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Abstract

Phosphonoacetate (PAA), diethyl phosphonoacetate (DPA) and sulfoacetate (SAA) anions have
been intercalated into the galleries of the layered double hydroxide (LDH) [LiAl;(OH)g.X]-yH,0O
(LiAI-X; X = CI, NOs3). X-ray diffraction (XRD), Fourier transform infrared spectroscopy, and
elemental microanalysis confirmed the successful intercalation of the guest ions into the LDH.
The guests could all be recovered from the host intact. /In situ XRD was used to probe the
mechanisms of the reactions, and the intercalation of PAA proceeded via clear intermediate
phases. In contrast, the SAA and DPA reactions did not show any intermediates, but the organic
intercalates exhibited changes in their interlayer spacing as the reaction progressed. Molecular
dynamics (MD) simulations were used to investigate the interlayer structure and orientation of
the intercalation compounds. It was found that the intermediates observed in situ correspond
to local energy minima in the MD simulations. MD can thus predict the course of an
intercalation reaction, and allow the a priori identification of intermediate phases. This is the
first time that in silico and in situ measurements have been used to unravel this level of

understanding of intercalation reactions.
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Introduction:

Layered double hydroxides (LDHs), also known as hydrotalcite-like compounds, are a widely-
studied class of ion exchange materials. They consist of positively charged metal hydroxide
sheets and charge balancing anions in the interlayer region. The general formula of LDHs is
[M?1M>*(OH),]7 (X" )¢/n'yH20. Generally z=2, and M** is a divalent metal such as Mg, Co, Ni,
Cu, Zn or Ca; M*" is a trivalent metal such as Al. There is also a unique family of LDHs for which z
= 1, where M" = Li* and g = 2x - 1. The common formula for this family of materials is
[LiAl,(OH)g]X-yH,0 (LiAl-X), where y lies in the approximate range 0.5 — 4 and X is a generic
anion (e.g. Cl, Br, and NOs). b This family of materials is known to exist in hexagonal (2H) and
rhombohedral (3R) polytypes; these differ in their layer stacking sequences, with 2H materials
having a two-layer repeat aba stacking sequence and 3R possessing a three-layer abca repeat.2
The layers stack in the c-direction, which means that a 2H unit cell contains two layers and a 3R

cell has three.

Interest in LDHs has increased in recent years because of their utility as flame retardants,3
catalysts and catalyst precursors,"_6 water and air purifying agents,7’8 adsorbents,”™! electrical

13,14

and optical functional materials,*? and for the separation of organic isomers. They have also

15,16

been shown to have potential as drug delivery systems, and for the stabilisation of

pharmaceutical salts of antipyretic, analgesic and anti-inflammatory drugs.'” A range of organic

15,18-211-4 22-26

species featuring different functional groups including carboxylates, phosphonate,

and sulfonates®**"*° have been intercalated.

Although the intercalation of an enormously wide range of species into LDHs has been reported,
the precise nanoscopic processes which take place during guest uptake remain poorly
understood. This is in part because the most accessible method to obtain such insight,
guenching the reaction, is invasive and known potentially to affect the outcome of the reaction.
To gain reliable understanding of solid-state reaction processes, a non-invasive probe is
required. Few such probes exist, but the technique of time-resolved in situ diffraction using a

synchrotron X-ray source is one which permits us to obtain detailed information on solid state
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or solid/liquid reaction processes without affecting the course of the reaction. It has been used

to great effect to begin to unravel the kinetics and mechanisms of intercalation processes.g0

Time resolved X-ray diffraction (XRD) has been used to probe a range of LDH intercalation
reactions; particularly interesting results have been obtained for the incorporation of
carboxylate and phosphonate species. The intercalation of such species into the LiAl-X family of
LDHs has revealed that the reactions in some cases proceed via so-called “second stage”
intermediates, in which alternate interlayer spaces are occupied by the starting anion X and the

incoming ion. 243132

Whether the reaction proceeds directly from the host to the product or via
a second stage intermediate has been shown to be dependent on the incoming ion, the layer
stacking sequence of the LDH (aba hexagonal, or abca rhombohedral),® the initial interlayer
ion,*® the reaction temperature,?® and the solvent system.?® It has also been shown that if the
second stage phases can be isolated, then they exhibit selective ion exchange properties, with

