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By virtue of our recently established relationships, knowledge of the formula unit volume, Vi, of a solid ionic
material permits estimation of thermodynamic properties such as standard entropy, lattice potential energy, and,
hence, enthalpy and Gibbs energy changes for reactions. Accordingly, development of an approach to obtain
currently unavailable ion volumes can expose compounds containing these ions to thermodynamic scrutiny, such
as predictions regarding stability and synthesis. The isomegethic rule, introduced in this paper, states that the
formula unit volumes, Vi, of isomeric ionic salts are approximately the same; this rule then forms the basis for a
powerful and successful means of predicting unknown ion volumes (as well as providing a means of validating
existing volume and density data) and, thereby, providing solid state thermodynamic data. The rule is exploited to
generate unknown ion and (by additivity) corresponding formula unit volumes.

Introduction In parallel, new tools have recently been developed (and
used to explore a number of topical problém® make

The capability of making theoretical thermodynamic : - : . .
g . . o thermodynamic predictions for complex inorganic materials
predictions for complex inorganic materials in the gas phase, . o
. - ) in the condensed pha&™ These methods are empirically
using ab initio molecular orbital procedures, has developed

T : ' based and are substantially simpler to use than their gas phase
rapidly in recent year& notably for enthalpies of forma- y simp gasp
tion, adiabatic electron affinities, or ionization potentials for (1) Sa)JPStﬁrsoghK- AZ\ ggaéltlhoefsz,ﬁ;a lgLXO(E,) E- ”A.; DDungintg, T.H,

. . . . r.J. yS. em. . eller, D.; Peterson,
cru0|_a_l gas phase species without reliance on embedded K. A. J. Chem. Phys1998 108 154-176. (c) Dixon, D. A.; Feller,
empirical parameters. Such developments are continu- D. J. Phys. Chem. A998 102, 8209-8216. (d) Feller, D.; Peterson,

ing 1k K. A. J. Chem. Phys1999 110, 8384-8369. (e) Feller, D.; Dixon,
’ D. A. J. Phys. Chem. A999 103 6413-64109. (f) Feller, DJ. Chem.
Phys 1999 111, 4373-4382. (g) Feller, D.; Dixon, D. AJ. Phys.
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sheila.jenkins@tesco.net. Phon¢44-2476-523265;+ 44-2476-466747. Phys.200Q 113 485-493. (i) Feller, D.; Dixon, D. AJ. Chem. Phys
Fax: + 44-2476-524112. 2001 115 3484-3496. (j) Dixon, D. A,; Feller, D.; Sandrone, G.
T University of Warwick. Phys. Chem. A1999 103 4744-4751. (k) Fishtik, I.; Datta, R.;
* Curtin University of Technology. Liebman, J. FJ. Phys. Chem. 2003 107, 695-705.
§ Ludwig Maximilians University. (2) (a) Dixon, D. A.; Feller, D.; Christe, K. O.; Wilson, W. W.; Vij, A,;
I'Panjab University. Vij, V.; Jenkins, H. D. B.; Olson, M.; Gordon, M. §. Am. Chem.
HUMIST. Soc 2004 126, 834-843. (b) Christe, K. O.; Vij, A.; Wilson, W. W.;
® McMaster University. Vij, V.; Dixon, D. A.; Feller, D.; Jenkins, H. D. BChem. Br 2003
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6238 Inorganic Chemistry,  Vol. 43, No. 20, 2004 10.1021/ic049186j CCC: $27.50  © 2004 American Chemical Society

Published on Web 09/09/2004
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counterparts. They extend the long tradition of the B8th,
Born—Lande®9Born—Mayer? Huggins-Meyer3s Kap-
ustinskii®"y Kapustinskii-Yatsirmirskii3* and Ladd-

the number of ions of integer chargeo. andp are constants
which depend on the stoichiometry of the mateftal,,, the
formula unit volume, is obtainable from available crystal

Lee?aab gquations which have played a vital role in the structure data (equal to the unit cell volume divided by the
development of inorganic energetics (for an account of these,number of formula units in the unit cell) whikis a constant

see refs 3acae).

(=121.4 kJ mot! nm). While eq 1a applies to simple ionic

The key step in recent work has been the identification of salt$2 having Upor < 5 MJ mol™l, eq 1b applies to more
formula unit volume as the structurally based link to complicated ionic salt§ (including minerals) havindJpor

thermodynamics. Originally confined to 1:1 ionic sdits,

> 5MJI mol. In eq 2,k= 1360 J K! mol~* nm3 andc

further relationships have been developed by Jenkins, Pass= 15 J K** mol~! for inorganic materials. For an overview

more, Glasser, Tudela, and co-work&rs:™ Two significant
features emerge: lattice potential energyor, is inversely
related to the cube root of the formula unit volunvg, (eq
1a,b), and standard molar entroSs (100 kPa, 298 Kb
is directly related to volumeYy, (eq 2). These equations

of the use of these equations, see refs 3e and 3f. Volume
offers a convenient (ion-additive) descriptor for both spheri-
cal and nonspherical ion shapes alike, in contrast to the
historically adopted ionic radius.

The isomegethic rule explored in this paper provides a

apply over a whole range of stoichiometries, requiring no means of establishing volumes for unknown ions, using
other parameter than the chemical formula and integer ion existing ion volumes predominantly, in an ingenious way at

charges as input

Upor= 2/(a/V,, ">+ B) (1a)
Upor = Al2INV ) (1b)
S, =kV,,+c )

| is the lattice ionic strength factor={/,y niz?), summation
being made over all the ions in the formula unit wharés

(3) (a) Jenkins, H. D. B.; Roobottom, H. K.; Passmore, J.; Glasser, L.

Inorg. Chem 1999 38, 3609-3620. (b) Jenkins, H. D. B.; Glasser,
L. Inorg. Chem 2003 42, 8702-8708. (c) Glasser, L.; Jenkins, H.
D. B. Thermochim. Act2004 414,125-130 (d) Jenkins, H. D. B.;
Tudela, D.; Glasser, Llnorg. Chem 2002 41, 2364-2367. (e)

Brownridge, S.; Krossing, |.; Passmore, J.; Jenkins, H. D. B

Roobottom, H. KCoord. Chem. Re 2000 197,397—481. (f) Jenkins,
H. D. B.; Tudela, DJ. Chem. Educ2003 80, 1482-1487. (g) Glasser,
L.; Jenkins, H. D. BJ. Am. Chem. So200Q 122, 632-638. (h)
Jenkins, H. D. B.; Glasser, lIlnorg. Chem2002 41, 4378-4388. (i)

Cameron, T. S.; Deeth, R. J.; Dionne, |.; Du, H.; Jenkins, H. D. B.;

Krossing, |.; Passmore, J.; Roobottom, H.IKorg. Chem 200Q 39,

5614-5631. (j) Jenkins, H. D. B.; Roobottom, H. K.; Passmore, J.

Inorg. Chem 2003 42, 2886-2893. (k) Aside from lattice ionic

strength, which is easily calculated (see refs 3a, 3l). (I) Glasser, L

Inorg. Chem 1995 34, 4935-4936. (m) Marcus, Y.; Jenkins, H. D.
B.; Glasser, LJ. Chem. Soc., Dalton Tran2002 3795-3798. (n)
Born, M. Zeit. Phys192Q 1, 45-48. (0) Born, M.Problems of Atomic

Dynamics Massachusetts Institute of Technology: Cambridge, Mass-

achusetts, 1926. (p) Born, M.; Lahd&. Ber. Physik. Ges1918 20,
210-216. (q) Born, M.; LandeA. Sitzungsber. Preuss. Akad. Wiss.
1918 45, 1048-1068. (r) Born, M.; Mayer, J. EZ. Phys.1932 75,
1-18. (s) Huggins M. L.; Mayer, J. B. Chem. Physl933 1, 643—
646. (t) Huggins, M. LJ. Chem. Physl937 5, 143-148. (u) Huggins,
M. L.; Sakamoto, Y.J. Phys. Soc. Jpnl957 12, 241-251. (v)
Kapustinskii, A. F.Q. Re.., Chem. Soc. (Londor)956 10, 283—
294. (w) Kapustinskii, A. FZ. Phys. Chem. (Leip2id933 B22 257
260. (x) Kapustinskii, A. FJ. Phys. Chem. (USSRP34 5, 59-63.

