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Recent structural and synthetic work on phosphehelo compounds over the past 3 years has provided a means

of estimating associated thermochemical data. The lattice energy MMG and the stability criteria for the
existence of CsPghs the only stable alkali metal hexachlorophosphate at ambient temperature are used to predict
values forAsH°(PCk~,g) while, in parallel, the rigorous calculation of the lattice potential energy of normgl PCI
(phase Il, PGl as [PCLT][PCls™]) provides a functional thermodynamic relationship betwAgt°(PCk~,g) and
AsH°(PCL*,g) and hence enables estimation AfH°(PClt,g). The total lattice potential energies of the
[PCl][PCIg]X (X = CI (phase Ill, PG)) and Br) salts are computed using a rigorous computational procedure
designed to model lattices possessing complex anions and cations. These calculations lead to values of 1038
5 kJ mol! for the lattice potential energy of [PSPB[PCl]Cl and 1013+ 5 kJ mol™ for [PCly]2[PClg]Br and to
estimates for the enthalpies of formation of the gaseous complexAgiH&(PCl,*,g) andAsH°(PCk~,g) of 384

+ 10 kJ mof? and —813 & 10 kJ mof?, respectively. The above values differ from our previous estimates,
which were based on speculative structures. Bond enthalpy estimates are made for phosphorus(V) chloro
compounds. A brief consideration of the recent Glasser extension of the Kapustinskii equation is made with
respect to these salts.

Introduction the mixed chlore-bromide salts of the tetrachloroborate anion,
The various types of isomerism are a well established feature te €ations [PGBrs_] ", 1 =< n < 3, in salts like [PCIB{[BCl ],
of the chemistry of phosphorus halided. Conversion of a  [PCEBr[BCl4], and [PCIBI[BCI.], have been characterized®
molecular form of a complex to an isomeric ionic form upon a by solid state®P NMR and vibrational spectroscopic studies,
change of phase is well-known among the mixed chioro- although virtually no X-ray structural data are available. The
fluorides. For example, the pseudo trigonal bipyramide ( existence of [PGBr]~ has been speculatébalthough attempts
tbp) molecular liquids PGF and PCiF; are, respectively to stabilize this anion using tetraalkylammonium cations have
[PC|4]+[PC|4F2]7 and [PC1]+[PF6]— in the solid stattand the prOV.ed abortivé? Thelcompoun(js. PBCI and PBKClg exhibit
molecular liquid CIP(CHCI) transforms into an ionic solid ~ Nomixedhalogeno cations containing, respectively, [fBand
[CIsPCHCI*[CIsPCHCI] 5 lonic and W-tbp solid state ~ C!~ and [PBE]™ and [Ck]~ ions™ _
isomers of each of the compounds, PhP@h,PCk, and Ph- Phosphorus pentachloride is clearly rather delicately balanced
PCh, have been isolated recenflyThe methyl analogue of  ©On the ionic-covalent borderline, existing as an ionic solid
PhPC} is ionic, existing as [MePG]* and CI. Inthe case of  [PClL]*[PCleg]~ at room temperature but with a trigonal bipy-
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ramidal (tbp) structure in the gas phase. Trapping the vapor at[PCls]~ anion by the large tetramethylammonium cattiii)
15 K yields a tbp solid which transforms to the ionic form upon The implications of the (known) existerfe® of only one stable
warming to room temperatufé. The ionic isomerism of this  alkali metal hexachlorophosphate salt, CsGit ambient
system is particularly interesting, and low-temperature DSC temperature. We shall demonstrate that the estimates produced
measurements of the trapped tbp structure as it reverts to thefor AiH°(PCk™,g) from considerations ii and iii are later borne
ionic form (as one of our referees has pointed out) should be aout by the more rigorous calculational approach adopted for
future goal for experimentalists. [PCly],PCEX salts. Such computations rely on sophisticated
The corresponding enthalpies and entropies of these transi-lattice energy minimization procedures which present a degree
tions produced from variable temperature equilibrium data (or of flexibility in the modeling of complex ions while employing
other source) would be extremely interesting to have. lonic minimization conditions which ensure that the lattice energy
isomerism is exemplified further by the existence of a metastable calculated satisfies the constraints imposed by the structural data

ionic species, [PG],[PCls]CI.16

The chloride salt, bis(tetrachlorophosphonium) hexachloro-
phosphate, [PGJ[PCIg]CI, is the metastable (phase Ill) form
of PCE (phase II) which has been known to exist for 40 yéars,
although structural details from high-resolution powder diffrac-
tion studie®1° have only recently been published. No single
crystal of this salt could be obtained.

The solid state structure of bis(tetrachlorophosphonium)
hexachlorophosphate bromide, [BGIPClg]Br, empirical for-
mula RCli4Br, has, on the other hand, been solved by both
single-crystal X-ray diffraction techniques and by Rietveld
refinement of high-resolution powder X-ray diffraction d&a.
The salt consists of two [Pg}i- tetrahedra o€s symmetry, one
[PClg]~ octahedron ofC,, symmetry, and one Brion and is
structurally very similar to its chloride analogue.

Prior to 1991 we had remarkably little information concerning
the structure and stability of salts containing [J€land [PC¥|~
ions, and our previous work in this afemas, of necessity, based

on conjecture as to the structural features of the compounds
concerned. Nevertheless, the predictions we made from that

work regarding the stability of hexachlorophosphate salts, for
example, have proved to be valid. We are now in a position to

input.

Calculations

(a) Total Lattice Potential Energy Computation for the
Parent PCI5 (Phase Il) Structure. The tetragonal cell of
normal, phase Il, PGlhas space group4/n with a = 9.22 A
andc = 7.44 A and contains [P@]" units sandwiching [PG]~
octahedra ofC4, symmetry (see Figure 16, ref 3530 The
bonding is predominantly ionic and the program LATENS
was used to compliiethe total lattice potential energy,
Upot([PClg]T[PClg] ™), of this salt. The electrostatic energy,
UeLec, is computed following the method of Bertalt

Kgq N , K Pl "
Uglee=— S ngd ——— —_
p p Q0
Kzz (1)
r=1s=1 Rrs
r=s

explore the area with considerably more certainty as a result of

the recent work described above concerning the structuralwhere the variables are as previously descrBé#.In particular

aspects of these salts. Accordingly, this paper represents any, is the charge on the atom of typeandFy is given by
extensive survey of all the thermodynamic evidence available
N 2 N
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and reports values for enthalpies of formation of the gaseous 2
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tetrachlorophosphonium catiafiH°(PClt,g), and the hexachlo-
rophosphate anio#\H°(PCk~,g). The lattice potential energy
calculations reported on the highly complex bis(tetrachloro-
phosphonium) hexachlorophosphate salts represent the mos, here
sophisticated of their kind to date (having two different complex
ions within the same lattice) to be carried out on any inorganic
salts, and in that sense they represent pioneering studies with
regard to modeling. ) )
Prior to presenting the results of our large scale lattice Wherexs, yrs, andzs are the fractional coordinates of tisth
potential energy calculations for these bis(tetrachlorophospho-type of atoms of type.
nium) hexachlorophosphates, we consider the magnitudes which We calculate the derivatives such that the internaiCP
emerge for the above thermochemical data from the following distances in the [P]I* cation and the [PG]~ anion are not
considerations: (i) The total lattice potential energy of normal affected by cell-length variation. We ensure this by incorporat-
phase Il phosphorus(1V) chloride, calculated using the LATEN ing da, db, andd,, the resolved components of the-€l distances

