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The maximum of the color-conferring charge-transfer (CT) band in Prussian Blue (PB) varies with the electrochemically
introduced cation M?* incorporated (as “supernumerary”) for charge neutrality, and the dependence on particular
properties of the M?* has been sought. With alkali-metal ions, the CT-maximum shifts are in the same sequence
as the PB mass changes on M* insertion; the effect on the CT ground state of the intra-lattice interaction of an M*
with the ferrocyanide CN~ moiety (competing with cation hydration), is then implicated in shifts of the maxima, as
the ferrocyanide is the donor center in the optical CT. More definitely, for M2+ and Ag®, solubility-products of the
insoluble M?* ferrocyanides (that provide direct indicators of the intra-lattice M**—[Fe"(CN)g]*~ interactions) show a
strong correlation with the spectral shifts. The determining interaction of M?* with ferrocyanide within PB is enhanced
in some cases by the accessibility of M#* oxidation states * 1 different from the common values. PB lattice energies
and the ground states of the optical CTs thus appear closely interlinked. The electrochemical uptake of appreciable
amounts of the M#* within the lattices was confirmed by XPS.

Introduction not directly part of the focal chromophore3g=e'(CN)e]*)

can be varied electrochemically. The resulting CT spectrum
maximumAimax is found* to be dependent on the supernumer-
ary if it is an alkali-metal ion, M, and it is now found that

The oft-studied electrochrome Prussian Blue [iron(lIl)-
hexacyanoferrate(ll), PB] owes its coloration to the broad

intervalence charge-transfer (CT) band centered at ca.,ith some (not all) incorporated M supernumeraries, and

700 nm}'ivresultmg from the photodriven CT, FgFe'- Ag", a substantial shift is observed. These larger shifts imply

(CN)g]*~ — Fe*'[F€""(CN)g]®~ in the simplest representa- stronger interactions within the PB lattice than in theé M

tion. All electrochromes including PB during coloration or case. The spectroscopy and electrochemistry are presented

bleaching undergo the ionic ingress or egress necessary tohere, together with a mechanism for the spectrum-determin-

maintain lattice electroneutrality during electron injection or ing interactions that link with individual properties of the

expulsion. These counterions (super-numefasy,they are Mzt. XPS was employed to confirm the uptake by PB of
the ME*
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The initial PB electrodeposited from an¥d=€"' (CN)s>~
solution ig-® always the insoluble form (F€),[Fe'(CN)s* 13,
iPB, regardless of other Mions in the electrodeposition
solution (C¢< provides a marked exceptiynOn subsequent
CV cycling in M*-containing solutiort, M* replaces much
of the supernumerary Fe the best-incorporated replacement

at IMRE Laboratories in Singapore, to confirm that incorporation
of the MF™ cations within the lattices followed the CV.

Results and Discussion

Electrochemistry: Fundamental ProcessesGalvano-
static electrodeposition was preferred in that coulometry
ion being K", which if the sole supernumerary givéshe allowed nearly exactly reproducible thicknesses essential for
so-called soluble PB, or sPB, lke’'Fd'(CN)s*~. M2* comparison purposes. The PB deposits were several microns
cations can similarly be introduced in partial replacement thick, giving broad thick-layer CV's with substantially
of the initial supernumerary Fée displaced cathodic/anodic peaks resulting from the necessary
counterion diffusions through the solid. The well re-
hearseti?>*87insertion electrochemistry of Msupernumer-
aries after the electrodeposition follow the electrode reactions
(where, throughout, the chromophore is written intact, i.e.,
without fractions or multiples):

Experimental Section

Electrochemistry. [In this section, M= mol dnm3.] PB was
electrodeposited with a Pt counter-electrode from 1 mM*Fe
(nitrate or chloride) and 1.02 mM4kée" (CN)s in 10~ M agqueous
HNO; or HCI solution, in galvanostatic (Solartron 1287) control
at 0.1 mA cn1?, on to 20Q per square, Ix 4 cn? ITO/glass,
from MicroFab Singapore. The ITO, pre-cleaned with ethanol,
sonication, and 10-min immersion in 0.1 M HCI, was connected
by adhesive copper strip as used for SEM.

