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Synthesis of face-centred cubic Cs;Cgy in THF
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A solution chemistry synthetic route yields Cs;Cqy with the face-centred
cubic structure. The described method uses well-established Schlenk
techniques and THF as a solvent. The controlled addition of an organo-
metallic salt reducing agent prevents the formation of Ce," salts. The final

1o product can be precipitated from the solution using hexane as an anti-
solvent.

Introduction

Solution chemistry methods have been an important source of novel alkali-metal
fullerides and proved especially advantageous for the synthesis of ternary phases or

15 sodium intercalated compounds where better control over stoichiometry and
homogeneity of the product is required."® The viability of these methods was
heralded by the successful synthesis of the long-sought after highly-expanded
Cs;C¢p fulleride which surprisingly, depending on the synthesis conditions, adopts
two polymorphic structures which become superconducting under pressure.” '’

20 While reaction of three equivalents of Cs with Cgq in liquid methylamine produced
ca. 78% of a phase with body-centred cubic arrangement of Cg> anions (Al5-
structured) replacement of the solvent by liquid ammonia yielded up to 86% of the
face-centred cubic (FCC) polymorph (Figure 1).”®
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25 Fig.1 Face-centred cubic structure (space group Fm3m) of Cs;Cg represented using only one (Fm3)
of the two disordered Cg orientations. The Cs cations are situated in both the tetrahedral (blue, mean
Cs-C distance 3.45 A) and octahedral (red, mean Cs-C distance 3.90 A) interstitial sites.
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Regardless of the solvent used both as-prepared products contained Cs;Cgy and
Cs;Cqo (BCO) phases as impurities. In situ and ex situ PXRD measurements on
repeatedly annealed samples confirmed that the amount of Cs,Cg, could be reduced
upon annealing.”” '® This was in contrast to the earlier work proposing
disproportionation of Cs;Cg after annealing at higher temperatures.'' Therefore, it is
possible that Cs,Cg, originates from the synthesis in liquid amine due to the large
reduction potential of metallic caesium. Cyclic voltammetry measurements indicate
that reduction potentials in the range of E,; %" =-1.5,-2.15 and =3.02V vs. SCE are
required to achieve Ceo>, Ceo® and Cyo® oxidation states respectively and caesium
(E1,""° ==2.69V vs. SCE in THF) is a potent reducing agent to reduce Cg to the
Ceo* charge state completely in solution.'”'> As a result, precise control of
composition within the stable Cs,Cgy phases may be challenging. Broederick et al.
proposed an elegant solution synthesis of K3Cgg by using K[Mn(Cp*),] as a reducing
agent.'® With a reduction potential of E;,%!"= =2.17 vs SCE K[Mn(Cp*),] was a
milder reagent than potassium metal (E;,,"* = —2.7 V vs SCE) and produced a phase-
pure superconducting K;Cq fulleride.'® ' It is reasonable to anticipate that a similar
approach if applied to the Cs—Cg system could reduce or completely eliminate the
competing Cs,Cgqy phase. In this work we have demonstrated that control over
stoichiometry by using Cs[Mn(Cp¥*),] as the reducing agent can produce high quality
samples of the Cs3Cqy FCC polymorph.

Results and discussion

Tetrahydrofuran (THF) was used as an alternative to liquid ammonia (NH3) and
methylamine (CH;NH,) as it offered the opportunity to perform the reaction at
ambient conditions without the use of cryogenics and permitted the manipulation of
the reaction media by standard Schlenk techniques facilitating administration of the
reducing agent in a controlled fashion.

The initial step of preparing Cs;Cqy required synthesis of the Cs[Mn(Cp*),]
reducing agent. To the best of our knowledge, there have been no previous literature
reports on the synthesis of Cs[Mn(Cp*),]. Therefore, a synthetic protocol for
Cs[Mn(Cp*),] was developed based on a modification of the method outlined for the
synthesis of Na[Mn(Cp¥*),] (Scheme I and Experimental section).!”
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Scheme I Reaction scheme for the synthesis of the Cs[Mn(Cp*)], reducing agent.

Compared to the sodium naphthalide its caesium analogue is less soluble in THF
(solubility evaluated in this work 0.35mol/L) but a fourfold increase in solvent
volume ensured the initial reaction between Cs and naphthalene produced a fully
dissolved product. Adding the solution to the Mn(Cp*), gave 92.8% yields of the
Cs[Mn(Cp*),] similar to those quoted before for the Na[Mn(Cp*)z].17 The
composition of the final bright orange highly air-sensitive product corresponded to
Csy.o(n[Mn(Cp*),], according to the microanalysis results. Powder X-ray diffraction
studies showed that the product was free from Mn(Cp*), impurities (Fig. S1).

