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Ammonia-rich high temperature superconducting intercalates
of iron selenide revealed through time-resolved in-situ X-ray

and neutron diffraction.
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ABSTRACT: The development of a technique for following in-
situ the reactions of solids with alkali metal/ammonia solutions,
using time-resolved X-ray diffraction methods, reveals high tem-
perature superconducting ammonia-rich intercalates of iron sele-
nide which reversibly absorb and desorb ammonia around ambi-
ent temperatures.

Iron-based superconductors exhibit rich chemistry and physics.
Control of the transition between itinerant antiferromagnetism and
superconductivity in several iron arsenides, selenides and phos-
phides is possible using applied pressures and isovalent or aliova-
lent substitutions to tune structural parameters and/or electron
count. Understanding these materials’ superconducting and mag-
netic properties may shed light on the behaviour of other classes
of high temperature superconductor. Recent reviews describe
developments in synthesis,' structure-property relationships,’
materials properties® and theory.*

The tetragonal layered polymorph of FeSe is a superconductor’
with a superconducting transition temperature (7,) of 8.5 K for the
composition Fe; 5;Se (a small amount of intrinsic interstitial iron
has a detrimental effect on superconductivity®). Ying et al” re-
vealed that solutions of alkali metals in liquid ammonia react with
FeSe to produce intercalates with dramatically enhanced 7.s of up
to 45 K. We showed,8 in the case of the intercalates obtained from
Li/NDj; solutions, that the crystal structures of the products ob-
tained after evaporation of the ammonia solvent and brief evacua-
tion of the reaction vessels at room temperature are variants of the
common ThCr,Si, structure type with ND; and [ND,]™ moieties in
sites 8-coordinate by selenide with N-D---Se hydrogen bonds. Li
ions occupy sites coordinated by the ammonia or amide species
and selenide (Figure 1, right). Scheidt et al. reported that amide-
free materials may also be obtained.” The samples offer iron
selenides with no iron vacancies and represent bulk variants of the
minority phases which are presumed to be the source of super-
conductivity in A,Fe,.,Se, samples (x ~0.8; y ~ 1.6; A K, Rb,
Cs) synthesised at high temperatures.'®!! Ying er al.! repon that
ammonia may be completely removed from the intercalate
Ko3(NH3)7FesSe, (T, = 44 K) at 200 °C to yield a bulk super-
conducting phase K, ;Fe,Se, with the same T..

In this communication we describe a means to probe reactions
using Powder X-ray Diffraction (PXRD) in-situ in liquid ammo-

nia at temperatures down to —78°C and reveal that the met-
al/ammonia  intercalates described 79,12
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Figure 1. Schematic of the intercalation of lithium and ammonia
into FeSe. The ammonia-rich intermediate is synthesised and
described here; the structure and properties of the product of
reversible ammonia desorption (right) is described in reference 8.

the decomposition products obtained, in the normal course of
handling solid state compounds, from materials much richer in
intercalated ammonia (Figure 1, center). The structure and proper-
ties of the ammonia-rich lithium/ammonia intercalate and its
reversible adsorption and desorption of ammonia are described.

The syntheses of ammonia-rich FeSe intercalates were performed
on the beamline, 112, at the Diamond Light Source, UK in an
experiment conceived to investigate the intercalation in-sifu and
identify possible intermediate phases. For the reactions between
Li/NH; solutions and FeSe, 4 mg (0.576 mmol) of Li metal were
loaded, in an argon-filled glove box, into 18 mm o.d. x 4 mm wall
pyrex ampoules sealed with teflon valves. 150 mg (1.113 mmol)
of FeSe powder, synthesised from the elements as described
previously,® was loaded into a side-arm projecting from the side
of the ampoule so that it was not in contact with the alkali metal
(see the Electronic Supporting Information (ESI)). The ampoule
was connected to a Schlenk line, the end of the tube containing
the alkali metal was placed in liquid nitrogen and around 5 cm? of
NH; were condensed onto the alkali metal. On melting the NH;
ice at —78°C in a CO,/propan-2-ol cooling bath, the alkali metal
dissolved to produce a blue solution. The ampoule was sealed and