Deposited PB after D washing and nitrogen drying was stored
for = 30 min in a vacuum desiccator, also after cyclic voltammetry
(CV) in M#* solutions, and before spectrophotometry. Except for
PB?* which was the acetate, aqueous?Msolutions for CV
comprised 0.2 M sulfates, acting as both background electrolyte
and Mt insertion source. [The frequent CV studies of the uptake Or
of KCI by PB accord just the same dual role to that salt]. Analytical
grade reagents were used throughout. WitA"Gowas established
that MP* incorporation ensued regardless of the accompanying
anion. Ferric nitrate 0.01 M in 0.01 mM HNGerved to produce
the Fé* [in the reductive step], and 0.2 M AgN@roduced the
Ag™. CVs with regard to SCE were run at 20 mVtsfor up to 5
cycles.

Spectrophotometry. A PC-driven Ocean Optics USB2000
miniature fiber optic (grating multi-photodiode) spectrophotometer
employs optical-fiber leads to samples. Three equally spaced holes
in insulation tape on the back of the ITO-glass electrode fixed the
PB areas targeted for spectrophotometry. That area near the top oPr
the PB was kept above the CV solution to serve as unaltered-PB
absorbance reference. After emersion and drying, thieddped
PB was viewed via optical fiber through the second and third holes
midway down and near the bottom, respectively. For comparative

purposes, the reference spectrum and that for the correspondingAnalytica| results® however, show not all supernumerary

Mz*-containing PB were normalized so that absorbances at the CT - 5. : .
maxima were (both) scaled to unity, and spectra were taken afterFé to be replaced in the first cycle (eq 3), but only by a

FE'F"(CN)e™ + Y M* 4+ e— (M*"), Fe " Fe'(CN),*"
1)

Because on deposition thezMis invariably Fé&*, the
subsequent bleaching reduction is

(F€),,FeFE'(CN)™ + I M* +e—
(M*), (FE"), FEFE (CN)* (2)

(Fe™), FeFE'(CN)" ™ + Y, M + Y e—
(M*) 4ol FE), 7€ FE (CN)s* (22)

then, the (M")—PB product could be expected to arise from
the re-colorizing oxidation:

(MZ+)1/Z(F93+)1/3F92+FéI(CN)G -
(M), FEF (CN)* + Y,Feé + e (3)

(M*)(FE) € Fe' (CN),™ —
(M*)o(FET),FETFE (CN)" + M* + e (3a)

just one CV cycle to maximize comparabilities between samples.
The differences in the normalized spectraz{MPB minus refer-
ence, show whether maxima shifts or new maxima extra to the
main CT band have been introduced by the insertét. M

PB immersed in the Agsolution overnight underwent substantial
dissolution, leaving a reddish-purple residue. Another sample
(Nafion-coated for stability, hence unsuitable for XPS) after 129
cycles in 0.1 M KCI saturated with AgCl, thus sub-micromolar in
Ag™, acquired a purple tint that was examined spectrophotometri-
cally. The Cd*-cycled PB was compared with a PB sample
electrodeposited in the presence of adventitious @nodized from
a partly uninsulated copper-wire lead.

X-ray Photoelectron SpectroscopyXPS on the electrodeposited
M?"-containing PB was obtained on a VG EscalLab model 220iXL

(6) Lundgren, C. A.; Murray, R. Winorg. Chem 1988 27, 933.
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fraction x of abouf a third or more, hence

(M7, (FE), FETFE' (CN) ™ —
(MZ+),JZ(|:e3+)(l,x),3|:e3+Fe!'((:N)6 T+ YFET +
XM + e (4)

or if eq 3a pertains, then Fg with no release of supernu-
merary Fét, forms a corresponding part of the Fe super-
numerary. The incorporation of the?Mions in the PB results
in the observed spectral changes.

Reduction of aquo-Fe in solution around a PB-coated
electrode has been shoWho take place through PB,
preceding any PB reduction in the cathodic limb, as is
repeated here, Figure 1a, providing?Féor incorporation
as supernumerary. (In the galvanostat PB electrodeposition,
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Figure 1. (a) PB CV in Fé" solution: F&" reduction [first trough] followed by [second trough] PB bleaching ané"Fecorporation. The cathodic
electrochemistry involves mainly Feproduction. Recoloration commences>a0.25 V. (b) PB cycled in M§" solution; first cycle arrowed. First cycle
bleaching at-0.3 V; in later cycles at-0.2V, with re-coloration at-0.3 V. (c) PB cycled in Ni* solution. Bleaching at-0.2 V, recoloration at-0.3V.