(y) Kapustinskii, A. F.Acta Physicochim. (USSRP43 18, 370—
377. (z) Kapustinskii, A. F.; Yatsimirskii, K. BZh. Obshch. Khim.
1949 19, 2191-2200. (aa) Ladd, M. F. C.; Lee, W. Hirans. Faraday
S0c.1958 54, 34—39. (ab) Ladd, M. F. CTrans. Faraday Socl969

65, 2712-2717. (ac) Waddington, T. @dv. Inorg. Chem. Radiochem
1959 1, 157-221. (ad) Johnson, D. ASome Thermodynamic Aspects
of Inorganic Chemistry2nd ed.; Cambridge University Press: Cam-
bridge, U.K., 1982. (ae) Dasent, W. Eorganic Energetics: an

Introduction 2nd ed.; Cambridge University Press: Cambridge, U.K.,

1982. (af) Jenkins, H. D. BJ. Chem. Edug¢.accepted.

(4) (a) Mallouk, T. E.; Rosenthal, G. L.; Muller, R.; Brusasco, R.; Bartlett,
N. Inorg. Chem.1984 23, 3167-3173. (b) Mallouk, T. E. Doctoral
Thesis, University California, Berkeley, 1983, Chapter IV. (c) Bartlett,
N.; Yeh, S.; Kourtakis, K.; Mallouk, T. EJ. Fluorine Chem1984
26,97—-116.

the sacrifice of a certain degree of rigor, however. The
advantage is that thermodynamics of hypothetical, counter-
intuitive, as well as traditional ionic materials can be
estimated from the derived volumédNew materials are
inevitably becoming increasingly exoficand the corre-
sponding trend toward simplicity in calculation which this
approach offers is likely to broaden interest in its use by
specialists and nonspecialists alike.

DiSalvd®®has documented the challenges and opportunities
facing the solid state chemist in exploring such new materials
and gives an interesting perspective on just how many new
candidates there are for potential study. It is from such
materials that exciting new and advanced properties are most
likely to emerge. To offer a means by which to immediately

(5) (a) It can be noted that the radius ratio réftese very much influenced
by the slightest departure from a true ionic lattice (caused by the
presence of covalent influences) and as a result often predict too high
a coordination number in many lattices (e.g., 8 instead of 6). If these
rules had been formulated with volume instead of radius, a better
account of these structural relationships might well have been
developed. (b) Pauling, LNature of the Chemical Bondrd ed.;
Cornell University Press: Ithaca, NY, 1960. (c) lon additivity is not
always an appropriate assumption, and we need to proceed with
caution. For example, in cases where there is an araoion contact,
e.g., as in LiBr, subtracting an overall anion or cation volume from a
unit cell volume does not give a true cation or anion volume. (d)
Volumes obtained from the state of the art, top of the range
diffractometers, studying several orientations of the crystal, should
be to a precision of 1 in FO(e.g., ViW/nm® = 0.96942+ 0.00012)
with the estimated standard deviation routinely provided in the output.
Unit cell volumes obtained using modern diffractometers, which
automatically study several orientations of the crystal and use charge-
coupled device (CCD) detectors, are capable of precisions of 14in 10
Such a precision is probably possible even with older photographic
techniques, but here data are not automatically processed and
achievement of that precision (and reasonable accuracy) would depend
on careful measurements and efficient manual data processing by the
operator. Modern instrumentation also ensures more careful control
of the operating temperature, and for that reason, the accuracy of the
volume determination should be better than that for older methodology.
(6) It should also be recognized that the main source of error in the
volumes we utilize emerges from the limitation of the extent to which
volumes are ion additive. This is best seen in the original ion volume
databas# (Tables 5 and 6) where standard deviations arising from
estimation of ion volumes from a series of salts containing the ion in
guestion are given.
Liebman, J. F.; Severin, K.; Kldge, T. M. Inorganic Exotic
Molecules Encyclopedia of Physical Science and Technal8gy ed.;
Meyers, R. A., Ed.; Academic Press: London, 2002, Vol. 7.
(8) (a) Disalvo, FPure Appl. Chem200Q 72,1799-1807. (b) Chalikian,
T. V.; Breslauer, K. JCurr. Opin. Struct. Biol.1998 8, 657—664.

(7

~
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acquire their basic thermodynamic properties at a formative y/ NOX+CIOy7} ~ V| NOy+CIOX7} ~
stage in their discovery must represent an encouraging A -1 i
development. The important link between volume and Va{ CIO,"NO, } ~ Vi{CIO,"NO, } (3)
thermodynamic parameters has been noted (in a different
context) in biomolecular chemist#.

Although the aim of this paper is to report the isomegethic V,{ Nox+c|oy‘} ~ V. { N0+CIO(x+y71)_} ~
rule (and some corollaries), and to use it for estimating ion VIN'CIO...} (4)
volume data, primarily for use in provision of thermodynamic m (x+y)
data, the rule also has a role in gauging size-related chemica
and physical properties. While the rule has been tested
primarily using solid state volumes, some gas phase ion V. { NOX+CIO ! %Vm{NCI+O(X+ )~
volumes? calculated by ab initio routes, are also shown (not Y N - e
unexpectedly) to satisfy the isomegethic rule. A cautionary Vil Oy NCIO, } % Vi { Opuryy NCI} (5)

note to the reader: ions considered in some of the examples Vi _ tall | dented i S
which follow may be regarded as being unusual (often INVOIVINgG experimentally EVer less-precedented 1ons. Some

bizarre, perhaps). In the sections that follow, we introduce approximations will inevitably work more satisfactorily than

the isomegethic rule formally, use our existing dataffase gteher:asep;s;')blglgstcsgig.r?f Seﬁ% Ed;r.yr']fzu?; %oertlcigngn?e
of ion volumes to validate the rule, and consider its g v ing whi ght exi W

isomegethic ion when compared to another. Experience in
advantages, uses, and consequences. the use of these rules, and identification of how best to
qguantify a given target ion volume, will inevitably improve
the quality of the results.

The isomegethigfeyefoc (megethosy size] rule, a name Specifically consideringm{ NOc"CIO, "} wherex +y =
introduced in this papéf,is simply stated as follows: lonic 5, we can write
salts of the same empirical chemical formula having identical N _ N 3 N 3
charge states (i.e., lattice ionic strength facbrbwill have Vid NO'CIO, } ~ V,{{NO, CIO; } ~ V,{CIO, NO; }
approximately equal formula unit volumas,. Immediately, (6)
since their volumes are approximately equal, so also will be
their densitiesp (eq Al12, Supporting Information), lattice
potential energiesUpor (eq la,b), and standard absolute
entropiesSy° (eq 2).

In this paper, we restrict our applications mainly to
ionization isomerism in noncoordination compounds, al-
though the rule should apply equally to other kinds of
isomerism in ionic solids.

and further develop more sophisticated (extreme) forms

l)r even

The Isomegethic Rule

and hence, by ion volume additivity, we have

V{NO'} +V{CIO, } ~ V{NO,"} + V{CIO, } ~
V{CIO,"} + V{NO;} (7)

[Note: We omit the “molar” subscript, m, when denoting
single ion volumes.] We possess, in our dataSaiseer alia,
the following single ion volume data (/ijn V{CIO,} =

Selecting as our first examples the species, @l CIQ, 0.082 (-0.013):V{CIO5} = 0.073 £-0.006);V{ CIO,'} =
which can occur either as cations or anions, enables us t09 031 &0.009)’.\/{ NO*} = 0.010 &0.010)\/{ NO,'} =

display both the principle behind, and the versatility of, the 0.022 (-0.009);V{NOs} = 0.064 (-0.011);V{CIO,} =
isomegethic rule. The isomegethic formula units employed o5 and/{ N'OZ_} — 0.055 '&0_007)'. ’

can involve both well—documenteq ions as well as ions not The three pairs of volume sums in eq 7 are virtually
usually encount_ere_d, alyvays pro_v!ded that charge and atomidentical, as is required for the rule to apply. Thus
balance are maintained in the pairings selected. Thus we can

write? V_{NO"CIO, } = (0.0924+ 0.016) nm (8a)