®3)

program of Jenkins and Pra#.23 (ii) The stabilization of the

into eq 3
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In the calculation of the repulsive enerfiizx we employ the
Huggins and Meyéf procedure and use the equilibrium
conditions { = a, b, ¢)

8UR) (aUELEC) (aUdd) (3qu)
(To_ ai 0+ ai o+ ai Jo

It is the multiplicity of these conditions (dsis variously the
cell lengthsa, b, or c; eq 7) that permits us to develop the
complex ion models for the lattices. For phase Il the results
are

Q)

Upor{[PCIIIPClg]) = 453+ 6 kJ mol™* (8)
(i.e., 226+ 3 kJ mol! per PC} unit) for the process

Upor([PCLIIPCIE) + 2RT
AH,°

[PCL[PCIg)(c) PCl,"(g9) + PCk(9)

9

(with UgLec = 392 kJ mot?, Ur = 97 kJ moi?, Ugg = 147 kJ
mol~%, andUgg = 11 kJ mot't) where

Upo[PCL][PClg]) = Ug gc — Ug + Ugg + Uy (10)

andUqq andUgyq are the dipole-dipole and quadrupotedipole
dispersion energies, respectively.

In the above computation, the [RT1 ion is represented as
four spheres sited on the chlorine atom positions while the

Jenkins et al.

PCL* (g) + PCl{ ()
true thermodynamic state
PCL* (g) + PCI, ()
stationary (hypothetical) state

E(PCL") + E(PCL,)

((PCLIYPCL))(c)

true thermadynamic state

2PCL’ (g) +PCl (g) + X (g)

F )ﬂ true thermodynamic state
- L.l __2PCL (g) +PCl () +X (g)

stationary (hypothetical) state

2E®PCLY) + EPCL) + EX)

1 KPCI:):(P C1)X)(c)
true thermodynamic state

Torco

E [(PCL),(PCI)X]

(k)

Figure 1. Inter-relationships that exist between various energy terms
and the calculated lattice potential energies of (a) {ff@Cl¢] and (b)
[PCI4Jo[PCIg]X, X = Cl or Br.

For the lattice enthalpyAH,°, step 9, we have for the internal
energy of vaporization

AE = E([PCI]") + E([PCl] ") — E([PCI][PCl{]) (11)

[PClg]~ ion is represented as spherical envelope centered onFOr @ perfect gass = nRT2 (wheren = 6 for nonlinear
the phosphorus atom position. The parameters used in thesdolyatomic species, like [P@i" and [PCY] "), and hence

calculations are those that have been previously publisfiae.
data file employed in the program LATEN for the above
structure is available on request to the authors.

Figure 1a shows the interrelationship that exists between the

various energy terms calculated([PCly] "), E([PCls] ), and
E([PCL][PClg]) are the total absolute internal energies of the
species involved and@UpoilPCli][PClg] is the lattice energy
calculated above.

(32) Huggins M. L.; Mayer, J. EJ. Chem. Phys1933 1, 643.

AE = 6RT— E([PCI]J[PClg])
= 6RT+ Upo([PCL][PCIy]) — UACOU([PCI4][PC|6]212)

and the lattice enthalpy is related A& by the equation

AHp? = AE + 2RT (13)

We can of course calculatdacoy for a crystal lattice either
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UpoT{PCl4IIPCL)) + 2RT

[PCI4IPClg] ()

.

[PCl4]t (g) + [PClg]™ (2)
AH“"
2 AHOPCls, ) LAHOAPCIT, ) +

AHO(PClg), »)]

Y52 Py (white, ¢) + 5 Cly (g)
Figure 2. Thermochemical cycle for normal PCphase .

from a knowledge of the specific heats as a function of
temperature and from the zero point energy of the lattice or by
means of either the Einstein or Debye theory of specific heats.
At absolute zerdJacou = 3NKOg or 9/4ANK®p, where®g and

Inorganic Chemistry, Vol. 35, No. 21, 1996319

Upoy(MegNPClg) + 2RT

MegNPClg () [MegNI* (g) + [PClg) (8)

AH©

AHOMegNPClg, <) [AHO(MeNST*, g) +

AHOPClGT, )]

L— 4 C (graphite) + 6 Hy (g) + % P4 (white, ¢) + 3 Cly (g)
Figure 3. Thermochemical cycle for M&IPCk.

AtH°([PClg]~,g) for the salt tetramethylammonium hexachlo-
rophosphate, MelPCk (this section), in conjunction with the
inequalities generated by considering the stability of rubidium
and cesium hexachlorophosphates (next section) via the Ka-

Op are the Einstein and Debye characteristic temperatures, andoustinskii equation (an equation which is anticipated to work

at temperatures considerably greater (298 K) t@anor Op,
thenUacou = 6RTfor the alkali halides. At 298.15 K we can
setUacou for most salts equal toRST per ion, and in the absence

reasonably well for these salts).
In the case of MENPClk

of specific heat data for the compounds of interest this strategy Upor(Me,NPCl)/kJ mol™* =

is adopted. Hence

AH,° = Upo(([PCL][PCI]) + 2RT (14)
as is incorporated into the thermochemical cycle of Figure 2,
whereupon we have

AH°([PCL]",9) + AH°([PCI] ™ 0) =
Upo{[PCLIIPCIJ) + 2RT + 2AH°(PCL,c) (15)

Substituting the value fodpot([PCl4][PClg]) calculated above
and the data foAH°(PCk,c) = —443.5 kJ mot? 33 leads us
to the conclusion that

[AH(PCL],g) + AH(PC] ~,9))/kd mol ™ =
—429.0+ 6 (16)

similar to an earlier result (eq 3, ref 3). We shall now use this
dependence as the “anchor” relationship for our data.

Using the lattice potential energy calculated for [PGPCle]
above, we can, from the Kapustinskii equatféi® derive the
magnitude of the sum of the thermochemical radii of the JPClI
and [PC§]~ ions, finding that

[Fpey+ + Mpcy-J/nm = 0.499+ 0.007 a7
(b) Empirical Approach to Estimation of AH°([PCl¢]~,0):

Stabilization of the [PClg]~ lon by the Tetramethylammao-
nium Cation. In our previous work we utilized the lattice
energy calculation on a hypothetical [BICICI~ lattice to obtain
an estimate of the thermochemical radius of [C(=0.150
nm), and using the calculated lattice energy for JPGPClg] ~,
we then obtained the thermochemical radius for fPQ=0.346
nm) consistent with it. This procedure was not ideal in that it
relied on the simulation of annknownstructure. In the present
approach we re-examine the problem of evaluating thermo-
chemical data from a different viewpoint. We utilize the
thermochemical radii of [PE]~ anion and its relationship to

(33) Wagman, D. D.; Evans, W. H.; Parker, V. B.; Schumm, R. H.; Halow,
I.; Bailey, S. M.; Churney K. L.; Nuttall, R. L. N.B.S. Tables of
Chemical Thermodynamic Properties. Selected Values for Inorganic
and G and G Organic Substances in S. I. Units.Phys. Chem. Ref.
Data 1982 11, Supplement No 2.