(in)organic guests preferentially replaced by other (in)organics.>*

In this work, we sought to build on the earlier work exploring phosphonates and carboxylates,
and investigated the intercalation of three bifunctional ions (phosphonoacetic acid, sulfoacetic
acid, and diethylphosphonoacetic acid) into the hexagonal LiAlI-Cl and LiAI-NO3 LDH systems.
These systems were selected because for organic phosphonates and carboxylates second stage
intermediates have been reported to occur for the hexagonal form of LiAl-Cl, but not for its
nitrate analogue. The final products obtained after incorporation of the bifunctional anions into
the [LiAl(OH)e]X-H,0 system were first synthesised and fully characterised. A range of in situ
diffraction experiments were then used to probe the intercalation mechanisms. We coupled
the use of in situ diffraction techniques with molecular dynamics (MD) simulations to provide
additional insight into the phase transformations observed. MD is a valuable tool for
complementing experimental work in terms of understanding of the interactions between the
LDH layer and the guest ions. The technique allows the interlayer arrangements and dynamics

of guest ions and water molecules to be evaluated. There have been several MD studies of LDH
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intercalates, for instance of amino-acids,® benzocarbazole,*® lanthanide complexes,37 organic

luminescent materials,‘:’g_40 and even DNA.*"#?

Materials and methods

Materials

Lithium chloride; lithium nitrate, phosphonoacetic acid (PAA), sulfoacetic acid (SAA), and diethyl
phosphonoacetic acid (DPA) were purchased from Sigma Aldrich (UK). Gibbsite (y-Al(OH)3) was
a kind gift from Prof Dermot O’Hare of Oxford University. All chemicals were of analytical grade

and used without further purification.

LDH synthesis

The hexagonal polymorph of [LiAl;(OH)g]Cl-yH,O (LiAI-Cl) was synthesised using methods
reported previously.43 In a standard experiment, 1g of y-Al(OH); was combined with a 6-fold
molar excess of LiCl in 10mL deionised water. The reaction mixture was stirred and heated at
90 °C for ca. 48 h in a sealed ampoule. The solid product was recovered by vacuum filtration,
washed with copious amounts of deionised water, a small amount of acetone, and then
allowed to dry under vacuum. The hexagonal form of [LiAl,(OH)g]NOs-yH,O (LiAI-NO3) was

prepared using analogous procedures but with LINOs in place of LiCl.

Intercalation reactions

Three different PAA species were prepared by reacting one equivalent of PAA with 1, 2 or 3
equivalents of NaOH; these are respectively denoted PAA, PAA* and PAA®. Intercalation was
achieved by combining 0.2 mmol of LiAl-Cl (or LiAI-NOs) with a 2-fold excess of the guest. The
LDH was added to 10 mL of a 40 mM guest solution, and the mixture stirred at room
temperature for a pre-determined period of time (1h — 24h). The solid products were recovered
by vacuum filtration, washed, and dried. SAA and DPA were intercalated in an analogous
manner: DPA was combined with 1 equivalent of NaOH and SAA with 2 equivalents of NaOH,
before a two-fold excess of the ions was reacted with the LDH. The final products are denoted

LiAI-X, where X = PAA®, PAAZ, PAA, SAA or DPA.
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Guest recovery
The ability to recover the guest ions intact after intercalation was investigated in selected cases
by reacting ca. 50 mg of the intercalate with approximately 100 mg of Na,COs3 in D,0 overnight

at 80 °C. The resultant suspension was filtered and the filtrate analysed by *H NMR.

Characterisation
X-ray diffraction
X-ray diffraction (XRD) was performed using a Philips PW1830 instrument operating at 40 kV
and 25 mA with Cu Ka radiation (A = 1.5418 A). Samples were finely ground (using a mortar and
pestle) and mounted on aluminium plates for measurement. Diffracted intensity from the

sample holder did not interfere with sample characterisation.

IR spectroscopy
IR spectra were recorded on a Perkin EImer Spectrum 100 instrument. Data were recorded

from 4000 to 650 cm™ at a resolution of 2 cm'l,

NMR spectroscopy:
'H NMR spectra were obtained on a Bruker Avance-400 instrument at ambient temperature

(1H frequency: 400 MHz).Samples were dissolved in D,0 prior to measurement.

Elemental analysis
C, H, and N contents were determined using the quantitative combustion technique on a Carlo

Erba CE1108 elemental analyser.

Thermogravimetric analysis
Thermogravimetric analysis (TGA) was performed on a Discovery analyser (TA Instruments). Ca.
3 — 4 mg of each sample was weighed into an aluminium pan and heated at a rate of 10 °C min™

from room temperature to 400 °C under an N, flux (10 mL min™).
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In situ X-ray diffraction

The first series of in situ energy-dispersive X-ray diffraction (EDXRD) measurements was
performed on Beamline F3 of the DORIS synchrotron at the Deutsches Elektronen-Synchrotron
(DESY), Hamburg, Germany. The beamline is supplied with a white-beam of X-rays over the
energy range 13.5 to 65 keV. Reactions were performed in borosilicate glass vessels using a
purpose built furnace system; details of the apparatus used are given elsewhere.?* In situ XRD
was also undertaken at the Diamond Light Source, using Beamline 112. For these experiments,
the X-ray beam was monochromated to ca. 53 keV, and data collected with a Thales Pixium
RF4343 detector positioned 2 m from the reaction vessel. Experiments on 112 were conducted

in glassy carbon tubes with the aid of the Oxford-Diamond /n Situ Cell (ODISC).**