transported to the beamline keeping the solution separate from the
solid FeSe. The ampoules were either maintained with the end
containing the solution in the CO,/propan-2-ol slush, or were
allowed to warm to room temperature (for safety precautions see
the ESI). The ampoule was clamped to a remote-controlled stage
with its rotation axis parallel and coincident with the X-ray beam.
With the stirred Li/NH; solution exposed to a monochromatic
80keV (1=0.156 A) X-ray beam, diffractograms were measured
continuously in time intervals of either 80 ms separated by a
40 ms dead time, or 4 s separated by a 1 s dead time with data
collected using a Thales Pixium RF4343 flat panel detector. To
initiate the reaction the ampoule was rotated about the beam
direction so that the FeSe powder poured into the solution. The
evolution of the diffraction pattern was monitored over a period of
between a few minutes at ambient temperatures or a few hours at
lower temperatures. This method is transferrable to other volatile
solvent systems.
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Figure 2. Film plot showing the evolution of the X-ray diffraction
pattern measured on 112 when FeSe was added to Li/NH; solution
at ambient temperature. Calculated diffractograms are shown for
FeSe and the final product. (Further diffractograms (Figure S2)
and a Rietveld analysis of the final product are shown in the ESI).

The in-situ PXRD measurements of the reaction between Li/NHj;
solutions and FeSe initially showed the appearance of reflections
due to FeSe. At ambient temperature (Figure 2) these reflections
rapidly diminished in intensity to be replaced by a new set of
reflections. These new reflections bore a superficial resemblance
to those of the [4/mmm Li/NH; intercalates of FeSe reported
previously® in which the lowest angle Bragg peak is the (002)
reflection with a d-spacing of about 8.5 A, corresponding to the
separation between adjacent Fe planes. However the product of
these reactions probed in-situ had the lowest-angle Bragg peak at
a d-spacing of 10.6 A-20% larger than in the intercalates de-
scribed previously. After about 2 min at ambient temperatures or
2.5h at —78°C Bragg peaks due to FeSe had been completely
replaced by those of the new material which is the final product of
these intercalation reactions when the solid remains suspended in
liquid ammonia.

For these reactions o) for a particular Bragg reflection (hkl) is
defined as the temporal evolution of /(¢)/I(max) for that reflection.
For a reaction with no intermediate phases the intensity evolution
of reactant and product Bragg peaks should cross at o = 0.5, while
a crossing at o < 0.5 suggests the presence of an intermediate
phase."® In the case of the lithiation reaction shown in Figure 2
there appears to be a seamless transition between FeSe and the
new product. However, plots of o(f) for the (001) Bragg reflec-

tions of FeSe and the product (Figure S10), cross at o~ 0.4 at
room temperature suggesting that an intermediate phase exists.
The room temperature diffractograms indeed revealed the pres-
ence of a crystalline intermediate phase (Figures S17 and S18),
but the two observable reflections at d-spacings of 6.69 and
3.26 A were insufficient to allow its identification. In low temper-
ature reactions, by contrast, the normalized intensities of FeSe and
product (001) Bragg reflections cross at o ~ 0.1 (Figures S12,
S14 & S16) and film plots (Figures S11, S13 & S15) show a
period between the near-disappearance of the FeSe reflections and
the appearance of reflections from the product when little crystal-
line material is present.'®

For the final product of Li/NHj; intercalation all reflections were
indexed on a primitive tetragonal unit cell with refined room
temperature  lattice  parameters  a = 3.82766(8) A and
¢ =10.5938(7) A. Systematic absences were consistent with the
space groups P4/n or P4/nmm and ab initio structure solution in
P4/nmm using the charge flipping algorithm as implemented in
TOPAS Academic' resulted in a structural model with FeSe
layers stacked as in the starting material FeSe (which also crystal-
lises in P4/nmm) but pushed apart, accommodating a double layer
of light atoms (N atoms from the ammonia molecules) in the
interlayer region. This is in contrast to the single layer of N atoms
found in the case of the intercalates described previously.® This
new model, with the PbFCI structure type (the “111” structure in
the context of iron superconductors), gave an excellent Rietveld
fit to the in-situ PXRD data (Figure S3, Tables S1 & S2).

Similar reactions with solutions of K and Rb in NHj revealed
similar general behaviour: when PXRD measurements were per-
formed in-situ, phases were identified with much longer lattice
parameters perpendicular to the FeSe layers (Table 1) than the
ammonia-poor intercalates described previously.”'> The unit cell
volumes for K/NHj; intercalates decrease as the K content increas-
es which mirrors the observation by Ying et al. for the ammonia-
poor K/NHj intercalates'” and is presumably a consequence of an
increased ionic bonding within the intercalate layers as the K* and
amide content increases. The detailed crystal structures of the
ammonia-poor and ammonia-rich K and Rb intercalates require
further investigation.

