e. able to inter-
act with the phosphonate groups and the nitrogen atoms)
and a sulfate was placed on the opposite side of the slab (for
charge neutrality). The hydration energy for all molecules was
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Fig. 2 Conductivity versus barium ion concentration in the absence or
presence of the ligands, DOTP (0.092 mM) and NOTP (0.097 mM).
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calculated by utilizing the COSMIC continuum solvation
model available in GULP,*"** whereby it is assumed that the
solvent behaves as a perfect conductor situated around a sol-
vent accessible surface (SAS) around the ion of interest. The
parameters required in the COSMIC model are:

(i) The dielectric constant of the solvent; for water this is
78.4.

(ii) The radius of water used to generate the solvent acces-
sible surface; set to 1.4 A, the radius shift of water was then
set equal to this radius, as is widely done.

(iii) The number of points and segments per atom, which
control the fineness of the SAS; set equal to 326 (a smoothing
range of 0.2 A was used to ensure continuous behavior of the
energy surface).

(iv) The radii of the atoms (adjusted to reproduce the ex-
perimental solvation energies of the individual ions and the
previously calculated solvation energy of EDTP*®) resulting in
the following radii: Ba 2.18 A, Ca 1.81 A, S 1.50 A, N 1.58 A, H
1.10 Aand 0 1.75 A.

The hydration energy values are listed in the supplemen-
tary section.

For each run, a replacement energy was calculated based
on the following reaction:

Barite;niia + DOTP — Barite + DOTP,qgorpeq + 4502 (2)

Giving the following equation for the replacement energy,
Erepl:

Erepl = (FinalE +4 X EhydrSulfate +4 X Esulf) - (InitialE
+ Enyarpote * Epote) 3)

where Epyq, refers to the hydration energy for the ions (sulfate
or DOTP), Eg,it, Eporp refers to the energy of the unsolvated
ion, InitialE refers to the initial energy of the barite prior to
adsorption, and FinalFE refers to the final energy after adsorp-
tion of the DOTP onto the surface. The more negative the re-
placement energy, the more likely the adsorption process is
likely to occur.

Results

Detailed results for the impact of EDTP and NTMP on the
crystallisation of barium sulfate can be found in the litera-
ture.®>® Only brief descriptions will be given here for the pur-
pose of comparison.

Conductivity

The de-supersaturation rates of barium sulfate in the pres-
ence of the two macrocyclic molecules generally decrease as
their concentration increases (see Fig. 3). DOTP and NOTP
appear to be similar in the efficacy of inhibiting crystalliza-
tion overall. This is in contrast to the EDTP and NTMP de-
supersaturation rates®?*?® where EDTP strongly inhibits bar-
ium sulfate crystallization at very low levels and NTMP is
found to be less potent as an inhibitor. In addition, it would

CrysttngComm, 2019, 21, 807-815 | 809
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Fig. 3 Normalized de-supersaturation rates of barium sulfate crystalli-
zation versus additive concentration.

appear that the DOTP molecule, despite having the same
number of phosphonate groups as the EDTP molecule, is not
as potent as the non-macrocylic counterpart in inhibiting
barium sulfate crystallization. DOTP appears to have more of
an impact at low concentrations and approaches the behav-
iour of NOTP and NTMP at higher concentrations. Interest-
ingly, the NOTP is as efficacious as NTMP in inhibiting the
crystallization of barium sulfate. The impact of the macro-
cycles is not due to their ability to complex barium ions (see
supplementary information for calculations); firstly, the de-
gree of complexation by NOTP is insignificant at these con-
centrations, thus reduced [Ba*>'] activity cannot explain the
inhibition observed and secondly, while the degree of com-
plexation is greater for DOTP this results in a change of Ba*>*
ion concentration of ~16% at the highest concentration (as
calculated from the Fig. 2 and the calculations shown in the
ESIT). However, both DOTP and NOTP have similar inhibitory
activity, implying that complexation does not determine this
ability.