Both at DESY and on 112, 0.4 mmol of the desired LDH was suspended under stirring in 5 mL of
deionised water, and 10 mL of a solution containing 0.8 mmol of the guest ion was added
dropwise using a syringe pump (KDS100, Cole-Parmer). Diffraction patterns were recorded
every 60 seconds (DESY) or 4 seconds (Diamond) until no further changes in these were
observed. Data analysis was performed by integrating reflections of interest using the F3Tool
software (DESY), or by employing Fit2D* to convert the as-collected images into one-
dimensional patterns, subtracting the background, and applying in-house tools to integrate the
reflections of interest (Diamond). Integrated data were subsequently probed using the Avrami—

Erofe’ev model;"s_49 more details are given in the results section.

Modelling

Models of the LiAl LDH systems were built in the space group P63/m, using the structure
previously reported by O’Hare et. al.*® In this symmetry, a = B = 90°, y = 120°. The molar ratio of
Li* to A" is 1:2. The formulae of these five models are listed in Table 1. All MD simulations
were performed adopting the LDHFF force field developed by Zhang et al. in an isothermal-
isobaric (NPT) ensemble.*® Temperature and pressure control were performed using the
Andersen method®® and the Berendsen method,> respectively. Long-range Coulombic

interactions were computed by the Ewald summation technique >3 and van der Waals
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interactions using a “spline-cut off” method. The time-step was set to be 1 fs, which is suitable
for the characterisation of thermal motion,> and the simulation time was 5 ns. All MD
simulations were carried out using the Forcite module in the Materials Studio v5.5 software

package (Accelrys Software Inc, San Diego, CA, USA).>

Table 1: The formulae of the LiAl LDH models used for molecular dynamics work.

Material Formula for constrained model Formula for unconstrained model
LiAI-PAA™ [LiAl,(OH)¢l12(C,PO5H,)4-12H,0 [LiAl,(OH)g)10(C,PO5H,),(C,POsH3),-12H,0
LIAI-PAA [LiAl,(OH)gl12(C,PO5H,)12-12H,0 [LiAl,(OH)gl6(C,POsH,4)6:9H,0

LiAI-SAA [LiAl,(OH)¢)s(C,SOsH,)4-8H,0 [LiAl,(OH)¢]a(C,SOsH5),+4H,0

LiAI-DPA [LiAlL(OH)els(CsPOsH1,)s 16H,0 [LiAlL(OH)ela(CsPOsH12)a-8H,0

Results and discussion

Intercalation

X-ray diffraction

Successful PAA intercalation was clearly evidenced by X-ray diffraction (XRD), IR spectroscopy,
and elemental microanalysis. The XRD patterns of the reaction products (Figure 1) do not show
any of the characteristic basal reflections of the starting material, and the (00l) basal reflections
are observed to shift to lower angle. This corresponds to an increase in interlayer spacing,
implying the incorporation of a larger anion. The intercalation of the three different PAA anions

into LDHs thus appears to have been successful.
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Figure 1: XRD patterns of (a) LIAI-PAA’, (b) LIAI-PAA”, (c) LiAI-PAA* and (d) the LiAl-Cl starting material. The

reflection marked * corresponds to gibbsite [y-Al(OH)s].

The LiAI-PAA” material shows a slightly higher interspacing (11.1 A) than the PAA% and PAA*
intercalates (for which dgo; is 10.2 A). There also appears to be a small reflection attributable to
gibbsite in the pattern of LiAI-PAA" and the overall crystallinity is much reduced, with
broadened reflections clearly notable. We cannot be certain why this arises, but we believe it to
be a result of the low pH (2.5) of the PAA™ solution causing some degradation of the sample. In
addition, the lower charge density of the monoanionic guest may encourage turbostratic
disorder in the material. A simple comparison of the interlayer spacings of the three PAA
intercalates with the length of the molecules (calculated with Marvin),56 suggests that the
guests are aligned in a monolayer with their long axes perpendicular to the LDH layers. A
summary of the data collected on the intercalates is presented in Table 1. It appears that when
two and three equivalents of NaOH are used to ionise PAA, a mixture of mono- and di- or di-
and tri-anionic species are intercalated; this is sensible given that there will be an equilibrium
between these species existing in solution. The materials prepared from LiAl-Cl and LiAI-NOs are

virtually identical.

