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Abstract

This paper surveys thermal and photochemical reactivities of the cyanometallates. The
thermal reactivity is described in counection with the unique properties of the cyanide ligand,
whereas photochemical behaviour is discussed with reference to characteristics of the relevant
excited states. For some hexacyano and pentacyanonitrosyl complexes the reactivity is interpre-
ted using a simple INDO-type method. The modelling procedure for the thermal reactivity
consists in interpreting the characteristics of the frontier orbitals, bond orders an.! charge
distributions in the ground state, whereas photochemical reactivity is modelied by calculating
the electronic structure of the selected excited states and analyzing the differences between
the features of the ground and excited states. O 1997 Llsevier Science S.A.
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1. Introduction

QOne of the most important recent applications of traasition metal complexes is
to build them into supramelecular species in which chromonhoric and reactive or
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luminophoric components are covalently linked together. An inexhaustible source
of such systems involves the chemistry of ligands efficiently bridging metal ion
centres. One of the most inirigning members of this group is the cyanide ligand.
The uniqueness of its behaviour is revealed by a versatility in bonding, varicty of
complex structures and diversity of photochemical modes. The variety of complex
structures includes such rar= geometries as colnmnar compounds, cyanoclathrates,
clusters, cyanospinels and .. .pounds with different CN bridges. The photochemical
modes lead to gencration of various species of potentiaf importance in catalysis such
as CN ™ iens, cyano or solvent radicals. solvated electrons, and complexes unsatu-
rated coordinatively or in a reactive oxidation state.

The aim of this article is to survey the photochemical reactivity of cyano complexes
and the trends in its theoretical interpretation in order o elucidate the correlation
between reactivity patterns and electronic structures.

The survey is limited to the mononuclear complexes and mainly presents the
material which has not been covered in previous review articles and books [1-11].

2. General characteristics of cyanide as a ligand and thermal reactivity of cyano
complexes

The unique propertics of the CN ~ ligand make the photochemistry of its com-
plexes unconventional and diverse. For a mechanistic study cone can have at one’s
disposai an exceptionally wide variety of systems, e.g., complexes in low and high
oxidation numbers or/and with low or high coordination numbers differing remarka-
bly in lability, in redox reactivity. etc. Moreover, 4 sophisticated play of weakening
and strengthening of both o- and =n-bonding is often involved in activation or
photoactivation processes, This is of special significance in the case of mixed-ligand
complexes.

(i) One of the most important features of the ligand consists in its ambidentate
but strongly asymmetric behaviour: botu carbon and nitrogen can uct as donor
atoms, but there is a significant difference in their bonding ability [12]. Although
R-CN and R-NC isomers are quite common in organic chemistry, virtually all the
cyano complexes of transition metals, wherein CN 7 is coordinated as 2 monodemate
tigand, have been recognized as C-bonded. In a few cases the formation of an
N-bonded species was claimed [3] but only for the [Co(CN Y H,O)(dmgH ),] complex
(where dmgH, = dimethyl-glioxime) has the existence of the cyano and the less stable
1socyano isomer been verified crystallographically §13].

The strong C-atom basicity originates from the HOMOQ g-orbital mostly localized
on the carbon atom. The nitrogen end is appreciably less basic due to lower energy
of the o} orbital localized mainly on the N-atom [14}. This is manifested by a
considerable difference in hardness of the two donor atoms: when bonding through
the C-atom, cyanide is one of the softest ligands {A==2kcal} dus to a narrow
HOMO-LUMO gup, whereas for N-bonded isomers A is much higher (12 keal )} [15].

(ii} C-bonded CN ~ is a strong field ligand belonging (together with CQ, NO*,
C,H,, C;H,) to a group of strong o-donors and good m-acceptors [16]. The
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n-acceptor ability of CN ™ is the lowest within the isoelectronic CN -, €O, NO*
series, mainly due to its ncgative charge. In spite of this, the consequences of
n-bonding are of key importance. The back-donation prevents accumulation of a
large negative charge on the metal atom, and contributes substaniiaily to the M—C
bond strength, thus enhancing d-orbitat splitting energy. This is why cyanides are
counted among the low spin complexes with all the consequences for structure and
properties, The predominance of o- over n-bond reinforces the C-N bond upon
coordination to a metal. Thus, the stretching frequencies. v(CN), are generally
higher for cvanto complexes than for free CN 7, whereas the opposite prevails in the
case of the CO ligand {1,3,17]. '

1t is generally assumed that the contributizn of x-avceptance to the total energy
is responsible for stabilization of central metal ions with & large numbes of electrons,
as a consequence of which there exists a broad variety of cyano complexes of late
transition elements in a low oxidation state. The impostance of the contribution
increases when the energy ditference between the filled metal d-orbitals and the
empty n*-orbitals of the ligand decreases, and therefore the sensitivity to the nature
of co-ligands bound to the metal ion is observed. Consequently, mixed-ligand cyano
complexes at low oxidation numbers usually contain other m-acceptors, like CO,
NO™. Examples of such complexes are: a large family of the [M(CN),NOJ"~
complexes, [Fe(CN),COP*" ions [1-5,18-27], Rei{CN)(CO),, and
[OsHLCNWCO), 0]~ clusters [28,29] or mixed valence Mo(0} or W((G) complexes
[30].

The contribution of x-back donation also depends on the aature of the central
metal atom, which can be illustrated by its decrease in  the serics
[Fe(CN)eJ ™ > [Co(CN )P~ > [Cr{CN) P~ [31].

The n-acid properties together with the nonbulky shape of the CN ligand assist
the d: and p.orbitals of the adjaceni metal atoms (o overlap effectively.
Consequently, the M~M vonds are formed leading to one-dimensional stacks of the
square-planar [ M{CN },] units. Such structures are typical of d® complexes of Ni(1l),
Pd(II) and Pe(11} {32-37].

The n-acid properiies are also responsible for stability of d' cyano complexes.
These weve reported to exist in the form of cubic cyanospinels of the formula
M,IM(CN),] (where M=K" or Rb* and M'=Zn{11), Cd(il) or Hg(I)) [38].

(iti) The overlap of the filled cyanide n-orbitals with the relevant metal empty
d,-orbitals can also stabilize the central metal fon with a low number of electrons.
In such a case cyanide resembles other n-busic ligands fike thase with F- or O-donor
atoms, which stabilize the carly transition ¢lements in a high oxidation state [1,2,39].
This is mostly accomplished with coordination numbers higher than 6, especialty
with larger central atoms from the second and third iransition series. The d* and
d? systems can be stabilized by seven CN ~ ligands, whercas d* and d* configurations
are known to be slable in the [M(CN )" complexes [39].