(d) PB cycled in CoAg solution: bleaching with Cd incorporation and recoloration as in previous figures. (Anodic increments ascribed to anion
electrochemistry.) (e) PB cycled in €usolution: curious quasi-ohmic behavior approaching bleach point, ascribed tor@uf production, that accompanies

the bleaching at-0.4 V. The crossover occurs as a result ofCrecovery accompanying recoloration which is complete-@i5 V. (f) PB cycled in PB"
solution. Crossover ascribed toPHPb* or P processes accompanying PB reduction. Possibfed?PPtf participation inferred from the positive current

of the reverse limb in the negative-potential range, which indicates reoxidation of an unusual, highly oxidizable, species. Recoloratioonoee@2 fr

\Y

the potentials are always betwe#i®.55 V and+ 0.35 V,
thus never so negative as to producé Fejuo-ion.) Reaction

steps 2a and 3a are hence tenable.

Electrochemistry: Specific CasesA variety of CVs and

evinced by different redox cations mmogeneous solutipn

here a further complication is introduced by the reactions’
being interfacial. As the focus here has been the spectral
outcomes, the mechanistic rationalizations are thus provi-

M#"—PB interactions are inferred below, as is not surprising sional. Some of the kf-incorporating CVs follow that for
in view of the wide variety of electron-transfer mechanisms Mg?*, Figure 1b, MA" being so similar as to not need

Inorganic Chemistry, Vol. 42, No. 19, 2003 6017
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repetition. The first CV generally had to be taken—6.5 Table 1. CT Aumax Dependence on Incorporafe@losed-Shell Mt

V, or yet more negative, to complete the bleaching that incorporated M Nat K+ Rb* Cs ref
gwdenced the actual M insertion; subsgquent CVs showeq Tmand AT 703 686 691 703 2
insertion plus bleaching to be possible at less negative (2+Am)ugcn? 1.21 0.31 3.72 4.64 10
potentials, neat-0.2 V for Mg?*, and between 0 and0.2 f’ﬁ ) 1.02 1.38 1.52 1.67 11
V for the rest, indicating that the re-structuring infefséd r/nm 98 .25 66 6.0

to take place in the first reduction cycle then allows for easier ~ * Following deposition in K solution, then one cycle in Msolution?
subsequent entry of M. To anticipate the XPS results, g
was below detection limits, which indicates that little or no
Fet (but, doubtless, appreciable wajeis lost in the CV
cycling, and either the PB bleaching is accompanied by the
reduction of supernumerary Feand the uptake of the
product Fé" in its place, accompanied by minimal Kig
and some H to make up the electroneutrality charge, of'Fe