The synthesis of the Cs;Cqp material required slow addition over 90 minutes of
the Cs[Mn(Cp*,)] reducing agent to a C4, suspension in THF (Scheme II).

2 | [journal], [year], [vol], 00—-00
This journal is © The Royal Society of Chemistry [year]

Page 2 of 9



Page 3 of 9

S

[

w

w

FS

CREATED USING THE RSC REPORT TEMPLATE (VER. 3.1) - SEE WWW.RSC.ORG/ELECTRONICFILES FOR DETAILS
Faraday Discussions

-THF
—— > Cs3
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Scheme II Schematic representation of the reaction between Cs[Mn(Cp*)], and Ce to afford
solvated Cs3Cgp.

The slow addition of the reducing agent in a controlled manner was key to the
s success of the synthetic procedure (Experimental section). This was done to avoid
the risk that rapid addition of the reducing agent would reduce Cgqy beyond an
oxidation state of —3 to Cs4Cgo. The antisolvent precipitation of the Cs3Cqo xTHF
solvated product by hexane was the final and rather sensitive step in which the yield
and crystallinity of the product could be affected. In this step, hexane played two
roles; firstly it precipitated the solvated product and secondly it dissolved the
Mn(Cp*), starting material. The as-made material was very sensitive to solvent loss,
quickly losing its red colouring and crystallinity while becoming black. Annealing
of the as-made material at 350°C was required in order to obtain high quality
solvent-free crystalline material (Sample 1) suitable for synchrotron X-ray powder
s diffraction studies.

Synthesis at twice this scale was also undertaken (Experimental section). The
reaction itself proceeds in exactly the same fashion as its predecessor, first leading
to a red solution and then on precipitation to a red-brown powder, which quickly
turns black upon loss of the solvent. The final annealing step at 350°C was required

 for the isolation of a high quality material (Sample 2).

The annealed products were characterised by synchrotron X-ray powder
diffraction with the diffraction profiles shown in Fig. 2. The synchrotron data were
refined by Rietveld methods against the Fm3m structure model. The comparison of
the refined parameters with those reported before’ for samples synthesized via

s ammonia and amine chemistry is summarized in Table 1. Both products showed
reduction in the unit cell volumes by 0.11 and 0.28% for 1 and 2 respectively when
compared with those reported in the literature. Although the diffraction patterns
appear to be free from any Cs,Cgo phase peaks, they contain reflections which can be
associated with the presence of a different impurity phase. This phase was accounted

o for in the course of the refinements by the pattern decomposition Pawley method
using a monoclinic unit cell (space group C2/m) based on the structure model
proposed for the solvated potassium analogue, K;Cg(- 14THF.'®

The refined composition of the majority FCC phase is close to that of the ideal
Cs;Cgp structure as it is also evident from Raman spectroscopy (Table 2 and Fig. S2)

3s which showed a single peak in the 1400 cm™ <V < 1600 cm™" region, assigned to the

Ag(2) mode of Cg consistent with -3 oxidation state. The A (2) pentagonal pinch
mode has been found particularly sensitive to fulleride charge state, showing
empirically an ~6 cm™' shift with each additional integer Cg charge.'® Unlike the
literature reference material, which was prepared by amine chemistry and showed
splitting of the A,(2) peak due to the presence of the impurity CsCgqy and Cs4Ce
phases, the products of THF chemistry display only single peaks in their Raman
spectra. However, a significant amount of peak broadening present could indicate
some disorder within the system.
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Fig.2 Observed (black dots) and calculated (red line) synchrotron X-ray (A = 0.82716 A) powder
diffraction patterns of the Cs3Cq sample 1 (top) and 2 (bottom) at room temperature. The grey solid
line shows the difference profile and the ticks mark the reflection positions of the FCC (blue) and

25 3 35 4 4.5 5
Q@A™

5 solvated (orange) Cs3;Ceo phases. Refined parameters are given in Table 1.

Table 1 Composition, phase fractions, unit cell parameters and volume per Ceo for the fcc (space
group Fm3m) Cs3Cg. The unit cell parameters of the monoclinic (space group C2/m) solvated
impurity phase were: Sample 1: a = 19.306(2), b = 18.450(2), ¢ = 14.163(2) A; p=110.53(1)°.