The importance of the s-donor contribution increases when the energy difference
between the orbitals decreases being sensitive to the nature of the co-ligands bound
to the metal ion. This is why there exists a large number of oxocyvano complexes at
high oxidation numbers, The mixed oxocyano ligands were recently reported to
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stabilize even the d° configuration in W{VI) complexes [40,41]. The oxcligands are
also known to act as bridges in oxocyanocomplexes, which can be exemplified by
1-oxo-bisfoxotetracyanorhenium( V)] [42f. Also fluoro or nitrido co-ligands are
cffective in stabilization of the lows number of electrons, e.g.. the d? configuration
of osmium(VI) in {Os(CN};NJ*~, or rhenium{ V) in [ReN(L)(CN),J*~ complexes
(where L=H,0 or N3 [43,44).

The amphoteric nature of n-bonding of the CN~ lgand is, bowever, strongly
asymmetric: the n-accepior capability dominates, whereas the n-donor ability is
appreciable only in systems with a low number of electrons.

(iv) The versatility in n-bonding of the CN ~ ligand is manifested in the tormatien
of stable cyano complexes both by early and late transition elements, by hard and
soft acids and by metal ions with low and high oxidation numbers.

1t is not uncommon for the CN ~ ligand to form stable complexes in two or gven
three suecessive oxidation states {z.g., for Cr, Mn and Fe [45]}, and in this respect
CN ~ resembles ligands such as 2.2-dipyridine and 1,2-dithiolenes.

Moreover, the cyano ligand is known to form stable complexes with two or even
three successive coordination numbers at the same centre (c.g,, Ni(11), Cu(I), Ag(l),
Hg(11)). This phenomenon is accompanied by an unusually wide range of stereo-
chemical configurations among which are also unconventional ones; linear {e.g.. in
[Ag(CN),17), triangular (e.g., in [Cu(CN)LI7), square planar (eg., in
[PH(CNY,)F ), square pyramidal (e.g.. in [NI(CN)]® "), pentagonal bipyramidal (in
heptacyanides of V(III), Mo(1l}, and Re (1ii)), square antiprismatic {¢.g., in
HIM(CN)], where M=Mo IV}, or W(IV)), and dodecahedral (examples may
be [NB(CN)e]**~, or K Ma{CN )gi- 2H,0) [1-3,39].

v} Although the basicity of the nitrogen end is sppreciably lower than that of
the C-atom, it appears to be enhanced upon formation of the M-CN bonding,
Coordination by both C- and N-atoms lead to a decrease in charge on the ligand
and consequently to an increase in contribution {rom the m-acceptance with a
simutlianeous reduction in the a-component of the M-C bond. This results in
weakening of the M-C bond and reinforcement of the M-N bond, so that their
strengihs become comparable within the bridee. Consequently, bridging is accompa-
nied by an increase in the C--N bond order, wiich is responsible for shifting the CN
stretching band to a higher and v{ MC) to a lower frequency [1,3,17,461,

This effect induces mononuclear cyanc complexes to behave as nucleophiles which
is demonstrated in their interaction with electrophilic solvents, in protonation, in
methylation and in bridging to other metal or non-metal atoms with formation of
di- or poly-nuclear compounds. Usually eyvanide ligands form the end-on type strong
bridges between two metal atoms, M-CN-M’, between a metal and another
electrophile, M—CN-R, or between two non-metal atoms [1-3,14].

Due to diiferent donor atoms in bridges, substances which seein to be simple
cyanides cun contain nonequivalent metal atoms, like Co(CTN ), or NifCN)aq [1].
The structures may mvolve {ransition metals in curbon and nitrogen polyhedra.
although sometimes the CN bridges appear to be totally end-for-end disordered
[47]. In the case of homoleptic octahedra, the difference in splitting energy results
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in low-spin MC,, whereas MN, centres are high-spin as it was shown for the
Prussian blue, Fe fFe(CN)l; and its analogues [1,48,49].

For mixed-metal complexes, the problem of preferential sites and bridged linkage
isomerism { L, M-p-CN-M'L] and L, M-p-NC-M’'L)) should be taken into account.
The linkage isomerism was found, however, only in few cases, examples being
HCN }:Co(CN)Co(NH;)sj [50,51], [NiCoCI{TN ),(dmgH ),(dpe)] (dmgH =dimeth-
ylglyoximate ligand, dpe==bis(diphenyl-phosphino)ethene) [52], [(H,0)Cr{CN)
Co{CN)5] [53] and (CeFs),PA(CN YPA(CF H{ PPh,),] or similar PA(11) and Pr(il)
complexes 54].

The bridges determine the specific properties of the compounds. Most of their
interesting functions are related to the occurrence of intramolecular electron and
energy transfer processes mediated by the CN bridges [14,55-60]. As relatively
simple units, the dimers and polymers can serve as models and starting points for
understanding eleciron transmission phenomena through mure complex chemical
and biolegical systems. Some of the polymers were also used as model substances
for the investigation of spin interaction via cyanide groups {49,61-63}.

Interaction between the metal centres through the cyano bridee often lead to a
change in spectral properties of the polyimers as compared to the mononuclear
species, Although the CN ~ ligand is not chromophoric, new bands at relatively low
energy are observed, especially in mixed-valence sysiems containing one metal centre
of oxidizing and another one of reducing character. These bands arise mainly from
ant optically induced charge transfer between the metal centres through the bridging
group. The intervalence transitions often cause the polymers to be intensely coloured,
the hest example being Prussian blue, Fe JFe(CN)]; or M'Fe[Fe(CN)yl, and its
analogues [1-3,64-75].

(vi) The CN bridges may be found in many crystalline cyano complexes and
involve chains, sheets, or three-dimensionial structures. The bridges are mostly linear
as singly bonded M-CN groups. less conunon are structures with bridges somewhat
deviating from lireatity at N- or at both the atoms, whereas structutes entirely
differcnt from linearity are rare.

Some of the CN-bridged polymers occur in columnar forms which enable a long-
range transfer. Such unique symmetry was found in stacked cyano-bridged porphy-
rinato compiexes of Co(111), Rh(lii}, Fe(HI), Cr(I) and Mn(III) which show
good semiconducting properties [60].