is substantially returned in a re-coloration reaction

to reoxidatiod of Cu’ or Cuf, formed together with PB
reduction in the negative-going excursion; interestingly, the
ratio of the less-steep to the steeper slope of the linear parts
of the cathodic excursion is-1:2, implying a 1-electron
process followed by a correlated 2-electron process. With
PI?*, also showing a crossover, the remarkable positive peak
in the return limb still in the negative-potential range gives
evidence of a reoxidation of appreciable intra-latticé &b
P " o 4 Pb" apparently viable at the far end of this range. The
(Mg®"),(Fe™)yF € Fe' (CN)s" ™ — recoIoFr)(Sd PB t};len examined spectrophotometricallgi/ and by
(Fe™),,Fe FE' (CN)' + ,Mg*" + e (5) XPS thus incorporates the ¥ forms of both these super-
numeraries. Although further study is of interest, the XPS-
In many cases, continued cycling led to both decreasing assured presence of introduced supernumeraries is sufficient
adherence of the PB to the electrode, as indicated by thefor present purposes.
successively diminished CV peaks arising from progressive  Spectroscopic Effects of Incorporated Closed-Shell
PB separation from the ITO, plus also an increasing friability Cations M*. The ready exchangeability of supernumerary
of the (originally strongly adherent) PB, and, with u cations in a CV cycle is presumed to result from the nature
shedding of much PB from the electrode. These observationsof their interstitial sites, with the interstices lying in relatively
provide direct evidence of the destructive lattice strain that wide channels of the cubic structure established by Keggin
is introduced by insertion of some#¥(in contrast with K), and Miles? (Access to water also ensues: exposure 40 H
buttressing the view that some lattice stabilizing occurs with vapor within days led to conductivity loss, swelling, and
the wider spread of M counterion charge, contrasting the disintegration of bulk SPB compactions, which, when sealed
more concentrated supernumerary charges of &t M3". together with silica gel otherwise survived permaneh@ur
Arising from the expected variation of the?™-PB interac- samples, being either fresh or preserved over silica gel,
tions, the width and position of the CV peaks varies with showed no such aqueous decay). The Kegdfiles struc-
M=*. A second cycle for Ni* was like the first (Figure 1c),  ture has recently been confirmed for a number of hexa-
only one trace being recorded. The gCp-PB (Figure 1d) cyanometalate®, together with clear illustrations of the
shows an early cathodic dip, but decoloration only sets in at accessibility of the channels to incoming supernumeraries.
~ —0.3 V. Arising from the use of di-divalent salts as CV M*-dependentln.x values, Table 1, follow in the se-
electrolyte, there are large double-layer-reversal currents onquencé® Na* > K* < Rb* < Cs'. (Datd""81113for NH,*
polarity change of the applied potential, and the early dips are also available, but its hydration is unlike that of the.M
observed here arise from this current.'Geetate was used This is also the sequence of the PB mass changeévia
in an attempt to lessen the effect, but incremental anodic quartz-microbalance studié®efore and after a voltammetric
peaks in Figure 4 ensued, possibly due to the aniorf; Co cycle in successive Msolutions) that is attributed to M
being incorporated as intended in our aims, the anomaly wasgain minus water loss. The sequence is most readily ascribed
not pursued. to the greatest stabilityof PB—{K™*} (denied the smaller
Cw* and PB* provide some different electrochemistry, Na* by its more tenacious hydration). The strong interaction
as shown in Figure 1, e and f. Both €wand PB* lack a  of K* with the intra-PB F&CN)s*~ through the CN ligand
clear cathodic peak in the reductive cathodic range, andthereby provides greatest stabilization of the CT ground-
almost ohmic responses form extreme parts of the trace here
The enhanced Kt—PB interaction of these ions, inferred  (8) Davies, M. B.; Mortimer, R. J.; Vine, T. Rnorg. Chim. Actal988
. X 146, 59.
below, results in a population of closely attacheti Murface (9) Rosseinsky, D. R.; Tonge, J. & Chem. Soc., Faraday1987, 83,
cations in the cathodic-range double layer preceding and 245. , _ _
accompanying the PB reduction, that obviates the usual? }]’V'\‘,’W‘ggg-kg\; E"".hgﬁo';';Eﬁérr%"'ccféﬂ%‘g%’z";zgvggfdeH'; Yakhmi,
diffusion-determined response; some electrolyfé Might, (11) Oh, I.; Lee, H.; Yang, H.; Kwak, Electrochem. Commui2001, 3,
by an adsorption-like interaction, even enter the interstitial 12 Zsm':{nnon, R. DActa Crystallogr 172 A32, 751,
channels of the PB before any electron transfer. The (13) Ruoff, R. S.J. Phys. Chem1996 100, 8973.
displacement of the return limb of the €uat negative  (14) Sillen, L. G.; Martell, A. EStability Constants- Supplement No. 1,
potentials, leading to the observed crossover, is attributable ~ $Peqe] Publication No. 25The Chemical Society: London, 1971;

(15) Rosseinsky, D. RChem. Re. 1965 65, 467. Rosseinsky, D. RAnn.
(7) Keggin, J. F.; Miles, F. DNature 1936 137, 577. Reports Chem. Soc., 971, 81.
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Table 2. Dependence ofAAmax (shifts of Amax Of PB CT Band) on Inserted ¥, Following 1-5 CV Cycles in M+ Solution

difference-spectrum

Mzt Adma{nme maxima/nm log Kg/nP nb notes
Fe&*uncycled ZerQuncycled ZerQincycled reference spectrum
Mn2+ +19 870(? —4.0 3 wide IR band?

Ni2*+ -1 (520) —-47 3 wk extra band

Co?t -9 (520) -5.3 3 wk extra band

Fet -9 (520) (not available) 3 wk extra band

cwt -11 505 -5.3 3 extra band/

[FE T uncycled reference -5.9 7 in (logKs)/n sequencke
PR>* -50 565(?%) —6.0 3 solid solution?

Ag* —51 535 -8.8 5 solid solution

[Ag™ salt (~ no PB max) 50085401 - residue from dissolved AB
K+ —25 - [—2.3F - ion-pair egm.

