Derivatives of the [Ru(bipy)(CN),J*~ chromophore with pendant
pyridyl-based binding sites: synthesis, pH dependent-luminescence,
and time-resolved infrared spectroscopic studies
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Reaction of K, [Ru(CN),] with 2,2":4' 4"-terpyridine (L) or 2,2':3’,2":6",2"-quaterpyridine (L?) in acidic

aqueous methanol affords the complexes K,[Ru(L")(CN),] and K,[Ru(L?)(CN),] respectively, both containing

the {Ru(bipy)(CN),}*~ chromophore but with pendant pyridyl or bipyridyl units, respectively. Time-resolved IR
analysis of K,[Ru(CN),(L?)]in MeCN-D,O showed that the most intense CN stretching vibration shifted to higher
energy by ca. 50 cm ™! after laser excitation, consistent with formation of a Ru(tn)/(L?)'~ MLCT excited state for
which the lifetime measurement (38 £ 5 ns, measured by TRIR) agrees reasonably well with the value measured by
luminescence methods (30 * 2 ns). Study of the pH dependence of the absorption and emission spectra of the two
complexes revealed the presence of two different effects arising from protonation of the pendant pyridyl/bipyridyl site
(which occurs with pK, =~ 3.1 in each case) and protonation of the cyanide ligands (which occurs with pK, = 2 in each
case). For K,[Ru(L")(CN),], protonation of the pendant pyridyl unit results in the '"MLCT excited state being lowered
in energy by ca. 1000 cm ™!, whereas at lower pH values (2.5-1), protonation of the cyanide ligands raises the '"MLCT
excited state energy by over 2000 cm™'. For K,[Ru(L*)(CN),] in contrast, protonation of the pendant bipyridyl unit
has no detectable effect on the 'MLCT energy, as the pendant site is electronically decoupled from the complex core
by a substantial twist between the free and coordinated bipy components of L?; protonation of the cyanides at lower
pH values however destabilises the "MLCT excited state. Protonation of the pendant pyridyl sites results in complete
(for [Ru(L"Y)(CN),J*") or near-complete (for [Ru(L?)(CN),J*") quenching of the luminescence; possible reasons for
this behaviour are discussed. The crystal structures of the two related complexes [Ru(‘Bu,bipy),(L")][PF4], and
[CLPt(u-L*)Ru(bipy),][PF], are also described to illustrate arguments about the conformations of L' and L.

Introduction

The complex [Ru(bipy)(CN),J*~, which was first reported in
1986, is of particular interest as a luminophore with highly
solvatochromic properties.! Its absorption and emission proper-
ties, and its Ru(m)/Ru(m) redox potential, vary over a wide
range according to the extent to which the lone pairs at the
termini of the cyanide ligands interact with either solvent
molecules? or other molecules such as cationic polyammonium
macrocycles.® As such it is of interest as a sensor, undergoing
(for example) a pronounced colour change depending on the
humidity of its environment.* However [Ru(bipy)(CN),]*” has
not been used as a component of multinuclear complexes,
in contrast to the [Ru(bipy),(CN),] unit which (via bridging
cyanide interactions) has been extensively used as a component
of multichromophoric arrays which display inter-component
photoinduced energy-transfer.>® Whereas [Ru(bipy),(CN),] has
two equivalent peripheral binding sites and so can be used to
form simple chain complexes, the presence of four such binding
sites of two distinct symmetry types in [Ru(bipy)(CN),J*~
means that attempts to prepare multinuclear complexes by
metalation of a limited number of these peripheral sites in a
controlled geometry are likely to be difficult.