(34) Kapustinskii, A. FQ. Re., Chem. Soc. Londot956 10, 283.

(35) Jenkins, H. D. B.; Thakur, K. B. Chem. Educl979 56, 576.

242.8[1— (0/(rye s + Focy WV (Tyeps + Toc,) (18)

wherep is taken to be 0.0345 nm and the thermochemical radii
are expressed in nanometers. Using the thermochemical cycle
of Figure 3, the relationship (analogous to (14) above)

AH° = Upo(Me,NPCL) + 2RT (19)
exists between the lattice potential energy and the lattice
enthalpy. Employing the knovéhenthalpy of formation of the
salt, AiH°([MesNPClk],c) = —736 & 5 kJ mol?, the value of
the thermochemical radiusyent, of MeyNT (=0.215 nm)
(taken from Jenkins and Thakfas adjusted by Huheey, Keiter,
and Keite?® to be compatible with ShannetPrewitt crystal
radii®”39 and the known enthalpy of formation of the tetra-
methylammonium ion 4¢H°([MesN*],g) (=536 kJ mot?),3°
and utilizing a combination of egs 18 and 19, we can derive an
equation (Appendix 1) forAsH°([PClg] ~,g) of the parametric
form

AHe([PClY~.9) = f{rpqy } (20)
and a plot ofrpcy,_ versusAsH°([PClg] ~,g) consistent with the
data for M@NPCk (Figure 4) can be made (corresponding to
the broken-curve AB).

(c) Stability of Alkali Metal Hexachlorophosphates, MPCI,
(M = Rb and Cs). In our previous studithe stability of alkali
metal hexachlorophosphates was predicted as likely to be
borderline with the possibility (sincAGg°® was estimated to
be

AGy°
MPCl (c) —— MCI(c) + PCL(c) (21)
—5.6 kJ motY) that CsPG might be stable at room temperature.
Recently the question has been examined by Muitho has
reported the preparation of CsR®uUt who failed to secure the

(36) Huheey, J. E.; Keiter, E. A.; Keiter, R. lLnorganic Chemistry:
Principles of Structure and Reacily, 4th ed.; Harper Collins: New
York, 1993.

(37) Shannon, R. D.; Prewitt, C. RActa Crystallogr 1969 B25, 925.

(38) Shannon, R. D.; Prewitt, C. RActa Crystallogr 1976 A32, 751.

(39) Wilson, J. W.J. Chem. Soc., Dalton Tran976 890.

(40) Dasent, W. Elnorganic Energetics2nd ed.; Cambridge University
Press: New York, 1982.

(41) Muir, A. S.Polyhedron1991 10, 2217.
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UpoT(MPClg) + 1/2RT
MPClg (¢) ——————————— M* () + [PClgl- (&) +——

AH,®

STABILITY
REGION

300 CsPClg

AHO(PClYLIPCIGIX, ©) AHOM*, )

RbPCl + AHO(PCIGL, )

Thermochemical

Radius: 10° rpcis’
/ nm 250

“— 3 P4 (white,c) + Y2 X7 (standard state) + 7 Cla(g)

MeNPClg Figure 5. Thermochemical cycle for MPgkalts.

200 ’ salt is not, we conclude that

I T T I
-900 -850 -800 -750 AG°(CsPC},c)/kd mol' ! < —729.2 (25)
AH(PClg,g) / kI mol”
Figure 4. Limitations placed on value oAH°([PClg]~,g) by virtue and that
of information possessed concerning the stability of alkali metal
hexachlorophosphates (egs A10 and A11; Appendix Ill) and values of AG°(RbPCJ,c)/kd mol'* > —722.4 (26)
AH°([PClg] ~,g) for tetramethylammonium hexachlorophosphate;-Me
g;(i;'en ggntlf%rl?héh:ntfr?ggyogf?gr rﬁjéioﬁpcﬁiﬂi'?%afjodtg%?0";‘” This leads us to the conclusion (Appendix Il), using Latimer’s
4 i _
—806 = AsH°([PClg] ~,9)/kJ molt = —835 and of the thermochemical ruh|e§ to lesmﬂate.‘ the;bsmme elnj[m%y OII the hexalc):_f;.lorog?ht?s
radius, 0.265 rpc,/nm < 0.296. phate salts, that in order to explain the known stability of the
hexachlorophosphates:

(presumably thermodynamically unstable) RbpP&td KPC§

o 1
salts. The decomposition route (21) is known to be appropriate AH*(CsPCYc)/kI mol ™ < —863.0 27)
for alkali metal hexachlorophosphates since when a (fully q
confirmed) sample of CsPglis induced to decompose by an
storage in sunlight and temperature conditions which lower the AH°(RBPCL,C)/k] mol't > —855.7 (28)

activation energy for decomposition, a diffraction pattern then
obtained proves to be that for Cs&l. The fact that cesium
hexachlorophosphate appears to be a unique example of an alka
metal salt of the anion [Pg]l” enables us to make deductions _ ofng+ o - ) —

about the likely magnitude of the enthalpy of formation of its Upor(MPCly) = AH(M™,0) + AH*(PCL 0)
anion,AsH°([PClg] ~,g). Considering the decomposition route, AH°(MPClg,c) — l/ZRT (29)
eq 21, of an unstable alkali metal hexachlorophosphate, we can

conclude that for M= Cs, AGr > 0 and for Rb (and other ~ for CsPC§, and using eq 27,

alkali metals salts)AGgr < 0. AGg is given by

ILljsing the cycle (Figure 5)

Upo{(CSPCY/kI mol* > AH°(PCL~,g) + 1319.7 (30)

