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Abstract. A large number of polynuclear ruthenium complexes encompassing selective combinations
of spacer (bridging ligandBL) and ancillary AL ) functionalities have been designed. The extent of inter-
metallic electronic communication in mixed-valent states and the efficacy of the ligand frameworks to-
wards the tuning of coupling processes have been scrutinised via structural, spectroelectrochemical, EPR,
magnetic and theoretical investigations. Moreover, the sensitive oxidation state features in the complexes
of non-innocent quinonoid bridging moieties have also been addressed.

Keywords. Polynuclear ruthenium complexes; mixed valency; electronic coupling; spectroelectro-
chemistry; DFT calculations.

1. Introduction B. Hole transfer mechanism

Bridging ligand BL) induced intermetallic electro- 4~ 4 Ay 4 + e
nic coupling in polyruthenium systems has been the 4 . 4 . 4
focus of continuous developmérsince the revolutio-

nary discovery of pyrazine-mediated strong coupliny BL M~ M BLY M M*BL M

between the ruthenium centres in the mixed valent ) _ _

state of [(NH)sRU' (u-pyrazine)RH (NH2)]**2 Inter- Depending on the e>§tent_ of coupllng, m|x_ed-valent
metallic coupling in polynuclear systems finds apSystems can be primarily categorised Into three
plications in designing molecular electronic devices!asses: class |, very weak to no coupling; class Il,
such as molecular wires, semi-conductors, rods effoderate to strong coupling, essentially a valence
Moreover, mixed-valent species have direct reldocalised situation; class Ill, sing to very strong
vance in biological systerhas well as being impor- coupllng Igad7|ng toa completely delocallse_d valence
tant from the perspective of theoretical studies diPnfiguration. Though various well-recognised ex-
electron-transfer kinetics. Bridging function-mediated Perimental tools are available to establish the char-
intermetallic communication usually takes place iRcteristics of the mixed-valent complexes, electro-
two different pathways primarily depending on th@hem'cal+1 features along with metal(ij(BL)-
electronic nature of the spac@L(). For arracceptor metal(M™) intervalence electronic transition (IVCT)

type of neutralBL it follows an electron-transfer at the low-energy NIR/IR region have been consid-
mechanism A&), whereas for an electron-donatinggred to be most effective manifestations in general

spacer, the hole-transfer mechani8h dominate$, Sense. At the electrochemistry level, the separation
in potential AE®) between the successive redox pro-

A. Electron transfer mechanism cesses for a symmetrical diruthenium(ll) system
_ 4 _ provides the comproportionation constalkt)(value
4 e e e p 4 for the equilibrium reaction (1),
M BL M + M + BL- M + M + BL M [RUIIRUII] + [RUIIIRUIII] = 2[RU”RU”|],
Kc = [RU'Ru"T#/[RU"RU'I[RU" RU"], (1)

whereAG, = -RT(InK¢) = —-nF(AE?); K = 1¢50059)
“For correspandence for n = 1; AE® = the separation in potential between
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Chart 1.

