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Abstract: The recent Glasser—Jenkins method for lattice-energy prediction, applied to an examination of
the solid-state thermodynamics of the cation exchanges that occur in electrochromic reactions of Prussian
Blue, provides incisive thermodynamic clarification of an ill-understood ion exchange that accompanies
particularly the early electrochromic cycles. A volume of 0.246 4 0.017 nm? formula unit™ for the ferrocyanide
ion, Fe'[(CN)g],*~ is first established and then used, together with other formula unit—volume data, to evaluate
the changes of standard enthalpy, entropy, and Gibbs energy in those ion-exchange reactions. The results
impressively show by how much the exchange of interstitial Fe3* ions by alkali metal ions, usually exemplified
by K*, is thermodynamically favored.

Introduction the ideal deposition protocol. However, an understanding of the
underlying thermodynamics of the processes is prerequisite to

Electrochemically induced changes of valence that result in e :
y 9 clarification and future development, hence the importance of

striking color changes constitute the process edéctro- . . . .
chromismt a modern evolving technology in which final “best the prfesent study in tackling this reqm.reme'znt.

formulations” are yet being sought. The optical change is  UNtil very recently, methods for estimating the thermody-
effected by applying a small dc potential (maximally a few volts) "@mic para_meters requ_lred for reactions mvolvm_g such arche-
which causes darkening of an appropriate conductive-glasstypal matgrlals as Prussian Blue have prqved elusive. A5|de_from
“sandwich”, described below. Manifold applications include & theoretically based paper on the detailed thermodynamics of
antidazzle car mirrors (several million now in use), architectural €léctrochemical reactions, for which only ball-park estimates
windows? optical shutters, memory devices, and the fike. Were possible for the Madelung componéhtand some
Thermal robustness exceeds that of liquid crystal devices. electrochemical St_Ud'eS of othe_r solid metal hexacygno-
Reversible and visible changes in transmittance and/or reflec-Metalates?™d the literature contains no quantitative lattice
tance take place in an enforced redox reaction within a galvanic €NeT9Y estimates for these materials. After recent developments

cell commonly comprising conductive-glass electrodes as sup-M2de by the present authors, however, it is now possible to
port for the thin-film colorants. estimate, for the first time, component lattice energies and

WOQOg, coloring intensely on partial reduction, is probably the Entromes_ and,_ herllce(,j G'Ebs ende_rg_y charr]wges for sorfne ththe
leading choice of solid-state electrode material, but an equally ey react|ons_ involved. T _e predictions t_ at emerge rom_t €
satisfactory companion electrode, needed to complete thePresent studies clogely mirror the experlmental observatlons,
electrochromic cell, is still lacking. The neglect in application Wh'Ch, confers conﬁdenge on extending these techniques to
of the widely studied candidate Prussian Blue is perhaps e>_<p|a|n th? th_ermochemlstry of further_k_n_own systems, and
ascribable to hitherto inexplicable aspects of its behavior wider applications that can supply feasibility assessments for

described below, but mechanisms for the observations have now/'€W Processes can readily be envisaged.

been adduced partly resolving the problems and establishing ~ 10 Preserve the electroneutrality ofsalid electrochrome,

as in WQ or Prussian Blue, ion uptake or loss must accompany
T University of Warwick. the color-transforming electron transfer. In Prussian Blue (iron-

FUniversity of Exeter. (IMhexacyanoferrate(ll) or “PB”§,5 the chromophore is the

8 Curtin University of Technology.
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Fe*t[F€'(CN)e]4~ unit. The coloration results from an interva-
lence optical charge transfer, but this can be avoided if thé Fe
is reduced to F& so leaving a clear or “bleached” product
Prussian White, as in reaction 1 where only the chromophore
is depicted. Color is restored on reoxidation.
FE'FE'(CN)]* +e < FeFe"(CN)]" (1)

The initial PB, deposited onto conducting glass by electro-
reduction of a solution containing #gFe'' (CN)g]3~(ag), is
virtually always the “insoluble” (non-peptisable) form3FgFe*-
[FE'(CN)g]*, “iPB”, regardless of any alkali metal cations'™
in the electrodeposition solutic¥-® The “supernumerary”
Fe**y3, so-called because it largely simply preserves electro-
neutrality, is interstitial as is any supernumerary cation in the
cubic lattice. On subsequent cyclovoltammetric (CV) cycling
(see below) in M-containing solutior¥;*” the monocation M
replaces much of the supernumerary'f¢he best-incorporated
replacement being Kwhich, if sole supernumerary, gives?
the so-called “soluble” PB or “sPB”, KFe*"[Fe!(CN)g]*~.