Calcium ions (2.5 mM), known to bind strongly with
DOTP,** were added to make the molecule more ‘rigid’. How-
ever, complexation will lower the amount of free DOTP and
complexation of DOTP to barium ions is also expected to
change the supersaturation. In order to account for all these

DOTP

% formation relative to L

Fig. 4 Speciation of L = DOTP® with varying pH as calculated using
the HySS2 program®.*
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phenomena, the DOTP speciation was calculated. Fig. 4
shows there is a majority of LH, and LH; species at pH 6.5
(where L is the fully deprotonated DOTP molecule). Thus, the
ability of the LH; and LH, species to complex calcium (and,
if possible, barium) must be considered.

The complexation constants of DOTP with barium are not
available but those for calcium have been reported.*" Fig. 5a
shows that the degree of DOTP complexed with calcium ions
is ~100%, in the LH,Ca, form, with a simultaneous loss of
~10% calcium ions from solution (Fig. 5b) if barium ions are
ignored. At the highest DOTP concentration (0.09 mM) this is
a reduction in calcium ions to 2.3 mM (from the original 2.5
mM). This was calculated to give a saturation index of 2.31
for the ‘control’ with calcium ions present, and 2.32 with the
calcium ions complexed as determined by PHREEQC." Thus,
the main influence of calcium ion complexation is the com-
plete loss of free DOTP. The degree of complexation when
barium ions were present was calculated by noting that com-
plexation constants are at most two orders of magnitude
lower for barium ions than for calcium ions (e.g. Ca-NTMP
7.86 and BaNTMP 6.34, from the JESS database®®). Using the
complexation constant calculations shown in the supplemen-
tary information and this ‘rule of thumb’, we believe we have
overestimated the complexing ability with the barium ion.
Calculations show when barium ions are present the DOTP
prefers to bind calcium and only when the pH is >7 does
interaction with barium ions become significant (see ESIY).

Thus, the results when barium ion complexation is con-
sidered do not differ to those shown in Fig. 5. Given the spe-
ciation results, little if any changes in supersaturation are
expected other than when more calcium is removed via com-
plexation, the supersaturation increases slightly. The experi-
mental results (Fig. 6) in the presence of calcium ions show
that with increasing concentration of both DOTP and NOTP,
the crystallization de-supersaturation rate is either static or
increases with increasing macrocyclic concentration. One
possible explanation for the change in inhibitory activity with
DOTP concentration when calcium ions are present is that
no free DOTP is left to inhibit, thus inhibition is commensu-
rate with the concentration of free NOTP or DOTP remaining
uncomplexed.

DOTP+Ca DOTP+Ca

100 100
LH,Cap =
_, 80 g 80
2 K
T 60 < 60
2 ]
2] °
S 5
T 40 £ 40|
E £
e s
R =
i 2 904
LH
L LHzCap LHCa
] LCay)
0% T T T T T — 0 T T T T T T T
40 50 60 70 80 40 50 60 70 80
pH pH

Fig. 5 Calcium complexation with DOTP showing the species a) with
respect to L = DOTP®™ and b) with respect to calcium ions.
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crystallization in the presence of calcium ions (2.5 mM) and a) DOTP
and b) NOTP at varying concentrations.

If the degree of inhibition was related to the free DOTP
concentration then since all of the DOTP is expected to com-
plex with calcium (Fig. 5a), values close to that for the con-
trol, regardless of DOTP concentration, would be expected
(i.e. values close to and around 1). However, this is not what
is observed. Another possibility is that the decreasing cal-
cium ion concentration (due to complexation) leads to a
small increase in crystallization rate since the solubility of
barium sulfate is dependent on ionic strength and thus de-
creases in calcium ion concentration can lead to increases in
supersaturation. The SI was calculated to increase from 2.31
to 2.32 according to PHREEQC." The graph does show an in-
crease in rate with increasing DOTP concentration when cal-
cium ions are present but the value is not greater than the
control value (i.e. >1) meaning that the supersaturation
change is not the root cause of the trend observed. Thus, we
would suggest that the complexed macrocycle is a less effec-
tive inhibitor than the uncomplexed macrocycle but still has
some impact. One reason for this reduced impact is the
proposed ‘rigidity’, however, another possible reason is that
the complexed DOTP macrocycle interacts with the barium
sulfate surface via fewer phosphonate groups (or a reduced
overall charge) making the interaction weaker.