the two successive redox processes%¥M"M" = [231 x 10°(Ema)]”? Emax = €nergy at the maximum
MM —E°M"M" = M"M™). height of the IVCT band. However, for a class IlI
K. varies from a statistical value of 4 for complesystem the calculatedv,,, value using the Hush
tely non-interacting genuine class | systems tequation appears to be much greater than the ex-
2 x 107 for fully delocalised class Il systentsow- perimentally derived\vy,.
ever, the intermediate values Kf introduce chal-  Three kinds of motion, solvent, vibrational and
lenges in assigning class Il, class Il or theielectronic, need to be taken into account in interpret-
borderline situation. Usually, at the electrochemicahg the band width of IVCT as well as the solvent
level, class Il systems are defined wikbup to 18 dependency of the intervalence bands. In class I,
and higher values df. = 10° provide an indication the solvent and exchanging electron are localised,
of class Ill. Free energy of comproportionation equiwhereas in class lll, the solvent and vibrations are
librium (AGc, (1)) consists of several free energyveraged and the exchanging electron is delocalised,
terms, AGs (statistical distribution),AGe (electro- which justifies the broad solvent-dependent and nar-
static repulsion of the positively charged metalow solvent-independent IVCT bands for class Il
ions), AG; (inductive factor due to competitive coor-and class Ill systems respectively.
dination of the bridging ligand by the metal ions), On the other hand, in the borderline class Il-llI
AG, (resonance exchange)dGys (antiferromagnetic hybrid system, the solvent is averaged and the ex-
exchange at the doubly oxidised 'RRuU" state) and change electron is localised. Vibrational averaging
AG, (ion-pairing factor). Therefore the characteris-can also occur depending on the time scale of elec-
tics of the intervalence charge transfer transitiortson transfer. Thus, class IlI-Ill hybrid systems ex-
(IVCT), in combination with the electrochemicalhibit narrow solvent-independent IVCT bands like
features, can provide better and simplified undedelocalised class Ill systems, though He value
standing about the domain in which a particulaappears in the typical class Il range,< 1.1
mixed-valent system belongs. A large number of diruthenium complexes incor-
For a class Il valence localised system, the bapdrating a wide variety of bridging and ancillary
width at half-height of the IVCT transitiomAy1,) ligand combinations have been designed over the
matches well with the Hush equattbrof Av,, = past several years in order to understand the built-in
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factors that are responsible for tuning the extent whlues -3, 5]**/[4]*/and B]** can be defined as va-
intermetallic coupling processes in such moleculekence localised class Il and class Il mixed-valent
In this context, we have also been involved in receaystems, respectively. However, IVCT transitions in
years in looking into the mixed valence characterigach case ofl[-3, 5]*'/[4]" provide much narrower
tics of diruthenium and triruthenium complexes witlprofiles (e.g. for 1]*, the calculated\v,,, value of
newer molecular architectures. The present artidlee IVCT band using Hush equation = 3500tm
thus summarises some of our very recent results. and the experimentally observéa, = 1650 crit)
compared to that expected from a typical class Il
system according to the Hush equation. In case of
[6]°*, on the other hand, botk. and IVCT charac-

Bridging ligands BL*-BL'’, chart 1) were chosen teristics_ch =200 x 10° and Av., (calculated) =

for synthesising polyruthenium complexes in con3©80 cM™>Avy, (experimental) = 1390 crf] are

bination with a wide variety of ancillary “gandsstralghtaway in favour of the delocalised class Il

(AL-AL°®, chart 2). system. The observed anomaly between the electro-
The deliberations hereafter highlight the effect of

a particular combination of bridgingL) and ancil-

lary (AL) ligands in the complex moieties towards Qp

the following primary aspects: (i) the characteristic cl N _N\

of the resultant mixed-valent states, and (ii) th NS o —RI—Np

preferential involvement of the metal ion or the redo QNa/ NI \c.

2. Results and discussion

N— N
non-innocent bridging ligand towards the accessib \ a
electron-transfer processes. The above features hi —
been established via electrochemical, spectroelecti [

chemical and EPR investigations in combinatio

with structural and DFT calculations in selective Q_Q _‘ <N1 2 Pt
\
cases. cl N —N Ny
AN a2

I
z

N——RU———nN N——Ry——N
1/ N\ / l\ 1 4
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BL! bridged diruthenium systems1-6]™ [AL = = /N
pap@ALY); azole: 2-(2-pyridyl)benzoxazol&( %), 2- w
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chemical resultsK. implies class Il behaviour) andobserved for both the mixed-valent 'FRuU"'RU"
intervalence characteristics (IVCT favours class 1([10]") and RURU"RU" ([10]*") states in spite of
behaviour) in 1-3, 5]*'/[4]" can be addressed inreasonably larg&. values of 18” and 18 respecti-
terms of borderline class ll-class Il mixed-valenvely. The absence of IVCT transitions cannot be ra-
systems. tionalised with any plausible explanation at this
point, however, it may be reasonable to believe that
due to some heitherto unknown factors the intensity
of the IVCT band reduces to such an extent which
makes it difficult to be detected under the experi-