(9) The volume of an ion is not uniquely defined. However, quantum + o -
mechanical calculations on gaseous ions permit us to define a Vm{N02 CIO3 } (0'095i 0'011) mﬁ (8b)

boundary. It is therefore an interesting point of comparison as to
whether the isomegethic rule holds for gaseous species as calculated Vv_{CIO *NO "} =(0.095+ 0.014) nmi (8¢c)
by an ab initio route. Volumes for gaseous ions are included in the m 2 3
various tables of this paper. While computationally generated gas phase .
values of volumes of ions in themselves are not particularly useful These same formula unit volumes can be equated (eq 9) to
(and therefore of minor interest in this paper), the possession of a + — + -1 -
rule for the generation of computationally elusive volumes (e.g., for two further volumesvm{ NO;"CIO, } ande{ ClOs"™NO; }
multicharged ions) may be of some possible interest. " B n B n B

(10) We needed a name to imply both constant composition and ionic  V,,{NO"CIO, } ~ V,_ {NO, CIO; } ~ V,_ {CIO,"NO; }
strength, and so, “isomegethic” was finally chosen [isomegethic

0€) megethos)= Greek for bigness, dimension, extent, ~ + A + -
i 9 ~ V{NO"CIO, } ~ Vo CIOSNO; }
(11) By virtue of ion additivity, we can also write thatf{NO\"} + 9)

V{CIO,} ~ V{NO,*} + V{CIO,} ~ V{CIO/*} + V{NO} ~

V{CIO*} + V{NOy}, etc., so enabling, by appropriate rearrangement, . P . .
individual unknown ion volumes to be quantified and then reutilized Assuming addltl\/'ty of ion volumes, we can prowde

in other desired combinations. estimates for the currently unknown single ion volumes:
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Table 1. Estimation of lon Volume®/{NO3z"} andV{CIlOs*} Using
the Isomegethic Rufe

the overall thermodynamics of a process under consideration,
as measured by the molar Gibbs energy chan@g,is, once

) ) database ab initic® again, mitigated. The most usual application of molar
isomegethic ruley{ ClOs*} V{CIOz*}/nm®  V{CIOz"}/nm? . . .
o Vi —y } entropies involves their products with temperature to generate
=V{CIOs*} + V{HCO, } — V{HCO;"}  0.039+ 0.004 0.042 p ) B : .
— V{CIOy*] + V{NCO } — VICN 0.035L 0.004 0.033 TAS' terms contributing d|rectly to the Gibbs energy
=V{NO*} + V{CIO;} — V{NO;} 0.0364+ 0.008 0.029 change AG. At common ambient temperatures, the uncer-
=V{NO;'} + V{CIOs} —V{NO;}  0.039+ 0.00F 0.035 tainty in the energy ternTASkJ mol? is about one-third
average (of mean values) 0.037 0.035 . - 1 —112b .
ab initio computation 0.037 of the uncertainty ir§J K= mol~1,*?Preducing even further
at lower temperatures. Thus, the presence of some uncertainty
database ab initio ; At ;
isomegethic rule\V{NOs} VINOS e V{NOs '}/ in \(/jn_1 d_oes npt prsventI usefl;)l quzntltanve :)herrgodynamlc
—V{CIOr ] + V(NO'] — V(CIOp) 0.038% 0.005 0.026 prediction using the volume- asg leqs la,b and 2.
=V{NO;"} + V{ClO;} — V{CIO,} 0.0394 0.005' 0.032 The accuracy of volume prediction by use of the rule
=MV{CIO;'} + V{NOs} —V{CIO;'}  0.039+0.008 0.029 would not suffice for all applications, however. There are
=V{NO,"} + V{HCO;} — V{HCO,"}  0.038+ 0.008' 0.027 | derati h E le. the i |
= V{NO,*} + VINCO} — V{CN'} 0.026+ 0.005 0.027 several consi erations here. For examp e, the ion volumes
=V{NO,"} + V{OH} — V{H"} 0.021+ 0.008' 0.026 emerging from our databa®¥eare recognized to have a
average (of mean values) 0.034 0.028 f f ;
ab initio computation 0.0%8 tendency to be slightly too small in the case of the cations

| | i he rule (col ) datab and to be slightly too large (by a similar amount) in the case
aColumn 2 values computed from the rule (column 1) using database ; ; ; ;

ion volumes?a Column 3 values computed by B3LYP/LANL2DZpd method of T[he anl_ons. Thls_ arises from the met.hOd used 1o app_ortlon
for individual ions listed in column 1. The averaged values in column 3 Voidage in the unit cells (see discussion below eq 5 in ref
are similar to the values calculated for the two ions themselves using the 3a). Those ion volumes generated using the isomegethic rule
B3LYP/LANL2DZpd method (listed below the averagesReference 3a. iy jikely have this feature also. However, when recombined,
Where no standard deviation is given in the dataSaaevalue of+0.005 . . s
n? is assumedt Values calculated using the B3LYP/LANL2DZpd method ~ the increments and decrements will tend to cancel, yielding
as described in the testBecause of the statistical problems involved in  reliable formula unit volumes. A good example of a less

estimating an overall standard deviation when (i) both individual central [ ; i
values and individual (estimated) standard deviations vary and (ii) individual usefu! application of the ru'_e W(_)UId be in hlgh' pressure
standard deviations have different (and probably uncertain) weights, no chemistry (such as the graphite-diamond conversion), where

standard deviation has been attached to overall averages. This applies alsenthalpy is a strong function of pressure: this would
to subsequent tables. exacerbate the uncertainties in the present model.
The isomegethic rule can have a validating role for

checking on established ion volumes. Solid state ion volumes
have been found to correlate wlwith ion volumes from
. . , solution studies, and so they forge a link between thermo-
_There are two significant points to be made herg. Neither dynamic properties in both solid and aqueous media. Thus,
nitrate nor chlorate (N, ClO;") occurs as a solid state the ability of the rule to expand the known ion volume data

'on. Howeve_r, since thellsomegethlc rple generally gives . implications for other areas of chemistry beyond the
consistency in its predictions and, in this sense, appears to

. . ; iImmediate applications suggested in this paper.
work for hypothetical materials as well as for experimentally PP 99 pap

realized species whose volumes are known. their volumes In circumstances where crystal structure data are unavail-
P ) . _ able or no other representative compound(s) have been
may nevertheless be used as intermediate data in th

acquisition of yet further volumes (for established ions or Ssolated which contain the target ion whose volume is sought,
. . i ) the isomegethic rule is a tool to provide the thermodynamics
otherwise). Further, combining{NOs"} with appropriate 9 P y

known anion volumes/{ X~} or V{Y}, leads to the formula
unit volume data for the salts N® and NQY and, hence
(by virtue of eq 1a or 2), immediately to their corresponding
lattice energies and standard entropies.

V{NO;"} andV{CIOs"}. This type of application is likely
to be the commonest use of the isomegethic rule (see Tabl
1).

(12) (a) Considering the relationship in eq 1a, and assuming no errors in
o andg, then, usings for the standard deviation:

5wy = U210y “o(v) = 2% ()

v 3V

Using| = 1,V = 0.110 nni with standard deviatiow(V) = 0.020
nm? (about 18%),0. = 117.3 kJ mot! nm andp = 51.9 kJ mot?,
Upot= 593 kJ mot® with standard deviation(Upot) = 30 kJ mof?
(about 5%). If we include standard deviations foand/ of 5.3 kJ

; ; ; ; mol~* nm and 10.1 kJ mol with a covariance, coy ) = —7.2
Given that thermodynamic data are to be estimated using kP mol~2 nm (these values being characteristic of Figure 1 in ref 2a),

the rule, we need to ascertain that any likely error in any then:
volume estimate derived from the rule will not compromise
the thermodynamic information it provides. Suppose that we
have a 1:1 saltl(= 1) having an estimated formula unit A%l a2 A2

volume, Vi, with an arbitrary (say 18%) uncertainty. Then, ===0"(V) + —=0%() + 4°0*() + Z=cov(a.f)
the corresponding uncertainty leo1, as predicted by eq oJVe V2 Vv

o(U) =

Effect of Propagation of Errors in Volumes when
Deriving Thermodynamic Data

AU) = (%)202(\/) + (%)202((1) + (%)zoz(ﬁ) + (%)(%)cov(a,ﬁ)

Now, 6(Upot) = 41 kJ mof! (about 7%). Thus, even if we allow for

1a, is reduced to only 5% (or 7% in the extrerfg).