Thus, the reactions of interest, focusing on the chromophore
unit as “core” species separate from the extra charge-neutralizing
cation, are

(Fe),Fe [FE (CN)* (s) + KT (aq) ARG

K Fe' ' [Fe"(CN)]*™ (s) + Y.Fe¥ (aq) (2)

with, here, total replacement of the supernumerary. With only
partial replacement (as explained below in eq 7 and text)

(FE") € [Fe! (CN)J ™ () + YK (ag) — ™

(K")ya(FE) e [Fe' (CN)* (s) + Y4F€e’ (aq) (3)

The well-rehearséd*%7 insertion electrochemistry of ™
supernumeraries, still largely lacking in explanation, follows
the electrode reactions below (the chromophore being written
intact, i.e., free of fractions or multiples). For PB electrodepo-
sition in M?#* solution

Fe¥'[Fe" (CN)* (aq)+ 7, M**(ag)+ e—

(M*),,.Fe TFE (CN)J* (s) (4)
where the precursor aquo-ion is brown and the solid product
deposited is blue. [The change in fontNB* distinguishes the
specific initial supernumerary Ee from any other supernu-
meraries.] The subsequent bleaching reduction of the initial PB
deposit, with its invariable supernumerary3Feis carried out
in a different solution (as would be the case in a working
electrochromic cell), e.g., slightly acidified excess KCI in which
K™ is the YYzMz*:

(Fe™), Fe [Fe (CNY, 1" (s) + 1 ,M* (ag)+ e—
(M*),(FE") e [Fe"(CN) 1" (s) (5)
giving the clear “Prussian White”. On reversal, the new PB

product, now differing in composition from the initial with?¥
replacingM#*, is produced in the recolorizing oxidation:

(M™% (FE™),FE [Fe" (CN)s 1+ (s)—
(M*")y,Fe[FE (CN)g ] (s)+ '/5Fe* (ag) + e (6)

Analytical resultd*€however show that not all supernumer-
ary Fé* is replaced in the first cycle (reaction 4), but only a
fraction x of about a third or more, hence,

(M*)(Fe"), JFE FE (CN)* (s)—
(M*),(FE) 1P € TFE (CN)g*(s) + */5F€* (aq) +
CIM* (ag)+ e (7)

In this study we deal largely with Kas the M* ion, for
which the net replacement reaction is thus reaction 2 or 3, and
for these the thermodynamic parameters will be established.
Reactions 2 and 3, which are both ion-exchange in nature, are
in effect catalyzed by the electrochromic (bleachihgecol-
oration) redox reactions 4 to 7.

The mechanism proposgtbr the ion-exchange lacks any
assessment of the driving energetics. Recent advaheces
vastly simplified the treatment of the thermodynamics of
complex solid systems; when applied to the ferrocyanide lattices,
these allow, for the first time, the quantification of the standard
enthalpy, entropy, and Gibbs energy changes in and, hence, the
equilibrium constants for, the ion-exchange reactions of interest.

Lattice-Energy Strategy. The GlasserJenkins predictive
method§ are based on using the formula unit volumes of the
species involved, thus task (i) is to establish the volume of the
ferrocyanide anion, [Fe(ChY~. Thereafter (in task (ii)), the
enthalpy changesAH; and AHs, can be established using
thermochemical cycles involving lattice enthalpy steps. We then
(in task (iii)) estimateAS; and AS; using our new entropy
volume equatioff9 relating absolute entropy of solidS),gs,
to the molecular (formula unit) volum¥y,. Finally, in task (iv),
we combine enthalpy and entropy changes to estimate overall
values ofAG; and AG3 and, hence, the equilibrium constants
K, and K3, for the reactions 2 and 3.

Ferrocyanide lon Volume and Lattice Energies.The ICSD
databas¥ contains structural information for a number of
anhydrous A",BY"[Fe(CN)], and hydrated A"BY*[Fe-
(CN)g]»nH.O ferrocyanide salts. Hydrated salts, being only
partially ionic materials, ar@ot immediately susceptible to

(5) Rosseinsky, D. R.; Lim, H.; Zhang, X.; Jiang, H.; Wei Chalndrg. Chem
2003 42, 6015-6023.

(6) (a) Mortimer, R. J.; Rosseinsky, D. R.Chem. Soc., Dalton Tran$984
2059. (b) Mortimer, R. J.: Rosseinsky, D. R.Electroanal. Cheml983
151 133.

