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Intercalation of alkali and alkaline earth metals into ZrSes via soft chemical routes injects electrons and has a
significant effect on the selenide-selenide bonding. K, Rb and Cs intercalates of ZrSes prepared at low tempera-
tures (—78 °C) from metal ammonia solutions contrast with related polymorphs obtained at high temperature
(850 °C). K,ZrSes synthesised at low temperatures crystallises in orthorhombic Cmc2;, while the polymorph
obtained at high temperatures crystallises in Immm. The two structures prepared under drastically different

conditions differ by relative shifting of ZrSes layers. In contrast, CsyZrSes shows the Immm polymorph at low
temperature and the Cmc2; polymorph at high temperatures, while a single Rb,ZrSes polymorph in Immm is
formed at both temperatures. Intercalation of Ca from liquid ammonia facilitates the co-intercalation of the
solvent because of the strong solvation of Ca*". This compound has severe faulting due to the flexibility in the
relative shifts of adjacent ZrSes layers.

1. Introduction

Transition metal trichalcogenides (TMTCs MChs (M = transition
metal; Ch = S, Se, Te) are members of the extensive layered chalcogenide
family with the transition metal dichalcogenides (TMDCs, MChy) being
the most diverse. Early series TMDCs such as TiS, contain sulfide ions, Sz’,
and there is no chalcogenide-chalcogenide bonding [1]. The layered
structure and the reducible transition metal enable the Li, TiSs (0 < x < 1)
system to be used as a prototypical positive electrode material in a Li-ion
secondary battery. Other layered TMDCs display a range of desirable
properties. For example, MoS; is an excellent lubricating material that is
also able to catalyse chemical reactions [2,3]. WTe, has been shown to
exhibit large magnetoresistance and NbSe, exhibits superconductivity [4,
5]. Moving across the periodic table the high oxidation states of the metals
become difficult to stabilise and one finds chalcogenide-chalcogenide
bonds in MnS; and FeS; [6] with divalent metal cations and disulfide
[Sz]z_ ions and the structures are no longer layered.

Although TMTCs are less studied compared to the dichalcogenide
variants, it has been proposed that they may have technological potential
in optoelectronic, nanoelectronic and photovoltaic applications [7-9].
This is as a result of their structures being viewed as
pseudo-one-dimensional [10], offering strong anisotropy in their optical
and electrical properties. For example, TiS3 is a promising candidate for
field-effect transistors and photodetectors [11,12]. TiS3 has also been
explored as a potential electrode material in Li- and Na-ion batteries [13].
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ZrTes has been reported to exhibit superconductivity at ~2 K as well as a
charge density wave distortion at 63 K [14-16]. However, intercalations
into these layered materials have not been studied in detail despite the
investigations of the intercalation chemistry of many other layered
chalcogenides driven by research on cathode materials in batteries [17].

ZrSes is a member of the group IV trichalcogenide family MCh; (M =
Ti, Zr, Hf and Ch = S, Se, Te) which all adopt the same ZrSes type
monoclinic structure with the P2;/m space group. This layered structure,
shown in Fig. 1, consists of ZrSeq triangular prisms stacked via shared
faces to form infinite chains extending along the b axis. These prisms are
bi-capped (i.e. capped on two of their rectangular faces), with Zr coor-
dinating to 2 Se in the neighbouring chains. This gives each Zr a coor-
dination number of 8 and forms layers of chains in the ab plane. ZrSes is
conveniently represented as Zr4+[Se2_] [Sez]z. The [Sez]z_ dimers form
the base of the prism and are parallel to the a axis. There is a van der
Waals gap between the layers making them suitable candidates for
intercalation [18-20].

Lithium intercalation into ZrSes was first carried out by Chianelli
et al. and subsequently followed up by Sourisseau et al. and Canadell
et al. [21-23] It was reported that when chemically intercalating lithium
into ZrSes, three moles of lithium per mole of ZrSe; were always taken
up, corresponding to the full reduction of the chalcogenide to Se*~ and
reduction of Zr(IV) to Zr(IIl). The structure appears to have gone through
significant change and suffered a substantial loss of crystallinity and
hence the structure of this intercalate remains unsolved.
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Fig. 1. Structure of ZrSe; showing that it is formed of layers which are in turn
composed of linked ZrSes triangular prisms. Se-Se bonds indicate the
[Sez]z’ ions.