As for the PAA systems, the XRD patterns of LiAI-SAA and LiAI-DPA show (002) reflections at
lower angle than the starting material, confirming successful intercalation (Supporting
Information, Figure S1). The DPA intercalate is poorly crystalline, and with the SAA-containing

material it appears that a small amount of unreacted starting material is present alongside the
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product. On the basis of guest size and interlayer spacing comparisons, it is thought that the
SAA anions adopt a perpendicular monolayer arrangement while the DPA guests are organised
in a perpendicular bilayer arrangement in the interlayer space, with carboxylate groups facing
the positively charged layers and diethyl groups in the centre of the interlayer region.

Characterising data may be found in Table 2.

Table 2: A summary of key characterising data on the intercalated phases of LiAl,-X.

dooz / A is/9
D Formula® Elemental ar;aly5|s /%
X=Cl X=NO; Obsd (calcd)
LiAl-X 7.65 8.95 [LiAlL(OH)g]X-yH,0
€5.73 (6.32)
LAI-PAA°  11.1 11.0 [Lig sAl,(OH)¢](POsHCH,CO,H)og:1.75H,0 H3.81 (4.21)
H,0 10.1 (10.4)
C5.02 (4.81)
LiAl PAA®  10.2 10.4 [Lig.95Al,(OH)g] (PO3CH,CO5H)g 4(POsHCH,CO,H)g 152.0H,0  H 4.46 (4.22)
H,0 11.5 (13.1)
C4.23 (4.08)
LIAI-PAAY  10.2 10.2 [Lig.06Al,(OH)6] (PO3CH,CO,H)o 5(POsCH,CO,)0 15+ 1.5H,0 H 4.28 (4.13)
H,0 10.5 (10.9)
LIAI-SAA  10.5 10.7 ¢ ¢
€9.00(9.51)
LIAI-DPA 186 19.2 [Lig.9Al,(OH)] (PO3(CyH5),CH2C05)g.4Clo 5+2.5H,0 H4.71 (5.25)

H,0 11.2 (14.9)

® Determined for the samples prepared from LiAl-Cl.
PC and H contents were determined by quantitative combustion, and the H,0 content from TGA.
“ It proved impossible to analyse the LiAI-SAA material by quantitative combustion.

IR spectroscopy

Selected IR spectra are given in Figure 2. LiAl-Cl shows a broad band due to the H-bonded OH
groups of the LDH layer (centred at ca. 3400 cm™), and an absorption at around 1640 cm™as a
result of the 8-bend of interlayer water molecules. PAA® has carboxylate bands between 1380
and 1570 cm™ and phosphate bands at 900 — 1250 cm’. Its intercalation compound LIAI-PAAZ
exhibits all of these features, indicating successful intercalation of the intact guest. The spectra
of the other intercalation compounds similarly exhibit the characteristic bands from their guest
ions: in all cases successful intercalation is confirmed by IR spectroscopy (data for DPA, PAA

and PAA® may be found in Figures S2 and S3).
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4000 3000 2000 1000
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Figure 2: The FTIR spectra of (a) PAAZ, (b) LiAl-Cl, and (c) LiAI-PAA™.

Guest recovery

Selected LiAlI-PAA intercalates were reacted with Na,COsin D,0, and NMR spectra recorded of
the filtrate from these reactions. The spectra after deintercalation are observed to be identical
to those of the PAA starting material, confirming that the structural integrity of the drug

molecule is retained (data not shown).

The intercalation process

The intercalation of phosphonate and dicarboxylate guests has previously been shown to be
interesting mechanistically, with second stage intermediates having been reported.??%3273*
Experiments were thus performed to study the reaction of the PAA, SAA, and DPA anions with
LIAI-Cl and LiAI-NOs;, with the intent of developing more understanding of the reaction

mechanisms.

The intercalation of all three PAA anions was found to be very rapid, even at room
temperature, and thus the reactions could not be followed satisfactorily. This has previously

2432 |n order to obtain mechanistic

been reported by O’Hare and co-workers for similar systems.
information, solutions of the PAA ions were added dropwise to aqueous suspensions of the LDH
materials. Intercalation was studied at room temperature, and in some cases also with the LDH

suspension heated to 70 °C.
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Intercalation of PAA>