(7) A. Widmann, A.; Kahlert, H.; Petrovic-Prelevic, I.; Wulff, H.; Yakhmi, J.
V.; Bagkar, N.; Scholtz, Flnorg. Chem.2002 42, 5706.

(8) Emrich, R. J.; Traynor, L.; Gambogi, W.; Buhks, E.Vac. Sci. Technol.
1987, 151, 133.

(9) (a) Glasser, L.; Jenkins, H. D. B. Am. Chem. So200Q 122, 632. (b)
Jenkins, H. D. B.; Roobottom, H. K.; Passmore, J.; Glasséndrg. Chem
1999 38, 3609. (c) Jenkins, H. D. B.; Tudela, D.; Glasser|dorg. Chem
2002 41, 2364. (d) Jenkins, H. D. B.; Glasser, Ilnorg. Chem 2002 41,
4378. (e) Jenkins, H. D. B.; Glasser, Ilnorg. Chem 2003 42, 8702. (f)
Glasser, LInorg. Chem1995 34, 4935. (g) Glasser, L.; Jenkins, H. D. B.
Thermochim. Act2004 414, 125. (h) Marcus, Y.; Jenkins, H. D. B.;
Glasser, L J. Chem. Soc., Dalton Tran2002 3795. (i) Christe, K. O;
Jenkins, H. D. BJ. Am. Chem. SoQ003 124, 9457. (j) Dixon, D. A;
Feller, D.; Christe, K. O.; Wilson, W. W.; Vij, A.; Vij, V.; Jenkins, H. D.
B. J. Am. Chem. So2004 125, 834.

(10) (a) Inorganic Crystal Structure Database (ICSD), FIZ Karlsruhe and NIST,
Washington, DC, 2002. http://www.fiz-karlsruhe.de/ (b) Landoltstein,
Numerical Data and Functional relationships in Science and Technoplogy
Hellwege, K.-H., Ed. Group lICrystal and Solid State Physicgol. 7.
Crystal Structure Data of Inorganic CompoundBart C.; Springer-
Verlag: Berlin, Heidelberg, New York, 1979.
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Table 1. Estimation of Lattice Energies, Upor, of Anhydrous derived directly from the crystal structure data, while, in Table
Parent Ferrocyanides and of the Average lon Volume, 2, the hydrate volumes/{ AP*,Ba*,[Fe(CNJ],-nH0}, are first

V{Fe[(CN)g]*~}/nm3, for the Ferrocyanide lon, [Fe(CN)g]*~

converted toanhydroussalt volumes, using the equation:

Vin Upor V{A"},
ferrocyanide {parent} {parent} V{B%} V{[Fe(CN)sJ*"} + +
parent nm® a2 kimol! nm® nmé Vm{Ap qu y[Fe(Cle]z} = Vm{ paren} =
CsMg[Fe(CN)] 0.28497 11 5686 0.018 82 0.2453 Vm{Ap+XBQ+y[Fe(CN)6]Z-nHZO} —nV,{H,0} (8)
0.001 99
Cezn[Fe(CNY  0.27788 11 5734 0%821232 02378 \yhere Vin(H-0)/nm? = 0.0245% The lattice energies of the
K:CufFe(CNX], 0.4955 23 12642 0.009 86 0.2355 anhydrous ferrocyanides can then be estimated (column 6, Table
0.001 56 2) using the equatioff
LioCu[Fe(CN}]  0.24951 11 5943 0.00199 0.2440
0.001 56 pt+ pa+ 1
Na&Cu[Fe(CN)] 0.25150 11 5927 0.003 94 0.2421 Upod AT, B™[Fe(CN}]}/kJ mol
0.001 56 AI2IV, { paren})*? (9)
KoCu[Fe(CN)]  0.24925 11 5945 0.009 86 0.2280
0.001 56 . .
Rb,Cu[Fe(CN)] 024850 11 5951 0.013 86 02192 whereV{ parent is in nm?, A= 121.39 kJ mol! nm, and! is
0.001 56 the lattice ionic strength factdf:
KoNi[Fe(CN)Y] ~ 0.24701 11 5963 0.009 86 0.2253
0.001 99 | ==nz’ (10)
K.Co[Fe(CN)]  0.25605 11 5892 0.009 86 0.2340
0.002 31
Co[Fe(CNY] 025911 12 6591 0.002 31 0.2545 wheren; is the number of ions of chargg in the lattice, and
Nis[Fe(CNY] 0.25000 12 6670 0.00199 0.2460 the summation is made over the formula unit.
Cup[Fe(CNY| 024850 12 6683 0.00156 0.2454 The volume of the ferrocyanide aniow{[Fe(CN)]*}, is