Cadmium cyanide, Cd(CN},, and other pelymeric cyanocadmares were reported
to build mineralomimetic multi-dimensional structures consisting of tetrahedral and
octahedral units {76-78]. A number of clay-like 2D layered, cristobalite-like or
zeolite-like 3D framework host structures with cavities of molecular scale accommo-
date a variety of organic guest molecules and onium cations of different geometry.

Other inclusion compounds of multi-dimensional cyanometal complex hosts are
those derived from the Hoffmann clathrate of generat formula ML, NI(CN},- xG,
where M =Ni{l1}, Cd(11}, Mn(I1}. Cu(I1} or other metal, L =neuntral ligand such
as amine, dinmine, phosphine or ursine [7€,79]. The compounds consist of square
planar [Ni{CN),] and octahedral [ML,{NC},] units linked by the CN bridges non-
{inear at the N end (angle at the N-atom within 150-170°}. As several kinds of guest
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arcmatic molecules (G) can be included into the intercalation compounds, their
application is important especiaily for development of novel separation techniologies
[80,81]. Similar nonlinear bridges were found recently in other polymeric cyanides
generated by hexacyanide of Fe(Il) [82-88].

CN-bridged complexes are of special interest in organometallic chemistry owing
to the ability of the CN bridge to act as a charge transfer mediator. One of the
most intrighing compounds from this series is organotin(IV) coordination polymer,
[ Me,Sn)Fe(CN ) - 2H,0 - C,H0,].. that was reported to form a three-dimensional
host-guest network involving “cascade-type™ guests {88]. Other examples from this
new class consisied of anionic di- and tri-nuclear organotin adducts for which an
X-ray analysis showed a Sn~-CN-Ag bridging interaction non-linear at the N-atom
(167.7°) [89].

Among numerous polymeric cyano complexes the compounds with CN bridges
deviating from linearity at both ends are extremely rare [51,90]. A few examples of
CN bridges, more typical of CQ than of CN ~ ligand, were also reported [2,91,92].
The cyanide ion was shown to bridge the Mo-Mo bond in the n° fashion wherein
two electrons are donated to one Mo from the CN o-pair and two are donaied to
the other Mo from the CN n-bond. The (¢ +r) bonding, which is common in u-CO
complexes, was found in the E{;N[Cp,Mo,(CO},(CN)] dimer [92].

The CuCN - NH, complex was for a long time considered to be unigue in featuring
a tridentate CN bridge which links the metal atoms into plane nets via the grouping
(Cw),C-N-Cu [93]. It was recently shown, however, that the trideriate CN bridge
is bound io three diverse metallic atoms (2Ru and 1Mn) in Ruj-cluster dertvatives
[94]. The structure demonstrated the abilityv of the CN ligand to link different
organometallic units and to stabilize unusual electron counts in organometa'lic
compiexes.

{vii) Many of inert moponuclear cyano complexes may be protonated generating
reasonably stable acids containing M—CN-H groupings. The protonation causes
shift of the reduciion potentiai to more positive values [64). The cyaro ligands may
be also alkylated to produce isonitrile complexes, M—CN-R, that are the subject of
continued interest [14,95]. Many other electrophiles react with terminal cyanide
ligands to form compounds with the CN briages between metal and non-metal
atoms. The basicity of the nitrogen end was also demonstrated by adduct formation
with BX; to give materials such as Ky[Ni{CN - BF;)] and K [Fe(CN - BF;)) [14].
The addition of a proton or another electrophile to the nitrogen end of cyanide
results in a decrease in o-bonding and increase in r-bonding to a metal [1-3,14],
The basicity of the CN ligand coordinated to one centre results also in interaction
between cvano complexes and solvent molecules, depending strongly on the nature
of solvent, especially on its acceptor number and hydrogen bonding formation [96-
104]. The sccond-sphere interactions bring about environment-sensitivity of the
speciroscopic, photophysical and redox properties of cyanides.

The nitrogen atoms involvement in hydrogen bonds, MCN---H---NCM leads
to different structures of acids, hydrated salts and mixed-ligand cyano complexes
{99,105,106].

The basicity of the N-end is also demonstrated by metal complexes with a
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CN-substituted organic ligand L.—CN, and thercfore compounds with M-NC-L-M’
groupings are produced that may be treated as having (NC-L) bridges [105,107].

3. Excited states and photophysical deactivation

(i) Large splitting energy and large extent of delocalization both in the ground
and in excited states constitute special features of the cyano complexes, This is
itlustrated by characteristics of the HOMO in mixed-ligand pentacyanonitrosyl
complexes of the first transition metal series (Table 1) as calculated using the SINDQ
method [108, 109].

Despite the significant celocalization, it is still of practical use in discvssing the
spectroscopy, photophysics and photochemistry of cyano complexes to classify their
excited states similarly to other complexes, The usual criterion of such a classification
is the predominant electron density transfer due to the relevant excitation (Table 2).
In many cyanide systems, however, an unequivocai classification of the transitions
is noi feasible. This question, less important for homeleptic complexes, is of great
significance for mixed-ligand cyanides, especially those with other n-acceptors [108-
L15] (Table 3).

{it) An additional complexity in interpreting the electronic spectra results from
interactions beiween cyano complexes and solvent molecules. The interactions are

Table 1
Characteristics of the highest occupied orbitals in the {M{CN)NOJ* “complexes of the first transition
metal series (adapted from Refs, {108,1091)

M* Crill) € MaQl)  Felll)  Cr@®  Mn(l}  Fe(ll)  Fe(l)
HOMO  Se Se 8¢ b, b, b, Re 9%
% d 24 23 2 54 57 57 4 21
% NO 50 55 a6 19 48
% CNg 20 I8 26 46 43 43 29 17
% CN,, & 3 6 8 14

*The NO tigand s assumed as being formally NO*.