Table 1. Lattice parameters and cell volumes of the final products
of reactions of alkali metal/ammonia solutions with FeSe deter-
mined from 112 PXRD data (Figures S4-S6).

metal/FeSe ratio a(A) c(A) V(A
Li/FeSe =0.5 3.82766(8) 10.5938(7) 155.210(12)
K/FeSe =0.15 3.8602(1) 10.1793(1) 151.7(12)
K/FeSe =0.3 3.8348(5) 9.8492(3) 144.8(6)
Rb/FeSe = 0.5 3.8416(2) 10.0408(7) 148.2(19)

In order to fully describe the structure of the new Li/ammonia
intercalate, a 1g sample of the ammonia-poor intercalate
Lip 6(ND3)og(ND,)oFe,Se, was placed in a thin-walled 8§ mm
diameter cylindrical vanadium container and attached to the
Schlenk line. The sample container was evacuated briefly, then
cooled to —10 °C by means of an ice/salt bath and then exposed to
1 atm of NDj gas (99% D). After four hours the container was
sealed, while cold, with a steel cap and an indium gasket under a
stream of NDj; gas. The mass change of the powder during load-
ing suggested the absorption of approximately 1 mole of ND; per
mole of Lipg(ND3)gg(ND,)g,Fe,Se,. Powder Neutron Diffraction
(PND) data collected at 270 K on WISH at the ISIS Facility, UK
revealed a diffraction pattern composed of a single phase con-
sistent with the ammonia-rich intercalate obtained in the in-situ X-
ray diffraction experiments (tetragonal P, a =3.81386(3) A,
¢=10.5278(1) A).
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Figure 3. Observed (black crosses) and calculated (red line) neu-
tron powder diffraction pattern and difference profile of the
Rietveld refinement of the structure of the deuterated ammonia-
rich Li/NDj; intercalate against WISH data at 5 K and the final
crystal structure; peak positions are marked by vertical lines
(intercalate-blue (99.4 wt%), LiND,-green (0.2 wt%), Fe-orange
(0.4 wt%).

This confirms that compounds similar to those identified in the in-
situ PXRD measurements can be regenerated by exposure of the
ammonia-poor intercalates® to ammonia at low temperatures.
PND measurements on a second sample which had been exposed
to 1 atm of ND; at 0°C for four hours revealed a mixture of just
the new ammonia-rich and the ammonia-poor® materials (see
Figure S8) suggesting that absorption of further ammonia by the
ammonia-poor material does not proceed via any other stable
phase. A longer PND data collection at 5 K on the pure NDs-rich
intercalate (Figure 3) confirmed the partial structure derived from
the in-situ X-ray diffraction experiments and enabled the D and Li
atoms to be located. The refined structure (P4/nmm,
a=3.79756(2), ¢ = 10.30704(8) Aats K) is shown in Figure 3
and the refined parameters are supplied in Tables S3-S6. The
refined composition of Lige1)(ND271)170)FexSe, carries large
uncertainties due to intrinsic disorder in the material, large dis-
placement ellipsoids and significant parameter correlations result-
ing from the limited Q-range at high Q available on WISH. The
less-than-full nitrogen site occupancy is consistent with the volu-
metric absorption of ammonia (see below) and a refined D:N ratio
less than 3 is consistent with the ammonia-poor material contain-
ing some amide moieties.® The Fe-Se distances of 2.415(1) A and
the Se—Fe—Se angles of 103.65(3)° (x 2) and 112.46(2)° (x 4) are
very similar to the values in the ammonia-poor intercalate at 8 K
(Se—Fe—Se bond angles of 104.40(8)° (x 2) and 112.06(4)° (x 4)
and Fe—Se bonds of 2.408(1) A), consistent with a non-redox
intercalation of further ammonia. The ammonia and amide moie-
ties are modelled as orientationally disordered and there are N—
D--Se hydrogen bonds with a D--Se separation of 2.756(4) A,
similar to that in the ammonia-poor intercalates (2.761(3) A8
The freely refined N-D distances of 0.955(4) and 0.884(5) A and
the DN separation of 2.719(5) A between adjacent ND; mole-
cules and the Li—N distances of 2.1837(6) A are comparable to the
distances found in solid ND; (N-D of 1.012(2) A and D--N in-
termolecular distance of 2.357(2) A at 2 K),"” LiND, (Li-N of
2.065(3)-2.210(3) A, N-D of 0.967(5) and 0.978(6) A)'® and
Li(NDy), (Li-N of 2.035(5)-2.078(5) A and N-D mean of
0.99 A)."”