In the prediction of standard molar entrop$),( any
uncertainty inVy, is directly propagated through to the
entropy estimate. However, the effect of this uncertainty on

standard deviation in the fitted parametersand, the error found

in Upotis only increased by a further 2%. (b) The error in the entropy
term can be treated as follows. SirEés precisely measurable, then
o(T9 = To(9), so thato(TIkJ molt) = To(S/kd molt = To(9)/(J
K=tmol™1 x kK) = (T/kK) o(SJ K"t mol™) ~ (1/3)0(FJ K-t mol™?).
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of this new class of materials. Hypothesised and counterin-in the section discussing errors below. It is clear that,
tuitive ionic materials, as well as stable and well-character- although approximate, and it is important to acknowledge
ized materials, are equally amenable to study. The only this fact, the rule can provide an adequate basis of volume
assumption necessary is that of approximate ion volume estimation for a number of topical applications. The general
additivity, an already proven concept, which has been well- applicability of the isomegethic rule to ionic materials which
tested by the establishment of our existing dataBa$his do not currently feature as conventional salts (counterintuitive
latter concept is illustrated in Appendix 1 (see Supporting materials) is confirmed here by testing alternative isome-
Information) using the example of the estimation of gethic combinations of ion volume data freely chosen from
V{As,F1;7}. our databasé&

As a side issue, it is interesting also to examine whether
the rule of additivity of volumes, on which the isomegethic
rule is based, will work outside the arena of solid state
chemistry. Therefore, relevant ion volumes were calculated Ad hoc selection of pairs of isomegethic ionic salts and
employing the Gaussian 98 program pack&gesing the comparison of the sum of the ion volumes for the pairs shows
B3LYP model* and the LANL2DZpd basis sét. The the volumes to be closely similar (usually well within the
volumes are calculated using a Monte Carlo technique with error limits specified). Table 2 cites just a few of the many
a precision of roughly 5%, are displayed in a number of the possible combinations. The average discrepancy found in the
tables (see Tables 1, 2b, 3, 4, 5c), and correspond to theexamples is about 0.008 Anrising to 0.014 nrhfor the
region in space where the electron density is greater thanlarger ions. Recommended practice would be that, whenever
0.001 electrons per cubic Bohr (1 Bokr0.529 A). These possible, multiple estimates should be calculated from several
results arise directly from the calculations with no scaling alternative combinations of ion volumes (consistent with the
or other corrections being applied. The volumes are typically rule), as is illustrated in Tables 1 and 2, for example. The
lower than experimental solid state values by—#0%, rule is seen to hold and have broad applicability.
possibly because of voidage or the choice of density cutoff.
Thus, the calculated volumes should not be directly compared
to the solid state volumes derived from crystal structure data.
Also, calculations for ions with more than one charge center  Earlier use of eq 1a to obtain the lattice energy for salts
were not carried out because chargharge repulsion within ~ containing an ion whose volume was unavailable (usually
these ions will be significantly different in the gas phase because no representative salts existed which contained the
than in condensed phases, making comparisons questionablepecific ion in questio)resorted to rather crude estimation.
That is, multiply charged ions, when unsolvated and/or lons of known volume which were, in turn, larger and smaller
uncomplexed in the absence of solvent or counterion, arethan the target ion (while being as close as possible in size
generally unstable with regard to homolytic bond cleavage to it) were selected from the database. A Boolean relationship
and/or (when anionic) autodetachment. However, the mainwas then used to “bracket” the target ion volume. To cite an
conclusion of this latter work is that there is agreement example, when estimating S;*} (ref 3i, footnote 121), we
between the rules and the ab initio calculations, while noting assumed that
that the ru!es are m.uch simpler to usg for ions of any size. V{Br,"} > V{S;} > V{SN"} (10)

A selection of evidence for the validity of the rule, for
established solid state materials, is assembled in AppendixSince the volume¥{Br,*} andV{SN'} were know* to
2 (see Supporting Information), and a brief discussion of be (0.057+ 0.014) and (0.032= 0.007) nn, respectively,
the likely magnitude of errors accumulated by its use is made the average of the two (extreme) volumes was equated to

V{S;'}, leading to prediction tha#¥{S,"} ~ 0.045+ 0.016

(13) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, nme,

gt. At.; Cheegergarg J. Ri; §a(k:rzeDwski,,Vr.] GS h’cﬂqlr;tgon;e&/, JI.DA.,_ Jlr-; The weakness of this approach is, of course, that the
ratmann, R. E.; burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, . . H .

A. D.: Kudin, K. N.- Strain, M. C. Farkas, O.: Tomasi. J.. Barone. magnitude qf the targ_et volume estimated is dlctate_d sqlely
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; by the particular pair of “end-member” ions arbitrarily
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; i i i ;
Morokuma. K. Malick, B. K.: Rabuck. A. D.. Raghavachari. K- chosen. The isomegethic .rule, in the .form of equations
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.: Stefanov, B. B.; Liu, G.; represented by eq 11, provides a much improved methodol-

Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R.  ogy (see Table 3) and does not have the above disadvantage.
L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara,

Verification of the Validity of the Isomegethic Rule
using Existing Data

Replacement of Boolean Relationships by the
Isomegethic Rule

A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.; + 1A t — —
Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle, Vil S, NO} ~ Vi{SN'O, } x=2.3 (11)
E. S; Pople, J. A.Gaussian 98 revision A.9; Gaussian, Inc.: The Volume estimated fN{SZ+} by eq 11 (005& 0010

Pittsburgh, PA, 1998. Note: “Volume tight” option used to increase . o . : e
the size of the sample set to improve precision on the volume NMP) using our existing database of ion volurffdes within
determinations. i ; ; i
(14) Becke. A, D.J. Chem. Phys1993 98, 5648-5652. the.bounds specmeq by relatllonshlp 10, is clqse to the crude
(15) (a) Hay, P. J.; Wadt, W..R). Chem. Phys1985 82, 270-283. (b) estimate made earlier, and is preferable to it. It should be
\é\/a}]dt,v\\//V.dl?.wangch&U- Chsr?ﬁ;ghgglg;% gé %ﬁ‘é—%g)S-C(;) l;asé noted that the salts ;SNO,”, SNTO,”, $"NO;~, and
N aat, . . em. V! , . eck, C. + — . . .
E. Faust, T. O.: Bailey, J. E.; Wright, B. J.: Gilbert, T. M. Sunderlin, SIN*O;™ used in eq 11 are hypothetical materials. However,

L. S.J. Phys. Chem. 2001, 105,8111-8116. this is of no relevance to the calculation \¢fS,*} in our
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Table 2. Isomegethic Pairs of lonic Salts from the DataB3ase

Table 3. Estimates oV{S;*}

(a) Solid State lon Volumes

differencé
ion volume ion volume inion
sum of first  sum of second volume
isomeric salts salt/nn? salt/nn? sums/nm
1:1 Salts, One Way Transfer

NO,"Brz~:Brs*NO, ¢ 0.146 0.014) 0.15140.010) 0.005
BrztO,7:0,"Brs¢ 0.142 0.010) 0.13940.016) 0.003
1370710, I3~ ¢ 0.177 ¢-0.010) 0.18540.011) 0.009
137ICI,:ICl ¢ 0.253 0.007) 0.25440.013) 0.001
137IBry~:IBratlsc 0.273 ¢0.007) 0.26640.017) 0.007
NO,"™HCO, :NO*HCO;~ 0.078 @0.009) 0.07440.010) 0.004
NO,"CN~:NO*NCO~ 0.072 -0.011) 0.06440.010) 0.008
NO,*CIO, :NO*CIO3~ 0.078 (-0.009) 0.08340.012) 0.005
SCkL*CN~:CIz"SCN- 0.146 @0.013) 0.13340.008) 0.013
SBrRTH™:Brg"SH- 0.156 (-0.018) 0.15340.011) 0.003
SektH I3t SeH 0.192 ¢-0.018) 0.20140.011) 0.009
Brs*Brs~:Brs"Br- 0.220 @0.013) 0.20340.017) 0.017
Istl5lstI— 0.302 ¢-0.007) 0.28240.021)  0.020
N(SCly"I7:SNTClol — 0.187 @0.023) 0.18240.009) 0.006
average 0.008