This concept was investigated further. Closer inspection of
Fig. 4 shows that the speciation at pH 6.5 is LH, and so an

This journal is © The Royal Society of Chemistry 2019
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overall charge of —4 is expected. At pH 6.5 EDTP is expected
to be in the LH; state®® (implying an overall charge of -5),
thus, one of the reasons why DOTP is less of an inhibitor
than EDTP is its speciation. At pH 6.5 the triphosphonate
NTMP is in the LH, state.>® This means the charge for NTMP
is also —4 overall and this could also explain the similarity be-
tween NTMP and DOTP inhibition. When calcium is added
and the DOTP molecule is complexed with calcium, the over-
all charge is further reduced and may, therefore, lead to
weaker interactions with the surface of barium sulfate and
therefore be a weaker inhibitor.

Morphology

The morphology of pure barium sulfate particles at this
supersaturation can be seen in Fig. 7a (schematic shows
indexing of faces). The morphology of barium sulfate when
calcium ions but no additives are present can be found in
the literature®>>" and is presented in Fig. 7b. The barium
sulfate particles have an aspect ratio that is close to 1:1 at 2.5
mM. At higher concentrations (25 mM), the morphology be-
comes diamond shaped.”® There was very little impact of
NOTP on the morphology of the barium sulfate particles
formed (Fig. 7c), suggesting an overall inhibition rather than
an impact on specific faces. In contrast, NTMP had signifi-
cant impacts on morphology,”® whereby NTMP induced the
formation of round disc-like particles. NTMP, thus, adsorbed
preferentially on particular faces of barium sulfate. A small c-
axis lengthening is observed in the presence of NOTP
suggesting that the growth of the (001) face is faster relative
to other faces (Fig. 7c).

Introduction of calcium ions (Fig. 7d) results in a barium
sulfate particle with more pronounced (210) and (001) faces
(schematic shows indexing of faces). While the presence of
calcium is known to produce more diamond-shaped parti-
cles,”® the influence of calcium ions should be either (a)

24m

Fig. 7 SEM images of barium sulfate particles formed in the presence
of a) 0 mM [Ca®"] - inset shows indexing of particle faces and b) 2.5
mM [Ca®*] (c) 0.121 mM NOTP and 0 mM [Ca®*] (d) 0.121 mM NOTP
and 2.5 mM [Ca®*] - inset shows indexing of particle faces.

CrysttngComm, 2019, 21, 807-815 | 811
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static if little change in the concentration of calcium ions is
expected or (b) if most of the calcium ions are complexed
and removed, the morphology should be more akin to that in
the presence of NOTP alone (even though we have deter-
mined that NOTP complexation with barium ions is negligi-
ble the same may not be true with calcium). Neither of these
scenarios is observed and the morphology appears to be de-
pendent on the NOTP concentration. Thus, there appears to
be a combined NOTP-Ca effect.

The presence of DOTP has a more pronounced impact on
the barium sulfate morphology (Fig. 8) suggesting DOTP has
a preference for particular barite faces. The presence of DOTP
appears to inhibit the (011) face of barium sulfate, making it
visible in the morphology (Fig. 8a and b). In addition, the
particles appear quite flat suggesting an influence on the
(100) face as well. There is also perhaps a small impact on
the (010) face given the “thickness” of the particles visible
when 0.05 mM DOTP has been added to the system. With in-
creasing DOTP concentration, the particles become more
rounded, flatter and eventually the (001) face disappears
(Fig. 8c). The addition of calcium ions (Fig. 8d) results in bar-
ium sulfate particles that have a morphology that cannot be
explained by the presence of calcium ions alone. As with
NOTP, this is not a supersaturation effect, nor a free calcium
effect but a combined calcium ion and DOTP effect. While
the presence of calcium ions is known to inhibit the (001)
face>**! the particles do not show significant (001) faces. The
presence of calcium ions in the presence of DOTP causes the
square-like particles to be formed (Fig. 8d) that show the
(011) rounding and the flat (100) faces seen with free DOTP.
The main difference in the presence of calcium ions is that
small (001) faces are still present. Thus, the impact of
complexed DOTP is similar to that of free DOTP.