In situ diffraction data for the intercalation of PAA® are given in Figure 3. At both RT and 70 °C,
a crystalline intermediate phase was observed in the diffraction data. This possesses a higher d-
spacing than the final LiAI-PAA® product. It is clear from the raw experimental data given in
Figure 3(a) and (b) that the intermediate and product appear at the same d-spacing regardless
of which LDH starting material (LiAl-Cl or LiAlI-NOs) is used. The intensities of the LiAl-Cl and LiAl-
PAA® (002) reflections and the intermediate reflection were integrated for each reaction, and

converted to the extent of reaction, a:

a = Ip(t)/Ihu(max) (1)

where lpg(t) is the intensity of a reflection hkl at time t, and Iny(max) is the maximum intensity
of that reflection. Plots of a vs. time for intercalation into LiAl-Cl and LiAl-NO3 are depicted in
Figure 3(c) and (d). The a vs. t curves of the starting material and final product cross close to a =
0, which confirms the presence of an intermediate phase. This crossing point indicates that the
loss of diffracted intensity from the starting material is complete before any product reflections
grow into the system. If there was not an intermediate phase, the curves should cross near a =
0.5. The LiAl-Cl/intermediate and intermediate/LiAI—PAA3' curves both cross at a = 0.5, however,

indicating that there are no additional phases present on the reaction coordinate.
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Figure 3: In situ XRD data for the intercalation of PAA* into LiAl-Cl and LiAI-NOs. 3D stacked plots of the raw data
obtained at Diamond are given for (a) LiAl-Cl and (b) LiAl-NOs, together with a vs. time plots for (c) LiAl-Cl and (d)
LiAI-NOs.

Experiments were performed both at Diamond and DESY to ensure the reproducibility of the
results obtained (data from DESY are not shown in the interests of brevity). In Figure 3(a), a
small reflection can be seen at 9.24 A in the data for LiAI-Cl. This was not observed when the
same experiment was performed at DESY, but a quenching experiment suggested that this is

likely to be a real phase rather than an artefact, and thus we believe that this reflection may
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correspond to an additional, very transient, intermediate phase (see Figure S4). The reflection
at 9.24 A is rather broad, typical of the very early stages of intercalation where some galleries
contain PAAY ions and others do not. It is uncertain why this is not observed with the nitrate

system, but this could be a result of overlap with the LiAlI-NOs starting material (002) reflection.

Second stage intermediates have previously been observed by O’Hare and co-workers for the
intercalation of both organic phosphonates and carboxylates into LiAI-C1,**%3 but in this case it
does not appear that the intermediates correspond to staged systems. The dgp, value expected
for a second stage intermediate of PAA®> and LiAI-Cl would be [doga(LiAl-Cl) + dgoz(LIAI-PAA®)] =
17.9 A (probably too high to be observed using the experimental configuration used), giving doos
of 8.97 A. For a third stage system dgo; should be 25.7 A, and dgos = 12.8 A. For LiAI-NO3, the
equivalent dogs spacings would be 9.58 and 14.1 A respectively. The major intermediate
observed experimentally has a reflection at 10.71 A, very different to those expected for a
staged system. Staging is further ruled out when quenching studies were undertaken: no very
low-angle reflections indicating the presence of a supercell were observed (see Figures S4 and
S5). Finally, use of both the chloride and nitrate starting materials results in the same
intermediate, and thus staging cannot be operational (if it was, the intermediates should have

different reflection positions).

To understand more about the intercalation process, a series of molecular dynamics (MD)
simulations were undertaken (Figure 4) on the Cl-derived systems. The model was set-up using
one water molecule per Li* ion and the interlayer spacing determined experimentally (the

“constrained model”; see Tables 1 and 2).
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Figure 4: MD results for the intercalation of PAA® into LiAl-Cl. (a) the orientation of PAA” in the interlayer space of

the energy minimised structure, (b) the orientation of PAA® in the intermediate phase, and, (c) the change in the

unit cell c-parameter with optimisation step.

First, we allowed the simulation to run until the energy of the system was minimised. This
resulted in the model given in Figure 4(a). The PAAY ions can be seen to form a monolayer,
resulting in an interlayer spacing of 10.45 + 0.04 A (the PAA¥ atomic positions are reported in
Table S1). This result is in good agreement with the experimental values both ex situ and in situ
(10.2 and 10.3 A), with the small difference between experimental and simulation being well
within the range of deviations reported in previous LDH modelling studies.>>>"®° The PAA® ions
adopt an almost perpendicular position, lying across the interlayer region to interact with two
adjacent layers through H-bonding. We also modelled the orientation of the ions in the major

intermediate phase, feeding the dgp, value observed for this into the model. The arrangement
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of molecules here is similar to the final product (see Figure 4(b)), but there are subtle

differences in the orientation of the PAAY ions.