Table 2

Charge chanpes accompanying trunsitions in komoleptic [M(CN )] “complexes of Ce( 1) and Fe{Ily
(adapted from Refs. [1IO LI

Complex [CriCNY}* pre(CNYJ4 -

Transition: Qamde, My R, Hp -2y, 2ty —de, LI P I P
Adn +0.04 031 .08 1025 +0.46 +0.46
Aoy B {AH] +0.05 +0.05 ~{1.04 — .08 =003
AQn +0.05 —-0.01 0.00 +0.05 +0.08 +O8
Uen —0.51 - Q.46 -~ Q.46 - .50 — o4 ~0.64

Main characler MC EMCT LMCT MC + MLCT MLCT MLCT
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Table 3
Charge changes accompanying lransitions in mixed-figand fFe(CN)L]"™ complexes (L =CO znd RO*;
adapted from Refs. [109,111,114])

Complex [Fe(CN)LCOP- [Fe(CN1LNO*-

Fransitiom 2by—%e Be~+9¢ L9 2b,=% de—9¢ 1a,—9

Ay +0.36 +0.37  +006 4006  +005 —0.14

Aensg +0.02 #003 4613 0.00  +0.0] +0.12

Aoy +0.69 +0.C3 4611 +0.04 +8.02 + 0416

AGenun —0.04 —0.08 ~G.14 —0.07 ~0.03 -0.14

AQyas +0.04 +008  —005 005  +0.00 ~0.10

Aqy, —~0,39 —040  —0d4 -0 ~4° —-0.20"

Main character MLCT + MC  MLCT  LLCT MC MC + LC  _MCT + LLCT

*In this case an appreciable charge transfer within the NO ligand is observed (Agy= —0.15 and Ag,=
+h11)

"The charge transfer is localized mostly on the N-atom resulting in its charge decrease {from 4-0.50
fo +0.31)

sensitive to the nature of solvent, and have their influence not only on the CTTS
transitions but also on other bands of CT character {96-104, 116-118]. Thesc features
render the excited states difficult to uneguivecal labeliing and lead to variety in the
photochemistry of cyanometallutes,

(iti) As in other systems, the vibrational relaxation of the excited staies can
be accompanied by radial and/for angular distortions. ‘This ieads to a change in
bond lengths and/or in symmetry in the excited statc as compared to the ground
state, Emission and resomance Raman spectra were the basis for ¢stimation
of the excited state distortions in some complexes, among others in
[CT(CN)NOJ ~, [Fe{CN)NOJ*~ ['19,120] and [Ru{bipy),(CN),]" " {bipy=2,2"
bipyridine and n=0-2) [121].

The distortions can be evaluated by changes in bond orders and/or in the diatomic
contributions to the total energy accompanying excitation calculated by the SINDO
method {108-111,114,122]. For hexacyanides of Cr(IIf) and Fe(1l) (Table 4) an
elongation of the M-CN bonds can only be expected in consequence of the

Tuble 4

Chinges in: o- and m-boud orders (p%, en wnid Ap™p exh wo-cenire contributions to the total crergy
(AEy ) and charges {Agy) accompanying ransitichs in hexacyvanides of Cr(Iil) and Fe{I) {(adupted
from Kefs. [L10.1N1])

Conplex [CE(CN Y] [Fe(CN ¢

Transition: 2tz C TR e 1 =2y, 2,40, 2z, 23, AUy 3y,
AP on —~0.186 — 025 —0.021 —0.146 +0.030 +0:023
Apthen —0.10% +0.110 +0.100 +0.012 —0.049 —0.031
AEy e +3.16 +0.12 +0.08 +2.13 —1,19 +028

Ady +0.05 =001 [T +0.05 EIAL +0.08




Z. Stasicka, E. Wasielewska { Coordingtion Chemistry Reviews 159 (1997} 271-204 by

2t,,—2e, excitation, whereas for pentacyanoferrates (Table 5) all excitations result
in a significant weakening of the n-bonding between Fe and CO or NO-ligand,
leaving the Fe-CN bond orders practically unchanged or even slightly increased.
Consequently, an elongation of the Fe-L, and constancy or even slight shortening
of the Fe-CN bonds, can be anticipated hers. For higher energy states also a
difference between axial and equatorial CN-ligand cannot be excluded.

{iv} The fate of an excited-state species and its lifetime depend not only on its
characier but also on other intrinsic factors sach as the nature of the central metal
1on. stereochemistry of the complex and the nawure of CN ™ and of other ligands.
The CN ~ ligand is classified as a poor quencher due to its large ligand field splitting,
thermal inertness of cyano complexes and lack of 2 high-frequency intraligand mode
{like v(OH ) or v(NI)) that can be effective in quenching excited states [123-125].
it was suggested that these features are responsible for relatively long excited-state
lifetimes of cyano complexes (see, e.g., Refs. [6,123-129]). A spectacular illustration
of this phenomenon is provided by the {CriCN e H,0).J" 2 series for which the
lifetime of the 2E ¢xcited state decreases by a factor of 250 and radiationless decay
rate k.. increases from 0 to >6 x 10% when » varies from 0 to 6 [124].

Among other structural factors influencing the excited-state lifetime, the spin-
orbit coupling should be mentioned. The lifetime of the *T, triplet was found to
decrease in the order

[Co(CNI P~ > [RBCNYF ™ >[IRCN) P~

which is consistent with increasing values of the spin-orbit coupling constants of the
central metal atom {126]. Spin-orbit coupling was assumed to be responsible for a
variation in the radiative rate constants of mixed-ligand chromium(11l) complexes
[E25].

(v} Thanks to the relatively long lifetimes of the excited states, their absorption
spectra could be measured in some cases [130-134]. Considerable attention was

Table 5

Chlianges im: bond orders (Ap©r.. and Ap®s. ) 2and two centre contributions o the totat energy
{AE;,.n) sccompanying transittons in mixed-ligand [M{CNLL]"™ complexes (L.=CO amd NO™)
(adapted from Refs, f109,[11,114])

Complex [Fe(CNLCOP [Fe{CTN ) NO}*~

Transition: 2b. -0 8e—l¢ fay-+9e 2b;-+0e fe—le ja;—~b%
A, +(.038 +0.054 +0.030 ~0.081 ~0.003 +0.004
Ap™yos. ~{1.590) ~0.522 —1.355 ~0.469 —0.609 —0.364
AP vevnieq +0.019 +0.010 ~0.034 —0.003 -0.0104 —0.037
A petriioy —(.078 +{.050 +{L.i03 +0.105 +0.072 +10.022
APy i inian —1L005 +0003 ~—(LO0R ~ Q.10 - (07 ~-0.014
AP ot + 00602 +0.130 +ih 10 +0. L) +(L4 +.156
Ao +4.54 +4.18 +31.87 + 501 + 6.6 +4.15
AEge cnea —0.08 ~0.18 —~ {60 ~0,69 —~0.05 —-0.23

AFre chime +0.04 -1.12 ~ 142 -0.65 ~1.50 ~0.80
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attracted especially to the light-induced metastable states (MSI and MSII) of the
[Fe(CN)sNQO)*~ complex which are remarkable for their extremely long lifetime
(t>107s at T=0K) [135-139). The NO ligand seems to be a prercquisite for the
existence of such metastable states. Besides nitrosylpentacyanoferrate(Il), also in
[Ru(CN);NCJ*~ and [Os(CN)sNOJ*~, photochromic effects have been detected
[136, 140]. The photechromic materials draw some interess for their potential applica-
tion in construction of fasi and cfficient optical switches and as possible optical
memory devices with a high storage capacity.