AGg = A;G°(MCl,c) + AG°(PCL,c) —
. where AH°(Cst,g) = 457.964 kJ moll33 If we employ
AG*(MPCl,c) (22) (analogous to eq 18) the Kapustinskii equation for the CgPCI
salt, we can again develop a relationship (Appendix Ill) between
for which A(G°(MCl,c) is known [CsCk= —414.53 kJ mot* 32 rrc,, the thermodynamic radius of the [REI ion, and
and RbCl= —407.80 kJ mot* 33.  A«G°(PCk,c) is not known AH°(PCk~,g) of the parametric form of eq 20 which is also
although AH°(PCk,c) is well establishe® to be —443.5 kJ plotted on Figure 4 (curve labeled CD). A similar relationship
mol™. We obtainAsS’(PCk,c) to be—432.3 JK* mol"*based s obtained using the RbP{hstability criterion
on the absolute entropies for phospho&igh,white,c)= 41.09
J K™ mol™*, and chlorine gas3’(Clz,9) = 223.1 J K* mol™* Upo(RBPCL)/kI mol™* < AH°([PCl]~,g) + 1344.6 (31)
taken from standard tablé%,and S’(PCk,c) = 166.5 J K1
mol~1 4243|eading toA¢G°(PCk,c) = —314.6 kJ motl. AGg which is plotted (as curve EF) in Figure 4.
from eq 22 is therefore (d) Empirical Estimation of A{H°([PClg]~,g) and Ther-
mochemical Radii of [PCk]~ lon, rpci-. Figure 4 shows how
AGg/kJ mol'l=—-729.1— AG°(CsPCLc) (23) _the con_graints placed upon the relationsh_ips in the form of
inequalities 27 and 28 arising from the stability of Csf&id
RbPCk—the associated stability of the former and instability
of the latter-enables us to discard all but the range of
1 . AsH°([PClg] ~,9) andrpcy- values represented by tiselid por-
AGg/kd mol = = —722.4— A(G°(RbPC},c)  (24) tion XY of the MeNPCk curve. The condition 28 for RbPEI
cuts off the curve derived from MBPCk at AH°([PClg] ~,g)
for the rubidium salt. Since the former is stable and the latter values greater thaX on the abscissa, and the curve labeled
CsPC4 cuts off the same curve at values &fH°([PClg] ~,g)

(42) Karapetyants, M. X.; Karapet'yants, M. Thermadynamic constants  |ess thar on the abscissa. Accordingly, we are able to assign
of Inorganic and Organic Compounddumphrey Science Pub.: Ann the reqi b ded b
Arbor, MI, 1970. gion bounded by
(43) Kelly, K. K.; King, E. G.Contribution to the Data on Theoretical
Metallurgy XIV. Entropies of the Elements and Inorganic Compounds. (44) Latimer, W. EOxidation PotentialsPrentice Hall: Englewood Cliffs,
Bur. Mines Bull 1961, No. 592. NJ, 1961.

for the cesium salt and
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—806= AH°([PCl] ,g) kImol' = —835  (32)

0.265= rpme,/nm < 0.296 (33)
as being consistent with the relationships of the form of (20)
generated from the three salts that are considered.

From eq 16 we conclude also that

377 < AH°([PCl]",g)/kd mol'* < 406 (34)
and by eq 17 that
0.2342 rp¢,./nm = 0.203 (35)

The thermochemical radius of the [RE1 ion is smaller (cf.
0.346 nm) and the [Pg]i* ion is larger (cf. 0.150 nm) than
those previously assigné@ithe new averages being

Fpey- = 0.281 nm (36)

Mpoy+ = 0.219 nm (37)
The value ofAsH°([PClg] ~,g) is somewhat higher than our initial
estimaté (based on speculative structures) and that made in a
preliminary communicatidit (based on a lattice potential energy
model which has since been further refined).

(e) Full Scale Calculations ofA{H°([PCl¢] ~,g) and AsH°-
([PCl4]*,g). Total Lattice Energies of the Bis(tetrachloro-
phosphonium) Hexachlorophosphate Halides, [PG).:[PClg]X
(X = ClI, Br). General Procedures. A similar approach to
that described earlier for phase Il (Figure 1b) can be used to
derive the inter-relationship between the lattice enthalpy, lattice

potential energy, and absolute internal energies of the species

involved, and this leads us, for the salts (PECkX (X = ClI
and Br), to the relationships

AE = 2E([PCI,] ") + E(PCI] ") + E(X ") —
E(PCL],IPCLIX) (38)

and hence

AE = 2,RT+ Upg([PCL]IPCIX) —
Uacou([PCl[PCl]X) (39)

whereupon

AE = Upo([PCLIIPCIIX) — %,RT (40)
It follows that, in the cycle (Figure 6)
AH® = Upo([PCI]L[PCIIX) + Y,RT (41)

Also, for the thermochemical cycle itself we have

2AH°([PCI,]*,9) + AH°([PCl) ~,9) =
Upo[PCL],[PCI]X) + l/ZRT+ AH°([PCI],[PCI]X,c) —
AH(X,0) (42)
(i) Total Lattice Potential Energy of Bis(tetrachlorophos-
phonium) Hexachlorophosphate Chloride, [PCi];[PCl¢]CI:

Phase Ill. The total lattice potential energy of bis(tetrachlo-
rophosphonium) hexachlorophosphate chloride, phagkdr

(45) Jenkins, H. D. B.; Sharman, L.; Finch A.; Gates, P.Pélyhedron
1994 13, 1481.
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Upor(PClal2t PCIgIX) + ¥:RT

[PCL]'TPCIIX () 2[PCLT" (g) + [PCII (@) + X (g) *

AHO(IPCLIAPCIGIX ¢) 28I PCIa)", )
+ AHO((PCIT, g)

+AH X, )

% P, (white,c) + V2 X, (standard state) + 7 Cl, (g)

Figure 6. Thermochemical cycle for bis(tetrachlorophosphonium)
hexachlorophosphate halides, [B&PClg]X.

([PClg][PCls]Cl), was estimatetito be 1116 kJ mot* based
on the structure proposed by us prior to the availability of the
X-ray powder data which then lead us to report a preliminary
value®> of 956 kJ motl. Refinement of the model used for
this latter calculation, in the light of the studies above, led us
to a revised value for the lattice potential energy of the chloride
salt. Further calculations exploring alternative models for the
ions lead to very consistent values of the total lattice potential
energy

Upo{[PCL,],[PCI]CI)/kI mol '=1038+5 (43)
(i.e., 346 kJ moi! per PC§ unit) with Ug gc = 936 kJ mot?,
Ur = 177 kJ mot?, Ugg = 258 kJ mot?, andUqq = 21 kJ
mol~! for the process

Upor[PCLIIPCIIC) + 4,RT
AHU°

2[PCL]"(9) + [PCl]] (9) + CI"(9) (44)

[PCL],[PCICI(c)

The salt possessé€d® a regular tetrahedral [PgF unit with

an octahedral [P@]~ unit having a small compression along
the axial direction. The groups are arranged as in the antifluorite
structure with the additional Clion at the center of the cavity
surrounded by eight cations (see Figure 2, ref 18). The
monoclinic cell parameters age= 8.798 A, b = 8.4765 A,
andc = 12.3683 A withp = 92.75F, space group2/m.

The salt is modeled by adopting a four-sphere model for the
[PCly]* cation centered on the four chlorine atoms with an
overall charge on the ion of1, and the [PG]~ anion is
modeled as a sphere centered on phosphorus bearing a charge
of —1. The chloride ion is modeled as a sphere with a basic
radius of 1.506 A. The LATERI-23 data file for [PCH]2[PCle]-

Cl is available on request.