Next, we explored the simulation process in more detail, and plotted the change in cell c-
parameter as a function of the optimisation cycle number (Figure 4(c)). This experiment was
undertaken by reading the known structure for [LiAl,(OH)g]CI-H,O into Materials Studio,
deleting the Cl ions, and manually inserting PAAY between the layers. The PAAY ions were
inserted in the configuration which gave the lowest energy when the c-parameter was fixed at
15.3 A. This model (the “unconstrained model”) was then allowed to optimise without
constraints. Remarkably, it can be seen that the changes in c-parameter observed track very
closely what is observed in situ: the c-parameter increases from 15.3 A (dooz = 7.65 A) in the first
optimisation step to 21.6 A (dgo, = 10.8 A), where it remains at a plateau for a number of
optimisation cycles (presumably the system is in a local energy minimum at this point in time).
There is then a decrease in c-parameter to 20.0 A (dgo; = 10.0 A), after which the system
reaches an energy minimum. Furthermore, close inspection of the optimisation process
suggests there is a brief point of inflection after around 100 optimisation cycles (Figure S6), with
a c-parameter of 17.1 A, possibly corresponding to the very short-lived intermediate noted in

Figure 3(a).

It should be noted that there are small differences in the d-spacings observed experimentally
and those calculated during the optimisation cycle. These can be attributed to differences in
the amount of water in the model and in the interlayer in the real system (it is not possible to
know the latter for all stages of the reaction), and also the fact that the chemical formula was
simplified in the unconstrained model (Table 1 cf. Table 2) to ensure that simulations could be
performed in a reasonable time period. However, these results strongly suggest that the
intermediate observed is a result of the PAA ions first intercalating in a higher-energy
orientation, before reorienting themselves to the most energetically favourable configuration.
The sharp correlation between the MD and in situ results is striking, and to the best of our

knowledge this is the first time that such observations have been reported. Our results suggest
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that MD simulations may be used not only to model the final product, but that the energy
minimisations which they use correspond closely to the molecular movements which take place

in real reaction systems.
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11 Intercalation of PAA

13 Data for the intercalation of PAA" into LiAl-Cl and LiAlI-NOs are depicted in Figure 5. With both
15 host materials, crystalline intermediate phases with lower d-spacings than the final product are

17 observed in the diffraction data.
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Figure 5: In situ XRD data obtained on DESY for the intercalation of PAA". Contour plots of the raw data obtained at
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RT for (a) LiAl-Cl and (b) LiAI-NOs; (c) raw data and (d) the extent of reaction vs. time plot for intercalation into LiAl-

NO; at 70 °C. The blue line across the centre of the image in (c) arises owing to a temporary loss of the X-ray beam.

An a vs time plot could not be constructed satisfactorily for intercalation into LiAl-Cl, owing to poor crystallinity of

the phases, and thus is not included.

The intercalation of PAA" into LiAl-Cl proceeds via two intermediate phases: initially the starting

material at 7.74 A can be seen, before a material with a reflection at 9.19 A emerges, followed

by a second at 10.74 A, and then the final product at 13.17 A. It should be noted that the latter

is a significantly higher d-spacing that that observed ex situ for the final product. Complete

conversion of the 10.74 A phase to the 13.17 A material is not observed during the timescale
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over which the reaction was observed. The reaction product was recovered, filtered, and dried;
XRD analysis of the resultant material showed it to have a dgo; of ca. 11 A. Therefore, the 13.17
A phase observed in situ must be a highly hydrated material, which is converted to a material

with an 11 A interlayer spacing by drying.

In the case of LiAI-NOs, in the room temperature reaction an initial reflection grows in at 11.32
A, followed by the emergence of another reflection at around 13.4 A. As in the LiAI-Cl case,
both the 11.32 and 13.35 A phases persist until reaction monitoring was ceased. To determine
if the species around 11 A is an intermediate or not, the reaction was repeated at 70 °C. At this
elevated temperature, the 11 A phase is clearly seen to grow in and then decline, leaving only a
material with a d-spacing of 13.1 A. The a vs. time curves for LiAI-NO; and the final product
cross very close to zero, consistent with the presence of an intermediate. In contrast, the LiAl-
NOs/intermediate and intermediate/product sets of curves both cross at a = 0.5, showing that
there are direct solid/solid transformations between these phases. The 70 °C reaction
suspension was stored at RT for 24 h after monitoring ceased, and upon reanalysis dgg; was
shown to be 13.5 A, The small increase in d-spacing over that observed during continuous
monitoring can be ascribed to some additional hydration. As for LiAl-Cl, the final d-spacing
observed in situ is higher than that observed ex situ. If the products are filtered and dried, then
XRD shows the d-spacings of the dry products to be essentially the same as those prepared in
the laboratory, indicating that the higher d-spacing phases are highly hydrated systems which

are not stable to drying.