The orientation of the ammonia molecules relative to the sele-
nide and lithium ions is qualitatively similar to the arrangement in
the hydrated superconducting phase of Nay3C00,'1.2D,0
(T, =4.5 K), described in detail by Jorgensen et al.'® That com-
pound also contains a double layer of small polar molecules
which in that case separates sodium ions from the transition-
metal-containing layers. In both systems there is hydrogen bond-
ing between the hydrogen atoms of the small molecule and the
anion of the transition metal layers, and the hydrogen atoms locat-
ed towards the centre of the intercalate layer avoid the positively
charged alkali metal ion.

To probe further the reversible sorption of ammonia by the am-
monia-poor Li/ammonia intercalate, an 8 g portion of the NDs-
poor intercalate was placed in a steel pressure cell, briefly evacu-
ated and then placed in a closed-cycle refrigerator on WISH. The
sample was cooled to 250 K and, with PND data collected contin-
uously, was exposed firstly to a constant 1 atm of ND; and sec-
ondly to a 500 cm® buffer volume of NDj initially at 1 atm. In
both cases the sample was observed to absorb NDj; extremely
rapidly with 90 % of the ND; absorbed from the buffer volume
within 45 min, consistent with the refined composition. Between
these two charging experiments the sample was exposed to a
dynamic vacuum at 260 K and was observed to desorb all the
additional NDs, to regenerate the NDs-poor intercalate. The evo-
lution of the neutron diffractograms is shown in Figure 4.
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Figure 4. (top):NH; adsorption and desorption isotherms for the
ammonia-poor intercalate. (bottom): PND patterns (WISH) during
adsorption and desorption of NDj; by the ammonia-poor interca-
late at 250 K. The phases present are the NDs-poor and ND;-rich
intercalates and the steel container.

The NHj; absorption isotherm at 260 K was subsequently meas-
ured on 1.039 g (= 3.575 mmol) of NH;-poor Li/NH; intercalate
(Figure 4, top) with an automated gas sorption analyzer
(QUANTACHROME Autosorb iQ). The uptake of NHj; of
72.6 cm®g”" corresponds to the adsorption of about 0.9 moles of
NH; per mole of Lios(NH, g)Fe,Se,® at 1 atm (theoretical value:
79.0 cm®g™"), supporting the conclusions of the PND measure-
ments that ammonia molecules do not fill all the available crystal-
lographic sites under the synthetic conditions. The isotherm shows
rapid adsorption of NHj once the NH; pressure reaches 0.2 atm,
and the isotherm is hysteretic with appreciable desorption of NH;



at 260 K only occurring when the pressure is reduced to 0.1 atm
above the solid. This profile is typical for inter-lamellar intercala-
tion of polar molecules as described by Barrer.'” The intercalation
and deintercalation of NH; into sodium montmorillonite® is
strikingly similar to the adsorption and desorption behaviour in
our case. This isotherm helps to quantify the tendency of the
ammonia-rich intercalates to desorb half of their ammonia and
explains why the normal use of a Schlenk line (evacuation of the
sample container at ambient temperatures) does not enable these
materials to be observed easily.

Magnetometry on a sample of the material synthesised using
similar apparatus to that used for the in-situ PXRD measurements
and maintained suspended in liquid or frozen ammonia (see ESI)
revealed a bulk superconductor with a T, of 39(1) K (Figure 5),
about 5 K lower than for the ammonia-poor intercalates.”® A
second sample prepared by exposing the ammonia-poor interca-
late to 1 atm of NHj at —10°C (replicating closely the synthesis of
the sample used in the PND experiment and the adsorption exper-
iment) yielded a similar 7. The superconducting volume fractions
are estimated to be 30-40% by comparison with the ammonia-
poor intercalates.®
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Figure 5. The magnetic susceptibilities of: an ammonia-rich inter-

calate (green) suspended frozen in some of the ammonia used in

its synthesis (see ESI); an ammonia-rich intercalate (red) synthe-

sised by exposing the ammonia-poor intercalate (blue) to 1 atm of

gaseous ammonia at —10°C.