If we take the above value dipor([PCl][PClg]Cl) and
substitute this value together witkkH°(Cl—,g) = —233.13 kJ
mol~1 andAfH°([PCI4]2[PCI5]CI,C) = AHj—n + AfHo(PCb,C)

(see ref 3)= —1323.3 kJ moi! into eq 42 we see that

[2AH°([PCL]T,9) + AH°([PCl] ~,9)/kd mol ™ =
—50.9+ 5 (45)

Subtracting eq 16 from eq 45 leads to the prediction that
370.1< AH([PCL]",g)/kImol* < 386.1  (46)

and hence by virtue of eq 16 that
—799.1> AH°([PCI] ,g)/kI mol'* = —815.1 (47)

The ranges, (32) and (34), derived from consideration of the
Me4sNPCk and MPC4 salts, are broadly in agreement with the
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above values which are (more reliably) based amturate of the more empirical results. Correspondingly (eq 16)
structural data.
(ii) Total Lattice Potential Energy of Bis(tetrachlorophos- 370< AH°(PCl,*,g)/kd mol'* < 398 (55)
phonium) Hexachlorophosphate Bromide, [PCl],[PClg]Br.
Both powder and simple crystal X-réystructural data are  the mean values being813 and 384 kJ mok, respectively.
available for the corresponding bromide salt, and lattice energy  Until very recently, the precise position with regard to the
calculations can be used to compare the structures from the twostability of alkali metal hexachlorophophates was not known
sources. The total lattice potential energy of bis(tetrachloro- nor were the crystal structures of the bis(tetrachlorophospho-
phosphorus) hexachlorophosphate bromide is found to be nium) hexachlorophosphate halide salts established, and the
literature estimates for the thermochemical data for thePClI
Upo([PCI],[PCIg]Br) = 1012+ 5 kI mol*  (48) and [PC§]~ ions were largely based on conjectdret is for
this reason that comparison of the values obtained in the present
(with UgLec = 912 kJ mot?, Ur = 174 kJ mot?, Ugg = 254 study with those obtained in earlier work is hardly a valid
kJ molt, andUgq = 20 kJ mot?) for the process exercise. Itis probably a sufficient commentary to say (i) that
the results reported here for the computational, structural, and
thermochemical data appear reasonably consistent and (ii)
AH? represent the extent of our knowledge at this time and (iii) that
2[PCl]"(g) + [PClJ () + Br(g) (49)  the thermochemical data may be subject to uncertainties on the
order of, at the very least, 10 kJ mél An appeal must be
based on unpublishggbwderdatd® (a = 8.7472 A.c = 12.3281 made for more structural (and attendant thermochemical) data
A, space group4/m) while taking the value if progress is to be made toward a full understanding of the
factors which dictate the stability and thermodynamics of these
Upor([PCI],IPCIBr) = 1013+ 5 kI mol*  (50) fascinating compounds containing hajphosphorus complex
anions and cations.
(with UgLec = 908 kJ mot?, Ug = 172 kJ mot?, Ugg = 256 Arising from the above estimates a&fH°(PCL*,g) and
kJ moll, and Uqe = 21 kJ mot?) based on the published AH°(PCk™,g), we can consider the strengths of the individual
Knachel et ak single crystaldata & = 8.739 A,c = 12.320 P—Cl bonds within the ions as described below. It should be
A, space group4). noted however that there is a huge, and ultimately insoluble,
The consistency of these two results for the bromide salts difficulty in assigning error limits because very few of the
indicates that the lattice potential energy calculated from the thermochemical quantities discussed in this paper are experi-
powder data in the case of the salt [HgPClg]CI (which is mental quantities. For simple saitblaCl type—where several
not supported by single-crystal X-ray data) is likely also to be different, fairly independent estimates of the lattice potential
reliable and consequently likely to furnish satisfactory estimates energy can be made (term by term calculation, Kapustinskii
of the thermodynamic parameters. The LATERP data files equation, Glasser equation, solvation enthalpy cycle, etc.) and
used for the [PG],[PClg]Br calculations are available on request values can be compared, and if they agree (within reasonable
and are analogous to those used for the chloride salt except fodimits), then it is fair to assigrprobable uncertainties. With

Upor[PCLI[PCIJBN) + 2RT

[PCI,],[PClsBr(c)

modification of the Br ion parameters. salts containing complex ions the matter is more difficult. In
Substitution ofAH°(Br~,g) = —219.1 kJ mot? into eq 42 the present instance we have tackled the problem in two ways:
leads to the equation (based on the single-crystal resultfey) selection of alternative models for the ions of the complex salt
lattices and comparison of the results and, as we shall see later,
[2AfH°(PCI4+,g) + AH°(PCL ,0)1/kJd mol* comparison of LATEN values with those derived from a recent
= Upo{[PCL],[PCI]BY) + 1/2RT+ extension of the Kapustinskii approach. On this basis we have

been able to estimate errors as best as we can for the complex
AH°([PCI,],[PCI]Br,c) — AH°(Br~,g) (51) salt lattice potential energies.
(b) Bond Energies. (i) P-Cl Bond Energy in [PClg]~. The
= (1233.4+ 5) + AH°([PCI,] [PCLIBr,c)  (52) mean thermochemical bond energie#],F(P—X, homolytic)
of P—X bonds in the simple phosphorus halides save long
Use of eq 45, derived from the results for the chloride salt, been establishé@l“6for the series Bi,°(P—F in PR) = 49026
suggests that 503 kJ mot?1;%0 EHy,°(P—Cl in PCk) = 31976 308 kJ mot ;40
EHn°(P—Br in PBr) = 26320 264 kJ mot%;13 EH,°(P—I in
AH([PCI][PClgBr,c) = —1284.3+ 7 kmol * (53) Pls) = 184 kJ mot? 46 and provide measures of bond strengths
in neutral molecules. In this sense they cannot be applied to
Results and Discussion molecules which have a charge, e.g., complex ions. Bond
(a) Thermochemical Data. We assign, after further con- strengths of the latter can be estimated in two ways according
sideration, the ranges emerging from the LATEN models for 0 the mode of fission considered for the bonds. Thus, bonds
[PCL]2[PCI6|CI (inequalities 46 and 47) and thiegs reliably N [PCle]~, for example, can be envisaged as undergoing
empirical estimates (inequalities 32 and 34) based on the stabilityNomolytic fission to give atoms:
criteria for alkali metal hexachlorophosphates and parameters _
involving teramethlyammonium hexachlorophosphate [PClg] (9) — e— P(9)+ 6CI(9) (56)

—799= AH°(PCl,g)/kJ mol! > —827 (54) The corresponding average bon_d enthalpiés,EP—Cl)/kJ
mol~! are given by the relationships:

where the range (47) is extended at the lower end to take account ] N
EH,.°(P—Cl,homolytic)/kJ mol - =

46) D t, W. El ic E tics1st ed.; Cambrid Uni it ° ° o -
O s New York 1o70, et st 6ds CAmbAdge Satersiy Y [AH(P,0)+ 6AH°(Cl,g) — AH(PCL~,0)] (57)
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Using standard thermochemical d&tand the enthalpy of
formation for gaseous [Pg}l- obtained above enables us to
estimate that:

EH,,°(P—Cl,homolytic,[PC} ) = 310+ 5 kI mol™* (58)

Historically there are four determinations fafH°(P,g) in the
literature which agree to within 22 kJ mdl and seven
determinations ofA;H°(Cl,g) which agree to 3 kJ mol, and
our estimated error id{H°(PCk™,g) is 14 kJ mot®. Accord-
ingly we assign the error limit in eq 58.