av0.2381 next estimated in Tables 1 and 2 using the relation:

alonic strength factor as defined by eq 10. 4 T
V{[Fe(CN)]"} = [V{AP XBq y[Fe(CN)a]Z-nHZO} -

treatment using our simple equations for lattice enefgRether, XV{AP"} — y(BY") — nV{H,0} J/z (11)
hydrated salts have necessitated a separatetindgrder to

derive a methodology for estimating their energetics. Consider- ywheren = 0 for anhydrous salts{ AP} andV{Ba*} are taken
ing first the anhydrous (parentkalt and adding a correction a5 4133 whererg is the Goldschmidt radius of the ion. The
term derived from the thermodynamic difference Péilallow results are displayed in column 6 in Table 1 and in column 8 in

us to evaluate lattice energies of the hydrﬁté&lus, in the Table 2, and the overall average Va|ue\m[Fe(cN)3]4*) across
present paper, hydrated ferrocyanides are considered separatelihe two tables is found to be

from their anhydrous counterparts.

Tables 1 and 2 consider data for a series of anhydrous and VA [Fe(CN)a]“*}/nm3 = 0.246¢0.017) (12)
hydrated ferrocyanides, respectively. The volumes of the
anhydrous parenlyn{paren}, and hydrateV,{ hydraté are thus completing task (i).
derived from \ee/Z, whereVee is the unit cell volume listed With this value now established, we are able to estimate, by
in the crystal structure databa$andz is the number of formula ~ summation of individual ion volumes, the valuggAP+,Bat -
units per unit cell. In Table 1, the anhydrous salt volumes are [Fe(CN)];} (and thereby the lattice energies) of ferro-

Table 2. Estimation of Lattice Energies, Uror, of Hydrated Ferrocyanides and of the Average lon Volume, V{[Fe(CN)s ]*"}/nm3, for the
Ferrocyanide lon, Fe[(CN)g]*~

ferrocyanide Vi? { hyd} ferrocyanide Vi{par}¢ Upor{ par}¢ V{A"}, V{Bq'} Vi{ Fe(CN)s*"}¢ Upor{ par}¢
hydrate nm?3 1° parent nm?3 nm? nm?3 nm? nm?
Fej[Fe(CN)]3-14H,0 1.050 63 42 FgFe(CN)]s 0.7076 25057 0.001 26 0.2342 25817
Fej[Fe(CN)]3-14H,0 1.047 22 42 FgFe(CN)]s 0.7042 25097 0.001 26 0.2331 25857
CgBaFe(CNy-2H,0 0.37813 11 GBaFe(CN) 0.3291 5419 0.012 25 0.2792 5528
0.018 82
NasFe(CN)-10H,0O 0.501 94 10 Nge(CN) 0.2569 5183 0.003 94 0.2412 5726
NasFe(CN)-10H,O 0.491 92 10 Nge(CN) 0.2469 5252 0.003 94 0.2312 5795
NasFe(CN)-10H,O 0.498 44 10 Nee(CN) 0.2534 5207 0.003 94 0.2377 5750
K4Fe(CN)-3H0 0.367 92 10 KFe(CN) 0.2944 4953 0.009 86 0.2550 5116
K4Fe(CN)-3H0 0.37279 10 KFe(CN) 0.2962 4942 0.009 86 0.2568 5106
K4Fe(CNk-3H0 0.284 97 10 KFe(CN) 0.2993 4926 0.009 86 0.2599 5089
NapZng[Fe(CN))2-9H,0O 0.738 76 23 N&ng[Fe(CN))2 0.5183 12 454 0.003 94 0.2516 12 943
0.002 40
K2Zng[Fe(CN)]2+5H.0 0.731 27 23 KZns[Fe(CN)]2 0.6088 11 804 0.009 86 0.2909 12 075
0.002 40
av 0.2519

aV{hydrat§ = Vee/Z. ° lonic strength factor as defined by eq F0/m{ paren} = Vim{ hydraté¢ — nVin{ H20}, whereVy{ H,O}/nm?® = 0.0245; see ref
9d. 4 Upor{ parent = Al(21/Vn{ paren})¥3; see ref 9a8 Viu{ FE[(CN)]*"} = Vi{ hydraté — x\V{ AP} — yW B} — nViy{ H.0} based on ion volume additivity.
fUpor{ hydrat§ = Upor{ paren} + nou{H.0}, whered,{H,0} = 54.3 kJ mot?; see ref 9d.