Klepp et al. reported partially reduced compounds of the form
AyZrsSeg (0.8 < x < 1.1) with a ZrSes framework similar to that in ZrSes
being formed with group I alkali metal ions, A", residing between the
layers [24]. Two structures were found which are related to each other by
the relative shifting of the ZrSes layers. These compounds can formally be
described as intercalates of ZrSes, however, they were not formed in
topochemical intercalation reactions, instead they were obtained by
reacting AsSe (A =K, Rb, Cs), Zr and Se in a 1:4:11 ratio at 850 °C. It is
particularly notable that these compounds form a similar framework to
that found in the binary ZrSes.

The results reported here show that compositions similar to those
obtained by Klepp et al. [24] are also attainable via topochemical re-
actions of ZrSegz using low temperature soft chemical methods. Here the
structures of the alkali metal (K, Rb and Cs) intercalates are compared
with those reported by Klepp et al. [24] and we show that different
polymorphs can be attained at low temperatures. Furthermore, the work
described here will also show that the use of low temperature interca-
lation chemistry enables co-intercalation of Ca and ammonia/amide
species into this system, leading to a much larger expansion of the
interlayer spacing than is found in the alkali metal intercalates.

2. Experimental
2.1. Synthesis

Due to the air sensitivity of the intercalated products, all treatment
and handling of materials was carried out in an argon-filled Glovebox
Technology dry box or using a Schlenk line. Single-phase crystalline
ZrSe3 was synthesised by a direct combination of the elements; zirconium
foil (Alfa Aesar, 99.8%) and selenium powder (Alfa Aesar, 99.999%). The
starting materials were combined in a dry evacuated silica ampoule and
heated at 450 °C for 12 h to ensure reaction of the volatile chalcogen,
then heated further at 900 °C for 72 h.

Intercalations of alkali and alkaline earth metal into ZrSe3 were car-
ried using metal/ammonia solutions on a Schlenk line. The Schlenk tube
containing approximately 500 mg of ZrSes and a 1:1 ratio of the alkali
metal and ZrSe3 was evacuated on the Schlenk line and cooled to —78 °C
using a solid CO,/propan-2-ol cooling bath. Approximately 10 cm?® of
ammonia was condensed into the tube via the vacuum line. The solution
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was left to stir for up to 3 h and warmed to room temperature to enable
the ammonia to evaporate off before final evacuation and removal to the
dry box. This ratio has the alkali metal in excess to compensate for the
difficulty in transferring the metal, especially Rb and Cs, to the Schlenk
tube and for any of the metal being slightly oxidised. We assume that any
unintercalated metal ions were consumed in side reactions forming
amorphous phases, but no crystalline metal amides were detected.
(Safety note: ammonia is volatile and highly toxic. At all times venting of
the system was available via a mercury manometer attached to the
Schlenk line located in a fumehood).

2.2. Structural characterisation

Detailed structural information for the ZrSes host and for the inter-
calated products were obtained from synchrotron powder X-ray diffrac-
tion. The data was collected on the I11 beamline at the Diamond Light
Source, Harwell, United Kingdom [25]. The synchrotron X-rays were
monochromated to have a wavelength of approximately 0.825 A which
was measured accurately at the start of each session of beam time using a
silicon standard. Samples were prepared by grinding the material with an
equal volume of amorphous silica glass to limit absorption and preferred
orientation and packed into flame-sealed 0.5 mm diameter borosilicate
capillaries.

Powder neutron diffraction was carried out on the instrument POLARIS
at the ISIS pulsed spallation neutron source, Rutherford Appleton Labo-
ratory, United Kingdom [26]. The samples were contained in 6 mm
diameter vanadium cans and sealed with indium gaskets. Rietveld analysis
was performed using the Topas Academic Version 6 software [27].

3. Results and discussion
3.1. Potassium, rubidium and caesium intercalation

Intercalation of potassium into ZrSes using K/NHs solution resulted in
the black powder turning brown in colour with the dark blue solution of
the solvated electrons in ammonia decolourising within minutes. The
powder X-ray diffraction pattern showed similarities to that obtained by
Klepp et al. with the indexing of the pattern showing an approximate
16% increase in the interlayer separation compared with ZrSejs itself, and
the initial structural model was determined from this literature report.
The lattice parameters are in very close agreement with those of the
structure of Ko 55ZrSes reported by Klepp et al. [24] modelled in Immm.
However, the pattern was fit instead by the Cmc2; model obtained by
them for Csg 40ZrSes. This was deduced from the presence of reflections
such as 021 and 151 (see Fig. 3) which are symmetry forbidden in Immm
but allowed in Cmc2;. The two structures are related by different relative
shifts of adjacent layers in ZrSes as shown in Fig. 2; if the top layer is
shifted to the right relative to the bottom layer then an inversion centre
appears, the structure has body-centred symmetry and the space group is
Immm. Whereas if the top layer is shifted to the left as shown in Fig. 2,
there is no inversion centre, the structure only has C-centring and the
space group is non-centrosymmetric Cmc2;. The potassium occupancy
refined to 0.45(2) which is 0.1 lower per formula unit than the K 55ZrSe;3
obtained in the high temperature synthesis. In the refinement a single
overall displacement parameter was applied to all atoms in reflection of
the data quality. Only about half of the potassium in the reaction was
incorporated into the host, and we assume that the excess electrons in the
metal/ammonia solution are consumed by side reactions. Consistent with
this and with the refined composition, we obtained an identical product
using 0.5 mol of K per mole of ZrSes with a small amount of unconsumed
ereg.