2:1 Salts, One Way Transfer
(NO;M)2$,0427:(NO™),$,06%~  0.157 (£0.013) 0.17340.020) 0.016
(SINT)2S406%2:(SNF)2S062~  0.329 @0.013) 0.33440.010) 0.005
(SCE")2S406>:(Cl3M)2S06?~  0.393 (£0.017) 0.39440.010) 0.001
(SI57)2S406%:(157)2S606>~ 0.527 0.010) 0.53240.010) 0.005

Average 0.007

Two Way Transfer
(Cl3M),2Snk?~:(157),SnCk?~ 0.486 (-0.013) 0.49640.010) 0.010
(Brs*).Rel? :(I3%).ReBr?~ 0.536 (-0.024) 0.52540.010) 0.011
(Br3+)2TC|527:(|3+)2TCBI'627 0.525 &0010) 0.521 31:0010) 0.004

average 0.008
1:2 Salts, Two Way Transfer
(Tex(esu)Bry)2+(Cl)a: 0.690 (0.026) 0.70040.025) 0.010
Tex(esu)-
Clz 2+(Br7)2d
(Tex(esupBry)2+(17),: 0.740 (0.029) 0.72440.027) 0.016
(Tex(esu)l2)?*-
(Bri)zd

I2H(SCN)2Sl2H(CN7),  0.274 (:0.014) 0.30440.012)  0.030
127 (SeCN)2Sel2"(CN-),  0.316 ¢-0.013) 0.30440.019)  0.012
SsNZT(CN7)2SIN2H(SCNY),  0.265 €:0.010) 0.26540.021)  0.000
Sa+H(CN-)2Sa2 (SeCN), 0.570 £-0.010) 0.64040.021)  0.070

average 0.014

(b) Volumes Calculated Using the B3LYP/LANL2DZpd Method as
Described in the Text

differencé
ion volume sumion volume sum inion
of first of second volume
isomeric salts salt/nn? salt/nn? sums/nm
1:1 Salts, One Way Transfer
NO,;*Brz:Brs™NO,~ 0.110 0.098 0.012
BI’3+027102+BI'37 0.088 0.100 0.012
|3+027302+|37 0.117 0.110 0.007
13TICI~:IClo I3~ 0.171 0.145 0.026
137IBry—:IBratls™ 0.174 0.160 0.014
NO2THCO,:NOTHCO;~ 0.065 0.058 0.007
NO2*CN~:NO*NCO~ 0.059 0.052 0.007
NO,+ClO,:NO*ClO3~ 0.067 0.064 0.003
SCL*CN™:Cl3*SCN~ 0.095 0.103 0.008
SBr™H™:Brs™SH~ 0.112 0.098 0.014
Sek H™:I3"SeH" 0.133 0.131 0.002
Brz™Brs~:BrsBr- 0.143 0.145 0.002
I3Tl3™:lsT1™ 0.183 0.185 0.002
N(SCly"17:SNTClal ~ 0.125 0.124 0.001
average 0.008

aThe small value in this column represents residual differences arising
from the use of the isomegethic rufeOne-way transfer involves movement
of an atom(s) from one ion to the other; two-way transfer refers to exchange
of atoms between anion and catiéThe first five examples can be regarded
simply as charge transfefesu= ethyleneselenoure@The small value
in this column represents a measure of the deviation from the use of the

isomegethic rule.

database ab initid®
isomegethic ruley{ S;*} V{S Hnm? V{S; "} /nm?
=V{SIN*} +V{O,} — V{NO;}  0.051% 0.013 0.032
=V{SN*} +V{Os} —V{NOs}  0.059+ 0.016 0.036
average 0.055 0.088

aReference 3& Values calculated using the B3LYP/LANL2DZpd
method as described in the texDirect computation for the ion.

application of the composite of the additivity rule, the
isomegethic rule, and a knowledge of volumes of the other
ions in the salts of eq 11.

Application and Extensions of the Isomegethic Rule

In the concluding section of the paper, we provide a
straightforward example of how it is envisaged the rule might
be used to examine the thermodynamics or stability of a new
material (viz., Csk). Using the example of salts IBEI~
and ICI'Br~, we show how the underlying thermodynamics
(relative stability) can be estimated from volume data.
Finally, we discuss the implications of the isomegethic rule
in a number of specific cases. These are the volume of
hermaphroditic anion and cation pairs, relationships between
the volumes of homopolyatomic ions, and, finally, constancy
of differences betweerVf MX¢>} — V{MX'¢?"}], where
X and X are halogen, independent of M.

Stability of CsF3; Solid

Suppose we wish to consider the thermodynamics relating
to Csk solid. The B~ anion may be understood as the
lightest trihalide ion, analogous to its valence isoelectronic
counterparts with heavier halogefissuch as the well-
established sl ion. No such g~ salt is known as a solid
state species, although there is evidence for existence of a
Cs'F;™ ion pair within a matrix’ Clearly, no crystal structure
(or thermodynamic) data are available for this salt. As a gas
phase speciesgFhas comparable bond energy to its iodine
counterparts Experimental studié$ have been made on
the following reactions

F, (@) —F, (9)+F(@ AH,=125+13kImol* (12)

F; (@) — F (9) + F,(g) AH,=98=+11kJmol*

13)
from which we can deduceA(H’{F~, g} = —249 kJ
mol~1169 that

AH°(F;", g)= —347+ 11 kI mol* (14)
AH°(F, ", g)= —301= 13 kJ mol* (15)

Consideration of our database suggests six alternative isome-
gethic relationships (Table 4) enablingF;~} to be esti-

(16) (a) Artau, A.; Nizzi, K. E.; Hill, B. T.; Sunderlin, L. S.; Wenthold, P.
G. J. Am. Chem. So00Q 122 10667-10770. (b) Nizzi, K. E.;
Pommerening, C. A.; Sunderlin, L. S. Phys. Chem1998 102
7674-7679.

(17) (a) Ault, B. S.; Andrews, LJ. Am. Chem. Socd976 98, 1591~
1593. (b) Ault, B. S.; Andrews, Llnorg. Chem.1977, 16, 2024~
2028.
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Table 4. Estimates (One-Wayof V{Fs}

databas® ab initio®
isomegethic ruley{Fs} V{Fs}/nm®  V{F3}/nmé

=V{CIFs"} + V{F} — V{CIF4"} 0.0584 0.013 0.030
= V{BrFs"} + V{F} — V{BrF,;*} 0.085:+ 0.017 0.025
=V{IFs"} + V{F} — V{IF4"} 0.072+ 0.024 0.027
=V{SKE'} + V{Brs} — V{SBr*} 0.0634 0.020 0.017
=V{SeRk'} + V{Brs} — V{SeBg'}  0.063+ 0.020 0.034
=V{SeR"} + V{l5-} — V{Sek*} 0.065+ 0.013 0.019

average 0.068 0.025
0.033

aReference 3& Values calculated using the B3LYP/LANL2DZpd
method as described in the tekDirect computation for the & ion.

mated. The average result obtained is that
V{F;} ~ (0.068+ 0.017) nm (16)

and accordingly
V,{CsF} =[V{Cs"} + V{F,}] ~0.087 nni (17)
Using eq 1a, a lattice ener§yUpor{ Csk} ~ (633 & 30)
kJ mol?, and from eq 2S:°20¢(Csh, s) ~ (133 £ 23) J

K~ mol* can be established. It is worth noting again that,
despite the considerable uncertainty (20%Yif Csk} and

Jenkins et al.

AGg~ —664 34 kI mol* (20)
indicating that Cskwill decompose to CsF and,Falthough
this instability could be fairly marginal, which may explain
the observation of the formation of the Cand i~ ion pairs
within a matrix host. Also, since the Gibbs energy for
reaction (18) is moderately small, it may be possible to
produce Csk by the application of a sufficiently high
pressure of fto CsF. However, the required pressure may
be very difficult to achieve in the laboratory.

Use of Isomegethic Rule for the Consideration of
Thermochemistry of Hypothetical Salts

The isomegethic rule is able to assist with the development
of new areas of thermochemistry. Gas phase values of the
standard enthalpy of formation of I1Br AH°{IBr*, g} =
991.65 kJ mol! at 298 K (standard pressure 100 kPa),
and ICI, AH°{ICI*, g} = 997.5 kJ mot?!, have been
listed8® Using data forAsH°{CI~, g} and AH°{Br~, g},
we can therefore establish th&H® ~ —20 kJ mot for the
gas phase reaction @) + Br=(g) — I1Br*(g) + CI=(g).