10474 J. AM. CHEM. SOC. = VOL. 126, NO. 33, 2004
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Table 3. Lattice Energies of Anhydrous Salts per Ferrocyanide salts can be compounded by summation from the lattice energies
':n”d Egﬂ]mlﬁﬁeigﬁgl‘ Igrr]y\slghﬁqt;“gl‘jrfs%ﬁatgefé’roﬁare”ts or Hydrates of their individual components, provided that the enthalpy of
V{[Fe(CN)g]4~}/nm3 = 0.2458(+0.017) the implied reaction is zero or adequately small. Applied to
lttice energy % error of typical ferrocyanide salts, this means that
based on crystal lattice energy estimated 4 T
structure data estimated from values from ion UPOT{Ap qu y[Fe(CN)a]L} =
ferrocyanide Upor kJ mol=* eq 13 Upor volume p+ q+ ~
salt (Table 1) kJ mol~ summation ZUpod A7 B Y/Z[Fe(CN)5]} ~
FeudFe(CN)] 8352 8190 19 A(42)Upod A" yplFE(CNM} +
FeysFe(CN)] 8366 8190 -2.1 a+
KyaFesFe(CN)] 5560 5672 -2.0 (Yd/42)Upo{ B™ 4[FE(CNXI}] (14)
H:{Egggmg g%gg gigg 2:8 giving rise to the specific relationships given in footnotes c, e,
Nay[Fe(CN)] 5207 5153 1.0 f, g, and j of Table 4.
K4[Fe(CN)] 4953 5006 11 Of course, this result can also be extended to hydrates of
K4[Fe(CN)] 4942 5006 1.3 differing n by suitable subtraction/addition of water molecule
K4[Fe(CNY] 4926 5006 16 contributions (see footnote g, Table 4).
NaZrg[Fe(CN)] 6227 6274 0.8 In the final column of Table 4, we test the applicability of
KZn[Fe(CNY| 5902 6226 5.5 this simple sum rule to the ferrocyani lts and compare it
KCuFe(CN}] o301 6236 13 s simple sum rule to the ferrocyar de salts and compare its
results in a number of cases to estimates made by individual
gzzg's[l[fee((cc,\'l\‘ﬁ] gifg ggig g'é ion volume addition. The values from the lattice energy sum
CsZn[Fe(CN)] 5734 5680 0.9 rule and from simple volume summation are usually satisfac-
Li>Cu[Fe(CN}] 5943 5929 0.2 torily close. Although the volume of the double salt will be
NaCu[Fe(CN})] 5927 5898 05 approximatelythat of the volume sum of the counterparts (see
K2Cu[Fe(CN}| 5945 5810 2.3 discussion of isomegethic rdf, thiscannot be the reasonhy
Rb,Cu[Fe(CN}] 5951 5753 3.3 these lattice energies combine additively, simply becaygg U
NagFe[Fe(CN}] 5823 5901 —-13 displays an inverse cube root dependémrethe volume (see
K,Co[Fe(CN}] 5892 5804 15 e
KoNi[Fe(CN)] 5063 5807 56 eq 13). The success of eq 14 probably lies in the fact that the
Niz[Fe(CN)] 5231 5230 0.0 interaction terms contrlputlng to the lattice energy terms
CulFe(CN)] 6683 6679 o1 involved in the separate dissociations of two separate salt lattices
Coy[Fe(CN)] 6591 6666 -1.1 are not dissimilar to those involved in the disruption of the

double salt (i.e., the cross intralattice terms are small). We shall

) ) ) ) use both methods of estimation in this work whenever possible.
cyanides for which crystal structures are unavailable, using the  tharmochemical Cycles and Thermodynamics.These

equatiort® appear as Figures 1 and 2 in the Supporting Information to this
- - paper.
Upo{ A™,B™ | [Fe(CN)] } /kJ mol ™ = Thermodynamic Difference Quantities for the F&/K*

AIRI/(XM AP} + yW B} + 2 [Fe(CN)* 1) 1*? (13) lon-Exchange ReactionsThe enthalpy changeAH, andAHs,
can now be evaluated by substituting the lattice energy terms

A similar procedure has recently been applied to the ap#tites into egs S1 and S2 [where prefix S refers to equations included
and gave agreement between predicted and thermochemicalin the Supporting Information to this paper], which leads us
cycle based values ddpor Of between 0.05% and 2.08% for  directly to the values:
ionic lattices, with an (expected) increased error for more
covalent lattices (up to 7.4%).