Rubidium intercalation using Rb/NH3 solution proceeded with a
similar colour change and a ~20.1% increase in the interlayer separation
compared with ZrSes, This is a ~3.2% (0.385(6) 10\) larger increase
compared to Ko 45(2)Z1Ses, a difference consistent with the greater size of
the Rb" ion compared with K*. In contrast to the potassium intercalation,
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Fig. 2. The relationship between the structure of ZrSes (centre) and the structures of the intercalated polymorphs. The dotted line represents the interaction between

neighbouring selenide dimers due to their subsequent reduction.

the systematic absences in the diffraction pattern do correspond with
those for Klepp et al.'s Rbg 43ZrSe3 Immm compound synthesised at high
temperatures. The lattice parameters of the rubidium-containing com-
pounds obtained at high temperatures and by direct intercalation are in
very close agreement (see Table 1) with only a 0.2% difference in the unit
cell volume [24]. The rubidium occupancy in the topotactic intercalation
reaction was refined to be 0.41(1) per ZrSes unit, again in agreement
with the literature value for the high temperature synthesis [24].

Caesium intercalation into ZrSes showed an even greater increase of
~24.6% in the interlayer separation. However, comparing this low
temperature intercalate to Klepp's Csg4ZrSes Cmc2; compound syn-
thesised at high temperature, our low temperature intercalate was found
to be ~2.41% (0.284(7) ;\) smaller. Moreover, the structure obtained via
intercalation crystallises in Immm with the structure adopted by the Rb
analogues made at high or low temperatures. Again, this was deduced by
the absence of the 021 and 151 reflections allowed in Cmc2; but not in
Immm; in addition to the presence of the 011 and 013 reflections allowed
in Immm but not Cmc2, (see Fig. 3) since they violate the k = 2n reflection
condition for Okl reflections. The Cs content refined to 0.42(2) in good
agreement with the literature value for the high temperature phase [24].
Due to the difficulty in handling Cs metal, not all the parent ZrSe3 was
consumed. Furthermore, a Cs;Ses side product was detected in small
amounts possibly due to competing reactions.

In the intercalation reactions, the average Zr-Se distances show no
significant change with the values ranging from 2.785(1) - 2.796(2) A, in
good agreement with the 2.7654(2) A found in ZrSes. This indicates that
the oxidation state of Zr remains at +4. The main change that has
occurred is the elongation of the Se-Se dimer distance due to the partial

Table 1

reduction of [Sez]z’. This leads to the subsequent contraction in the
distance between neighbouring dimers such that the structures can now
be seen as a move away from formal discrete dimers towards a poly-
selenide chain with alternating Se-Se distances. For Rbg 41(1)ZrSe3 and
Csp.42(1)ZrSe3 crystallising in Immm, the selenide dimer bond length has
increased from 2.34 A in ZrSez to 2.592 (4) A and 2.605(5) A for
Rbg.41(1)ZrSe3 and Csp 42(1)ZrSes respectively with the between-dimer
distance decreasing from 3.07 A to 2.775(4) A and 2.757(5) A for the
Rb and Cs intercalates respectively. The Se-Se distances in these cases
with similar electron counts are very similar for both the reported high
temperature [24] and our low temperature syntheses.

On the other hand, in Ko 45(2)ZrSe3 prepared by intercalation and
crystallising in Cmc2;, the selenide dimer bond length has seen an in-
crease to 2.66(1) ;\, 0.06(2) A greater than the distance reported for the
Immm phase synthesised at high temperatures by Klepp et al. Since the
high temperature product Kg s5ZrSe3 compound contains slightly more K,
which one would expect would cause a larger expansion of the Se-Se
dimer distance, it is likely not solely the number of electrons that controls
the change of Se dimer length but most likely the different structure as
well. In the Cmc2; phase reported here, the between-dimer Se-Se dis-
tance is reduced significantly compared to the value in ZrSes and is only
an extra 0.06(2) A longer than the dimer bond length.