What is of great interest here is that while the inhibitory
efficacy of the DOTP and NOTP may be reduced when cal-
cium is present, the impact on morphology is not diminished
and, in the case of NOTP, enhanced.

Fig. 8 SEM images of barium sulfate particles formed in the presence
of DOTP, (a) 0.02 mM, (b) 0.05 mM, (c) 0.10 mM, (d) 0.10 mM + Ca>*
(2.5 mM).
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Turbidity and induction times

Measuring the induction time via turbidity can give informa-
tion about nucleation rates. Despite differences in the final
turbidity value achieved (the turbidity is impacted by many
things; including particle size, number and shape, and isot-
ropy; and these factors cannot be de-coupled®””*®), there is
very little change in the induction time (the time when tur-
bidity increases above background) of barium sulfate crystal-
lization at low DOTP concentrations (9.1 uM) as can be seen
in Fig. 9a. However, as the concentration increases to 18.2
puM the induction time becomes significantly longer. Assum-
ing that this is a classically nucleating system and that no
significant complexation between the Ba>* ion and DOTP is
occurring, this would suggest a nucleation rate decrease and,
therefore, a surface free energy increase for the critical nu-
clei.>*?” For the system with NOTP present, the induction
time changes even less and the impact on nucleation appears
minimal. The turbidity observed for barium sulfate crystalli-
zation in the presence of 60.5 uM NOTP was identical to that
at 24.3 pM NOTP and is not shown. This suggests that NOTP
has a weaker interaction with barium sulfate nuclei than
DOTP.

Modelling of EDTP and DOTP adsorption onto barium
sulfate

The replacement energy (to replace four sulfate ions with one
organic additive) is presented in Table 1 for the molecules

0.023
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Fig. 9 Turbidity curves for barium sulfate in the presence of different
(a) DOTP and (b) NOTP concentrations.
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Table 1 Replacement energies (in kJ mol™) of organic molecules on dif-
ferent barium sulfate faces

Face EDTP DOTP Complexed DOTP
001 -1843.4 -1384.3 -155.7
210 -1711.0 -1283.8 -115.3
211 -2053.8 -1558.0 -367.0
020 -2014.9 -1375.1 -585.7
011 -1800.3 -1685.6 -615.1
101 -1573.4 -1573.1 —427.5
100b -1710.4 -1705.9 -355.7
100a -2273.8 —-2246.3 -957.3
AV Erepi -1872.6 -1643.4 -447.4

EDTP, DOTP and the complexed DOTP with calcium (and sul-
fate ion to maintain a charge neutral model).

From the table above, the lowest replacement energies for
the two additives adsorbed on each of the faces are:

EDTP
(100a) <(211)<(010) <(001)

DOTP
(100a) < (100b) <(011) <(010)

The primary difference between the ranking of the re-
placement energies between EDTP and DOTP is that EDTP
has several faces with a low replacement energy of ~2000 kJ
mol ™" while only one face has such a low replacement energy
when DOTP is present. This makes the average replacement
energy more negative for EDTP than for DOTP. Based on the
replacement energy considerations then, the EDTP molecule
should be a better inhibitor. Thus, even if the DOTP had the
same speciation as EDTP, the replacement energy predicts
weaker inhibition in the presence of DOTP. The DOTP on the
other hand appears to have a more face-specific interaction,
whereby the replacement energy is much more negative on
the (100a) face compared to the other faces compared to the
behaviour of EDTP. If the DOTP is complexed with Ca ions
the replacement energy is less negative again, with all re-
placement energies <|1000| kJ mol . Looking at the preferred
faces according to the replacement energies, it is found that

