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(NH4)3Ces0: A New Cgo Superconductor?
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The enthalpy of formationAH;) of the ionic solid (NH1):Cso>~ is assessed. The solid is found to be stable
with respect to the standard state reactantgg)\ Ha(g), and Go(s)), with aAH; of —1.82 eV/mol. For
comparison, this enthalpy of formation is less than the enthalpy of formation of, @ (<-6.27 eV/mol).

There are several attractive features of (NJHCso®>~ as a new ionic solid and potential supercondudfat,

can be synthesizedit is well-known that the size of the NH cation is almost exactly the same as that of
Rb". Among the MCg superconductors, R8s has the second highest superconducting transition temperature,
with T, = 28 K, which suggests that thg of a superconducting (NhsCso couldbe higher than yet achieved

for Cgo superconductors, of which ¢30(s) has the highedi. of 40 K. There is a 28% relative mass change
when the NH" countercation is replaced ByND4*, which is a much larger relative change than can be
achieved with the alkali metal atoms, which is important for study of the isotopic substitution eff@et on
There is also the possibility of unique dynamics in which the ammonium ion rotates in the lattice; the presence
of a molecular ion, rather than an atomic ion, could play a role in the mechanism of superconductivity, if the
solid is superconducting. Finally, alternative methods to produce such an ammonium sgjt sidd as
electrosynthesis or direct synthesis in liquid ammonia, would be required in contrast to the method of the
production of MCso (M = alkali atom) based on vapor phase transport of M via sublimation in sealed tubes.

Introduction are there are alternatives for formation of ionic solids that have

. e . . interstitial sites occupied by a new type of cation?
When the interstitial sites of fccdg(s) are doped with alkali A worthwhil p h yb Iypl tion b b
atoms, superconducting solids can be forrhedExamples worthwhile exercise has been calculation by a Berfaber

include MsCso(s) (M = K, Rb, and various mixtures of alkali (B—H) thermo_dyr_1ami(_: cycle of the enthalpy of forma_titzm:lf
atoms} and MiCeo(s) (M = Ca)2 Such solids have been of (assumed) ionic solids _such qstMCGO‘G (M = alkali) (see
synthesized in a variety of ways, for example, mixing by '€f 12 for an extended discussion of the method of thetB
sublimation in a sealed glass tubeaction in liquid ammonia, cycle calculation). Recent differential scanning calorimetry

and electrosynthes?s The highest. superconductor is GEgo, measureaments by Chen et al. #H; of MeCeo (M = Na, K,
for which aT. of 40 K has recently been measufedso-based Rb(; Cs}® agree to within a few percent (Na, Rb) and within
superconductors are of interest for a variety of reasons, including10% (K, Cs) with the values obtained from the-B cycle
the desire to understand in detail the mechanism of super-calculation. This close agreement suggests that é@dsolids
conductivity; MiCeo (M = alkali) are isotropic solids, in contrast ~ are in fact ionic solids Wlth essentially full transfer of_ Six
to the highly anisotropic “higH” cupric oxide systems. Also,  €lectrons to &, a conclusion suglgested' by photoemission
there is the possibility of achieving high®& values. spectra of K-doped § thin films,!# electrical conductivity