The reaction process for PAA intercalation can thus be summarised as follows:
LiAI-Cl (7.74 A) = Intermediate 1 (9.19 A) = Intermediate 2 (10.74 A) = Product (13.17 A)
LiAI-NOs (9.15 A) = Intermediate 2 (11.1 - 11.3 A) = Product (13.1-13.35 A)

The similarity of d-spacings for the 11 A phase from both LiAl-Cl and LiAI-NO; indicates that they
are probably the same material, with small differences in hydration. Given the fact that the first

intermediate seen during PAA intercalation into LiAl-Cl has the same d-spacing as LiAl,-NOsg, it
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might be the case that this 9.19 A phase also forms with the nitrate starting material, but
cannot clearly be seen because the reflections overlap. As was the case with PAA3', the
intermediates seen are not the result of staging (for LiAl-Cl, second and third stage intercalates

with PAA  would have dggs of 9.4 and 13.3 A; for LIAI-NO; 9.98 and 14.5 A).

As for PAA*, MD simulations were performed for the LiAl-Cl starting material, and are
presented in Figure 6. First, constrained simulations for PAA" were set up with one water
molecule per Li" ion and the interlayer spacing observed for the dried ex situ product, and
allowed to run until an energy minimum was reached. This reveals that in the final product
observed ex situ the PAA" ions form a monolayer between the LDH layers, with a d-spacing of
10.91 + 0.01 A (Figure 6(a)). This is in good agreement with the ex situ experimental value of
11.1 A, and the 10.74 A observed in situ. The PAA” ions lie perpendicular across the interlayer

regions (the detailed locations of the PAA” ions are given in Table S2).
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44 Figure 6: MD simulations for the intercalation of PAA into LiAl-Cl. (a) the energy minimised final product, (b) the
orientation of PAA™ in the 9.2 A intermediate phase, (c) the results of adding more water to the simulations, and,

47 (d) the variation in cell c-parameter with optimisation cycle.

In the same way, we modelled the intermediate phase observed in situ at ca. 9.2 A for LiAI-Cl
(Figure 6(b)). This suggests that the PAA" ions are intercalated in a horizontal manner in this
54 system; they presumably re-orient later to give the final product. Additionally, further

56 simulations were performed in which we increased the amount of water in the system, in order
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to model the final, highly hydrated, material observed in situ at around 13 A (see Figure 6(c)).
When the simulations were rerun with six water molecules per unit cell, dog; is calculated to be
12.99 A, in excellent agreement with the observed experimental value. The PAA™ ions are
vertically oriented here, but the interlayer space is expanded because of the large amount of

water present.

To understand in more detail the interlayer spacing evolution during the intercalation of PAA,
we again took the known structure for [LiAl,(OH)g]CI-H,0, deleted the Cl ions and manually
inserted PAA" between the layers (in the lowest energy orientation possible), and permitted the
model to optimise without constraints. A plot of c-parameter vs. optimisation step is given in
Figure 6(b); the c-parameter first increases rapidly to ca. 17.7 A (dgo; = 8.85 A) before there is a
plateau where despite further optimisation cycles running, no increase in c is seen. After

around 125 cycles, the c-parameter again rises to 20.8 A (dgo2 = 10.4 A).

The dgo, values calculated are a little different to those observed in situ (9.19 A and 10.74 A), for
the same reasons as discussed above. However, the trend calculated by MD mirrors precisely
what happens in the first stage of PAA intercalation in situ, with a lower d-spacing intermediate
first forming and the d-spacing and then expanding. Re-running the model with varied amounts
of water present (data not shown) led to changes in the absolute values of the d-spacings
observed, but the variation of c-parameter with optimisation cycle follows the same trend in all
cases — there is an initial rapid increase in c, followed by a plateau, and a second region of
expansion before the model reaches an optimal configuration. The final product observed in
situ at around 13 A is not accounted for in the unconstrained model when the amount of water
included is restricted to the amounts determined experimentally (see Table 1), but can be

simulated when very large amounts of water are added to the unit cell in the model.

As for the intercalation of PAAY, it is clear that MD simulations may be used not only to model
the guest orientations in the final product, but also to understand the nanoscopic processes

occurring along the reaction coordinate.
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Intercalation of SAA

In situ data for the intercalation of SAA are given in Figure 7. Intercalation into both LiAI-Cl and

LiAI-NO3 proceed in an essentially identical fashion: the starting material declines in intensity

©CoO~NOUTA,WNPE

before a phase grows in with d-spacing a little over 11 A. There is then a distinct shift in the

11 position of the latter reflection, to ca. 10.8 A.

15 11.03A 10.78 A 10.78 A
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w
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34 (a) (b)
Figure 7: In situ XRD data for the intercalation of SAA into (a) LiAl-Cl and (b) LiAI-NOs.