(vi) Beside the intrinsic there are also environmental factors such as temperature
and pressure and as well as matrix facturs, that contribute to the excited-state
relaxation behaviour. Due to the tendency of the cyanide ligand to give second-
sphere donor—acceptor interactions, the cyano complexes are excepticnally seasitive
to the environment: their absorption specira, emission spectra, luminescence
quantum yields, luminescence lifetimes and electrochemical properties are affected
by the nature of solvent, nature and concentration of counter-ions as well as by
acidity [97-104,141-143]. The solvent effects are of special meaning. In this case,
with the growing acceptor number of the solvent and/or with the growing tendency
te forn hydropen bonds, the stronger become the interactions. Coansequently,
different behaviour was observed in hydroxylic and nonhydroxvlic solvents
[117,118]. The detailed study performed for mixed-ligand cyano-pelypyridine Ru(1l)
complexes has shown good linear correlations between the spectroscopic energies
and solvent acceptor numbers [116.117,141--144].

In the case of quasi one- and two-dimensional interactions within M[PH{CN},]
and CsTAu{CN ),], respectively, pressure was reported to have a significant effect on
the excited siate energy due 1o a decrease in the band gap energy [145-1471. In the
solid phase, the magnetic effect or M-M interactions may also contribute to the
excited-state energy [148-150].

All these faciors contribute to typical kinetic competitiveness of various deactiva-
tion modes, such as radiative and non-radiative transitions, bimolecular quenching
and photochemical reactivity, More details on the kinetic aspects of the cxited-state
decay may be found elsewhere [6,7,10,11.58].

(vii} Considering the properties of cyino complexes in excited states, their acid-
base and redox behaviour must be taken into account. The effzet of protonation on
photophysics of mixed-ligand Ru(il) cyano complexes with a-diimines,
R (NN 1 3 Y hinusidinag 1 1N _nhanantealina ? Y _hinninalina ae thois dacie
atives) and |Ru{bipy){CN}]“" has been thoroughly mvestigated |[41,150-154].
The complexes with protonated CN ™ ligands appeared to be such strong acids on
excitation and they deproionated so rapidly that only emission from the unproton-
ated form was observed, The proton-transfer excited-state eyuilibrium thus proved
to be fast with respect to excited-state deactivation [1501. At lower temperature
(77 K) emission from the protonated forms occurred but the protonation of the
~CN to ~-CNH™* resulted in decreased eleciron density at the Ru centre thus shifting
the Ru-1L. MLCT excited state to higher cnergy while leaving levels of n—n* ligand-
centred orbital origin practically unaifected. The energy spucing of the d-n* and
n-n* levels is so strongly affected that in concentrated acids the energy ordering of
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the MC, LC and MLCT is reversed [150,151]. Similar behaviour was reported for
{a-diiming)-cyanoiricarbonyl-rthenium(I) for which the emiiting state could be
changed from the MLCT to x—-n* type by varying acidity, ligand L and temperature
{155]. The aheration resulted in farge changes in ¢mission spectra and lifetimes,
which sugsested application as environmental probes {155,156]. Similarly to the
~CNH ligand. isonitrikes, ~CNR, stabilize the {. level as was reported for
[RULH{CNR).} and RuL(CNR),]*" [156]). The effect can invert the order of the
lowest MLCT and r—n* excited states with radical changes in luminescence
properties.

The origin of the changes in the CN ligand basicity can be understood considering
the electron density redistribution at the N-end [108,110-112,157]. The survey of
the Agy values calculated for some hexa- and pentacyanometallates {Tables 2 and
3) shows that the acid-baste properties at the terminal N-atom depend not only on
the type ol transition but also on the CN ligand position in relation to the co-ligand.
The most spectactlar example of the behaviour is provided by the difference between
the charge of axial and equarorial N-atoms produced by ihe la,—9¢ excitation in
the [Fe({CN);L]"™ complexes {cf. Table 3),

Althougl more general conclusions on the CN lizand basicity in excited state
could be drawn only on the basis of much larger accumuiation of experimental and
theoretical data, the folowing factors should be considered as influsntial; type of
excitation, nature of the central atom, nature and position of co-ligand. In the case
of mixed-ligand cyanides, a similar procedure could be wsed to predict changes in
basicity of the L ligand.

(viii) As other complexes, cyanides in excited states are more powerful oxidants
and reductants than in the groud state. The origin of the cnhanced redox bekaviour
has been elucidated basing on ihe generalised Forster cycle {157) or on changes in
lonization potential and electron affinity due to changes in occupation number of
the HOMO and LUMO orbitals [6,10,11,158-161). The nearly linear correlation
between HOMO energy and oxidation potential reported for binuclear cyano-bridged
manganese complexes demonstrates usefulness of the approach [162].

(ix) Popuiation of excited starzs in quenching processes is a conunon procedure,
Cyano complexes are widely nsed to quench excited states of other species, mostly
polypyridy! *{M{NN),F" complexes (where M =Ru(1l) or Os(11), and ammine
Crill) complexes [163,164]). The cyanides are unique quenchers in that they span
a wide range of excited-state energies and redox potentials making a delineation
between the various quenching pathways possible, The predominant mechanism
found was the reductive electron transfer from a quencher to *[Ru{NN );}** which
is rather rare with inorganic quenchers [163]. This was accomplished with the cyano
guenchers with low oxidation numbers, Mo(1V}, Fe(ll), Ru{ll) and Os(II),
whercas the cyanometallates of Co(1M) and Fe(lll) displayed oxidative electron
transfer, The quenching rate constants for & series of the [Fe"(CN );LI*~ complexes
paralleled the increasing reductive power of these complexes. It was suggested that
enmerny transfer uccompanies electron transfer in the case of the [Fe(CN) * -~
and [Ni(CN),}*~ quenchers [163]. The reversible energy transfer was reported
to be of the quenching mechanism displayed by the doublet excited state
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of [Cr(tacn){NCS);] (primary donor, tacn=14,7-triazacyclononane), and
[Cr{CN)J?~ (primary acceptor) [165].