Like all the fullerenes, & is very electronegative, with an ~ Measurements,and LDA calculations?
electron affinity of 2.65 eV;to date, all Go-based superconduc- The close agreement between experimental antii Bycle
tors are based on doping of interstitial sites with very electro- calculatedAHs for these MCgo solids also shows that the
positive elements. In some sense, one might suggest that thecalculation ofAH; with the B—H cycle is essentially quantita-
highestT. has in fact been achieved with admixtures of the tively correct. There is strong indirect evidence from experi-
electropositive elements, because scientists have tried manyment-1* that the MCeo solids (M = Na, K, Rb, Cs) are also
possibilities! however, note comments in ref 8 about the new completely ionic and therefore of the form (MCso 3, these
class of binary alkali MNaCgo or M;Na,Cso (M = Rb, Cs). conclusions are supported by the-B cycle treatment (close
For example, the alkali and alkaline earth groups have beenagreement of calculated and experimental lattice constants,
extensively studied. The highly electropositive lanthanides have calculated and experimental stability trends betweg@dyland
been suggested as possible superconduttnrslittle synthesis MeCso, and calculated and experimental zero-pressure bulk
effort has been expended on them. This is largely due to the modulus values), whichssumedull electron transfer from M
very high temperatures required to achieve significant fluxes to Csp;'? this picture is also strongly supported by extensive
of lanthanide atoms (with the exception of the elements Sm, LDA calculations of the MCgo solids?'® AH; values have not
Eu, and Yb, which behave more like alkaline earths and have yet been experimentally determined for thg®¢, solids (M=
in fact been the subject of recent studits):the typical method alkali); however, the very close agreement between th¢iB
of production of MCgp by sublimation of M (vapor phase calculated and experimentally determinadé; for the MsCeo
transport) is therefore very difficult. With the caveat that the solidsvery strongly suggestiat the calculated BH cycle AH;
high melting point, higher boiling point lanthanide elements values for the MCs solids are also correct to a few percent or
deserve experimental effort, we may ask: Has the periodic tableso. This serves as an important assumption in the analysis of
been “exhausted” as far as electropositive elements, and if sothe AH; of (NH4)3Cs0*~ presented below, and | have therefore
outlined the basis for this assumption in such detail. It is worth
€ Abstract published ilAdvance ACS Abstractdfay 1, 1996. noting as an aside that th&H:; of M3Cso could likely be
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accurately determined by exploiting the “titration” or “back
reaction” of MsCgso With Cgo to yield MsCgo. The enthalpies of
formation of MsCgo and Go are now known, so measurement
of the enthalpy change for the reaction

MgCgo T Ceo — M3Cqo
would yield theAH; of M3Cso.

Results and Discussion

Fifty years ago Bleick used the method of Born and Mayer
to calculate the lattice energyd, of the ammonium halides
NH.X (X = CI, Br, 1) with the assumption of a fully ionic
crystal, that is, NiF"X~.17 He obtained from use of his
calculatedJ and a B-H cycle, for each N&X, derived values
for the proton affinity (PA) of NH, which are (in kcal/mol)
206.3 (Cl), 206.6 (Br), and 206.2 (I). The extremely close
agreement for the derived proton affinity from each cycle for

Ruoff

with this approach are (per alkali atom)2.09, —2.12, and
—2.10 eV, respectively? Placing the compressibility of the
NH4* ion as “closer to K or closer to Rl is therefore of
secondary importance in a treatment of the lattice energy, and
I have outlined the issue at this length to demonstrate that one
does not needx priori knowledge of the bulk modulus of
(NH4)3Csp to obtain a good estimate of the lattice energy.
However, the reader may wish to speculate on the influence of
pressure, where the “hardness” of the countercation may
eventually make an important contribution.

Estimation of the AH¢ of (NH4")3Cgo®~. On the basis of
the discussions above, it is clear that an excellent estimate for
AH; of (NH4M)3Ce®~ can be made using, but modifying, the
B—H cycle calculated for (RH)3Cso*>~. The modification is
straightforward and involves replacement of the steps where
Rb(s) is converted to Rifg), with the steps involving formation
of NH4"(g) from Nx(g) and H(g). The full cycle for RgCq is
shown in steps la3a and the cycle for (NfJ3Ceo is shown in
steps Ib-3b. Numbers in brackets and parentheses are in

these three different halogens demonstrated that the latticeyjlojoule energy unit$?
energy calculations were accurate and that the ammonium halide

crystals indeed were ionic. The proton affinity of hlkbs since
been determined to be 204 kcal/m8l.