Sample 2: a = 19.293(2), b = 17.484(2),

c=14.244(2) A; B=110.69(1)°). The refined atomic

10 parameters are summarized in Table S1 and S2.

Parameter Sample 1 Sample 2 Ref [7]
Scale (mg) 100 200 278
L (A) 0.82716 0.82716 0.40004
BCO (wt. %) 0 0 6.7(2)
FCC (wt.%) 100 100 85.88(2)
Al5 (wt. %) 0 0 3.31(5)
CsCqp (Wt.%) 0 0 4.10(6)
a, A 14.7560(2) 14.7479(2) 14.76151(8)
FCC Vper Cg (A% 803.24(3) 801.92(3) 804.14(1)
¢ ()Fn(lj[f(j)s);:i((lm Cs2.9422Cs0 Cs2.947101Co0 Cs2.9016Cs0
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Table 2 Summary of the results of Lorentzian fits to the Raman data. @, represents the peak
position, I" the peak width and A the peak area.

Parameter D Ganin et.al.” Sample 1 Sample 2
Peak 1 2 1 1
@y (cm™) 1446.70(2) 1456.34(4) 1448.15(3) 1446.25(2)
I (cm™) 6.89(8) 13.9(8) 14.8(1) 12.37(8)
A (cm™-counts) 10.3(1) 3.4(2) 23.6(2) 18.5(1)

Temperature-dependent magnetisation measurements under pressure revealed that both
s Sample 1 and 2 become superconducting upon pressurisation (Fig. S3). The transition
into superconducting state is initially observed at 7, = 29K under a pressure of 0.26GPa
which are comparable to the values observed for the products prepared by
amine/ammonia chemistry routes (Fig. 3). 7, increases to the maximum of 33.5 and
33.0K for Sample 1 and 2 respectively. Although the materials show typical
superconducting “dome”-type behaviour due to the tuning of the interfulleride separation

by the pressure, both samples display lower superconducting temperatures compared
with the literature analogues. The disorder (Raman linewidth) and reduced unit cell
dimensions could be possible explanations for the inferior superconducting properties of
the materials prepared using Cs[Mn(Cp*),] as a reducing agent in THF. Further
optimisation of the proposed synthetic procedure is required to produce Cs;Cgqo materials
with improved superconducting properties, but the present work demonstrates that
control of the redox behaviour of the reducing agents reduces contamination by other Cg
charge states.
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20  Fig.3 Superconducting transition temperatures plotted as a function of the applied pressure for
Cs3Ce samples 1 (blue stars) and 2 (red stars). The circles represent the results from the literature
Ref [7, 8, 10]. The data were collected on increasing pressure.
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Conclusions

The major importance of this work is the solution-based synthesis of the high T
molecular superconductor Cs;Cgy with the readily available and handleable solvent
THF, enabled by the use of the organometallic reducing agent. As well as opening
up new routes to single crystal growth, the use of alternative counterions may permit
new alkaline earth and lanthanide derivatives of fullerenes to be synthesized. The
approach may also be applicable to the chemistry of reducible hydrocarbons such as
the acenes®® which display superconductivity but are challenging to prepare in
single-phase form.
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Experimental
Synthesis of the reducing agent Cs[Mn(Cp¥*),]

Caesium metal (548.0 mg, 4.12mmol, Sigma-Aldrich, 99.5%) and napthalene (530.0
mg, 4.14mmol, Alfa Aesar, 99.6%) were reacted together for 1 hour at 30 °C in THF
(120 ml, Fisher, GLC grade, 99.8+%) purified by distillation from sodium (Sigma
Aldrich, 99.5%)-benzophenone ketyl (Sigma-Aldrich, Reagentplus, 99%). This
solution was then transferred by cannula to a vessel containing Mn(Cp*),
(additionally purified by sublimation, 1.34 g, 4.12 mmol, Sigma Aldrich, 97%)
under constant stirring and left for 15 minutes to react. THF was then evaporated off
into a liquid nitrogen trap and the resulting orange solid suspended with hexane (40
ml). The suspension was then separated using a frit and the precipitate washed with
three lots of hexane (20 ml) before being dried under dynamic vacuum until a
pressure of at least 1x10™" mbar was achieved. The dried material was ground in a
glove box giving a yield of 92.8 %. The composition of the reducing agent was
ascertained by microanalysis (CHN) by sealing tin cans with the sample inside in a
He glove box. Theory (C: 52.42; H: 6.60; N: 0)/ Experiment (C: 52.21; H: 6.54; N:
0).