(x) Cyanometallates play an important role as photosensitizers due to extreme
sensitivity of their spectroscopic and photophysical properties to the environment:
absorption and emission spectra as well as excited-state lifetimes depend strougly
on the solvent, nature and concentration of countet-ions and acidity. Quenching of
electronically excited states of cyanometallates has been a subject of many investiga-
tions [163-168]. One of the systems studied consisied of *[Ru{bipy),(CN),] and
[Fe(CN)gl*~-*~: both energy and electron transfer were reported, the latter being
of reductive and oxidative character for the Fe(II) and Fe(IIl') complexes, respec-
tively {163].

(xi) A growing interest in the energy or electron transfer processes displayed by
polynuclear systems focused attention on the cyano-bridged complexes. The cyano
bridge not only covalently links together chromophoric and fuminophoric molecular
components, but also enables fast and efficient energy transfer to produce lumino-
phore emission following chromophore absorption, The complexes behave in many
respects as supramolecular antenna systems [133,163--174]. The CN-bridged poly-
mers display alse electron transfer processes; the key problem, however, is fast back
electron transfer which prevents using the systems for light-promoted charge separa-
tion. [55,58,175,176].

4. Photochemical reactivity

Homoleptic cyanide complexes are knovn o undergo photosubstitution (photo-
solvation) of a cyanide ligand

hr

IM{CN), "~ +1. — [M(CN),_ L} " +CN - (1)

It was found in several hitherio studied systems, such as [Cr(CN)J*~,
[Co(CN)s*~ and [W(CN)g}*~ complexes, that the reaction has a dissociative or
dissociative interchange mechanism [6,177,178). The experimental data are, how-
ever, not ample to draw general mechanistic conclusions,

Mixed-ligand cyanide complexes, being mostly of the [M{CN);L]"™ type, can
undergo not only cyanide [179-183] but also lisand L photosubstitution ( photosolva-
tion) [1.3,5,7,23,184]

Ay

[M(CN)LI" - + L — [M({CN)SLT*~ +L ()

The choice of substituted ligand, mechanism and quantum yield were found to
depend on the parameters of the co-ligand, on the rature of the donor atem in
particular. The photosubstitution pathways have been analyzed in terms os the
Adamson’s semi-empirical rules and of the Vanquickenborne-Ceulemans model [ 185]
as well as basing on the SINDO approach {109-111,114].

Photoredox behaviour is usually demonstrated by homoleptic cyanide complexes
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as a result of reactive decay of an excited staie being of the charge-transfer character
[6,8]. Photoreduction proceeds by either inter- or intra-molecular pathway {186, 187,
he

[M(CN),]*” +D —— [M(CN),["* "~ +'D* (3)

14

[M(CN),I* +50lv ~——s [M(CN),_ s (solW)}"~ -+ 'CN (4)

In the case of mixed-ligand cyanides intramoleciiar photoreduction may also incinde
the L ligand [188-192]

i

[M(CN)sL]™" +solv —» [M(CN)s(solv)}* 9~ +'L* 5)

Intermolecular photooxidation leading to solvated electron production, is the
only photooxidation pattern demonstrated by the homoleptic cyano complexes
[1.6,8-11],

ke

[M(CN),I"™ +solv — [M(CN),]'™™ +eg, (6)

whereas intramolecular photoexidation accompanied by selvation

A
[M(CN)SL}"™ +solv — [M{CN)s(solv)]* ™ +L" ')

was observed in some mixed-ligand cyanides, above all in [Fe(CN),NOJ*~ [6,8, 188~
191,193,194].

Systems composed of a cyano complex linked in some way to one or more units
have recently generated great iaterest due to their uncommon properties and pros-
pecis for use in molecular engineering, The goal may be achieved not only by
formation of CN bridges but also by formation of other covalent boads or even by
electrosiatic interactions between the pariners. In the latier case a number of ion-
pairs were reported where the main cyano partners (and reducing species) were
[Fe(CN}el*~, [Ru{CN)e*~ and [Os(CN)]*~, whereas the cation usually belonged
the amino-complexes of Co(H1), Ru{lil}, Os(ItI}) [45,51,176,195-199].

The photochemistry and photophysics of the covalently linked systems also depend
on the interaction strength between the units. Because of the asymmetry of the CN
bridge, oot only energy but also symmetry of the relevant states must be taken inte
account {175, 199-208].

5. Modeclling of the photochemical reactivity

The first insight into the problem was calculation of the electronic spectra, which
was done with use of the SCCC MO method involving only the ground state [209].
Next, separate calculations of the ground and excited states were developed based
on INDO-type [108-111,114,122], DFT-type [210,21!} or ab initio SCF inethods
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[£12,113,212-214]. The ab initio SCF CI calculations carried out for the series of
hexacyanomeiallates of V, Cr, Mn and Fe, resulted in excellent agreement between
the calculated and experimentaily measured electronic spectra within LF transitions
[214]. The scaled INDO method leads to much less precise results but instead it
provides a possibility of modelling both thermal and photochemical reactivities.

Modelling of thermal reactivity of cyanometallates consisted in interpreting the
characteristics of the frontier orbitals, bond orders and charge distributions in the
ground state {109]. To find the mest important factors which make the photochemi-
cal decay of excited states proceed along a specified photochemical mode, the
reactivity was analyzed in relation to excitation-induced changes in charge distribu-
tion, bond orders and two-centre contributions to the total energy.

5.1, Effect of the central atom

To have an insight into the way in which the photochemical reactivity of cyano
complexes depends upon the metal atom parameters, the photochemistry of
hexacyanochromate(11I) and hexacyanoferrate(11) were analyzed using the SINDO
method [110,111].