The behaviour of the metal/ammonia intercalates of FeSe is
strongly reminiscent of the behaviour of the hydrates of
Nay3C00,. 2% The ammonia-rich phase identified here corre-
sponds to the hydrated superconductor Nag3C00,:1.2H,0'3%! and
the ammonia-poor material described previously® corresponds to
non-superconducting Nay 3C00,:0.6H,0.”2 The cobaltates have
hexagonal CoO, layers composed of edge-linked CoOg octahedra,
while the iron selenides have tetragonal layers composed of edge-
linked FeSe, tetrahedra. In the iron selenide system, ammonia-
free K 3Fe,Se, corresponding to Naj;Co0,, has been reported by
Ying er al. prepared by de-ammoniation at 200 °C,'* and the
composition M,Fe,Se, (M = K, Rb; x estimated as 0.3-0.5)!!!
appears to be a 33 K superconductor which often co-exists as a
minor phase intergrown with iron-deficient antiferromagnetic
Mott-Hubbard insulators with compositions close to M gFe; ¢Se,
synthesised at high temperatures.!' In the case of the ammonia-
poor Li/NHj; intercalate of iron selenide, removal of further am-
monia is facile, but is accompanied by reduction of iron to the
element and eventual formation of Li,Se.®

The investigations described here not only expand the range of
iron-based high temperature superconductors and promise further
molecular intercalates, but also underline how rapid data collec-

tion from modern diffractometers allows otherwise fleeting phases
to be identified, targeted and characterized.
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Further experimental details, including safety instructions and
further diffractograms and experimental data are provided as
supporting information. This material is available free of charge
via the Internet at http://pubs.acs.org.”
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1. Experimental set-up on the Joint Engineering, Environmental and Processing (JEEP)
beamline 112

isopropanol

Figure S1. Schematic of the in-sifu experiment carried out on I12. The ampoule was rotated by a remote-controlled rotation
stage while the solution was exposed to the beam and the FeSe was tipped into the solution.

2. Safety precautions of the ampoules

The ampoules were constructed from pyrex glass with an outer diameter of 18 mm and a wall thickness
of 4 mm (12 mm % 3 mm for the side arm, see Figure S5) equipped with High Performance Rotaflo®
teflon valves. Overall the ampoules were conservatively rated to pressures approximately double the
sum of the autogenous pressure generated by ammonia at room temperature and the hydrogen pressure
that would be generated assuming complete decomposition of the Li/NHj3 solution.

S2



3. Single diffractograms measured running a Li/NH; + FeSe reaction on 112 with a ex-
posure time of 80 ms

1 before reaction FeSe
20-_ t=144s

FeSe + product Product
1=36485 t=70.08s

4 S 6 7 8 9

2 T T T T T
1 2 3 4 5

28/° 287°

en
~}
o
N1
(¥
[

Figure S2. The four diffractograms show the reaction of a Li/NH; solution with FeSe at different times t. As verified with
empty measurements, the background arises from the sample environment (thick wall glass ampoule, dewar, solution, air
etc.). Bragg peaks due to FeSe appear immediately after the powder is poured into the solution and the product progressively
appears. These diffractograms were each collected in 80ms at room temperature.
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4. Results of refinements against [12 X-ray diffraction data

Table S1. Crystallographic data for (Li)FeSeN (esd’s in parentheses)

Crystal Structure Data
formula

formula mass / gmol™
crystal system

space group
cell parameters / A

cell volume / A®

formula units Z / cell

X-ray density p / g-em™
Data collection
diffractometer / radiation
temperature / K

20 range / °

data points

number of reflections
Structure Refinement
method of refinement
program used

total number of parameters
background function / parameters
number of atomic parameters

number of profile and other parameters

R indices

FeSeN

148.812

tetragonal

P4/nmm (no. 129, origin choice 2)
a=3.82766(8)

¢ =10.5938(7)

V'=155.210(12)

2

3.1842(3)

112 Diamond, A = 0.156 A
297(2)

04-95

1914

82

Rietveld, fundamental parameters model’

TOPAS-Academic V5°

65

shifted Chebyshev / 44
5

16

R, =0.00297

wR,, = 0.00409

Rpyage = 0.00124

Table S2. Atomic coordinates, Wyckoff symbols, occupancy and isotropic displacement parameters B, (A?) for the atoms in