The typical bond lengttg” for compounds containing-FCl
bonds are as follows: 1.97 A [PLt41.98 A in [PCLJ*ICI;]~ 4
1.99 A in PCHFO and PGJO,*7 2.01 A in PCIRO,47 2.02 A'in
PCLF 47 2.03 A in PC}S#7 2.04, 2.02 ¢quatoria), and 2.19
A,472.14 A (axial) in gaseousPCk, 2.043 A in PC},47 2.05 A
in PCLF3;,%8 2.07 A (average of axial and equatorijlin
[PCL]*[PClg]~,4” and 2.08 A in [PC]~.# Considering these
figures, we see that by and large [E|Cland [PC§~ moieties
represent the two extremities of the longest and shortest bon

lengths encountered in the species listed above. In this sense,

therefore, the bond enthalpyHg°(P—Cl) might be expected
to differ for the P-CI bond within these two ions. The fact
that the P-Cl bond length in [PG]~ is close to that exhibited
in PCk correlates with the similarity in homolytic bond energies
found in these two compounds (313 kJ mol(average
compared to 310 kJ mo}).

(i) P—CI Bond Energy in [PCl4*. Applying similar
considerations for the ion [P, we have for homolytic fission:

[PCL]"(9) — P"(g) + 4Cl(g) (59)

EH,,°(P—Cl,homolytic, [PC}] ") =
1/4[AfH°(P+’g) + 4AH°(Cl,g) — AfHO([PC|4]+,g)] (60)

Using standard thermochemical d&tand the value foAH®-
([PCl4]*,g) predicted in this paper (inequality 55), we find a
value

EH,°(P—Cl,homolytic,[PC}] ") = 359+ 5 kI mol* (61)

indicating a stronger PCl bond by some 49 kJ mol in this
ion compared to that in [Pg]l".

Historically the value ofAsH°(P*,g) has changed by some
45 kJ mot? over the last 20 years, while recent estimates for
this thermochemical magnitude differ only by 1.8 kJ moFor
AH°(PCk,g), extreme values cited in the literature differ by

some 32 kJ mot, although agreement between the most recent

of the cited values is 5.3 kJ mdl Accordingly, in eq 60, taking
the worst case scenario the error is 13.9 kJthualhile in the

more likely situation, the error in H,°(P—Cl,homolytic,-

[PCls)) is 2.1 kJ mot?, and so the cited value of 5 kJ mél

seems to us reasonable.

The above result for i,°(P—Cl,homolytic,[PCI] ") is easily
rationalizable with the verghort P—Cl bond found in [PCJ]*
(1.97 A) compared to that of [Pgt (2.08 A). A recent studiy
of the corresponding PBr bond in [PBE]™ leads to a value:

EH,,°(P—Br,homolytic,[PBf] ") = 326+ 5 kI mol ™ (62)

(47) Tables of Interatomic Distances and Configuration in Molecules and
lons Sutton, L. E., Ed.; Chem. Soc. Special Publication 11; Chem.
Soc.: London, 1958.

(48) Jenkins, H. D. BPolyhedron1996 15, 2831.
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(iii) Dependence of Bond Energy on StereochemistryWe
can also consider the dependence of bond enthalpy on stereo-
chemistry since the change in bond enthalpy for th&CPbond
found in [PCh]*, when compared to that in [PgT, suggests
that the stereochemistry understandably influences th€lP
bond strength. We approach the question by reference to a
number of bond formation reactions.

Considering the reaction

PCI(g) + 2CI(g) - PCL(g) (63)
for which we can write
AH; = AH°([PClg],9) — AH([PCly],9) —

2AH°(Cl,g) (64)

then taking into account the stereochemical environment of the
various P-Cl bonds we have

gAH; = 3EH°(P—Cl,pyr,PC}) — 2EH,° x

(P—Cl,tbp,ax,PG)) — 3EH,_°(P—Cl,top,eq,PG) (65)

= —331.34+ 7.0 kI mol?

using standard thermochemical d&taThe cited values of the
enthalpy of formation of gaseous RChave varied in the
literature over the years by 78 kJ m§lbut the two most recent
determinations differ by only 1.6 kJ ndl The worst case
error inAH; is therefore 115 kJ mot, but this clearly includes
some extremely poor and some very old measurements as well
as assuming that the “true” value lies at the extreme of the entire
range cited in the literature. The latter is not usually the case,
it is more likely that the true value will lie near the mid-range
of the spread of values so that the uncertainty is then greatly
reduced. The more likely value of the error is the 7 kJ Thol
we have cited.

AH, represents the enthalpy released on conversion of three
P—Cl bonds in a regular pyramidal arrangement (pyr) as found
in gaseous PGlto three trigonal bipyramidal equatorial (tbp,-
eq) and two trigonal bipyramidal axial (tbp,ax)-El bonds as
found in PC}. Since the P-Cl bond length for the bond (P
Cl, pyr) in PCE (estimated to have length between 2.02 and
2.04 A) is similar in length to the PCI bond (P-Cl,thp,eq) in
PCk (with a length= 2.02 A), we can make the assumption
that the bond enthalpies are similar, i.e.,

EH,.°(P—Cl,tbp,eq,PCG) ~ EH,,°(P—Cl,pyr,PCL) (66)
and hence

EH,°(P—Cl,tbp,ax,PC) = —"/,[AH,] =
165.6+ 3.5 kJ mol* (67)

Thus the axial bonds in PCare found to be much weaker than
the equatorial bonds (and this may indirectly be related to the
phenomenon of ionic isomerization). The observation is also
in accordance with the greater length of these axial bonds (2.14
A) when compared to the equatorial bonds (2.02 A). Weak
axial bonds also occur in the compound AsCThe preparation

of this latter compound proved extremely elusive and although
finally prepared® by ultraviolet irradiation of AsGlin liquid

Cl, at —105 °C, the two extra axial AsCl bonds over and
above those in AsGlare so weak that their enthalpy appears to
be insufficient to outweigh the enthalpy absorbed in the

(49) Seppelt, KAngew. Chem., Int. Ed. Engl976 15, 377.
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atomization of CJ, with the result that AsGlhas, at most,
borderline stability with respect to Asg&and Ch.
If we consider the enthalpy changH,, for the reaction

[PCLI*(g) + 2CI () —>[PCld (@)  (68)

we can write

AH, = AH°([PClg] ",g) — AH°([PCI)]",g) —
2A¢H°(CI",9) (69)
Then taking into account the stereochemical environment of the
various P-Cl bonds we have
AH, = 4EH,°(P—Cl,tet,[PC}] ") —
2EH,°(P—Cl,oct,ax,[PCl] ") —
4EH,°(P—Cl,oct,eq,[PC] ) + AH°(P,9)+
2AH°(Cl,g) — AH°(P",g) — 2AH°(CI™,g)

731+ 24 kJ molt (70)

using standard thermochemical d&tand our assignments for

the enthalpies of formation of the [Pt and [PC}]~ ions.