2.2 Absence of IVCT transition inspite of strong
electrochemical coupling (in [7-10]""

. 4+ mental conditions. Further explorations with newer
R”\(bpy)zj /Ru\"(acac)2 molecules may thus be desirable.
= N=N Ny N—N N
ﬁw\w T s 2 igandebriiged druthen
N NN =N N=N = 2.3 Unsymmetric ligand-bridged diruthenium
- 3+ +
RO opy), Al o), systems, 11]°" and [12]
[7]4+ .
. 3
[ —‘ (acac), Ry! F*Ll"(bpy);‘ ' Ftu”'(m:alc)z—‘+
(acac)ZRu N N
\N/ I ©: ) [ \Ru”(acac) \ N/ }\l_l\i \_/ \ '\1 }\l_l\i N/
XY I N \N/ 2 N \ /III
| e Vo Ru"(bpy), Ru'(acac),
/N\‘u/N & (acac) Rl
(acac)Ru\ _ 2 34 .
=C—CH, [11] 12

101" 10

In case of complexes1]]*" and [L2]*, the ruthenium
The complex T]** with the combination of bpy as centres are unsymmetrically bridged B& ® where
AL’ and BL? exhibits K. = 4x 10" and a solvent- one ruthenium ion is coordinated through neutral
independent IVCT transition at 1534 nme X N,N donor centres whereas the second ruthenium
1800 Mtcm™) in the RURU" state of 7]°*. The ion is bonded through cyclometallated N;-é@nor
Avyy, of the IVCT band (650 cif) is found to be centres oBL®.** Inspite of two electronically differ-
much smaller than that calculated (3900 9msing ent ancillary ligand AL) functions, rracidic bpy
the Hush equation for the localised class Il systefAL”) and electronically rich acad\(®) in [11]*
as expected for the delocalised class Il mixed-valeand [L2]* respectively, th&. values corresponding
system*® However, the alternative combination ofto the RURU" mixed-valent state appear to be almost
acac AL®) and BL? in the mixed valent RIRu"  similar,K¢: 1@ x 10° and 3x 10°for [11]*" and [L2]"
state of §]*, does not show any IVCT band inspitgespectively. Both the complexes exhibit broad
of much higherK, value of 16***® Though the effect IVCT bands at the mixed-valent RRu" state with
of relatively electron-rich acac as ancillary ligangimilar features: 1335 nme & 2830 M*cmi) and
(AL®) compared to moderatelgaccepting ligand, 1295 nm €= 1800 M*cni")]. Thus, the effect of
bpy (AL ") under the framework of the same spacethe electronic nature of ancillary ligands, bpy and
BL? is reflected in thé&. (10"in 7*" vs 13“in 8), the acac, is not apparent. This implies that fbt]f* and
absence of IVCT in the NIR region i8][ is hard to [12]", K. is a mere reflection of two parallely occur-
conceive. Similar effect of acac as ancillary liganting factors: (i) donor-centre unsymmetry at each
(AL®) on the intensity feature of the IVCT band hasite of the metal ions, and (ii) bridging ligand-indu-
also been observed in other dinuclead]*[*® as ced intermetallic coupling in the mixed-valent state.
well as trinuclear complexeg,o.l?’d The dinuclear Since quantitative segmentations of the two parallel
complex P]* shows aK. of 3@ x 10" but no IVCT effects is rather difficult to make, therefore, the
transition has been detected at the mixed-valelHush formula is not applicable to such systems.
RU'RU" state up to 3000 nm. Similarly, in case oHowever, the broad feature of the IVCT bands is
the trinuclear complex]0, no IVCT transitions are suggestive of class Il mixed-valent states.
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2.4 Trinuclear systems13-15]*" and 16 n
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s’ (Kep) and reductionKc,) processes translate to the
16 K. values of 18710 x 10°, 10'%%/10"%8, 10%9/10"2,