We can now link the left and right sides of this equation in
a thermochemical cycle with the (hypothetical) ionic solids
ICITBr=(s) and IBFCI~(s) for which we assume (by the

hence in the standard entropy estimate (later reduced whengpomegethic rule) thalpor{ ICI*Br-} ~ Upor{ IBr*CI},

incorporated as the TASterm), the uncertainty in the lattice
energy is only 5%. We can consider the stability of €sF
vis-&vis CsF (whose lattice enerd$? Upor{ Csh, is 759
kJ moi, and standard entrop¥ S,°20g{ CsF, $ = 51.1 J
K~ mol™1). For the decomposition process in which gsF
loses i

CsF;(s)— CsF(s)t+ F,(0) (18)

in the absence of a value fasH°{ Csk;, g to calculateAH;g

directly we can construct a thermochemical cycle centered stability of IBrCI-

on this reaction in whichdpor{ Csks}, Upor{ CsH, and the
enthalpy changeAH,s, with the addition of arRT term (to
correct the lattice energy of CsF to lattice enth&ipyeading
to

AH g~ (—304+ 32) kI mol* (19)
The corresponding entropy changeS g, '8 is evaluated from
the data above (taking,°20s{F2, g} = 202.4 J K mol~* 189
to beAS;g~ +121+ 21 J K mol* leading to the overall
result

(18) (a)Handbook of Chemistry and Physi@9th ed.; Lide, D. R., Ed.;
CRC Press: Boca Raton, FL, 1998; Chapter 9, p 1222. (b) Wagman,
D. D.; Evans, W. H.; Parker, V. B.; Schumm, R. H.; Halow, |.; Bailey,
S. M.; Churney, K. L.; Nuttall, RN. B. S. Tables of Chemical
Thermodynamic PropertiesN. B. S.: Washington, DC, 1982.
Wagman, D. D.; Evans, W. H.; Parker, V. B.; Schumm, R. H.; Halow,
I.; Bailey, S. M.; Churney, K. L.; Nuttall, RJ. Phys. Chem. Ref. Data
1982 11, supplement 1. (c) Alternatively\S;g can be written adS;g
= Sn°208{ CSF, § — Sn°20{ Cshks, s} + Sn®204 F2, g} and, in view of
eq 2, has the particularly simple foreS;g = K[Vi{ CSF, § — V-
{Cshs, §}] + Saod Fo, gf ~ KI{F} — V{Fs7}] + Si’a0e{ P2, G}
corresponding to a term involving the difference in volume of the
two anions plus th&n°29{ F2, g} term. Use is made of the additivity
rule of ion volumes to eliminat¢{Cs'}. k= 1360 J K’ mol~1 nm™3.
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since the two salts are isomeric and so have similar volumes.
The closing loop of this cycle is then the reaction™IBi=(s)

— IBr*Cl=(s), for which, therefore AH® must also ap-
proximately equal-20 kJ mot?, suggesting that IBICI~

is slightly more stable than IEBr—. The assumption of
equality of the lattice energies can be checked by estimating
V{ICI*} andV{IBr*},%aleading toUpor{ICITBr—} ~ 568

kJ mol* and Upor{ IBr*Cl"} = 563 kJ mot?™. AS for the
reaction ICIBr=(s) — IBr*CI=(s) is estimatet#® (eq 2) to

be +6 J K* mol™%, and on this basis, the Gibbs energy
over ICI"Br~ amounts to approximately

17 kJ mot?. In the absence of any thermodynamic informa-
tion concerning the above compounds, and without the
volume-based equations and the isomegethic rule, no quan-
titative conclusions at all would have been possible.

Derived Routes for Volume Estimation at Individual
lon Level

Intuitively, the volume of the fulminate and cyanate ions
(i.e., CNO and OCN) should be approximately the same.

(19) (a)V{1Br*} can be estimated from the isomegethic Mg 1Br,*Os}
~ V{ IBr*BrO3z~} leading to a valu&/{1Br*} = 0.086 nni and hence
to Vm{IBrtCl"} = 0.133 nn} leading to values (eq la) of
Upor{IBr*Cl~} = 563 kJ mol?! and (eq 2) ofS/{IBrtCl-} = 196 J
K=t mol~% Similarly, V{ICI*} can be estimated from the isomegethic
rules Vin{ICI;"O37} ~ Vp{ICI*CIOs7} and V{ICI;"O;} ~
Vm{ICI*CIO,"} both leading to a valu®{ICI*} = 0.073 nni and
hence toViy{ ICITBr~} = 0.129 nnd leading in turn to values (eq 1a)
of Upor{ICI"Br—} =568 kJ mottand (eq 2) oS{ICI"Br~} = 190
J K 1 mol™% (b) This value forASof +6 J K- mol ™ differs slightly
from the anticipated zero difference in entropy values for these
isomeric salts but indicates that the degree of uncertainty arising from
the use of the isomegethic rule is reasonably small.

(20) (a) Latimer, W. M.Oxidation Potentials 2nd ed.; Prentice Hall:
Englewood Cliffs, NJ, 1956. (b) Latimer, W. M. Am. Chem. Soc
1921 43, 818-826.
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In general, provided individual ions have the same charge Table 5. Estimation ofV{ MnFsm-17} for m= 2 and 3 from Individual

and identical elemental composition (albeit in different lon Volume® Combination Relationships for Solid State lons (a and b),
. . . . . and for Gas Phase lons (c)

crystallographic environments), this approximation should

be valid. This idea can further be extended to multiply

charged species, for which it also appears to be satisfactory. |,

(a) Solid State lon Volumes
V{F~} =0.025 nm

F I k t th t V{M2F11_} /nm?3 V{ M3F16‘}/nrrﬁ (Using eqgs 25, 26)
or example, We can conjecture tha As 0.195+ 0.014 0.280£0.019  V{AsFs'} =0.110 nnf
- . - . Sh 0.217+ 0.026 0.313:0.025  V{SbR} =0.110 nnf
V{PF, } + V{AsO,” } ~ V{AsF, } + V{PO,>} (21) Bi 0.223:+ 0.022 0.322£0.028  V{BiFs'} = 0.110 nnf
Ru 0.229+ 0.012 0.3310.017  V{RuR} = 0.110 nr
Equation 21 is derived from the subtraction of a pair of (b) Solid State lon Volumes as
isomegethic equations: (oo Supporing inormaiion)
+ 1~ 3+ 3— V{ ASzFlf} nm3
VIMO, T} +V{PR } ~ IMFe™} + PO} (22) (MeSYCSH' salts  (m-CECeHs)(CeHs)CF salts XPH" salts
- - 0.212+ 0.017 0.221 0.007 0.205: 0.008
V{MO,"} + V{AsF } ~ VIMF*'} + {AsO,”} (23) 0.193:+ 0.008

; ; (c) Volumes Calculated Using the B3LYP/LANL2DZpd Method
Using our databas®,the sum of the known ion volumes as Described in the Text

on the left side of eq 21 equals 0.197 Jwvhile that for the
right side pair gives a volume sum close to this0(200
. . \4 Vv V Vv eq24V  eq25V  eq26V

nn?) (that is, we need not make any assumptions about the  {F-}/ {MFs}/ {MoF11}/ {MsFis}/ {MoFi} {MaFag}/ {MaFag}/
MO+ and MR3" ions), again testifying to the validity of M _nm* nm*  nm® nme nme nme nme
the isomegethic rule. We can also derive other subsidiary As 0.018 0065 0112~ 0155 0112 0159  0.158

; . . . L o 0.018 0071 0118 0188 0124 0177 0171
relationships (amounting to ion combination and partition g; gois 0073 04125 0488 0428 0183 04180
relationships). Thus, for the series of anions of type
MmFsme1~ (M = As, Sb, Bi, Ru) we can write, variously

ab initio

aEquation A2.P Equation A6.° Equation A9.9 Equation A11.