In Table 2, we further estimate theydrate lattice energy
using eq 23 of ref 9d. This amounts to adding a correction term

AH,/kJ mol* = 8366— 7499— 1153.6= —287 (15)

(= nOu{H.0}) equal to 54.3 kJ molt per hydrated water AH/KJ mol! = 8366— 8068— 384.3= —86 (16)
molecule to the corresponding estimate for the anhydrous
ferrocyanide lattice energy. We have recently shown that standard entrop®ssg, for a

Table 3 (column 3) compares the error involved in estimating range of condensed phase inorganic materials can be estimated
the lattice energy of an anhydrous ferrocyanide by summing directly from their rectilinear dependerfé€ on molecular
the individual ion volumes (eq 13) with that derived directly (formula unit) volume Vp:
from the crystal structure volumes (column 2).
With errors ranging from-2.1 to+5.5%, the agreement is S 5edJ Kt mol '~ kv,,+c a7
acceptably good, which means that the lattice energies may be o
predicted with reasonable confidence for ionic ferrocyanides Where, for ionic saltsg = 1360 J K** mol™* nm-S andc =15
of which no crystal structure data has yet been acquired. J K™t mol™*. Accordingly, eqs S7 and S8 can be written and,
Simple Lattice Energy Sum Rule.Simultaneously, Glasser
and Jenkin® and Yoder and Flofd have observed that the _ _
lattice energies of certain double (and even more complex) ionic Eﬁg }ggfi:{s,CHHB_FEIs?;r%lgésjsrr,nL_';\wmﬂzgol\zln_';nc%ems,fsdrd, Mod.: Lee, 3.

Schrobilgen, G. J.; Sunderlin, L. S.; Liebman, Jlhorg. Chem2004 in
(11) Flora, N. J.; Yoder, C. H.; Jenkins, H. D. Biorg. Chem2004 43, 2340. press.

(12) E-mail correspondence: Glasserldenkins— Yoder/Flora dated 6 August
2003.
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Table 4. Comparison of Lattice Energies Estimated Using Equations 13 and 14

lattice energy based on |attice energy lattice energy
crystal structure data estimated from eq 13 estimated from eq 14

ferrocyanide |a Upor (Table 1) Upor kJ mol~* (% error) Upor kJ mol~* (% error)
LisFe(CN) 10 no crystal structure 5205
Li,CuFe(CN} 11 5943 5929 (0.2%) 594%(0.0%)
CsiFe(CN) 10 no crystal structure 4812
Cs[Fe(CN)]-5H,0 10 no crystal structure 5083
MgzFe(CN) 12 no crystal structure 6672
CsMgFe(CN) 11 5686 5683 (0.1%) 57420.9%)
ZnoFe(CN) 12 no crystal structure 6665
CsZnFe(CN) 11 5734 5680 (0.9%) 5738(0.1%)
NapZns[Fe(CN)]2-9H,0 23 12948 1254&1(0.8%) 13098(1.1%)
RbsFe(CN) 10 no crystal structure 4915
CwFe(CN) 12 6683 6679 (0.1%)
Rb,CuFe(CNy 11 5951 5753 (3.3%) 57912.6%)

a|onic strength factor defined by eq 10Taken from Table 1¢ Taken from Table 3¢ Upor{ Li,CuFe(CN}} &~ Y,Upot{ LisFe(CN)} + YoUpotr{ CloFe(CN)}P.
eDerived from parent value above using difference rulggor{ CsFe(CN)-5H,0} = Upor{ CsiFe(CN)} + 50u{H20}. f Upor{ CMgFe(CN)} ~
1/2Upo‘[{ CsiFe(CN)} + 1/2U|:’o'[{ MgzFe(CN}}. 9 Upor{ CszZnFe(CN);} ~ 1/2U|:>o'|{ CsiFe(CN}} + 1/2U|:>o'|'{ ZnyFe(CN)}. h Upor{ NapZnz[Fe(CN)]2-9H,0}
~ YUpor{ NayFe(CN)} M + 32Upor{ ZnFe(CNY} + 90y(H20). ' Note that equatiotpor = Al(21/Vm)Y3 cannot be employed whe, is an estimated
hydratevolume.l Upor{ Rb,CuFe(CN})} ~ YUpor{ RbsFe(CN)} + YoUpor{ CuFe(CN)}.

using the data from egs S9, S14, and S17, and
ASJIK *mol™* AGJkJmol'* = —86+ 19= —67 (23)
~ 1360}V, {KFe'[Fe'(CN)]* } — demonstrating that both reactions 2 and 3 are thermodynamically
vV { (Fe3+)l,3Feg+[Fe”(CN)G]“‘} — 2078 ng;zd and that the equilibrium constants (at 298 K) take the
~ 1360[0.2423- 0.2347]— 207.8 K — 93y 167 ”
~ 10— 207.8= —198 (18) 27 99X (24)
and and
- Ky=5.6x 10" 25
AS{I K mol™ 3 * (25)
Discussion