In his lattice energy calculations, Bleick needed to calculate 1a. [3Rb(S)H Cgy(S) — [BRb(g)] + Cy(9)

the repulsive potentidB(Ro), and to do so he needed the ionic
radii. He noted that the lattice distances of the /XHin the

NaCl, i.e., rock salt structure) were almost identical to those of

RbX; at the time of his calculation, ionic radii were available
for Rb" but not for NH;™. Bleick assumed that the ionic radius
of NH;* was identical to that of Rl and his assumption is

Rb,Ceo:

[242.7]

2a. [3Rb(g)H Cei(g) — [BR'(9)] + Cg” (9) [1209.3]

3a. 3RB(g) + Cyy° (9)— (Rb™)Cyy (—2066, ref 12)

strongly supported by the internal consistency of the treatment A 4 Rb,C,, = —613.7 k= —6.36 eV (ref 12)
(mentioned in the paragraph above) and also by modern data: f 60

the value presented for the ionic radius of NHs identical to
that of Rb" and is 1.48 AL

Thus, although NH" is isoelectronic with N4, it is identical
in size to RB. The bulk moduli,B, (units: GPa) of NHCI
(18.5) and NHBr (16.6) are closer to those of KCI (16.7) and
KBr (14.3) than to those of RbCl (16.2) and RbBr (1F8).

(NH,)sCoy:

1b. [/,Ny(g) + “H,(a)] + Coo(s) — [3NH(9)] +
Cool0) [-137.8]

However, care is needed in comparing these numbers, becausely. [3/2H2(g)] — [BH"(g)] [653+ 3937]

the By values for NHCI and NH:Br are for the CsCl low-

temperature structure, whereas the values for the alkali halideoy, [3NH,(g) + 3H (g)] + Ceol9) — [3NH4+] +

salts are all for the NaCl crystal structure. That the structural
change influences the crystal stiffness can be seen by comparing

the trends inBy for a series of alkali chlorides: NaCl (25.8
GPa), KCI (18.2), RbCI (16.2), CsCl (16.75the Na, K, and

Rb halides all crystallize in the NaCl structure and can be

converted to the CsCI structure with pressure. ThegNKK
= ClI, Br, I) all have the CsClI structure at low temperature and

Coo (9) [~2561]
3b. 3NH," + Cgo™ (9) = (NH,)sCeo’ (—2066)

AH; (NH,)sCqo = —176 ki= —1.82 eV

the less dense NacCl structure at high temperature. The obvious The energy changes related to formation of the countercation

break in the monotonic decrease Bg values between RbCI

only are shown in brackets (the energy changes tgrate the

and CsCl suggests that a naive assumption of the ion being moresame in each cycle) in eqs48a and Ib-3b.

similar to K* than to Rb in its compressibility is incorrect. In
any case the compressibility of NHis close to that of both
K* and Rly.

The bulk modulus of an ionic crystal, if available, is normally
used to fit the energy terms in the BerMayer calculation of
the lattice energy’ Bleick assumed a repulsive parameter that
is identical for all the alkali atoms (standard method, as
discussed in ref 12) and with an identical radius a3 Rip the
NH4*, obtained the correct enthalpy of formation of IH(X
= Cl, Br, I) and proton affinity of NH.17 In our previous B-H
cycle treatment of the BCso and MsCsgp Solids, only the bulk
modulus of KCs was used as a constraint to obtain the
repulsive parameter\H; of all other MsCso and MsCgo Solids
were calculated on the basis of this constréntote that the
formation enthalpies of ¥Cso, Rb:Cs0, and CsCqp as calculated

On the basis of the discussions above about the strong
similarity, in ionic crystals, of the ionic radius and hardness
(from bulk modulus data) of Nt to Rb™ and of the calculated
lattice energies of NEX (X = ClI, Br, and I) and RbX(X= Cl,

Br, and 1),the lattice energies in steps 3a and 3b are assumed
to be the same.The difference inAH; between RECso and
(NH,4)3Cq0 is then the difference ithH; of three NH*(g) from
N2(g) and H(g), and ofAH; of three R (g) from Rb(s), relative

to the AH; of RbsCgo. As shown aboveAHs of (NH4)sCeo is
negative and therefore stable with respect to the constituents in
their standard states.