The symmetric trinuclear system is of special impo0*%/10**? and 17 x 10°/2(7 x 10" for 17, 18, 19, 20
tance as it extends the access to two different mixe@d 21 respectively. Ruthenium ions being in the +3
valent states such as RRuU'RU" and RURU"RUY". state in17-21, it is tempting to assign the redox
[13-19°% exhibit three successive BRU" couples Processes corresponding to 'fRu" and RURU"
with moderateK. (Ka/K) values of 11 x 107 couples. Inl7, the oxidation and reduction couples
10 x 10°, 10°%/10"2 and 16%/10** corresponding are indeed assigned as'Re Ru" and RU' = RU'

to RU'RU'RU" (Ko) and RURU"RU" (K.,) states Processes respectively. The electrochemically gene-
respectively’®® On the other handus-S bridged rated RURU" mixed-valent intermediatelf]”, ex-
complex 16 shows extensive electrochemical coubibits moderately intense IVCT band at 2360 nm
pling of Ko andKe, 107910 respectively® Spec- (€ = 11300 M* cn1”) andAvy, (calculated) 3128 crh
troelectrochemical studies ot4]®" reveal that both is smaller thanAvy, (experimental), 1800 cth

the mixed-valent states BRU'RU" and RURU"RY" Therefore, takingk. and IVCT chracteristics into
have the same broad IVCT profilek,., (IVCT) = consideration, the RRu" state has been assigned
2000 nm € = 2400 M* cni?), typical of class Il be- t© the strongly couE)Ied I\E:Iass II_state+ appr_oachlng
haviour as is expected from the moderdgevalues. €1@ss Ill. Though R“R_U state in L7]" exhibits
Trinuclear mixed-valent complexes of this sort arirge K values of 18, it fails to show any IVCT

expected to display two distinct IVCT transitions irp""g(rjl l:ﬁetoo?r?eorohr;rrqd 188-20 encompassing non
H H ! 11 11 H y =
the diradical form of RIRU"RU" as the magnetic . nocent bridging ligandsHLL *-9%- (scheme 1) the
exchange between the two one-electron paramd - . .
tuations with respect to accessible electron-transfer

netic RU" centres leads to two distinct electroni : S

states depending on the mode of coupling betweB[ CESSES are altogether o_hffgrent_. Ox'dé?“on pro-

the RY' centres, either antiferromagnetic or ferroso>>c> take place at the bridging ligand site leading
’ the formation of L %),Ru" (u-BL®%)*Ru"

magnetic. However, the expected effect could not tg% 9 T e love— o 14
detected possibly due to the smaller amplitude &L )2l — [(AL")Ru™(u-BL ) RU"(AL®),]" -
this effect with respect to broadening of the experi-

mentally obtained IVCT band by the non-dege R R R
neracy of thed-orbitals of the metal ion. NSNH s o N')“\NH ve @N)%NH
N = HN_ @ !
HNy N -6 Nyr —e  NH  NO
2.5 Ligand-bridged RURU" dimer,17-21 1/ ! T:
Ligand-bridged RURU" dimers 17-21 show two __s-10 8-10,0 8-10.2 -

successive one-electron oxidation and reduction
processe Separations in potentials for the oxidation Scheme 1.
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o gL reacidic pap AL Y)/[BL'Y%, lead to RURU" dimers,
N [23]* and R4]* respectively:’® The complexes ex-
o hibit two successive one-electron oxidation and one-

+e_H -6 (I)
—acac(ALg) gull nz0— 22

/
N=N ,
G B Q—<\ />—© AL—— bpy (AL)  Rull n=2 —»[23]2+
S

~
Ru(AL),

L papal) Ra' =2 —> (2012

+e_H—e_ electron reduction processes With values, ® x 10°
(Ken)/10 x 10" (Kep), 13 x 10°(Kep)/13 x 10 (Kep)

- and 35 x 107 (Kc)/6[2 x 10" (K) (Keq is related to

e ”_e oxidation processes arl, is related to reduction

S 1.4 processes) for22 [23]** and R4]* respectively.
CED% Q [BL ] Standard reductions of bpy above3-N vs SCE