~ 1360[\/m{(K+)1,3(Fe3+)2,9Fe3+[Fe”(CN)6]4’} - The system preference for initial deposition in the PB of the
+ 31l 4— _

Vil (Fe’ JusFe [FE(CN)g ™ } — 69.3 Fe** rather than the M as supernumerary, clearly contrasting
~ 1360[0.2377- 0.2347]— 69.3 with any prediction from the thermodynamics presented here,
~4—693= —65 19 is necessarily a mechanistic problem regarding the initial
TET e (19) deposition, which is given consideration elsewhere.

We can make an important observation at this point that since Process 2 for various alkali metal ions™

both AH,AS,AG
(FE),F e TFe" (CN)J* () + M (ag) s
+= 3t Al 4=y -
S pod K'FE [FE' (CN)J "} ~ M*Fe"[Fe' (CN)J* (s) + YFe* (aq) (26)
Sl (FE),FE[FE (CN)*} (20

2odt ( s [FE(CN)I™ (20) We can consider whether the selection of Man radically

and influence the thermodynamics of the reaction.
_ 3+ + Il 4—

S od (K )1o(FE ) TP/ (CN)I ) ~ Ahz = Upor{ (FE") e IFe'(CN)* ) -

S yoel (FE) R TFE (CN)I T} (21) Upod MFeTFE! (CN)JI "} + /,RT

o + _ 1 ) +
thenAS, andAS; have values which ardargely dependenbn +AH®{M 7, g — TAHC{FET, g} +

the appropriately weighted differences of+the entropies of l/?,AHf"{ Fe', ag — AHy {M * ad

(K2 and not on the difershces bemeen he stndard = Urorl (FE )P IFEICN)* ) -

entE()lpieslf)f)the ferrocyanides involved (which are less than 10 Upod M TFETIFE (CN) "}

’ lZ c;]T:)binétion of enthalpy and entropy terms& = AH — + 1/3RT— AHp g’ {M g+

TAS) at 298 K leads us to the values 1/3Athd0{ Fet g @7
AG,/kJ mol't = —287+ 59= —228 (22)  which, by virtue of eq S16, can be written as
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AH,gkd mol™*

= Upo (FE), € [Fe (CN)) T} —
1/4UPOT{ M+4[F9“(CN)G]}

— (1 Upor {(FE) s FE T FE" (CN)] "}
+ Y, RT— AH, {M", g} + YAH, {FET, g}
=Y, [Upod (FEN),,FE[FE"(CN)]* T} —
Upod M [Fe"(CN)Jl* 3]
— A H{M™, g} — 1486 (28)
Also from eq 18
AS,¢J K *mol™
~ 1360 [V, {M*Fe "[Fe'(CN)* } —
Vol (FE) e [Fe' (CN)J 3]
+1,5,0d FE", ad — S,0{M™, ad
~ 1360V, {MFe’"[Fe"(CN)J*} — 0.2359]
+1,5,0d FE", ad — S,0f M™, ad
~ 1360 [V, {MTFe [Fe'(CN) " }] —
S,dM*, ag — 448 (29)

using the data generatéd!’ for Upo{ MT4[Fe'(CN)s]*~}/kJ
mol~1[i.e., 5205 (M= Li, Table 4); 5214 (M= Na, Table 3);
4940 (M = K, Table 3); 4915 (M= Rb, Table 4), and 4812
(M = Cs, Table 4)] and using the valugpror{ (FE¥*)1sFe¥t-
[FE'(CN)g]*"} = 8352 kJ motl. Reaction 26 is enthalpy-driven

(15)

(16)

1

(18)

(a) “RT terms” are calculated using an extension of eq 4 of ref 9b. (b)
AHP{K", g} = 514.26 kJ mot}; AH°{K*, aG = —252.38 kJ moal};
AHP{Fe™, g = 5712.3 kJ mot; AH{Fe*", ag = —48.5 kJ mot?;
RT= 2.5 kJ mot?; SpdLi*, ag = —8.8 J K-1 molL; S0 Na*, ag
=36.8 J K1 mol L S KT, ag = 80.3 J K1 mol™%; S Rb", ag =
99.3 JKtmol™%; S Cst, ag = 111.3 I K1 mol % Sy FEH, ag =
—382.5 J K1 mol~! (standard entropies from ref 19e).