In this paper we describe an alternative approach which will
allow exploitation of the unusual properties of the [Ru(bipy)-
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(CN),]*~ chromophore in multinuclear complexes. We have
used simple derivatives of the 2,2'-bipyridyl chelate which pos-
sess peripheral vacant binding sites; this allows preparation of
[Ru(bipy)(CN),]*~ derivatives which may be used subsequently
to prepare higher nuclearity species via a ‘complexes as ligands’
approach. The complexes are [Ru(L')(CN),J]>~ and [Ru(L?)-
(CN),J*~ (Scheme 1), based on the known ligands 2,2":4',4"-
terpyridine (L')7 and 2,2":3',2":6",2"-quaterpyridine (L?).> We
have used L? in particular as a bridging ligand in a variety of
multinuclear complexes which show inter-component photo-
induced energy-transfer.” An additional feature of the pendant
pyridyl or bipyridyl binding sites is that they can undergo
protonation such that the properties of the chromophore are
pH dependent,' and we have used these same two ligands to
prepare pH-sensitive derivatives of the more well-known
[Ru(bipy);]** chromophore.'!? The syntheses of the two mono-
nuclear complexes and the pH dependence of their optical
absorption and luminescence properties are described in this
paper, and show some interesting results related to competing
effects on the optical properties of protonation at pendant
pyridyl sites, or at the cyanide sites.

We also describe a time-resolved infrared (TRIR) spectro-
scopic study of [Ru(L?)(CN),J*~, which allows the IR spectrum
of its excited state to be determined. Such studies have been
invaluable in characterising the excited states of chromophores

DOI: 10.1039/b105864a

This journal is © The Royal Society of Chemistry 2001



Ka[Ru(L?)(CN)4]

Scheme 1

which possess an obvious infrared ‘reporter group’ which is
sensitive to the electron density on the metal centre,'® notably
Re(1)—carbonyl and Ru(u)—cyanide complexes, and have also
been used to follow the inter-component energy-transfer pro-
cesses in multinuclear complexes which contain an IR active
chromophore.®!* The cyanide ligands of the [Ru(bipy)(CN),]*~
unit are an ideal target for such a study.

Experimental
General details

The ligands L' (ref. 7) and L* (refs. 8, 9) were prepared as
described previously. K, [Ru(CN)¢]-3H,0 was purchased from
Johnson Matthey and used as received. Electrospray mass
spectra of the complexes were recorded on aqueous solutions
using a VG Quattro instrument, and FT-IR spectra on a
Perkin-Elmer 1600 spectrophotometer.

Preparations

The syntheses of the two complexes described here are derived
from a published method."

K,[Ru(CN)(L"]. A mixture of L' (0.233 g, 1 mmol) and
K,JRu(CN)¢]-3H,0 (0.467 g, 1 mmol) was suspended in
MeOH-H,0 (20 cm?, 1 : 1 v/v). This was acidified to a pH value
of between 3 and 4 using aqueous H,SO,, and the mixture was
then heated to reflux for 18 h after which time an orange pre-
cipitate had formed. On cooling, the mixture was neutralised
with K,CO; and the solvent was removed in vacuo. The residue
was redissolved in water (3 ¢cm®) and filtered to remove any
unreacted ligand L'; the filtrate was then evaporated to dryness.
The residue was dissolved in MeOH (50 cm®) and unreacted
K, [Ru(CN),] was then also filtered off. The solvent was then
removed in vacuo and the residue was redissolved in the
minimum amount of water. Addition of acetone (100 cm®) pre-
cipitated the product as an orange solid in 40% yield; after
filtration and washing with acetone the product was dried in
vacuo. Negative-ion ESMS: m/z 516.3 {M}, 477.2 {M — K},
439.3 {M — 2K}, 4124 {M — 2K — CN}. IR (MeCN-D,0,
1 : 1) vex 2094, 2055, 2037 cm™'. Found: C, 42.0; H, 2.6;
N, 17.7. Required for C;,H;;N,;RuK,-1.5H,0: C, 42.1; H, 2.7;
N, 18.0%.

K,[Ru(CN)(L]. This was prepared in exactly the same way
from L2 (0.100 g, 0.33 mmol) and K,[Ru(CN)-3H,0 (0.151 g,

0.33 mmol) in H,O0-MeOH (60 cm?® 1 : 1 v/v). The yield
of material precipitated by addition of acetone to the final
aqueous solution was 80%. Negative ion ESMS: m/z 554.5
{M — K}, 515.1 {M — 2K}, 489.0 {M — 2K — CN}, 462.1
{M — 2K — 2CN}. IR (MeCN-D,0, 1 : 1): vcy 2094, 2056,
2039 cm™!. Found: C, 44.2; H, 3.1; N, 17.0. Required for
C,,H;,NyRuK,-3H,0: C, 44.5; H, 3.1; N, 17.3%.