Since the reactions were carried out at —78 °C, there is kinetic control
over which structure is obtained as opposed to Klepp's high temperature
syntheses [24] under thermodynamic control. By considering the coor-
dination environment of the alkali metal in the two different symmetries
one can attempt to rationalise why at low temperature the Csg 42(1)ZrSes
crystallises in Immm similar to Rbg 41(1)ZrSes.

Comparison of the lattice parameters and bond lengths distances of the intercalates. T Values taken from single crystal literature data due to extreme stacking fault
leading to difficulty in refining the x positions of the selenide dimer in bulk powder. *b and c axes are switched in the Cmc2; model compared with the Immm model.

Compound Source Space a /10\ b /A [4 /A B/ Volume Interlayer Van der Bond Lengths /A
Group /A3 Separation Waals
/A Gap / i Mean Se-Se Se-Se
Zr-Se (Dimer) (Non-
Dimer)
ZrSeg Furuseth P2,/m 5.4109(12) 3.7488(9) 9.444(2) 97.48 189.94 9.444(2) 3.2499(6) 2.7654(2) 2.3441(6) 3.0676(7)
et al. [28]
Ko.55ZrSes Klepp et Immm 3.746(3) 5.354(8) 21.929(3) 90.0 439.8 10.964(2) 4.845(5) 2.763 2.603(2) 2.751(2)
al [24]
Ko.45(2)Z1Ses This Cmc2; 3.76149(9)  21.970(1) 5.3835(1) 90.0 444.90(3)  10.985(1) 4.90(4) 2.789(7) 2.663(10) 2.721(10)
report *
Rbo.43ZrSes Klepp Immm 3.756(1) 5.359(4) 22.81(1) 90.0 459.1 11.405(5) 5.286(4) 2.771 2.602(3) 2.757(3)
etal [24]
Rbg.411yZrSe;  This Immm 3.76243(8)  5.3673(1) 22.6882(9)  90.0 458.17(3)  11.344(6) 5.226(5) 2.785(1) 2.592(4) 2.775(4)
report
Cso.40Z1Se3 Klepp et Cmc2, 3.747(1) 24.102(5) 5.332(2) 90.0 481.5 12.051(3) 5.906(4) 2.776 2.572(4) 2.760(4)
al [24] ¥
Cso.42(1)ZrSe3 This Immm 3.76225(7)  5.3616(1) 23.5341(9)  90.0 474.73(3)  11.767(7) 5.580(5) 2.796(2) 2.605(5) 2.757(5)
report
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Fig. 3. Rietveld refinement of: (a) Ko 452)ZrSeswith the 021 and 151 reflections indicated, Ryp: 3.05, Rexp: 2.88, R,:2.43, XZ: 1.12 (b) Rbg.41(1)ZrSes, Ryp: 4.66, Rexp:
2.73, R, 3.50, %% 2.92 and (c) Cso.42(1)ZrSe3 with the 011 and 013 reflections indicated, Ry 6.33, Rexp: 3.51, R, 4.89, ¥2: 3.24. (d—e) Structures of the two intercalates.

In the Immm structure of Rbg41(1)ZrSes there are two crystallo-
graphically distinct alkali metal sites (see Fig. 4). For Rb (1) the ends of
the prism are made up from neighbouring selenide dimers contacts of
length 2.78 A whereas for Rb (2) the ends of the prism are made up from
the selenide dimers themselves (length 2.59 A). The different sized
prisms are reflected in the Rb fractional occupation of the two sites where

Rb(1) and Rb(2) are approximately 0.50 and 0.31 occupied respectively
giving an average of 0.41 (similar case for the Cs intercalate). These two
sites cannot be simultaneously fully occupied since the repulsion be-
tween them will be high. The distance between the sites is ~2.7 A
whereas typical Rb-Rb distances in rubidium chalcogenides and halides
such as RbySe and RbCl are 4 A and 4.65 A respectively [29,30]. It is

07 02

o2 T G

Fig. 4. Comparison of the different alkali metal sites in Cmc2; (left) and Immm (right).
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likely that there are large regions within the alkali metal layers where
there is a checkerboard-type arrangement of alkali metal ions within a
particular layer which would give inter-ion distances of about 4.62 A,
and would be consistent with the mean occupancy of the two sites being
below 0.5. However, the absence of any superstructure reflections in-
dicates that there is not full long-range ordering of the alkali ions and
vacancies.