DOTP DOTP complexed
(100a) < (100b) < (01 1)<(010) (100a)< (01 1)<(010) <(101)

Similar faces are preferred by the complexed molecule
compared to the uncomplexed molecule, the main difference
being the impact on the (100b) face for the uncomplexed
DOTP is significantly reduced when complexed. The replace-
ment energy of complexed DOTP is significantly more posi-
tive than its uncomplexed form and this compares well to the
observed reduced inhibition compared to free DOTP. Clearly,
the modelling is predicting the correct trend in the strength
of interaction between the surfaces of barium sulfate and the
organic molecules.
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Turning to the predicted morphological impacts of DOTP
(and complexed DOTP), we see that the (100) faces and the
(011) face are those with the lowest replacement energies
thus, we would expect these faces to be seen in the morphol-
ogy when DOTP is present. This is indeed observed experi-
mentally for both the free DOTP (Fig. 8b) and the complexed
DOTP (Fig. 8d). There is a dominant, flat (100) face and the
(011) face appears in both cases.

To get a better idea of why the EDTP molecule has a lower
replacement energy than the DOTP molecule, the compo-
nents of the final energy can be examined (the (001) face was
chosen to reflect an intermediate replacement energy) in
Table 2.

From this list of interactions it is clear that the inter-
atomic interactions are very similar, ~23.2 k] mol™ differ-
ence. The three and four body terms are more positive for
free DOTP suggesting more energy (max difference of ~135
kJ mol™) is required to achieve conformational changes. Fi-
nally, perhaps surprisingly, the Coulombic/charge interac-
tions are different for the two (monopole-monopole), being
more negative for EDTP than free DOTP (by about ~584 k]
mol ™). This suggests that the EDTP is able to interact with
the barium ions in the surface more effectively than the free
DOTP and this is the root cause of the more negative replace-
ment energy (the solvation energy difference and the energy
of the initial molecule combined contribute ~260 k] mol™
energy difference in DOTP's favour rather than EDTP). This
may, in turn, be related to the more constrained configura-
tion of the free DOTP (particularly the ring structure)
whereby it will be less able to change its conformation to
align the phosphonate groups in the ideal position to interact
with barium ions as evidenced by the difference in the three
and four body potentials. As can be seen in Fig. 10, the free
DOTP is seen to ‘lattice match’ well with the sulfate positions
- that is the free DOTP phosphonate groups can sit in the va-
cant sulfate positions just as EDTP can - thus based on this
criterion both molecules should be good inhibitors. How-
ever, this is insufficient to determine the degree of inhibi-
tion, a better criterion is the number of Ba::-Opps interac-
tions, which can be defined as the number of Ba:::Opps
distances that are 2.4 A or less. There are fewer of these in-
teractions for free DOTP than EDTP (12 compared to 14)
and would explain the smaller Coulombic term for DOTP.
This is mainly due to the inability of the ring to rotate the

Table 2 Components of the final energy (kJ mol™) for the optimal con-
figuration on the barium sulfate (001) face when EDTP and free DOTP is
adsorbed

EDTP Free DOTP
Interatomic potentials -881649.4 -881672.6
Three-body potentials 1979.0 2114.1
Four-body potentials 27.0 52.1
Monopole-monopole (total) -1343541.2 -1342957.5
Solvation energy -7896.8 -7489.1
Energy of molecule (gas) 5038.1 4890.6
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Fig. 10 a) DOTP and b) EDTP minimum energy configurations on the
(001) barium sulfate surface. S and O atoms are grey in order to
highlight the P positions (orange). Ba atoms are blue, carbon atoms are
black, nitrogen atoms are pink and hydrogen atoms are white.

phosphonate groups in the appropriate plane, which would
increase the number of Ba---Opy, interactions.

Finally, one last comparison can be made. For complexed
DOTP, the number of Ba‘--Opps interactions can be com-
pared to the free DOTP on the same face (Fig. 11). Firstly, on
the (100a) face the number of Ba:: Oy, interactions is sig-
nificantly greater than on the (001) face shown in Fig. 10.
The number of Ba‘--Op,,s distances less than 2.4 A is 16 for
the free DOTP (and for EDTP), while it is 15 for the
complexed DOTP on this face.