(Li)FeSeN (esd’s in parentheses)

atom  Wyckoff' symbol  x y z occupancy B,

Se 2c Va A 0.13808(26) 1 1.76(12)
Fe 2a Ya Va 0 1 0.64(9)
N 2c Ya Ya 0.39714(100) 17 1.74(40)

1 data quality is insufficient to attempt to refine a reliable occupancy of N; so it was set to 1.
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Figure S3. Observed (crosses) and calculated (gray line) powder diffraction pattern of the final product of a reaction of
Li/NH; with FeSe suspended in NH; as well as difference profile of the Rietveld refinement; peak positions are marked by
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Figure S4. Observed (crosses) and calculated (gray line) powder diffraction pattern of the final product of a reaction of
Rb/NH; with FeSe (Rb/FeSe ratio = 0.5) suspended in NHj as well as difference profile of the Pawley refinement (a model
independent refinement against the diffraction profile implemented within the TOPAS academic software?); peak positions

are marked by vertical lines.
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Figure S5. Observed (crosses) and calculated (gray line) powder diffraction pattern of the final product of a reaction of
K/NHj; with FeSe (K/FeSe ratio = 0.15) suspended in NHj; as well as difference profile of the Pawley refinement; peak posi-

tions are marked by vertical lines.
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Figure S6. Observed (crosses) and calculated (gray line) powder diffraction pattern of the final product of a reaction of
K/NHj; with FeSe (K/FeSe ratio = 0.3) suspended in NH; as well as difference profile of the Pawley refinement; peak posi-

tions are marked by vertical lines.
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5. Results of the structure refinement against WISH neutron diffraction data for the
ammonia-rich Li/ammonia intercalate.

Table S3. Crystallographic data for Li s¢1)N1.7202/Ds.63:3)Fe2Se; (esd’s in parentheses)

Crystal Structure Data

formula Lig28(1)No.ss1yD2.320)FeSe

formula mass / gmol™ 153.457

crystal system tetragonal

space group P4/nmm (no. 129, origin choice 2)

a=3.79756(2)

cell parameters / A
¢ = 10.30704(8)

cell volume / A* V=148.643(2)
formula units Z / cell 2
X-ray density p / g-em™ 3.376(3)

Data collection

diffractometer / radiation WISH (ISIS), TOF (1.5 -15 A)
temperature / K 5(1)

data points 17367 (5 datasets)

number of reflections 627

Structure Refinement

method of refinement Rietveld

program used

total number of parameters

background function / parameters
number of structural parameters

number of profile and other parameters

R indices

TOPAS-Academic V5
203

shifted Chebyshev / 116
17

70
R, = 0.02044
WR, =0.01794

Rirage = 0.00605
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Table S4. Atomic coordinates, Wyckoff symbols, occupancy and isotropic displacement parameters Beq (A?) for the atoms in
Ligse)N1.720D4.633)Fe2Se; (esd’s in parentheses). Space group P4/nmm (origin choice 2).

atom  Wyckoff symbol  x y z occupancy B,

Se 2c YVa Ya 0.14485(7) 1 o

Fe 2a 2 Va 0 1 of

N 2c Va Ya 0.60678(14)  0.859(9) 0.45(7)
D1 8j 0.1262(9) 0.1262(9) 0.6732(4) 0.282(3) -

D2 8j 0.0889(9) 0.0889(9) 0.5892(6) 0.297(4) 5-81(10)i
Li 2b Ya YVa Y 0.278(5) 0.45(7)

1 as the thermal motion of Se and Fe at 5 K can be assumed to be very low B, of Se and Fe were set to 0.

I as the anisotropic displacement ellipsoid of D2 almost refined to a isotropic shape and to save structural parameters, Beq of
D2 was restrained to Uy of D1 (By(D2) = 1/3(U1 1+U22+U33)87%)

Table SS. Anisotropic displacement parameters Uj; (100 Az) for the atoms in Lig se1)N1.7202)Ds.63:3)F€2Se; (esd’s in parenthe-
ses)

Ull U22 U33 U12 U13 U23

DI 9.45(16) 9.45(16) 3.2(3) -5.5(3) 2.63(12) 2.63(12)

Table S6. Sclected interatomic distances (A) and angles (°) in Lig s6(1yN1.722Da.633)Fe2Se;, (e.s.ds. in parentheses)