Both the above hexacyanides undergo photosubstitution of the CN ~ ligand upon
the LF excitation (Ea. (1)) [8,130]. This is consistent with an appreciable decrease
in the M—CN bond order and increase in the Ey oy two-centre contribution to the
total energy accompanying the LF fransition (2t;;—4e,) (Table4). The result is
unigue for the LF transition, and the changes in E,,_ for other transitions may be
treated as negligible. The latter suggests that neither photosubstitution (Eq. (1)) nor
intramolecular photoreduction (Eq. (4)) can be expected as a result of the excitations,

Indeed, the modes were not found experimentally, although the CT excitation in
the both cases leads to a photochemical reaction. A divergent photoredox behaviour
has been observed here, i.e., photooxidation of [Fe{CN):J*~ (Eq. (6)) and photore-
duciion of [Ce(CN )P~ (Eq. (3)) [8,9,179,186]. To interpret the behaviour, changes
im charges accompanying transitions had to be considered (Table 2), These are
negligible for the LF transition at [Cr(CN)gJ>~, but are significant in other cases.
The result is consisiant with the interpretation of the charge transfer excitations of
[Cr(CN )}~ made using the ab initio SCF method [113]. A considerable shift of
the negative charge towards the Cr-atom duc to the CT excitation together with
lack of M~CN bond weakening are prerequisites for the intermolecular photoreduc-
tion (Eq. (3)) [179.186].

The reverse electron shift is observed for the [Fe(CN)¢]*~ complex: the first three
excitations lead to charge transfer from the metal to ligand, being more significant
for the 2t,,—2t,, and 2t,,—2t,, transitions. The increase in the Fe-charge, lack of
the weakening of the Fe—CN bond and substantial accumulation of negative charge
at the CN ligand are assumed to be respensible for the transfer of an ¢lectron to
the solvent and the outer sphere photooxidation mode (Eq. (6)) [111].

Comparing the results for both the hexacyanometallates (Tables 2 and 3, see also
Ref. [6]) it can be seen that their first excited states should be similar in reactivity
and their decay should lead to the photosubstitution mode (Eq. (1)). However, the
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different nature of the central atoms is decisive for the characteristics of the next
excited states. For the chromium complex they are LMCT, not MLCT in character.
The charge transfers and lack of the Cr—CN bond weakening indicate that photore-
duction and pbotooxidation are the only possible modes following reactive decay
of the cxcited states of chromium(I11) and iron(Il) complexes, respectively,

To model the reactivity of mixed-ligand cyanometallaies, the [M(CN);NOT~
family was chosen which is known for diverse reactivity despite similarity in geometry
and bonding [1,20,21]. Their thermal reactivity can be conveniently illustrated by
a fragment of the periodic table (Fig. 1), which demonstrates a diagonal relationship
of the reactivity: the complexes at the top-right side are stable in acids, whereas in
atkaline media they uwodergo a nucleophilic attack followed by a substitution of the
NO* ligand. The pentacyanonitrosylmetaliates from the lower-left side are resistant
towards bases, whereas in acidic media a substitution of the CN~ ligand takes
place as a consequence of an clectrophilic attack [20,24,108,109]. They are
stronger reducing agents than the former group; some of them
(ICr(CN)sNOJ~, [Fe(CN)sNOJ* ) are even unstable towards molecular oxygen.

The analysis made with the use of the SINDO method showad that their thermal
behaviour is consistent with characteristics of the froniier orbital, i.e., LUMO or
HOMO energy and charge on the nitrogen atoms of both the NO ligand (@QN(NO))
and equatorial CN ligand {(gN(CNeq}. The results (Fig. 1) show that the predisposi-
tion of the [M{CN );NOJ*~ complexes te undergo a nucleophilic attack depends on
oxtdation number of the central metal ion and its nature. For the same central atom
the predisposition increases with its oxidation number

M(0) < M(I}<M(H }<M(I1I)

electrophiles
oxidants

N

'y

[Cr(CN),NO] o
/’—"

By -10.38; qCi J=-070 | 4

Eoue? 035 1 04NO) = 40,28

{MNO}*

{MNOY’

E s 554 1 G ICH,J= 091
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[Mn"(CN),NOT*
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Fig. 1. Graph of corretations between reactivity and efectronic structure of [M{CNNOYF ™~ complexes.
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wheteas for different centres it grows in the order

Cr<Mn<Fe

both in the isoclectronic series (d° or d%) and in the series at the same formal
oxidation number (I or II).

Electrophilic properiies of the whole [M(CN);NOJ*~ family were ordered as
follows:

Cr(0) <Cr(I) <Mn{1} < Fe(1) < Cr{Il } < Mn( 1 } < Fe(II } < Fe(HI}

which is consistent with experimental oxidation and reduction sequences [24, 109].

The SINDO caleniations have shown that the redox and electrophilic behaviour
of the [M(CN);NOJ"~ complexes for the first transition-metal series are strongly
dependent on the number of electrons and nature of the metal atom. When the
complexes are tabulated according to these features, the diagonal relationship of
their reactivity becomes evident (Fig. 1). The resulis may be useful for assessing
unknown redex potentials or electrophilic reactivity of the complexes as well as to
create a point of departure for predicting their photochemical reactivity
[24,108,109,122].

3.2, Effect of ca-ligand

The effect of co-ligand has been studied by interpreting thermal and photochemical
reactivity of the isoelectronic [Fe'(CN);L)"~ complexes (L=CN ~, CO, NO*) by
the SINDO type calculations carried out for the ground and selected excited states.
The results reflect the differences in photoredox behaviour of the complexes and for
the L, not CN =, photosubstitution mode in the carbonyl and nitrosyl complexes
[l1i1}.

The complexes are known to underge photoaguation of the L ligand (Eq. (2),
Fig. 2), yielding aquopentacyanoferrate(II), [Fe™(CN);H,OF -, and the ligand L
(CN-, CO or NO™) [1,8,25,191,2i5,216]. Furthermore, hexacyanoferrate(Il)
undergoes intermolecular photooxidation (Eq. (6)) generating solvated electrons
with a relatively high quentum yield [1,8,130]. The intermolecular photooxidation

solV" + [FCN)LI™™ +—55-~ [Fe (CN)LT— G [Fe"(CNLI"™ 4,
1=NO’ I \ 1~CN,CO

‘ MC+1T

[Fe"{CN)solv]™ + 1L
L=NO

[Fe"(CN):solv}s' +L

L=CN, €0, NO'

Fig, 2. Main photochemical pathways of [Fe(CNLLJ"~ complexes (L=CN ~, €O, NO™) and characters
of the relevant excited states.
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mode was detected recently to proceed also in solutions of {Fe(CN).COP~ [27]. It
was postulated that in the case of [Fe(CN);NOF~ the mode proceeds in a glassy
state [2171, but i was never observed in solution. On the contrary, the intramolec-
ular photooxidation and solvation of the NO ligand (Eq. (7)) was found to be the
major photochemical mode detected in aqueous and non-agueous media
[8,130,190,191,193,216]. Moreover, the intermolecular photoreduction (Eq.(3))
was found to proceed in non-aqueous sohations, The latter process results in genera-
tion of [Fe¢'(CN);NOP~, which undergoes a fast first-order decay with loss of
cyanide to give [Fe(CN),NOJ~ [190,218]. Neither intramolecular photooxidation
nor photoreduction were deiected for the [Fe(CN);L}~ complexes with L=CQ,
CN -~ (Fig. 2).