The changes in adsorbed conformation between the free
and complexed DOTP are small. For the most part, the
phosphonate groups are interacting similarly with the (100a)
face for the free and the complexed DOTP (shown in Fig. 11).
The two bottom phosphonates show small differences in the
rotation of the phosphonate groups, which diminishes
the number of Ba:--Oppes interactions slightly. In this case
the degree of inhibition is not so much related to the number
of Ba---Opy,os interactions that can be formed but to the other
factors such as the solvation energy and initial energy of the
complexed DOTP. The number of Ba::-Opp,os interactions was

e g

.)\-.)\,,)\“)\‘..J\..}\.../‘\.J\

.}».,L,LJ“

Fig. 11 Final configuration for a) free and b) complexed DOTP
docking into the (100a) face of barium sulfate. S and O atoms are grey
in order to highlight the P positions (orange). Barium atoms are blue,
calcium atom is green, carbon atoms are black, nitrogen atoms are
pink and hydrogen atoms are white. Some phosphonate groups have
been circled to highlight differences in rotation of the groups.
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found to be similar for free and for complexed DOTP on all
the faces studied.

Conclusions

We show that macrocyclic compounds such as DOTP and
NOTP are additives that can inhibit precipitation and are
sometimes just as potent as non-macrocyclic equivalents (e.g.
NOTP c/f NTMP). The important factor in determining inhibi-
tion appears to be the ionisation state of the functional
groups, the more deprotonated the phosphonate groups are
the more potent they are as inhibitors. NOTP has very little
impact on barium sulfate morphology while DOTP has a
greater influence showing rounding of particles and the pres-
ence of (011) faces. This impact is increased when calcium
ions are present in the case of NOTP. The morphology in the
presence of the two macrocycles is a synergistic impact of the
organic molecule and calcium ions that is not related to
impacts on the supersaturation.

Turbidity results support the idea that NOTP is more
weakly interacting with barium sulfate nuclei than DOTP,
with NOTP not significantly affecting the induction time ob-
served. DOTP, on the other hand, does impact the induction
time at higher concentrations only.

Investigation into why the DOTP macrocyclic additive is a
weaker inhibitor followed. It was found that DOTP can com-
plex barium ions in solution but has little impact on the
supersaturation. Thus, complexation to barium ions cannot
be the cause. The de-protonation state of the phosphonate is
an important parameter in determining the inhibitory effi-
cacy. Complexation to calcium ions should result in no free
DOTP being present, thus the inhibitory impact of DOTP
should be negated in the presence of calcium ions. This is
not observed. The impacts of the macrocyclic additive lessens
when calcium ions are present but does not disappear. Thus,
complexed molecules can also be inhibitors.

In order to fully understand these impacts, molecular
modelling was undertaken. This showed that a free DOTP ion
can ‘lattice match’ the sulfate positions as well as EDTP but
that the number of barium ion interactions with the oxygen
atoms on the phosphonate groups is less for DOTP than
EDTP due to the constrained nature of the ring. The replace-
ment energy differences for DOTP and EDTP are mainly re-
lated to the Coulombic interactions that are significantly
greater for EDTP than DOTP. More importantly, it was found
that complexed DOTP still can interact with the barium sul-
fate surface albeit with a more positive replacement energy,
supporting the results that complexed DOTP still has some
inhibiting properties. In addition, the modelling predicts the
morphological significance of the (100) and (011) faces both
for the free and complexed DOTP. Thus, when ionisation
state of the molecules is equivalent, the number of interac-
tions between the cation and the additive anion is important.
The interactions do not change significantly on complexation
with calcium and in this scenario the solvation energies and
initial energies of the molecules impacts the overall

This journal is © The Royal Society of Chemistry 2019
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replacement energy. By combining molecular modelling with
the calculation of replacement energies, the relative inhibi-
tory efficacy was able to be correlated to the magnitude of
the replacement energy.
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