Synthesis of Cs3;Cg from Cs[Mn(Cp*),] reducing agent and Cg,

The optimised synthesis of Cs;Cgy material was carried out by making two
suspensions of Cs[Mn(Cp*,)] (137.5 mg, 0.3 mmol) and Cg, (72.0 mg, 0.1 mmol) in
160 ml and 20 ml of THF respectively. The Cs[Mn(Cp*,)] suspension was then
added drop wise to the Cg, through a cannula over 90 minutes. The use of cannula
allowed the slow addition of reducing agent to the Cqo by a pressure differential. The
reaction mixture quickly turned from orange to the dark red colour indicative of the
Cgo> anion. The mixture was then stirred for 30 minutes and the volume
subsequently reduced to 20 ml. The Cs;C4yxTHF material was precipitated from the
solution by the slow addition of dry hexane (20 ml). Initially the black crystalline
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product became visible leaving a pale yellow solution remaining. The slow addition
of the remaining hexane produced large particles of Cs;Cqy'xTHF leaving a clear
yellow solution. Once precipitated, the product was filtered through a frit, washed
three times with hexane (10 ml) and dried by passing argon over the material. The
product consisting 109.2 mg of the red brown material, quickly losing it appearance
by turning into black solid, was ground up in the glove box. In order to improve
crystallinity of the as made material and remove the solvent 100 mg were annealed
under dynamic vacuum (1x107 mbar) for 15 hours at 350°C (heating protocol:
RT->5°%min, 350°C, 15 hrs=>5 ° /min RT). After the annealing protocol, 79.5 mg of
10 a black was recovered and stored in the glovebox.

w

Scaled-up synthesis of Cs3;Cg) from Cs[Mn(cp*),] reducing agent and Cg,

The reaction protocol was carried out as described above by scaling up the amount
of reagents and solvents. The amount of the as made product was 171.5 mg.

15 Annealing of 160 mg of the as made sample yielded 153.1 mg of black powder
which was stored in the glove box.

Synchrotron X-ray diffraction

High-resolution synchrotron powder X-ray diffraction data were collected at
ambient temperature using the high-resolution powder diffractometers on beamline
I11 at Diamond, UK (A = 0.82716 A).
TOPAS Academic V5 software was used for refinement of the collected PXRD
patterns where the input files were written in JEdit.*'
The Rietveld refinement of Cs;Cqy phase was carried out based on the structural
model used by Ganin et al. in the space group Fm3m.® In order to minimize the
effect of parameters correlations on the accuracy of refinements they were carried
out in consecutive steps as described by McCusker et.al.** The background was
fitted using a Chebychev polynomial function of no more than 13 terms for data
obtained using synchrotron radiation. The peak shapes of the PXRD patterns of the
materials presented in this work were done using standard or combinations of
30 standard analytical peak shapes. Diffraction patterns of fullerides, like Cs;Cgo
materials reported here, have complex anisotropic profile broadening are dealt with
using an anisotropic peak shape which was developed on this type of material. >
A Pawley refinement was used for the impurity phase as the simplest method of
determining a suitable peak shape function, so that the peak profile could be
35 determined in the absence of information about atomic parameters. The crystal
structure of K;Cgy:(THF);4 and space group C2/m was used for the fit. The
background, zero offset, axial divergence and cell parameters were refined along
with Thompson-Cox-Hastings (TCHZ) function.?*

2

2!

G

4

Raman spectroscopy

Raman spectra of samples 1 and 2 were collected at ambient temperature using a
514.5-nm laser with a JY LabRam-HR Spectrometer operated in back-scattered
geometry over a sample area of 500 um? The typical acquisition times were
20 x 6s. Calibration was performed by referencing the spectrometer to the
45 520.07 cm™! silicon line. Cgy and CsgCgo samples were used as standards (Ay(2)
peaks at 1,468 and 1,430 cm™', respectively). The resulting Raman mode shift per

[journal], [year], [vol], 0000 | 7
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one electron transferred to Cgy was found ~6.33 cm’™.
Magnetic measurements

High-pressure magnetic measurements were undertaken using an easyLab
Technologies piston-cylinder high pressure cell (Mcelll0) with an upper limit of
hydrostatic pressure of 10.6 kbar; high-purity Sn was used as an in situ manometer
with Daphne oil as pressure transmitting medium, and magnetization data were
collected on ~20-mg samples loaded in an argon-filled glovebox under ZFC and FC
protocols at 20 Oe.
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