In the Cmc2, structure of Ko 45(2)ZrSes there is only one crystallo-
graphic alkali metal site. One end of the prism is made from the selenide
dimer and the other end is made from neighbouring selenide dimers,
which are not too dissimilar in length, perhaps to minimise prism
distortion. The Immm structure therefore contains the largest alkali metal
site and this may explain why under kinetic control it is favoured by the
large Rb™ and Cs™ cations whereas for K this preference is less. In the
high temperature Immm structure of Ky s5ZrSes, the large cation site al-
lows significantly more Kt occupation (0.64) giving a mean occupancy
for the two sites of slightly above 0.5 according to Klepp et al. [24].

Ko.45(2)ZrSe3 was annealed on the I11 synchrotron beamline to test
whether the low temperature Cmc2; can transform into the high tem-
perature Immm polymorph. However, upon heating it was found that
multiple new peaks at low angles are formed that do not correspond to an
Immm phase (see Fig. 5). These new peaks could either correspond to
decomposition or significant structural rearrangement and could not be
indexed. It is plausible that upon heating the low temperature intercalate,
other reaction pathways are more favourable than the transformation
into the other polymorph.

3.2. Calcium intercalation

The intercalation reaction with a Ca/NHj3 solution resulted in no
colour change to the black solid. By modifying the ratio of the reactants
and analysing the resultant powder X-ray diffraction pattern it was
observed that only 0.2 equivalents of the metal were needed to fully
consume the starting material. This is approximately half that required
by the alkali metal intercalates, indicating a similar number of electrons
donated in forming this product. The complexity of the diffraction
pattern will be discussed shortly, but an initial assessment of the structure
can be made by observing the position of the 1st 00l diffraction peak,
which is indicative of the interlayer separation. The interlayer separation
of this product of nominal composition ‘Cag 2ZrSes’ is 10% greater than
that of the K 45(2)ZrSes intercalate, which strongly suggests that co-
intercalation of the solvent has also occurred. Chemical analysis
(Elemental Microanalysis Ltd, Okehampton, UK: CHN using the Dumas

600°C
—550°C
——500°C
450°C
400°C
350°C
——300°C
—30°C

*

Offset Intensities
( (

5 10 15 20 25 30 35
26 (degrees, A = 0.826566 A)

Fig. 5. Synchrotron XRD patterns of the in situ heating of Ko 45(2)ZrSes. The
asterisks indicate the new peaks formed.
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combustion method) confirmed the presence of ammonia/amide species
with a N:H ratio of 1:2.77(8) and gave 0.596(7) N per formula unit which
suggests a formula of Cag2(NHs)o.457)(NH2)o.15(7)ZrSes. Using this
approximation, the [Se;]?~ dimer would be slightly less reduced
compared to the alkali intercalates as only 0.25(7) electrons (instead of
~0.4) are used in the reduction with the remaining electrons used to
form H; during the reduction of NH3 to form NH; .

Unlike the alkali metal intercalates, the structure was not trivial to
characterise. An initial model was based on the Immm structure of
Ko.55ZrSe3 with expanded lattice parameters, which accounted well for
the peak positions and gave a satisfactory fit to the powder X-ray
diffraction if a suitably broad and anisotropic peak shape model was
used. However, this model struggled to account for the intensities of low
d-spacing reflections which is particularly evident in the powder neutron
diffraction where these reflections are better resolved (see Fig. S1).

A combination of sharp and broad peaks in both the synchrotron X-
ray and neutron diffraction patterns are consistent with significant
stacking disorder. Topas Academic Version 6 was used to account for this.
Without a clear knowledge of the types of stacking disorder involved it
was not feasible to construct a model based on a small number of addi-
tional parameters such as those previously reported in the literature
[31-33]. Microscopy techniques such as HAADF-STEM imaging in prin-
ciple provide insight to the types of stacking disorder present, but
ammonia-intercalated layers are typically unstable with respect to an
electron beam. We modelled the stacking disorder present in Cag (N-
H3s)o.457)(NH2)0.15(7)ZrSes without any existing knowledge of the type of
stacking disorder present in the following way. The initial Immm struc-
ture giving the fits shown in Fig. S1 was separated into ZrSes and Ca/NHj3
subunits, the divide between the blocks chosen to be at the centre of the
van der Waals gap. The Immm structure may thus be regenerated by a
stacking model containing two of the ZrSes and Ca/NHs subunits, with a
v, Y offset in the ab plane applied to the second pair of subunits to ac-
count for the body-centring in the Immm structure. We then generated a
supercell by stacking 100 ZrSes subunits with 100 intervening Ca/NHg
subunits, with suitable offsets to mimic the body-centring.