Mg?* -6 - [-3.8F - ion-pair egm.

aWith respect to average (reference) spectrum of uncycled sanipigs: 711+ 3 nm.? Ks is the solubility product, listed in log form in refs 16 and
17; n = least (integral) total number of ions comprising{Nh[Fe'(CN)s]*~. ¢ Possible artifact from differencing procedufeRead from direct spectrum,
Figure 4c.® Experimental logKpiss valued”18for the ion-pair dissociation equilibrium inJ®. Calculateéf difference~x 2. (No Ks data available because
soluble, no precipitate.)

state, hence the lowestax If KT, Rb*, and C$ follow radii endorsed as follows. Individual M interactions with
r in progressively weaker CNinteractions, hence ground- Fe'(CN)s*~ are well represented by the solubility products
state stabilizations, the hitherto unexplained shiftst,gf; Ks for the insoluble M"-ferrocyanide salt§'8the (fraction-
find a physical rationalization. free) formula for each solid comprisingions?® The Y/, log

The key postulate that is to be the basis for interpreting Ks values for the divalents represent an averagétHwe'-
the spectroscopic sequence then followise ground state  (CN)s*~ interaction energy within the solids at comparable
of the intevalence CT system is influenced in direct hydration energie¥ These values closely parallel the shifts,
correlation with the lattice energybecause the Hecenter Admax in Table 2, and hence support the lattice-energy/
in the optical CT is just that undergoing the"MFe'(CN)g*~ ground-state energy correlation postulated for thé (B
interaction outlined. The ground state of the' k& in this series. Columns 2 and 4 comprise comparable but not equal
view subject to the field of the Mas transmitted through  energies [e.g., thé\Amax Of 50 nm =12.7 kJ mot! ac-
the intervening CN ion, to an extent governed by the companies &/, RTlog Ks of 34.4 kJ mot®. However, the
strength of the M interaction. The excited CT state will |atter is not necessarily the actual PB lattice stabilization but
also experience the Mpresence, but will a fortiori be the  an indicator of relativities; were it quantitative the“Meffect
less influenced. on the excited state would still leaveimay < ¥ RTlog K.

As K*-containing PB{denoted (K)-PB} is the form that The closed-shell Kt (even B&" and L&) do not form

ggi?ae; I\f/v?tr%ylg*th;rl (mépfvzz;}igﬁ'%?nqutgorgg_grérggfnt insoluble ferrocyanides, and the extra lattice energy underly-
the most stablé form of PB, i.e. tr?at with the largest Ia%tice ing the insolupility pf the fgrroc.yar?ides formed by'the'other
energyUns. (The extraordin:";lry fengths to which Ludi et al. sz (all redoxible in solution) indicates extra lattice inter-
had to go to avoid K inclusion partly exemplify thig9 actions of probable CT nature. For the closed-shétl, the
Hence, the highest energym, for (K*)-PB as shown. in dissociation constant§pss for M**—ferrocyanide ion pairs
1 X . . . . . .

Table 1. Thus, simple precepts assist the rationalization of" SOIUU?” a}[ﬁ tllsfredblln;tea?' in Table 2, .opertunlg up an
the lma/M ™ sequence that otherwise lacks any clear physical 3;% aer;nlg(}zg:]trl:;.ignap;r d?;gif;:;i?;ilr;g i%ainzgs
basis. The postulate underlying the interpretation is supported ' i . '

P ying P PROMeC Mz Fe(CN)} = M#* + Fe(CN}—] Mg is more

by wider consideration and further data, as follows. . . ; X
Spectroscopic Effects of Incorporated Multivalent and strongly bound in ion association than i$ Kn accord with
the Bjerrum ion-pai®2°model, but in apparent contradiction

Redoxible Cations M. General ConsiderationsThe ith th lating AdL | ¢ Ma*+
average reference value #f.ax that for uncycled (F€)- W't \t .e presgnt argum,e”t relating . ma"v,a ue; 0 MQ_
vis-avis K* involving intra-PB cation/anion interaction.

PB, was 711+ 3 nm, according exactly witlina for the ) . . . . . )
chloride-solution productthe spread arising inevitably from [Fuoss apprOXImatlofﬁ gives for ion-pair separatiorssof
5 A the log Kpiss difference of ~2, from?! Kpsst =

the approximately flat maximum of the wide CT band with N }

possible superimposed vibrational structure and noise, and(3/47a L)ZEXp(Zﬂ* &l4meoeaksT).] The XPS actually show

some minor PB compositional variation in different elec- little Mg?" uptake, so retained Fecould be the culprit.

trodepositions. The shift&Amax 0f Amaxfor individual (M?+)-

PB. from the reference value 711 nm. are listed in Table 2. (17) Sillen, L. G.; Martell, A. E Stability Constants- Supplement No. 1,
' o ’ . . Special Publication No. 25The Chemical Society: London, 1971;

The observed variations should (see preceding section) relate nggalo.u 'cation No. 25The Chemical Society: London

to the interactions of the supernumeraries with the fixed (18) Si”e?'} I:I'.hG.;C wartell,lAé E-_SttabiliLty %OnStfgéj S+r3t°[')t|:ielll(F)’ut)lication
: H : o [P 0.1/ e emical society: London, , lable .

lattice ions, via the—CN of the Fé(CN)ﬁ’ and this is (19) Bjerrum, N.Konink. Dansk. Vidensk. Sel4®26 7, 9.