Thus, within the isoelectronic [Fe{CN ;L™ series, a tendency to undergo inter-
molecular photooxidation decreases within the series

{Fe(CN)el*~ >[Fe(CN),COP~ »[Fe(CN),NOP~

whereas susceptibility to undergo intramolecular photooxidation or photoreduction
increases along the series.

The behaviour was interpreted in terms of the bond order characteristics and
appeared to be consistent with the expectation that the m-acceptor ability of the
ligand L, increasing in the serics CN ~ <NO™, plays the crucial role. This was
recogiized by the increase in the m-bond contribution to the Fe-L bond along the
series, accompanied by simultanecus reduction in the = contribution to the Fe-CN
bond and practically unchanged o-bond orders of Fe-CN and Fe-L [111].

In the case of the [Fe(CN);COP~ and [Fe(CN);NOJF~ of complexes the
2b,-+9e <8e—0e < 1a, %% excitations are accompanied by a considerable weakening
of the Fe-L bonding and increase in the Eg,.p energy, whereas the Fe—CN bonds,
both in ¢fs and rrams positions, are either unchanged or even strengthened (Table 3).
The weakening of the Fe-L boncng resuits primarily from the decrease in the
n-bond order, whereas the o-bond order remains nearly unchanged. The changes in
bond-order substantiate photosubstitution of the L ligand and point at photosubsti-
tution of the CN ~ ligand as less probable mode.

The decrease in the Fe-L bond order provides evidence that the 'E (2b,—9%)
and 'A;, 'B,, 'B; (8e—9¢) states should be those mainly responsible for the photo-
substitution. This conclusion is consistent with the experimentai data except the
'E excited state (2b,-%) in [Fe(CN);NOJ*~ that was reported to be unreactive
[8,114,130,191,193,216].

In other cases the changes in charges zre larger and somewhat similar both for
[Fe(CN),COP~ and [Fe(CN),NOJ*~. All ihe transitions result in an electron
transfer from the equatorial CN ~ to axial ligands (both CN ™~ and L) which is
indicative of larger or smaller contribution of the ligand to Hgand charge transfer
L L.<CT).

On the other hand, the charge changes on the iron atom in both complexes
{Table 3) are opposite to each other. In the case of [Fe(CN),COJ*~, all the studied
transitions lead to an increase in charge, whereas for [Fe(CN)sNOJ*~ ihe changes
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are either negligible (2b,—9: and 8e—9%)} or qg. is decreased {la,—%e). These
findings prove the opposite CT character of the excited states of the carbonyl and
nitrosyl complexes: there is a considerable Fe—-CQ MLCT coniribution to ail
transitions in [Fe(CN);COJ ~, whereas in the nitrosyl complex the first two trans-
itions are partly d-d and partly within the NO ligand, and only the third transition
{1a,—9¢) is similar for both the complexes. The third transition leads to the charge
transfer from the equatorial CN ~ ligands to all other parts of the complex, It
involves only ligands (L=CO) or is also partly CN,,—Fe LMCT in character
(E=NO*).

The resuits substantiate the reported paotoredox behaviour of the complexes
(Fig. 2), i.e., susceptibility of [Fe(CN)sCOJ*~ to intermolecuiar photooxidation and
predisposition of [Fe(CN);NO]*~ to photoreduction induced by reactive decay of
the E {1a, —9¢) state. It can aiso be concluded, that the nitrosyl is the only ligand
that has the n-acceptor character strong enough to facilitate photoreduction of the
iron atom in the [Fe'(CN),L]"~ complex.

It was suggested that intramolecular photooxidation and solvation of the NO
ligand (Eq. (5)}, that follows the 8e—9e excitation in [ Fe(CN);NOJF , results both
from weakening of the Fe-NO bond and from a considerable charge shift within
the NO ligand (Table 3) [114,191]. The intramolecular photooxidation cannot be
excluded also in the case of [Fe(CN),COJ*~, for which susceptibility to reduction
of the CO ligand was found to be enhanced by exposure [27].

Owing to the weakest n-acceptor character of CN ~ among the ligands discussed,
excitation-induced charge changes in [Fe{CN)¢]*~ are closer to those in the carbonyl
than the nitrosyl complex. In particular, all transitions in [Fe{CN)s}*~ (Tables2
and 3) lead to an increase int the net charge on the Fe atom showing that the
transitions are of MLCT character, mainly (2ty,—2t;, and 2t,,—5t,,) or partly
(2t2,—4e,). The same direction of charge transfer is also observed in several succes-
sive more energetic transitions. It can be concluded from this finding that photooxida-
tion is the only pussible photoredox mode in [Fe(CN)g*~. The highest HOMO
energy amengst the [Fe(CN)L]"™ complexes explains the observed intermolecular
photooxidation and solvated clectron production of the [Fe(CN)gl*~ complex.
Comparing the values of charge changes, the 2t,,—2t,, and 2t,,—5t,, transitions
seem to be those leading to photooxidation. Additionally, the both transitions are
accompanied by insignificant changes in the Fe~-CN bond order (Table 4) and in
the two ceatre Fe—CN contribution to the total energy.

On the other hand, the first transition, 2t;;—de,, although leading to the smallest
charge transfer, results both in an appreciable decrease in the Fe-CN o-bond order
and in an increase in Ep__¢x. These changes are consistent with the excitation-induced
photosubstitution of the CN ™ hgand.

6. Conclusions

The review shows a variety of thermal and photochemical behaviours of cyano
complexes, mixed-ligand cyanometallates in particular. Their interpretation becomes
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casier when the flexibility of the CN- ligand and specific character of the excited
states are considered.

The scaled INDO method was thus recognized as a useful tool for predicting both
thermal reactivity and tendency of reactive decay of an excited state of cyanometal-
lates; the procedure, however, should be acknowledged as a model, that is a point
of departure for further refinement.

Nevertheless, the approach enables to predict the properties of the excited states
under consideration and to interpret photochemical modes, their mechanisms and
even their efficiencies.
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