Fe-Se 2.4154(4)
Se-Fe-Se 103.65(3), 112.460(14)
LiN 2.1947(7)

N-D 0.955(4) (D1), 0.884(5) (D2)
N--Se 3.7100(11)
D1--Se 2.756(4)
N-DI-Se 177.03)
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Figure S7. Observed (crosses) and calculated (red lines) neutron powder diffraction patterns as well as difference profiles of
the Rietveld refinements of the ammonia-rich Li/NHj; intercalate against WISH data at 5 K; peak positions are marked by
blue (main phase), green (LiNH, impurity, 0.2 weight%) and orange (iron impurity, 0.4 weight%) vertical lines.
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Figure S8. Observed (black crosses) and calculated (red line) neutron powder diffraction patterns as well as the difference
profile of the Rietveld refinement against WISH data of a ammonia-poor Li/NDj; intercalate sample exposed to ND3 0°C for
4 h conducted at 270 K; peak positions are marked by blue (ammonia-rich Li/FeSe intercalate, 41.8 weight%), orange (am-
monia-poor Li/FeSe intercalate, 58.1 weight %) and green (LiNH, impurity, 0.1 weight%) vertical lines.

6. Preparation of a sample for magnetometry

Figure S9. Apparatus for handling the ammonia-rich solid in liquid ammonia. The ratio of the glass wall thickness to the
overall diameter must be chosen to ensure that the autogenous pressure of ammonia does not rupture the tube. E.g. 18 mm
0.d. x 4mm wall for the reaction tube shown left (similar to that used on I12) or Smm o.d. x 1 mm wall for the spur sealed off
for the magnetometry measurements (right). Refer to the glass supplier’s data and use a professional glassblower to construct
the apparatus.

S10



7. Analysis of the reactions of Li/NH; and FeSe run on 112

This section contains the film plots of the Li/NH3/FeSe reactions run at different temperatures. In addi-
tion to that it contains plots of the integrated intensities of the (001) reflections of FeSe and the product
suspended in NH3; normalised to 1 against time to get an idea of the progress of the reactions. It is as-
sumed that a constant amount of powder is in the beam at all times.
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Figure S10. Evolution of the integrated normalized intensities of the (001) reflections of the starting material FeSe and the

NHj;-rich product running a reaction of Li/NHj solution with FeSe at RT; 80 ms exposure time per image (40 ms dead time);
related film plot is displayed as Figure 2a in the main article.
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Figure S11. Film plot showing the evolution of the diffraction patterns measured on 112 when FeSe was added to Li/NH;

solution at —78°C; the evolution of the (011) reflection ((012) in the final pattern) showing a slight shift and minimum in
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cristallinity is shown on the left (the block of peaks on the left in this part of the figure with random intensity are due to sam-
ple environment — solid CO, or stirrer bar).
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Figure S12. Evolution of the integrated normalized intensities of the (001) reflections of the starting material FeSe and the
NH;-rich product running a reaction of Li/NHj solution with FeSe at —78°C; 4 s exposure time per image (1 s dead time).
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Figure S13. Film plot showing the evolution of the diffraction patterns measured on 112 when FeSe was added to Li/NH;
solution at —78°C.
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Figure S14. Evolution of the integrated normalized intensities of the (001) reflections of the starting material FeSe and the

NH;-rich product running a reaction of Li/NH; solution with FeSe at —78°C; 4 s exposure time per image (1 s dead time);
this measurement includes a break in measurement of 5 min after 34 min.
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Figure S15. Film plot showing the evolution of the diffraction patterns measured on 112 when FeSe was added to a Li/NH;
solution at —58°C.
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Figure S16. Evolution of the integrated normalized intensities of the (001) reflections of the starting material FeSe and the
NHj;-rich product running a reaction of Li/NHj3 solution with FeSe at —58°C; 4 s exposure time per image (1 s dead time).
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Figure S17. Appearance and disappearance of a weak reflection at around 20 = 2.75° (d = 3.26 A) during the reaction of the
Li/ammonia solution with FeSe at room temperature suggesting an intermediate phase.
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Figure S18. Appearance a weak reflection at around 20 = 2.75° (d = 3.26 A) during the reaction of the Li/ammonia solution
with FeSe at room temperature suggesting an intermediate phase; disappearance of this could not be observed due to loss of
communication with the detector during this particular run, however the reflection is not present in the final diffraction pat-
tern.
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