Historically, A{H°(CI~,g) has varied by some 15.5 kJ ml

although more recent determinations agree to 12.9 kJimol

Thus, the most extreme magnitude of the errorAét, is 29.5

kJ mol! while a more realistic error might be 24 kJ mal
From eq 70

4EH_ °(P—Cl,tet,[PC) ") —
2EH,°(P—Cl,oct,ax,[PCll ") —

4EH,°(P—Cl,oct,eq,[PC]] ) = —420+ 35 kJ mol* (71)
Taking the value of BH°(P—Cl,tet,[PCk]*) = 359 4+ 5 kJ
mol~! from eq 61 we find
2EH_°(P—Cl,oct,ax,[PC]] ) +
4EH,°(P—Cl,oct,eq,[PC] ") = 1856.0+ 35 kJ mol * (72)
noting that this corresponds to an averagedPbond enthalpy
in [PClg]~ of 1856/6= 309+ 6 kJ mol%, consistent with the
value predicted in eq 58. This further suggests that the
thermochemical assignments made in this paper, not only for

the [PCE]~ ion but also for the [PG]™ ion, are reliable.
Considering now the enthalpy changéls, for the reaction

PCL(g) + CI (g) — [PCId (q) (73)

we have
AHg = AH°([PClg] ",9) — AH*([PClg].9) — AfH°(CI’(,g))
74

Taking account of the stereochemical environment of the various
P—CI bonds we can write
AH; = 2EH_°(P—Cl,tbp,ax,[PC]]) +
3EH,,°(P—Cl,tbp,eq,[PC]) —
2EH,°(P—Cl,oct,ax,[PCll ) —
4EH,°(P—Cl,oct,eq,[PC] ) + AH°(Cl,g) — AH°(CI",9)

2054 20 kJ morl'*

(75)
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Figure 7. Bond energy Eln(P—Cl,homolytic)/kJ mot! as function
of P—ClI distance/A.

and using standard thermochemical datnd our value for
AH([PClg~,g) we find

2EH,°(P—Cl,tbp,ax,[PC]]) +
3EH,,°(P—Cl,tbp,eq,[PCl) —
2EH°(P—Cl,oct,ax,[PC]] ) —

4EH,°(P—Cl,oct,eq,[PC] ") = —559.8+ 7 kJ mol* (76)

Since EHy°(P—Cl,tbp,ax,[PCl]) = 165.6 kJ mot? from eq 67
and also using the relationship that 2 (P—Cl,oct,ax,[PCJ] )
+ 4EH,°(P—Cl,oct,eq,[PG7)] = 1856.0 kJ moat! from eq
72 we estimate that

EH,.°(P—Cl,tbp,eq,[PC]]) = 322+ 21 kJ mol* (77)
and by virtue of the relationship (66) that

EH,°(P—Cl,pyr,PCL) = 3224+ 21 kI mol " (78)
If we compare the predicted bond enthalpies with the corre-
sponding bond lengths in typical structures, we find the
relationship depicted in Figure 7, which showslf(P—Cl,-
h};)molytic)/k.] mot! plotted versus the PCl bond distance/

(A).

In an attempt to assign values for the bond enthalpies of
EHn°(P—Cl,oct,ax,[PC]~) and BEH,°(P—Cl,oct,eq,[PCd] ")
separately, we can examine the variation 6@ in the crystal
structures discussed in this paper. The axial and equatorial bond
lengths in the [PG]~ ion, as they occur in the lattice ([PA3-
[PCIg]CI), are found to be 2.114 A for the two axial and 2.143
A for the four equatorial P-Cl bonds with similar lengths being
encountered in the ([PgLPClg]Br) lattice (2.077 and 2.132
A being typical).

If we partition the bond enthalpies in accordance with eq 70
and pay some regard to Figure 7 and our perceived correlation
between bond strengths and bond lengths, we can estimate that

EH,°(P—Cl,oct,ax,[PCJ] ) ~ 280+ 30 kJ mol* (79)
and

EHm°(P—C|,OCt,eq,[PCA]7) ~ 220+ 30 kJ morl (80)
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Table 1. Calculation of Weighted AnionCation Separations for compounds for which estimates of lattice energy can be made.
Use in the Glasser Extension of the Kapustinskii Equation We have used his approach to estimate the lattice energy of the
interaction type number separation [PCly][PClg]X salts. Consideration is given to the interaction

[PCL]*—[PClg] - 2 Fecy® + fece termsgnvolvet{ betwee+n thje componerlt anions and cations:
[PCL]*—CI- 2 recyt + o [PCl]*—[PClg]~, [PClL]*—X~, and [PC§—X~ and used to
[PClg]-—CI- 1 Ipce™ + e compute an average weighted aniaration distancelil] The
total 5 oyt + ey + 3ror \_Neighted distance is derived from the final row of Table 1 and
is equal to
although the latter two values must be regarded as having much o= [4rpcI4+ + 3rPCk, + 3r 15 (82)

more uncertainty than the other estimates made in this paper.

(c) Covalent Contributions to the Bonding. A lattice Taking rpc,* = 0.2194+ 0.014 nm (eq 37) anthc, = 0.280

energy generated from a Borirajans-Haber cycle can be 4 0015 nm (eq 36) and the Goldschmidt radiusgf = 0.181
regarded as an “experimental” lattice energy and is not depend-py, it is found to be

ent on the nature of the assumptions made concerning the

bonding in the crystal. The theoretical computations of lattice Onm = 0.452+ 0.021 (83)
energy reported herassumehe bonding in the crystal to be

ionic in nature. In cases where there is an appreciable nonionicUsing Glasser’s equation we estimate

contribution to the bonding, the cycle lattice energies are usually

systematically higher than computed ones. Our initial calcula- Up,([PCl,],[PCI]Cl)/kJ mol*

tions involving the Kapustinskii equation involved alkali metal

_ _ 2
hexachlorophosphates and tetramethylammonium hexachloro- = (121.40001 Q/EEJ]anzk (84)
phosphate salts which are anticipated tgbsdominatelyonic 1

in nature and whose anticipated crystal structures should render =992+ 43 kJ mol (85)

these salts ones for which the Kapustinskii approach should
work well. The associated estimates of the standard enthalpy
of formation of the [PCJ|* and [PC§]* gaseous ions (egs 32
and 34) should therefore be approximately correct. The broa
agreement between these estimates (eqs 46 and 47) and tho
stemming from the more rigorous calculations we have made _
suggest that the ionic models used in the LATEN calculations [6iinm = 0.460+ 0.021 (86)
(despite the probable proximity of the ioricovalent border-  anq hence to (usings,— = 0.196 nmj°

line) are likely to be valid and that the predominant contribution

to the b(_)nding in the [PG]L[PClg]X salts is strongly io_nic. '_I'his Uporl[PCI1[PCIIBI)/KJ mol 't = 975+ 43 (87)
conclusion appears to be borne out by spectroscopic evidénce.