Very little thermochemical data is established for ferrocyanide salts. The
thermodynamic “difference rulé” can be utilized to validate and select
thermodynamic data. For examplet°{ KsFe(CN), s}/kJ moi is listed

to be—594.1 (ref 19a) or-523.4 (ref 18b), whilst\H;°{ K4sFe(CN)-3H,0,
st/kd mol1is listed as—1466.5 (ref 19a) or-1412.1 (ref 19¢,d). According

to our “difference rule”, the differenc {KsFe(CN)3H0, § —
AH{K4Fe(CN), st1/kJ moi~* should equé¥ 36,(H.0) = —896 kJ mot?,
thus suggesting that the pair of valugli°{ K sFe(CN)-3H,0, §/kJ mol?!

= —1412.1 andAH;°{K4Fe(CN), s}/kJ mol-t = —523.4 (difference=
—889 kJ mol?) are preferred and consistent with expectation.

(a) Wagman, D. D.; Evans, W. H.; Parker, V. B.; Schumm, R. H.; Halow,
I.; Bailey, S. M.; Churney, K. L.; Nutall, R. LJ. Phys. Chem. Ref. Data
1982 11, Suppl. 2. (b) Latimer, W. MOxidation Potentials2nd ed.;
Prentice Hall: Englewood Cliffs, 1952. (c) Karapet'yants, M. Kh. Ph.D.
Thesis, MKhTI im. D. I. Mendeleev, 1957. (d) Karapet'yants, M. Kh.;
Karapet'yants, M. LThermodynamic Constants of Inorganic and Organic
Compounds Schmorak, J. Transl.; Humphrey Science Publishers: Ann
Arbor, London, 1970. (e) Marcus, Yon Properties Marcel Dekker: New
York, 1997.

Ikeshoji, T.; Iwasaki, TInorg Chem 1988 27, 1123.
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Table 5. Influence on Reaction 2 of Changing the Alkali Metal
Cation

A Li Na K Rb Cs
Upoﬂk\] mol?
Upor{ (FE)1sFE¥[FE'(CN)s]*} 8352 8352 8352 8352 8352
Upor{ AT[Fe'(CN)g)*} 520% 5214 4940 4919 4812
[Upor{ (FEH) R [FI(CN)s]4} — 786.75 784.5 853 859.25 885

Upor{(A*{[Fe'(CN)g* }1/4

—AnyH(AT, ) 531 416 334 308 283
AH/kJ moi-t —168 —286 —299 —319 -—318
Vi ATFEH[Fe! (CN)g]*} 0.2344 0.2364 0.2423 0.24630.2513
1360 Vif ATFEH[FE!(CN)g]}]¢ 319 322 329 335 342
S AT, age —8.8 36.8 80.3 993 111.3
AS/J K1 molt —120 —-163 —199 -212 -218
AG/kJ mol? —132 —237 —240 —-255 —253

aTable 3 (average value).Table 4.¢ Estimated fromV{ K TFe**[Fé-
(CN)g*} — V{K*} + V{A*} (ion additivity). 4 From ref 9e € Sp0gl ATFeH-
[FE'(CN)g]*} = 1360Vi{ ATFE*[FE!(CN)g]*"} + 15 (see ref 9e).

for all alkali metal (M") species (see Table 5), ands is twice

as negative for Csas it is for Li*. It has been arguédrom
spectroscopic and mass-change data thatfd¢ms the most
stable PB (except for the egregiously stablé-€sntaining PB

of slightly different cubic structure (ref 18)). Thus, for the series
of AG for Na* to Cs, the position of only Rb is incorrectly
predicted from the adduced thermodynamics, which is an
appreciable achievement; the Rlanomaly (PB predicted
stability close to CS, experimentallyonly near N&) may arise
from a variable considered in ref 3, the precise amount of water
accompanying the Minto the lattice. Nice analytical results
could confirm this supposition.

Our main conclusion is that the new thermodynamic results
provide substantial clarification of a longstanding problem in
an important electrochrome, providing distinctions even between
different M* that are largely borne out in practice.

Estimate of Errors. Our procedures for lattice energy
determination have errors estimatddo be less than 7%,
generally considerably less, while the error contributiorh@®
from entropy estimatidd may be about 1%. In the present work,
however, we consider related materials where the errors are
likely to accumulate in similar fashion so that we anticipate
relative error to be much reduced, leading to credible results.
Indeed, the agreement among the independent procedures used
to obtain quantitative results (cf. the discussion following eq
S9) rather firmly support this conclusion. This study is unique,
and we are unable to make a more definitive statement in the
absence of any comparable studies.
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