CHD have not been taken into consideration at present. The

S oxidation processes B2 are assigned as RRu'"”

couples whereas the reduction processes either could
Scheme 2. be exclusively RURU" processes or mixed tetrazine
([BL*3%) and RU' based processes. The case of bpy
[(AL®)RU" (u-BL®*)RU" (AL °))]*", whereas the complex, 3", is much simpler, oxidations are as-
reduction processes vyield seemingly paradoxicgbciated with the RIRU" processes and reductions
redox redistributions to ;L *),Ru" (u-BL**)*RU"  jnyolve the tetrazine ring. In case of pap-based dimer,
(AL - [(AL®)RU'(-BL* ) RU'(AL®)]™ -~ [24]%, the reductions are associated either with the
[(AL®)RU" (u-BL**)* RU' (AL °),]*". pap or tetrazine whereas first oxidation process sur-
In 21, though the bridging ligandBL *']*" is simi- prisingly involves the orbitals associated with the
larly susceptible to undergo successive two onghenoxy group of BL*4? instead of usually ex-
electron oxidation and reduction processes (schefggcted Rl centre, leading to the formation of unusual
2), experimental results in combination with DFIRY'RU'-phenoxide radical species. The reduction

calculations have established metal baseld/Ru”  processes are associated either with pap or tetrazine-
oxidation and BL*']* based reduction processes. pased orbitals.

The mixedvalent RU'RU" state in £1]*, exhibits
a nice IVCT band at 1795 nng € 2500 M™*cni®)  (jj)

and the analysis of the IVCT band suggests its bor- H
derline class Hlll behaviour. It should be pointed |||/O N\ "
out that R1]* demonstrates the first example where (acac) ,Rul AR (acac),
distinct IVCT transition corresponding to RRuU"Y N 0
state has been detected, though many reports on H
Ru'Ru" mixed-valent state are available. » —‘2+

° N
2.6 Role of ancillary ligands towards the selection (bpy)ZRH\ P /Ru“(bpy)2
of electron-transfer sites in ligand-bridged N o)
diruthenium systems2p-26]"" H .

[26]

The combination of dianionicBL*%* as bridging

ligand and acacAL°) as ancillary ligand develops Similarly, the combinations of BL*%?%* bridging
the RU'RU" dimer, 22, whereas alternative combi-ligand with acac AL ®) and bpy AL7) as ancillary
nations ofrracidic bpy AL ’)/[BL*)* and strongly ligands stabilise the ruthenium ions in +3 and +2
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states in25 and p6]*, respectively’® Complexes ligand-based orbitals are primarily involved in both
25 and R6]** exhibit two successive oxidation andoxidation and reduction processes.

reduction processes WwitK. v

alues of 2 x 10

(Ker), 738 x 10" (Kep) and 65 x 10 (Kcy), 2 x 10° (Keo)

respectively. Since both

the challenge involves establishing the involvemer
of bridging ligand or ruthenium ion in the accessibl

redox processes.

At the metal site:

the bridging
[BL™]* and ruthenium centres i#5 and 26*

RU"RU" &L RY"RUY, and

RU"RUY 22 RUVRU",

Ru"RU" redl RU"RU", and
RUIIIRUII red2 RUIIRUII'

and

At the BL*3]?" site:

2.7 Effect of structurally similar but electronically

I'i’f’r""enddifferent bridging ligands under a particular

ibl d . idati q ancillary ligand towards the metal-ligand valence
susceptible to undergo successive oxidation and &z :a distribution ire7 and 28

duction processes as shown in scheme 3, therefore,

|
1l
(acac) 2Ru

AN
N

I
=

27

N
N_—~

\
N
I
(acac)zRu\
N™

|
=

28

%ol
\  /

Ru "(acac) >

O
G >FluI ! I(:acac)2
N (o}
H

In an environment of acaxs ancillary ligandAL °),

complexes27 and 28 differ with respect to the nature
of the redox non-innocent bridging ligands 1,10-
phenthroline-5,6-diimineEL **) and 1,10-phenthro-
line-5,6-dione BL '), respectively® The more basic
character of diimine-based bridging liganBL(%)
with respect to the dione-based bridging ligand
(BL') stabilises the ruthenium centres in +3 states
in 27 where BL exists in the dianionic iminocate-
cholato (cat) form @L**.J*"). However,BL'®in 28
stabilises in the semiquinone (sq) sta®L({’ ")