Table 6. Evaluation of the Term\{{ X*) — V{X")] for

V{M,F; } ~ 2V{MF4 } — V{F} (24) Hermaphroditi€ Anion/Cation Pairs
X V{X+}/nm? V{X"}/nm? [V{X7} — V{X*}]/nm3
VIM F s } ~ 3V{MFs } — 2V{F } (25) AICl;  0.1174+0.013  0.156 0.03% 0.013
ICI, 0.0834+0.013  0.122 0.03% 0.013
_ _ _ _ IBr, 0.0954+0.017  0.142 0.04% 0.017
VIMsFis } & VIMF, } + VMR } — V{F} (26) Brfs  0.044+0012  0.096 0.052 0.012
NO,  0.02240.009  0.055+ 0.007 0.033+ 0.011
: ; ; ; 0, 0.0154+0.011  0.046+ 0.007 0.036+ 0.013
whlgh can be reggrdeq as derived from |somegeth|c—type Brs 0.096L 0007 0124 0.011 0.028% 0.013
origins; to exemplify with eq 24 (eqs 25 and 26 are quite |, 0.131+0.007  0.171 0.04@- 0.007
similar), if we introduce an arbitrary cationic species,E ~ ClO.  0.031£0.009  0.056 0.025- 0.009
average 0.037

the isomegethic rule would give the pair of equations

Formula and Structure Exists in Both Isolable Cation

+ 1~ + -
VB + VIMoFy, 3 A VEMF T} + VIMF 3 (27) and Anion Forms). Since we anticipate that

+ -1 ~ + —
VIE"} + V(MR } ~ V{EMF; '} + V{F}  (28) VAMPX} ~ VXM (29)
which when subtracted give eq 24.

Table 5 shows that the use of eq 24 can equally wel
provide a satisfactory estimate of the volume of theFAs
ion, as can the sources discussed in Appendix 1 (see
Supporting Information). The results are predicted without
reference to the conformation of the ion, whether the two
AsF, planes are staggered or eclipsed, nor fordiker trans
conformation of the MF6~ ions.

| then we infer also that
VIM} =M}~ V[X} —V{XT} ~¢  (30)

In other words, an approximately constant differeree)
ought to exist between hermaphroditic anion and cation
volumes, X and X" (or M~ and M"). Table 6 shows this
difference using suitable examples from our dataSatee
Consequences of the Isomegethic Rule relationship is only roughly obeyed. Overall, the difference

Assumption that the isomegethic rule is perfectly obeyed Ct IS Séen to vary over the range

leads to a number of interesting ion volume relationships

which should apparently hold. They are discussed because 0.021< ¢,/nm?’ < 0.052 (31)
they provide an indication of the level of the errors associated . ) )
with the isomegethic rule in specific circumstances. for the ions listed, averaging to
Relationship between the Volumes of Hermaphroditic
Anion or Cation Pairs (Species for which the Same lonic ¢, = 0.037 nni (32)
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This result (eq 32) is consistent with our datalSase Table 7. Typical Incremental Volume Increases Found for (a) Cations
another respect. The proton {Hcan be regarded as a 2nd (b) Anions
mathematical point (i.e\{H*} = 0) while V{H"} = 0.033 (a) Cations
nm?, hence (for X= H) cation after volume  added volume increase per
cation addition of atom(s) increase/nrh atom(s) atom= a{X}/nm?3
V{H} — V{H"} = 0.033 nni (33) Bro" Brs" 0.039 Br 0.039
Br,* Brs* 0.090 3Br 0.030
i i i Brs* Brs* 0.051 2Br 0.026
Errors Inherent in Using the I§omegeth|c Rule.Sgppose BrE,t BIEs 0100 oF 0.050
atom X, when added to an existing complex cation,;/AB IF,* IFs" 0.047 oF 0.023
contributes an additional volume incremeatX}, i.e. g'FFz: §|F|§5++ g-ggg ii 8-8(1)5
e e . .
+ + XesFat XeoFi1t 0.061 8F 0.008
V{XAB,} —V{AB,"} = a{X} (34) 0. cloz* 0.016 Cl 0.016
SeNy* SeN,CI* 0.043 Cl 0.043
: : : i : ; oy* NO,* 0.007 N 0.007
yvhlle, when X is placed mto_ an existing anion, €Dit s e 0.059 | 0.059
increases the volume By X}, i.e. It Is+ 0.138 3l 0.046
Is* Is+ 0.079 2l 0.040
- -1 _ NO* NO,* 0.012 o) 0.012
V{XCD, } —V{CD, } =b{X} (35 Bt SiBrs* 0073 3 0.024
_ _ _ Brs* SBrs* 0.070 2s 0.035
According to our isomegethic rule, we would expect that SN SN 0.028 S 0.028
Brg* SeBg" 0.018 Se 0.018
o + _ Brg* SeBrs* 0.089 3Se 0.029
V{XAB,'CD, } ~V{AB,"XCD, } (36) Ist Sek* 0.028 Se 0.028
. . (b) Anions
Subtraction of eq 35 from 34 yields
anion after volume added volume increase per
[V{ XABy+} + V{CD{}] _ [V{ABy+} + V{ XCD;}] Haﬁnlon addmo;:)fatom(s)mcrgzs;/nﬁl atoSm(s) atom=0bé>2(‘}1/nm3
~ V{XAB,"CD,} — V{AB,"XCD, } CN- SCN- 0.021 S 0.021
H- SeH 0.037 Se 0.037
~ _ CN- SeCN 0.042 Se 0.042
X} —b{X} 37) H- SeH 0.047 Se 0.047
. . 0y~ NO,~ 0.009 N 0.009
from which we see that deviations from the rule can be |~ IBro- 0070 2Br 0035
expected to arise as inconstancyapX} andb{ X}, typical = ICl5~ 0.050 2Cl 0.025
values for which are assembled in Table 7. ICl2 :8:;‘_ 0002 st 0052
Table 7c presents mean values &fX} and of b{X}, I~ I3~ 0.099 21 0.050
designateda{ X} Oand [b{ X} [J for individual X. In a few |Hoc392 HOOs 00s 3 0008
cases (as indicated in the table), averaging is over acio, ClOs~ 0.017 o) 0.017
substantial range of values but, by and large, ranges areC!Os” ClO,~ 0.009 o 0.009
o . - NCO CN 0.004 o) 0.004
sufficiently small to give reasonable validity to such averag- No,- NOs~ 0.009 0 0.009
ing. Comparing the means, we note that (i) there are the sameOIz: OI3* B 0.017 O 0.017
number of situations whel@{ X} Oexceedsi{ X} Cas when gr 88? g:ggg %8 g:ggg
the reverse occurs, and more importantly perhaps, (ii) the cl- ClOs~ 0.035 40 0.009
difference between the correspondiggX} Cand b{ X} Cis or E:g{ 00 3 900
generally small. These points give some support to the gr- BrF,~ 0.040 4F 0.010
isomegethic rule, which would necessitate approximate - HF2 0.014 2F 0.007
equality of [a{ X} Uand [{ X} [J (c) Elemental Increments in Volume Found in Parts a and b
Types of Isomegethic Rule.We can divide volume Compared with Estimates Based on Latiffer
equalities originating from the isomegethic rule into two X & X} Inm? [B{ X} Znm?
broad categories. The relationship in eq 36 can be regarded F 0.02% (0.021¥ 0.009 (0.017
as involving a “one-way” transfer of an atom from cation to (83: 8-832’((8-8%7 g-ggg 23-82(13
anion, i.e., XAB" to XCD;", for which the deviations from | 0.048 (0.0419 0.050 (0.045)
ideality of the rule will be §{ X} — b{ X}]. Relationship 38 g 8-8&); (0.018) 060&?9 ©.00%)
involves a simultaneous “two-way” trapsfer of X from c;ation S 0.029 (0.026) 0.023 (0.025
XAB,* to anion XCO~, and Y from anion YCD™ to cation Se 0.025 (0.036) 0.042 (0.049)
+.
YABY : aValues in the final column represent typical magnitudea{of} (part
a) andb{ X} (part b). Differences among these (already small) nhumbers
V. {XAB y+YCsz} ~ V{ YAB;XCD;} (38) quantify the size of likely errors in applying the isomegethic rule which
arise largely as a result of the deviation from additivity found within
and thus individual salts containing a common iochWide variation in individual
a{ X} values.c [@&{ X} Ovalues in parentheses calculated fr&} values
+ B + for the elements X (in kcal mot from Table 87, Appendix Ill, ref 20a).
[V{XAB,'} + {YCD, }] — [V YAB,} + d B X} Cvalues in parentheses calculated fri§f&} values for the elements
V{ XCD 7}] [ {X} b{X}] [ {Y} b{Y}] (39) X (in kcal mol%) and for the case where the charge on the positive ion
~ & - - & - =+1, from Table 90, Appendix I, ref 20a.
z y 1 y
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where a{Y} = VYAB,} — V{AB,"} and b{Y} = This leads to the expectation that