This initial large supercell thus corresponds exactly to the Immm
structure. Instead of refining this model using anisotropic peak broad-
ening, we used a simple symmetric peak shape based on isotropic crys-
tallite size broadening of the peaks and the relative positions of the
subunits were then refined, with the 1st ZrSes subunit remaining fixed as
an anchor. This positional refinement of the subunits was first attempted
by only allowing them to vary in the ab plane — modelling turbostratic
disorder/variation in the structure. Refinements of the relative shifts in
the a-direction (i.e. along the axis of the ZrSeq prisms) always led to
negligible shifting whereas the shifting in the b direction (parallel to the
axis of the Se dimers) was significant. Allowing both the ZrSes and Ca/
NHj subunits to refine their position in just the b-direction (Fig. S2) leads
to Ry, for the neutron diffraction improving from 7.1% to 4.6% in the 90°
data bank. Due to the size of the refinement and number of peaks
calculated, it was only practically possible to refine against one bank of
the neutron data at a time for the stacking model. It is reasonable to be
suspicious of a model that allows hundreds of freely refining parameters,
and indeed many different absolute configurations of the supercell can
give equivalent fits to the data. However, all solutions of equivalent Ry,
give the same distribution of relative shifts from one ZrSes subunit to the
next (Fig. S3), which is reproduced across both the X-ray and neutron
diffraction refinements as shown in Fig. 7(c-d).

The consequence of this result can be understood by relating it to the
Cmc2; and Immm models which are shown in Fig. 2. For the pure Immm
model the distribution of relative shifts in Fig. 7(c) would have a single
sharp peak at 0, whereas for the pure Cmc2; model there would be
symmetric sharp peaks at £0.5. The model produced by our stacking
fault analysis has a large degree of variability in the b-direction shift, with
a broad peak centred around 0 and no secondary maxima at +0.5, sug-
gesting that on average the ZrSe3 subunits remain in the body-centred
Immm configuration, consistent with the initial indexing of the pattern.
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Comparing the Ca/NHj subunit b-axis shift relative to the ZrSes
subunits above and below it in Fig. S4 shows a clear preference for shifts
of (0, 0), (£0.5, £0.5), (0, +0.5) and (£0.5, 0). This is summarised in the
distribution diagram in Fig. 7(d) showing the average of the modulus of
the shifts. A shift of 0 indicates that the arrangement of Ca/NH3 and
ZrSes subunits remains unmoved from the initial Immm model. A 0.5 shift
suggests the Ca/NHj3 subunit shifting by half a unit cell such that the Ca
and the NH3 have swapped positions whilst the ZrSes subunits remain
unchanged. A shift of 0.25, an average of 0 and 0.5, suggests that one of
the ZrSe3 subunits either above or below the Ca/NHj3 subunit has shifted
by half a unit cell. The two adjacent ZrSes3 subunits therefore take up the
arrangement as in the Cmc2; model. Both X-ray and neutron distributions
show peaks at 0 and 0.5 indicating the majority preference of the Immm
arrangement. Both the X-ray and neutron models show a higher fre-
quency of 0 shifts than 0.5 shifts, indicating the Ca and NH3 have a higher
preference for their assigned positions as shown in Fig. 6, rather than
being interchanged. The distribution in the X-ray model shows a lower
preference for Ca/NHs ordering than the neutron, which is expected due
to the lower contrast between the X-ray form factors of 0.2 Ca and 0.6 N
with respect to the neutron scattering lengths (Ca: 4.70 fm, H: —3.74 fm,
N: 9.36 fm) [34]. This result supports the initial, intuitive assignment of
the two sites, in which NH3 has a closer proximity to Se to allow for
increased Se---H hydrogen bonding.

A further improvement to the fit can be achieved by allowing the
subunits to move relative to one another in the stacking direction, c. The
bond lengths and contents of the layers were kept constant but their
relative positions along c¢ were refined, effectively increasing or
decreasing the van der Waals gaps between them, which provides a
rough modelling of interstratification (i.e. the variation/disorder be-
tween alternate layers) in a structure. In this case the modelling accounts
for different amounts of intercalation leading to different interlayer
separations from one layer to the next. The ZrSes subunit c shifts were
refined while the Ca/NHj c shifts were constrained such that each sub-
unit stayed in the centre of the van der Waals gap of the ZrSes3 subunits
above and below it. The Ry, of the neutron fit improves significantly from
4.6% to 1.7% on inclusion of this variation, providing the fit to the data
shown in Fig. 7(b).