39 As was the case with PAA, the d-spacings of the phases observed are not consistent with
41 staging, and MD simulations were performed to model the intercalation process into LiAl-Cl.
43 The final energy minimised structure (calculated with constraints) showed SAA to form a
45 monolayer in the interlayer space, with a d-spacing of 10.98 + 0.01A (Figure 8(a)). This is in
47 good agreement with the ex situ experimental value of 10.5 A, and the 10.78 A seen in situ. The

SAAions lie perpendicular across the interlayer regions.
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Figure 8: MD results for the intercalation of SAA into LiAl-Cl. (a) the proposed orientation of SAA in the interlayer
space in the energy minimised system, (b) the orientation of SAA in the intermediate, and, (c) the change in the

unit cell c-parameter with optimisation step.

The orientation of the SAA in the initial product with higher d-spacing was also modelled with
constraints (Figure 8(b)), and looking at the guest orientations (see Figure 8(a) and (b)), the
simulation study indicates that the SAA reorients itself after initial intercalation, presumably in
order to maximise bonding interactions, and thus the initial d-spacing is higher than that

observed at the end of the reaction.
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Looking at the MD process run without constraints (Figure 8(c)), as increasing numbers of

optimisation cycles are run, the simulation shows the c-parameter to rapidly increase to ca.

©CoO~NOUTA,WNPE

21.9 A (doo2 = 10.95 A), which is very similar to the interlayer spacing of the initial material seen
11 to form in situ. This subsequently declines to ¢ = 21.1 A (dgoz = 10.6 A) upon further optimisation
13 cycles, again in excellent agreement with the reflection shift observed in situ. Beyond what is
15 observed experimentally, the plot of cell length vs. optimisation cycle in Figure 8(b) includes a
17 point of inflection at around 19 A. This indicates that a very transient intermediate may exist,

19 but the limitations of the in situ experiments do not allow this to be observed.

Intercalation of DPA

24 In situ data for DPA intercalation into LiAl-NOs are given in Figure 9. In these experiments, the

26 pH of the DPA solution was adjusted to either 4.55 or 6.10 prior to the LDH being added.
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Figure 9: In situ XRD data collected on DESY for the intercalation of DPA into LiAI-NO; at (a) pH 4.55, and (b) pH
6.10; (c) the extend of reaction vs. time plot at pH 6.10. The reflections marked * in (a) and (b) are escape

reflections from the detector.

No intermediates are observed for DPA intercalation: the starting material is converted directly
to the product at both pH 4.55 and pH 6.10 (see Figure 9(a) and (b)). This is confirmed by the a
vs. time curves in Figure 9(c); these cross at a = 0.5, confirming that there is no intermediate
phase present here. However, there is a gradual increase in dgp; with time, from an initial 17.6 —

17.8 Ato 19.1 A (pH 4.55) or 20.05 A (pH 6.1). Similar shifts in position are seen in dgga.
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Constrained MD simulations for DPA suggest the minimum energy structure is a bilayer
arrangement with a d-spacing of 19.17 + 0.02 A (see Figure 10(a)). This is in reasonable
agreement with the ex situ value of 18.6 A, and a little lower that the final in situ d-spacings of
19 — 20 A. The DPA anions are oriented in a perpendicular fashion across the interlayer regions,
with their carboxylates facing the LDH layer and the ethylene chains towards the centre. The
simulation shows that H-bonding occurs between the COO group of DPA and the LDH layer.
The variation in cell length with optimisation step (Figure 10(b)), simulated using the
unconstrained model, shows a very rapid increase in c-parameter to around 30.0 A (dgo; = 15.0
A). This is followed by a more gradual increase in ¢, with the final c-value levelling off at ca. 36 A
(doo2 = 18 A). As for the previous systems studied, the unconstrained model mirrors very closely
what is observed in situ, albeit with some differences between the interlayer spacings between
the calculations and experimental observations. These may be ascribed to differences in

hydration state.
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Figure 10: (a) the energy minimised structure of LiAlI-DPA, and, (b) the variation of cell length with optimisation

step.
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Conclusions

A systematic study into the intercalation of the ions of phosphonoacetic acid (PAA), sulfoacetic
acid (SAA) and diethylphosphonoacetic acid (DPA) into the layered double hydroxide (LDH)
[LiAl,(OH)g]X-yH,0 (LiAI-X; X = Cl, NO3) is reported. Three different anions of PAA, SAA” and
DPA" could easily be incorporated into the LDH. In situ time resolved X-ray diffraction
experiments showed that the intercalation of PAA proceeds by very distinct intermediates,
while shifts were observed in the interlayer spacing of the SAA and DPA intercalates as the
reaction proceeded. The intermediate phases observed were distinct from simple staged
systems. In silico molecular dynamics (MD) simulations were employed to gain more insight
into the arrangement of ions in the interlayer space, and it was found that the different phases
observed in situ correspond closely to local energy minima in the MD results. The results
presented here demonstrate that MD simulations can be used not only to probe the orientation
and interaction of guest species in host lattices, but also can unravel details of the intimate

steps along the reaction coordinate.
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