(20) Rosseinsky, D. RComments Inorg. Cheml984 3, 153.
(16) Ludi, A.; Gidel, H. U. Struct. Bondingl973 14, 1. (21) Justice, J. C.; Fuoss, R. M. Phys. Chem1963 67, 1707.
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Figure 2. All spectra normalized. (a) Spectra of PB reference (lower curve) and repedtedusves at the mid and the lower position on the electrode.
(b) Four (Mg*H)-PB spectra straddling PB reference spectrum: only a small shift evident. (c) PB reference spectrum has thenewimum; duplicate
(Mn2+)-PB spectra are shown shifted rightwards. (d) Two¥GQ«PB spectra showing a kink at 560 nm. Two reference PB spectra (one from Figure b)
appear lowermost at low, but uppermost at high. (e) Difference spectrum, (€t)-PB minus PB reference, both normalized;2Cincorporated during
electrodeposition. (f) Difference spectrum, @:PB minus PB reference, both normalized;2€incorporated by CV.

Clearly, examination oKpss values is less relevant than shows an apparently anomalquesitive Almax hence a case-
that of ¥/, log Ks values. by-case examination, as follows.

The supposition that lattice interactions, relative values Amax Dependence on Incorporated?M Specific Effects
of which being indicated for ®t by the Y/, log Ks values, As explained for the electrochemical mechanisms, the
control the ground-state energy of the optical CT events, spectrophotometric results [cf the variety encountered among
seems well supported in general. In further detail Aligax homogeneous-solution interactions of different cations, aris-
values of M* in the range—1 nm (for N?*, Figure 2a) to ing from different electron ionisabilities, differing oxidation-
— 6 nm (M¢*", Figure 2b) are attributed to small effects State stabilities, hydration effects, size, and the like, all inter-
from the diminished cation charges, if there is only weak or related properties] are again going to be specific to eath M
no extra absorption in the range 56870 nm. Wheri/, log Thus, (i) Mr?*, Figure 2c. Any lattice weakening vis-a
Ksfor M#" is more negative that, log Ks for the uncycled  vis (Mg?")-PB, inferred from the positivAAmax of (Mn2*)-
Fe', i.e., < —5.9, the level of interaction becomes marked, PB, seems discrepant. However, the "Mstate is often
in further support of our thesis. Thus for PbY/, log Ks oxidizable, and a further CT interaction involving Mras
indicates strong incorporation, aitimay is duly found to optical-CT product in PB could account for the broad
be much enhanced. But perhaps even more notably, Ag difference-spectrum NIR band{axnir> =~ 870 nm, Table
actually causes dissolution of the iPB, further justifying 2), not seen in the other @l)-PB. However, superimposition
reliance on thé/, log Ks scale. At the other extreme Nih of an extra, broad, NIR absorption onto the central CT band
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Figure 3. Spectra normalized except (d) and (f). (a) Duplicated®{F@B spectra with (lowermost) two reference spectra. (b)2(-8B spectra;
lowermost: a reference spectrum and a{QdPB trace after a single CV cycle; above this, a repeat reference and uppermost, 4-times cy&ip&®BCo
(c) Two (PB*)-PB spectra traces, shifted to lowercf the reference PB shown. (d) The (BgPB spectrum (upper) from AgCl in solution, and the PB
reference; both are direct spectra. (e) The difference spectrum [normalized, from Figure 3d], fpP@\df) The normalized PB reference spectrum and
(lower) the residue from Atrdissolved PB (both are the direct spectra).

could shift the net maximum of the latter to longer provides a useful pointer to the more strongly interacting
wavelengths, so accounting for the anomaly. The main CT M#*, and it furthermore indicates relative solubilities such

band may in addition be broadened, as is seen witfifjFe

as that seen with Ag

PB. The band at ca 450 nm (shown in some spectra) appeared (jii) Cu2*. Figure 2d. The (Ci)-PB is the only transition-

without structure in early PB spectroscémnd relates to
an internal Fe-(CN)s CT absorption not of present interest.
(i) Fe3t. [All the “reference” spectra on the figures
represent the initially deposited ¥e the subject of this
paragraph.] The “zero” oAAma for the initially deposited
iPB apparently conflicts with the-5.9 for the Y/, log Ks

metal system here to show an unambiguous new band, at
505 nm, as evidenced by a clear kink in the direct spectrum.
The difference spectra, Figui@ e and f, for C# introduced