The improvement of the fit on addition of interstratification to the
model clearly shows that the distribution of the calcium-ammonia/amide
co-intercalant between the ZrSes layers is non-uniform across the crys-
tallites. Some variation of this kind is plausible, and once again is
reproduced by separate models to both the X-ray and neutron diffraction
data as shown in Fig. 7(e), giving similar distributions of different
interlayer separations. There were no obvious correlations between tur-
bostraticity and interstratification, but correlations may be present
outside the detection limits of the model.

This method of stacking fault refinement provides insight into the type
and degree of disorder in the structure, but the model does come with
limitations. The method of modelling interstratification is limited by the
constraint that for every expanded layer there must be a contracted layer
to match - so it is plausible that the true distribution of interlayer spacings
isnot well represented. While it is possible to refine the bond distances and
atomic site occupancies, these are realistically likely to be too correlated
to shifting parameters to be confidently extracted and so it is necessary to
fix them to sensible values. To best approximate these bond distances, the
atomic coordinates for the layers were taken from the initial refinement
based on the Immm model. This gave a Se-Se distance in the ZrSes layer of
~2.52 A and ~2.83 A for the dimer and non-dimer distances respectively,
consistent with the fact that the selenide dimer was less reduced compared
to the alkali intercalates due to the presence of amide species. Since 0.2
equivalents of Ca®" per ZrSes were used in the synthesis and chemical
analysis suggests 80% occupancy overall of the two sites occupied by al-
kali metals in Fig. 4, Ca was modelled with an occupancy of 0.2 on one of
the cation sites with N occupancy of 0.6 on the other site. This would give a
Ca-N distance of ~2.67 A which is reasonable as a typical Ca—N distance
such as in calcium imide is 2.57 A [35].
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Fig. 6. Subunits A-D of ZrSe; and Ca/NHj3 based off Immm used in stacking
model. The arrows indicate the directions that the subunits were allowed
to refine.

The hydrogen positions in the neutron refinement were approximated
to have a square prismatic coordination around N with a bond length ~1
A giving 8 potential N-H---Se hydrogen bonds with a distance of 2.7-2.8
A as seen in other metal/ammonia intercalates [36,37]. The H content
calculated from the elemental analysis was split across the 8 sites. These
constraints were necessary to implement the stacking fault modelling but
some are expected to be non-physical, for example it is plausible that the
Se-Se distances take a range of values rather than just two, and it is ex-
pected that the Ca/NH3 occupancies will vary with the differing inter-
layer separations whereas they are all taken to be identical in the model.
Nevertheless, the necessity to include both turbostratic and interstrati-
fication disorder in order to accurately fit the diffraction data allows us to
be confident that both types of stacking disorder are present.

The variation in the b-axis shift seen in this intercalate but not in
alkali metals intercalates might be explained by the role of ammonia/
amide. Unlike in the alkali metal variants, the interlayer spacing is too
large for the small Ca®* intercalant to be involved in any significant
bonding interaction with the selenide ions — the Ca®" ions remain sol-
vated by the ammonia and amide moieties which interact with the
selenide ions, presumably by N-H---Se hydrogen bonding interactions as
found in other metal/ammonia intercalates [36,37]. The layers are thus
not ‘locked’ in position by bonding to the intercalant cation and there is
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Fig. 7. (a) X-ray powder diffraction pattern of
Cag 2(NH3)o.457)(NH2)o.15(7)ZrSe3, Rwp:  7.51, Rexp:
2.25, Ry: 5.31, % 11.09. (b) Neutron powder diffrac-
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1.70, Rexp: 16.30, Ry: 1.20, xzz 0.01 [note that the large
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more freedom in their relative arrangement compared with the alkali
intercalates.

3.3. Raman spectroscopy

Raman spectroscopy measurements were carried out on a Thermo
Scientific DXR3 SmartRaman Spectrometer using 785 nm radiation. The
parent ZrSes displays the main modes as previously reported [38]. Only
the Ag mode is exclusive to the [Sez]z_ dimer (Fig. 8(b)) with the A3, Ag

~ NPD
~ | XRD

115 120 125 130
Interlayer Spacing (A)

and Ag modes involving the Zr and the Se?~ as well.