V{YCD,} — V{CD;}, from which it is seen that error + + B N

involved in using a rule derived from consideration of two- V{En } ®V{E, 1} +[VIXE } — VX }]~

way transfer will be small and, in most cases (although not 4 En,1+} + cf E"} (48)

in all, see below and Table 2), should be less than that

involved in using a relationship derived from a “one-way” V{E, } ~V{E,_; } + [V{XE"} — VX" ~

atom transfer, provided always that the errors in the volumes V{E, ,} +c{E} (49)

used in the two relationships are comparable. The ability to et

devise two-way relationships is, however, severely limited Since the cation or anion differences in square brackets

until the existing ion volume datab&3&és further expanded.  (=c, andcs) are independent afi, although dependent on
As an example, we consider the isomegethic rule estima-the nature of the elements E and X, this implies that volumes

tion of the volumeV{SeCk*}, known from a consideration  of polyatomic cation and anions should have a roughly

of six crystal structuréd to be (0.0924+ 0.012) nmi. constant volume increment asis changed, thus

Employing, first, a “one-way” isomegethic rule

P YR CAE} =V(E,} ~VIE, 1} =
V,{SeCL'CN} ~ V,{Cl,"SeCN} (40) IV{E,"} — V{E,"})((m— n) (50)

or We have limited data in order to test this relationship.
N N _ Consider the volumeg({ Br,*} and\{1,*} available for Bf*,
V{SeCk'} ~ V{Cl;'} +V{SeCN} —V{CN } (41) n=2, 3,5, and for /¥, n = 2, 3, 5. Examples in Table
A4(a) (see Supporting Information) show volume increments
per atom €[V{Brn'} — V{Br,"})/(m—n) = c{Br*}) for
Br," ions and €[V{ln"} — V{1,"})/(m — n) = c{1*}) for

which leads tov{SeC}t"} ~ (0.104+ 0.009) nn.
Two “two-way” isomegethic rules can be written. The first

is I, ions, leading to the conclusion that
V,{SeCL'SH} ~ V,{SCL"SeH} (42)  0.026=cf Br} =
or {IV{Br."} — V{Br,"}]/(m— n)}/nm® < 0.039 (51)

V{SeCL"} ~ V{SCL"} + V{SeH} — V{SH} (43) and

which leads to the estimate ® SeCk"} ~x93 (0.109+ 0.040= C2{|+} -

0.018) nni (a less certain value than the “one-way” estimate (V{173 = V{1, })/(m — n)}/nm® < 0.059 (52)
because the accumulated magnitude of the errors associated

with the individual ion volumes used is greater in this case). _

Another “two-way” relationship involves the use of the ion averaging to

volume,V{SeCN}, which has uncertain errors and, probably of Br} =

because of this, gives rise to an even poorer estimate
{[V{Br,.,"} — V{Br,"})/(m— n)}/nm* = 0.0324+ 0.007
V., {SeCL'SCN} ~ V, {SCl,"SeCN'} (44) (53)

or and

V{SeCL"} ~ V{SCL"} + V{SeCN'} — V{SCN'} (45) oI ={IV{1,,"} = V{1, }]/(m — n)}/nm® =

) ) 0.048+ 0.011 (54)
which leads to the estimate ® SeCk™} ~ 0.117 nmi.

As further experience is gained, a clearer picture will @gain showing plausible, but only approximate, constancy
uncertainties in the single ion volumes used tend to be thedifferences between larger quantities.
predominant factor over the choice of one- or two-way

. i . Equality of Volume Increments for [V{MX &—} —
relationship selection. quality u [VIMX ¢~}

V{MX'¢?—}]
The Cascade Relationship: Volumes of Homonuclear For the higher stoichiometric 2:1 isomeric salts{lBr
Polyatomic lons: V{E,—} and V{E;"} and (Br),MCle, the isomegethic rule can be written

For cations E" and anions E, a generalized isomegethic

+ 24 + 2—
rule can be written: 2V{Cl;"} + V{MBrg” } = 2V{Br;'} + V{MCI;"} (55)

and, hence

[V{MBrg®} — V{MCI* }] ~ 2[V{Br,'} — V{Cl,"}] ~ ¢,
V{X'E, } * UXE'E, , } (47) (56)

V{E, "X} ~ V{E,_,"XE} (46)
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Table 8. Approximate Constancy of Magnitude of = [V{MBrg2~) — yielding identical values fov{ Brs*} (although different from
V{MClg*)] from lon Volume Database the database value of 0.096 Hrwhile
cs= V{MBreg2} — _ _
M VMO VIMBre Y MO V{Cl;"} ~ V{ICI,"} +V{CI'} = V{1"} ~ 0.058 nni (60)
Mo 0.225 0.266 0.041 _ _
Os 0.223 0.261 0.038 V{Cl;"} ~ V{CL,F'} +V{CI"} — V{F} ~0.056 nni (61)
R 0.224 0.263 0.039 ) .
s: 0.229 0.267 0.038 averaging tovV{Cl;*} ~ 0.057 nni and leading to
Sn 0.234 0.274 0.040 N N
Tc 0.219 0.259 0.040 c,~2[V{Bry'} — V{Cl,"}] ~0.044nni  (62)
Te 0.244 0.286 0.042
Ti 0.221 0.256 0.035 some 0.004 nfhlarger thanc, found for the nine pairs of
W 0.222 0.263 0.041 ions considered in Table 8.
Average 0.040
Conclusion

Since the right side of the second equality in eq 56 is ) )
independent of M, this implies that if the isomegethic rule A procedure has been established enabling several alterna-

is valid, we should see an approximately constant differencetive estimates of a target ion volume, limited only by the
(=c4) between the ion volume# MBrs2} andV{ MCl¢2}, ingenuity and inventiveness of the isomegethic relationships
independent of the nature of M (which only influences their e€mployed. The use of this rule in conjunction with the

absolute magnitudes). This should extend to differencesVolume-based equations connecting volume to thermody-
[V{MX &} — V{MX'}], etc., for other pairs of halogens namic functions enables the study of the thermodynamics

(X and X). of counterintuitive as well as traditional inorganic materials.
Table 8 uses volunigdata for MBg2~ and MCk2~ salts Aside from its (considerable) value for explaining the
to apply this test. It is clearly seen that the isomegethic rule nergetics of future ionic materials, this rule also has

returns an approximately constant valuedprThe right side ~ Pedagogical value.
of eq 56 sho_u[d also equate to this incremental difference. Acknowledgment. Robin Pritchard (UMIST) is acknow-
From the existing databasea value for ledged for his advice concerning the accufdeyith which
. . modern X-ray data is presented compared to earlier work.
2[V{Br;'} = V{Cl;"}] ~ (0.034+ 0.010) nni  (57) Jack Harrowfield (Perth, U.K.) is also thanked for discussions
with H.D.B.J. concerning isomerism.
emerges being 0.006 framaller than the average found in _ _ _ ) o
Table 8 (equal toJ{MX &2} — V{MX'¢2"}]). Alternatively, Supporting Information Available: Appendix 1 contaﬂnlng a
using the isomegethic rule we can write other routes to study of crystal structure data for compounds/A&;F;;~ and
. + N confirmation of the validity of the ion volume additivity relationship.
establishv{Brs"} andV{Cls"}, thus Appendix 2 containing observations of the validity of the isome-
gethic rule among known materials, including listings of densities
(Table A1), enthalpies of formation (Table A2), standard absolute
V{Br;'} ~ V{Brs'} +V{Br'} — V{Bry } ~0.079 nni entropies (Table A3), and incremental volume increases for cations
(58) and anions (Table A4). This material is available free of charge

_ _ via the Internet at http://pubs.acs.org.
V{Br;'} ~ V{IBr,’} + V{Br'} — V{I} ~0.079 nr(ﬁ 0 PP g
5 1C049186J
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