S, HN . HN yielding mixed-valent RURU" species in the native
© o@ _ o@ state. Detailed analysis of the elctron transfer pro-
€ == perties reveal that as in the native state, the metal-
Oo +eé o e oo ligand valence state combination also differs in their
NH NH NH first reduced state, leading to the resultant metal-
G © bridging ligand-metal configurations of [Ru
13.4- 13,3- 13.2- {(BLMSO)._}RUH]_ and [RLH{(BLlscaoz_}Ru“l]_ in
(BL™] (BL"] [BL™] [27]” and P8]” respectively. However, the second
HN HN reduced state and the successive oxidation processes
_ | o o | o behave identically for both the complexes.
_ e -
+ e_ +e_ . . . . .
6o o) 2.8 Metal-ligand valence state distribution in
NH NH diruthenium quinonoid syster29
13.e— )
[BL3] [Bl]sl |Izli—Fiu"(acac)2
Scheme 3. H 7/
=)~
Detailed structural, spectroelectrochemical and EPR VY

studies in combination with DFT calculations in

(acac)zRu—H
29

each redox state for both the complexes suggest that

in case of25, oxidation processes involve the metaComplex29 can, in principle, be stabilised in any of
ion passing through the mixed-valent "R in-
termediate state whereas the reduction processes [®e"{(BL *’caca)* IRU"Y] o [RUV{(BL *cas9>}
preferentially centred around thBL[*®)* leading to RuU"] « [RU"{(BL*’s;s)*IRU"] « [RU"{(BL*s;9}
the three-spin [RU{(BL*®)*}Ru""] intermediate. Ru'] « [RuU"(BL'%.g)RU'] as both the metal ion
However, in case of bpy compled]** the bridging and the bridging ligandBL ) are susceptible to

the possible five valence tautomeric forms:
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participate in redox chain processes. Our experimesystems. The establishment of mixed-valence char-
tal evidences justify the preferential formulation ofcteristics based on either electrochemi¢&l) (or
[RU"(BL'%.)RU"] for 29.° The complex29 shows IVCT (intervalence charge transfer transition) features
two oxidation processes corresponding td'Rul" may lead to confusion in many occasions, particu-
couples K. 0109 and successive bridging ligand basethrly in the borderline class Il—class Il situation.
reduction processes B o) - (BL'°os)"” = Moreover, the presence of non-innocent bridging
(BL'®s459”". The mixed-valent RIRU" state exhibits function introduces additional complications with
rhombic EPR spectrum and a weak IVCT transitiorespect to the involvements of the metal or ligand or
at 1570 nm £=800 M'cm™) with Avi,caqe Mmixed metal-ligand based frontier molecular orbitals
3836 cm* and Avy), exptat 1200 cm®. The narrow in redox processes. Therefore, the use of electroche
feature of IVCT signifies its classHlll borderline mistry in combination with electronic spectral pro-
situation. The one-electron reduced species ifdes, particularly at the long wavelength region
[RU"(BL'os9"RU'T", [29]", however, shows one (NIR/IR) and EPR studies for the intermediate para-
free radical EPR signal and intense low-energy tramagnetic states along with structural aspects and
sition at 2160 nmg = 4000 M* cni™®) corresponding high level theoretical calculations can only offer better
to Sg— Q intra-ligand intervalence transition. perceptions. The present exercise further highlights
the need for designing newer molecules in greater
numbers to obtain better insights with the help of
advanced experimental and theoretical studies.

2.9 Stabilisation of spin-coupled mixed-valent

RU'RU" dimer in conjunction with azo-anion

radical based bridging ligand30
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