Comparing the Raman spectra of the intercalates it is evident that
intercalation and the consequence reduction of the [Se;]?~ dimer has a
significant effect on the modes. This is especially seen when looking at
the Ag mode which disappears when intercalating alkali metals but re-
mains for the Ca/NHj intercalate. Lengthening of the Se-Se dimer would
be expected to cause a shift to a much lower wavenumber. It is plausible
that the new peak seen at 200 cm ™! is the shifted AS mode due to a
reduced selenide. The presence of both this new peak and the unshifted

(@ ———————

—ZrSe
—— K502 2rSe;
———Rbyg 41(1)2rSe;
—Csg4p1)2rSe;
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Fig. 8. (a) Raman spectra of ZrSes and its intercalates. (b) Schematic of the Ag Raman mode. The asterisk indicates the new peak.
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Table 2
Molar susceptibility (ymo1) values of ZrSes and its intercalates.

Compound Ymol (x107° emu mol 1)
ZrSeg —8.17(1)
Ko.s@ZrSes ~7.33(1)
Rbo.41c1)ZrSes —9.67(1)
Csg.42(1)ZrSeg —7.76(2)
Cao.2(NH3)o.45(7)(NH2)o.15(7)Z1Ses —8.15(2)

Ag mode in the Ca/NHj intercalate may suggest that some of the dimers
are reduced and some are not, instead of a uniform partial reduction.
Therefore the ~2.52 A dimer length used in the stacking fault refinement
may in effect be an average of reduced and non-reduced dimers. Using
2.6 A as an approximate reduced dimer length (based on the alkali in-
tercalates) and 2.34 A as the non-reduced dimer length (based on parent
ZrSes), an average of 2.52 A would correspond to 69% reduced dimers.
Given that for the alkali metal intercalates ~0.4 electrons would achieve
uniform reduced dimers, the 0.25 (7) electrons available for reduction
(from elemental analysis) would correspond to 45-80% reduced dimers
hence 69% falls within this range.

The presence of non-reduced dimers would support the theory that
some of the Se dimers do not have any significant bonding interaction
with the Ca%* intercalant; therefore, the layers are free to move hence
why significant stacking disorder is present in this system. This however
does not rule out the possibility of some hydrogen bonding of the NHsz/
NH; species to Se as seen in the Li/NHs intercalation of FeSe [36].

3.4. SQUID magnetometry

Magnetic susceptibility measurements were measured on the Quan-
tum Design MPMS-3 SQUID magnetometer. The magnetisation was
measured against a magnetic field varying from O to 5 T at 300 K using
20 mg of sample in a gelatin capsule. The host ZrSe; shows a clear
diamagnetic signal with a molar susceptibility (ymo) of —8.17 (1)x107>
emu mol !, The intercalates also remain diamagnetic with e varying
only by +2x107° emu mol ! (Table 2). This confirms the nature of the
reduction in that the Zr** oxidation state remains unchanged and that
therefore the reduction is taking place in the [Sez]z’ dimers.

4. Conclusion

The work presented here has shown that the low temperature inter-
calation into ZrSe3 occurs producing differing polymorphs to those pre-
viously reported in a high temperature synthesis. Under these conditions,
the reactions are under kinetic control and it therefore likely that the
polymorphs found for the Rb and Cs intercalates are dictated by the large
size of the cations preferring to occupy the largest site possible which is
found in the Immm structure. Annealing the low temperature Cmc2; K
intercalate appeared to favour other reaction pathways than the trans-
formation into the high temperature Immm polymorph.

The intercalation with Ca proceeds with co-intercalation of the
ammonia solvent. This results in an expansion that is greater than that of
the Cs intercalate. Elemental analysis confirms the presence of the sol-
vent species and suggests a formula of Cag 2(NH3)o.45(7)(NH2)o.157)ZrSes.
The co-intercalation resulted in large interlayer separations such that the
compound suffers from severe stacking disorder due to the alkaline earth
metal ion having little bonding interaction with the Se. The diffraction
patterns cannot be simply modelled with either the Immm or Cmc2,
models, therefore a stacking fault model based on the Immm model was
used where multiple rigid blocks of ZrSe3 and Ca/NH;3 were allowed to
refine independently. This model significantly improved the fit to the
observed X-ray and neutron diffraction patterns with the body-centred
Immm-type arrangement of ZrSes layers having the largest probability.
Ca/NHjs layer shifts in the neutron refinement show a clear favourability
of the NH3 being in closer proximity to the Se presumably to facilitate
hydrogen bonding. Raman spectroscopy showed the presence of the non-
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reduced selenide dimer (Ag) mode as well as a new peak at lower
wavenumber which may correspond to the lengthening of selenide di-
mers. This would suggest that in this system there is a mixture of reduced
and non-reduced dimers rather than a uniform partial reduction as found
in the alkali metal intercalates and this is consistent with the chemical
analysis.
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