Can (NH4)sCso Be Made? Kadish and co-workers have
made Gg-based superconductors such asGss by electro-
synthesi$. This is one method that could possibly synthesize
(NH4)3Ceo.
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An important question is, what is the likelihood of proton Conclusions
transfer from NH* to Ce"™ (n = 0, 1, 2, 3) during synthesis o .
attempts? The proton affinity (which is by definition a “gas A number of similarities have been noted between ammonium

o ; halide and rubidium halide salts; these similarities support the
hase” value) of g has been bracketed by observation of proton . . ’ > .
'ﬁansfer to Ggfrom MH* for M = NHs (P)//-\ = 204 kcal/mgl), assumption that the lattice energy of ionic solids @&y and

but not for M = hexamethylbenzene (P& 207 kcal/mol)? (NH4):Ceois the same. The enthalpy of formation of (BkCso

Note that an obvious correlation has never been made betweer> calculat_ed to be—_1.8 ev/mol, which demonstrates that
gas phaseproton affinities and proton transfer energetios NH4)3Csgo is stable with respect to the standard state reactants

solution or in solids For example, it is well known that proton but less stable ‘ha.” B0eo, fOI’.WhICh AR = —6.3 eVimol.
transfer between Niand HCI occurs readily in the bulk, with Although (NH,)sCeo is stable with respect to the. standgrd'state
precipitation of the ionic salt NkCI; however, the dimer reactants, proton transfer may occur to the di- or trianion of
between monomers in the gas phase is not NG-(g), but Cs0, Which would make synthe5|s |mpos§|ble. Three techniques
rather a H-bonded dimer with orientatiorsMt--HCI.24 Thus seem relevent for attempting synthesis of (eo: elec-
the slightly larger proton affinity of g compared with that of trosynthesis, synthesis in liguid ammonia, and solid/solid ion

NH3; should not be taken as any sort of argument thatjjtdo exctrrl]arég_e re.laqtlon.t D'“?Ct reacltlon maytn?t \;\ll(orlk and ?n mcti_lrect
cannot be made. In fact, Zhou et al. have studieg Gn method involving stepwise replacement of alkali countercations

ammonia solutions and state that “addition of strong acid4(§H in, for example, RECeo, may SUCC_EEd' .

did not affect the cyclic voltammogram behavior, indicating lack _ 'ndependent from success or failure of synthesis of 4o,

of protonation of the radical anion in this solveR?". it is likely that the remarkable polymeric chains observed .for
Although not the main point of this paper, we point out one MiCeo (M = Na, K, Rb, Cs) can a_Iso be observed W'th

significant aspect of the electrochemical measurements by ZhoyCountercation M rgplaced bY Ni". Either electrosynthesis

et al., which is that they showed that, on the time scale of the synthesis in liquid ammonia looks to be a useful method for

electrochemical measurement, proton transfer from, Nt production of NHCgo. Synthesis of NCeo may also provide
Ceo~ does not occur. This result means that it is likely that the NSight into how to produce (NbkCo or M(NH2)3-«Coo.
remarkable polymeric chains observed for® (M = Na, K, ) . ) .

Rb, Cs¥6 can also be observed with countercatior Mplaced Acknowledgment. | appreciate discussions with P. Boulas,
by NH,". Either electrosynthesis or synthesis in liquid ammonia K: Kadish, and M. T. Jones about electrosynthesis, with R.
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feels that the dynamics of an ammonium ion trapped between @P0Ut the basicity of anions ofeg, with A. L. Ruoff and R.

neighboring G monoanions and comparison of the Mo Jeanloz about the compressibility of alkali halide and ammonium
linear polymer formed with that of MCs (M = Na, K, Rb halide salts and the “hardness” of the ammonium cation, and
Cs) make synthesis attempts worthwhile. T with David Tomanek and Yang Wang concerning BeHaber
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