The magnitude of any covalent contribution to the lattice The actual LATEN computational results for both salts (egs

potential energies could be checked were it possible to devise43, 48, and 50) lie near the higher end of the above predicted
a combination of thermochemical cycles such that the hybrid ranges (eqs 85 and 87), the errors for the mean values are

cycle has as its pnlly unknowr_l the lattice potential energy step. approximately 4%. The Glasser equation is therefore of
Unfortunately this is not possible. For example, consideration .o siderable use and importance.

of the difference obtained by combination of equations of the

wherey ngz? is the summation of the number of types of ions
in the lattice bearing a chargg (=4 for the above salts). The
dcorresponding calculation for the bromide salt, [RPClg]-
%r, leads to

type (42) for X= Cl and Br giving Acknowledgment. The helpful comments and suggestions

U PCL1.IPCLIC) — U PCL1.IPCLIBI) = made by referees who took trouble to study this work and in
POTE[ _4]2[ o o) _ porll 432[ 6lB1) particular encouraged us to pay attention to error estimates are
AH(CI™,9) — AH°(Br,9) + AH®([PCI ] [PCls]Br,c) — gratefully acknowledged. A number of their suggestions have

AH°([PCI],[PCI]Cl,c) (81) been incorporated in the presentation of this work.

provides little information on this point since any small covalent Appendix 1. Explicit Form of Eq 20 Used To Obtain the

contribution there might be to the lattice energy is likely to be pjqt for Tetramethylammonium Hexachlorophosphate,
of similar magnitude for both halide salts and would cancel in \je,NPCIg, in Figure 4

eqg 81. In any event, we are unable to use this equation in any
case since we do not currently possess an independent value of For the cycle in Figure 3 we have
the enthalpy of formation of the bromide salt which we regard
as reliable. AH°([Me,N]",g) + AH*([PClg] ~.9) =

(d) _Estlmatl_on of Lattice Energle_s Using the Glasser Upo(Me,;NPCL) + Y,RT+ AH°(Me,;NPCl,c) (Al)
Equation for Bis(tetrachlorophosphonium) Hexachlorophos-
phate Halides. Traditionally the Kapustinskii equatidh®>has Substitution of eq 18 folpo(MesNPCE) and usingryen+ = 0.215
provided a means of estimating the lattice energy of ionic salts, nm3s AiH°([MeN]*,g) = 546 kJ motL,® and AH°(Me;NPCk,c) =
provided that thermochemical radii for the ions involved are —7364+ 5 kJ mol? 24into eq Al reduces to
known. For the more complex compounds or salts where there
is more than one type of complex anion or cation in the lattice A;H°([PCl{]~,g) = 242.8/¢,+ r)[1 — (0.0345/¢, + )] —
this equation in its usual form is not suitable. Recently however (1280.8+ 5) (A2)
Glasse® has devised and reported a new equation which we
believe is of considerable utility in that it extends the range of where ¢, + re) = recy- + 0.215 nm and the value @H°([PCls]~,g)
is in kJ mol®. Equation A2 represents the explicit form of eq 20,
(50) Glasser, Linorg. Chem.1995 34, 4935. which is required to obtain Figure 4.
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Appendix 2. Calculation of A;S°*(MPClg,c)

In terms of absolute entropies:

AS (MPClg,c) = S (MPCl,c) — S(M,c) —
1,5 (P, white) — 35°(Cl,,g) (A3)

While the value ofS’(MPCls,c) is not known, the values f&(Rb,c)
=76.78 J K mol™, (Cs,c)= 85.23 J K mol?, ¥, (Ps,white) =
41.09 J Kt mol™?, andS’(Cl,,g) = 223.066 J K! mol™ are available
in standard table¥. Latimer's rules* can be employed to estimate
S’ (MPCls,c) for the two salts. Using the Latimer entropy contribution
for Cs and Rb (Table 87, ref 44) correspondingStes = 56.9 J K*
mol~! and Sry= 49.8 J K'* mol~* with S» calculated from ¥R In-
(atomic weight)— 3.93] (equation 1 Appendix IIl in units of J®
mol, ref 44) and equal to 38.9 JKmol™%, and taking the values of
S°q corresponding to a charge afl on the cation of the salt (Cs or
Rb) = 41.84 J K* mol~* we find

S(CSPCY) = S+ Sp+ 65 = 346.8 IK "mol ™ (A4)
and
S (RbPC)) = Sy, + S+ 65°¢; = 339.7 JK ' mol ™ (A5)
and therefore we estimate
AS(CsPC),c)=—448.7 K mol* (AB)
AS(RbPCL,c)= —447.4 J K mol ! (A7)
Since
AG°(MPCly,c) = AH°(MPCl,c) — TAS(MPCl,,c) (A8)
and A{G°(CsPCi,c) < —729.2 kJ mot?! (eq 25) we calculate that

AH°(CsPCJ,c) < —863.0 kJ mol* (27)

Jenkins et al.

also sinceA{G°(RbPCl,c) < —722.4 kJ mot! (eq 26) we calculate
that

AH°(RbPC},c) = —855.8 kJ mal* (28)

Appendix 3. Explicit Form of Eq 20 Used To Obtain the
Plots for Cesium and Rubidium Hexachlorophosphates
(Figure 5)

Rearranging eq 29 we have
AH(M",g) + AH°(PCl]",9) =
Upo{MPCly) + 1/2RT+ AH°(MPClg,9) (A9)

Substitution into the Kapustinskii equation (analogous to eq 18) for
Urot(MPCls) and using the thermochemical radis- = 0.165 nni®
andrgyt = 0.149 nn® we can obtain the lattice energies of CsPCl
and RbPQ as parametric functions of the unknown thermochemical
radius of PGJ~. Using the data foAH°(Cs',g) = 457.964 kJ moi* 33
and forA{H°(Rb",g) = 490.101 kJ mol* 3 within egs 30 and 31 leads
to the condition
AH(PCl{ ~,g)/kd mol'* <

{242.8[1— (0.0345/¢, + r))(r, + r)} — 1319.7 (A10)
where (a + ro)/nm = [0.165 + rpc] for the Cs salt and the con-
dition
AH°([PCI]~,g)/kd mol * >

[242.8[1— (0.0345/¢, — r ))l/(r, + r)] — 1344.6 (All)

where (. + rg/nm = [0.149 + rpc,] for the Rb salt where
AH°([PClg],9) is in kJ mot™.

Supporting Information Available: Details of the data files used
for the LATEN program used in this work can be obtained from Dr.
H. D. B. Jenkins on request.
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