in electrodeposition and by CV, respectively, demonstrate
the new band. Cuextant in some stable compounds, could
result from optical CT; in aqueous &u-SO2~ ion associa-

value, but as only this supernumerary is triply charged, the tion, this accessibility allows quantitative study by spectro-

probably poor charge compensation by"Mis-avis M+

photometry?? But the optical CT implies negligible extra

and M already considered, together with exceptionally ground-state CT stabilization, &sss for the C#t—SO2~

enhanced channel water conférdassociated with the -8

ion pair differs little from values for similar K —SQ,? ion

charge, results in a destabilization that invalidates inferencespairs that, however, show no optical CT. For the solid?(Gu

regardingAAmax position. Although thé/, log Ks might seem
incommensurate with the nilnay it hence nevertheless

(22) Hemmes, P.; Petrucci, $. Phys. Chem1968 72, 3986.
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PB on the other hand, the somewhat lar@ér,.x and Y/,
logKs values predicate an extra, probably CT-enhanced,
ground-state interaction. Curiously, part of the PB is shed
from the electrode on the first cycle and in further CV.

(iv) Fe?t, Co**, and N#*. Fé' (Figure 3a) is even more
readily oxidized than Mt so enhanced accessibility of the
Fe!' state could account for the absence (cf"Mof NIR
absorption in the<1000-nm range owing to an unobserved
>1000 nm NIR absorption in (B&€)-PB. In contrast, C&
(Figure 3b) and Ni" (Figure 2a) are much less easily
oxidized (Cd"" involving a spin-state change in thermal
reaction), presumably excluding comparable NIR absorption.
For these three &f, if the weak 520 nm bands in the
difference spectra involve optical transitiondaaver oxida-
tion states (feebly emulating (€0-PB), here the modest
Almax Values indicate little additional ground-state stabiliza-
tion.

(v) PR?*. Figure 3c. The largémax shift is best attributed
simply to the strong direct Pb—Fé'(CN)ggar) interaction,
of whatever origin, as implied by th#, logKs correlation.
[The difference spectrum for (PH-PB is of sinewavelike

Rosseinsky et al.

KPS

ry
7
N

142
Binding

Figure 4. 10° x counts s versus electron binding energy (BE) in XPS
of (P?+)-PB. Classic normality of 4f, and 4f,, peaks imply PB" sites of

140
Eneargy JaV

appearance, as would result from differencing two displaced uniform environment.

but otherwise identical bands: here a doubtful maximum at
565 nm is accompanied (at meaningless negative absorbanc

values) by an inverted, approximately mirror-image minimum
on the NIR side, and is hence discounted.] The*(PPB

after two cycles remains adherent.
(vi) Ag™. Figure 3 d, e, and f. The dissolution of PB by

Ag solution inhibits extensive analysis, but the purple-tinted

ﬁ1e lower-energy transition, and furthermore, theghionic
charge of the pentacyano-iron(ll) ion diminishes the lattice
energy cf F&(CN)s*~, which would also increask.. These
considerations add to the view that the CT ground-state
energies correlate closely with the lattice energies.

product, Figure 3d, obtained from multiple-CV exposure of -, jusions

PB to AgCl dissolved in the contact electrolyte, has allowed

a difference spectrum to be obtained, Figure 3e, with a The argument linking the probable lattice-energy conse-

maximum at~540 nm. As this is close to the range of the
additional maximum in the direct spectrum, Figure 3f, for
the silver-ferrocyanide/PB residue, a solid solution within
PB of silver ferrocyanide is the probable CV product in
Figure 3d, again in accord with its large value'tflog Ks

(Table 2).
XPS Resultdn the PB samples, all the Mexcept M@,

qguences of univalent Mincorporation in PB with observed
shifts of the CT maxima is strongly supported by spectro-
scopic observations of the effects ofMand Ag" incorpora-
tion within PB. The shifts observed idmax follow the
{log(solubility product)-divided-by-ion-number sequence
that provides indicators of the strengths of the?*M
ferrocyanide interaction in the PB lattice: within PB the

which was unexpectedly below detection limits, were present ground-state energy of the CT participant' @N)s* is

in the XPS at several mol %; the Agsample was
inaccessible (vide supra). The spectra in the kkgions—

clearly influenced by the presence oM The possibility
with Cl?™ of some additional CT interaction in the lattice

except for PB'—were multi-peaked and apparently very energy, the strong interaction with ®hand the strongest
noisy, prejudicing quantitative assessment; but the multiplic- interaction with Ag" show up both in the shifts of the PB
ity of peaks observed could well be due to intrinsic variability CT maxima and in the solubilityproduct sequence. The

in the interstitial environments of the®M In the structural ~ Modified-PBAmax also accords with the thesis.
studies!® “... a ‘smudgy’ position of the potassium ions in Some precedent for the basis of the present procedure lies

the channels of the hexacyano-metalates” is inferred, as isin the quantitative rationalizatiéh?® of the transition-metal

probably applicable to the Min our PB samples. For Ph M?2* hydration energies in terms of the ligand-field stabili-
the clear XPS, Figure 4, by contrast confirmed the uniquenesszations inferred from spectroscopy, similarly applied t6M
and specificity of the bonding, as expected for the strong halide lattice energie®¥. The present complementary (and

interaction imputed to Pt in the preceding discussion; a less ambitious) approach has been rather to establish cor-
solid solution of PhFe'(CN)s within PB is again indicated.
CT shift in Modified PB The Amax Of a kind of Prussian
Blue containing the pentacyano-aquoiron(ll) anion is re-
ported® as being shifted 100 nm to longer wavelengttls (
that of PB). The weaker average ligand field at thé &tsing
from substitution of an kD for a CN- in part accounts for
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relations that confirm a lattice-energy link with observed Imagedata) for discussing details of the energy correlation.
spectra. Note that) . is a thermodynamic, bulk quantity, We are indebted to Prof. N. S. Hush (University of Sydney)
whereas spectral energy states are quantized levels averageshd Dr. J. Kwak (KAIST, Korea), and Prof. F. Scholz (Ernst
in statistics different from the thermodynaniichut the  Moritz Arndt Universitd) for the provision of reprints and
approximate nature of the present correlations involves little preprints. H.Y.L. was a summer intern at SIMTech.

error.
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S.; Pryce, M. H. LJ. Chem. Phys1958 28, 244. Hush, N. SDiscuss. + Fe'(CN)s*, or whenz =3 for (M?")4([Fe'(CN)g]*")3(s) = 4M?*
Faraday Soc1958 26, 146. +3F€'(CN)s*~ where the products are aquo-ions. There is a difficulty
(27) Hupp, J. T.; Neyhart, G. A.; Meyer, T. J.; Kober, E. MPhys. Chem in directly comparingKs values for salts with different values, in
1992 96, 10820. that these values refer to equilibria that are written by custom with
(28) Similar irregularity, in departures from the ionic-radiys sequence, the lowest integral numbers of the aquo-ion species. This number
can arise with M properties such as ion-association. Thus, fai ™M differs depending om, i.e.,n = (1 + 4/2)d whered = denominator
probed conductometricalf#,the sequence Kk Rb > Cs represents of any fraction in the parentheses. Thus there are 3 ions in solution
a comparable non-monotony, with a shift in the maximal cation from the solid M* ferrocyanides, whereas for Aghere are 5, and
ascribable to aquo-anion specificities. Here arioation interaction, for Fe** there are 7: the corresponding units are Sbh=2, moP
basically Coulombic, is in competition with hydration of the cation, dm~15 and mol dm~2%, respectively. Comparison of quantities having
H20O having to be displaced from the cationic hydration shell by the different dimensions or units being disallowed, a simple resolution is
anion, with varying, M-dependent, success. In simple molecular to divide log Ks by the number ) of ions involved [giving
models, the cationanion charge charge interaction igl1/(distance), log-solubility product per ion] which is a rationalizing process both
while the charge dipole (solvation) interactiofl1/(distance)is much compensating for differing numbers of constituent ions, and conferring
weaker!® From such a model, the’k< Rb" < Cs" sequence ofmax the same units, mol dn3, on all the solubility quantities compared in
is ascribable to progressive weakening of the catioh~ interaction Table 2. In full, the Table 2 values are thtislog { Ks/(mol dn3)1} ;
with increasing'm+ despite the more rapidly weakening, but feebler, the Ks are as tabulated in refs 17 and 18, but note that values cited
hydration in this sequendén detail, within the PB lattice, interstitial there a¥;, etc. are in fact lod<y, etc.].
M will interact with the F8(CN)¢*~ through the CN largely via (30) Variable in-lattice hydration through the?Mseries, weakening the
Coulombic+ anion—polarizability interaction, moderated by any® PB{M?2"}interaction, is partially implicit in thé/, log Ks correlation,
accompanying the N where the HO here is deemed to act as asKs, governing the dissolution equilibria, thereby involves the aquo
dielectric, albeit on a molecular scale. ions.
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