Time-resolved infrared spectroscopic studies

The Nottingham laser TRIR apparatus has been described in
detail elsewhere.’® In these experiments the excited state was
produced by a pulsed Nd:YAG laser (Quanta-Ray GCR-12,
355 nm, 8 ns), and a cw IR diode laser (Miitek MDS 1100) was
used to monitor the transient IR absorptions by means of a fast
HgCdTe detector/preamplifier. The change in IR transmission
at one particular IR frequency was measured following excit-
ation and IR spectra were built up on a ‘point-by-point’ basis
by repeating this measurement at different infrared frequencies.

Optical spectroscopic studies

Absorption spectra were recorded with a Perkin Elmer Lambda
9 Spectrophotometer in acetonitrile-water (1 : 1 v/v) solvent.
Luminescence experiments were performed in the same solvent.
Luminescence spectra were obtained from a Spex Fluorolog II
spectrofluorimeter and uncorrected luminescence band maxima
are used throughout the text. In order to determine lumin-
escence quantum yields we employed corrected luminescence
spectra on an energy scale (cm™'). The corrected spectra were
obtained by employing a calibrated 45-W quartz-halogen tung-
sten filament lamp by Optronic Laboratories as a standard for
the correction of the phototube response. Luminescence quan-
tum yields were then computed with reference to [Ru(bipy);]-
Cl, as a standard (® = 0.028 in air-equilibrated water),"” as
described previously.”!"> Luminescence lifetimes were obtained
with an IBH single-photon-counting apparatus whose thyratron-
gated lamp was filled with N,. Protonation experiments were
carried out in acetonitrile-water solvent and titration with
NaOH or HCl was employed to follow the spectroscopic
changes. Use of HCIO, gave identical results. The ionic strength
during pH titrations was set at ca. 1 M by addition of KNO;.
The pH values employed throughout the text are measured
values as read at a pH-meter by Hanna Instruments. The
experimental uncertainty in the experimental band maximum
both for absorption and emission is 2 nm, that for the lumin-
escence intensity is 20%, and that for the lifetime is within 8§%.

X-Ray crystallography

Crystals of [Ru(‘Bu,bipy),(L)][PF],:1.5Et,0-Me,CO (ref. 7)
and [CLPt(u-L*)Ru(bipy),][PF¢l,-2MeCN (ref. 18) were grown
by diffusion of diethyl ether into concentrated solutions of the
complexes in acetone or MeCN respectively. In each case a suit-
able crystal was coated with hydrocarbon oil and attached to
the tip of a glass fibre, which was then transferred to a Siemens
SMART diffractometer under a stream of cold N,. Details of
the crystal parameters, data collection and refinement for each
of the structures are collected in Table 1. After data collection
of a full sphere of data in each case an empirical absorption
correction (SADABS) was applied,” and the structures were
then solved by conventional direct methods and refined on all
F? data using the SHELX suite of programs.?® In all cases, non-
hydrogen atoms were refined with anisotropic thermal para-
meters; hydrogen atoms were included in calculated positions
and assigned isotropic thermal parameters. In both cases rapid
loss of crystallinity occurred, associated with evaporation of
solvent from the lattice during the mounting process; con-
sequently the crystals diffracted rather weakly, and in each case
only data below 20 = 45° were used in the final refinement. In
each case the largest residual electron density peaks are close
(= 1 A) to the heavy metal atoms.

J. Chem. Soc., Dalton Trans., 2001, 3312-3319 3313



Table 1 Crystallographic data“

Compound [Ru(‘Bu,bipy),(LH][PF4],*1.5Et,0:-Me,CO [ClL,Pt(u-L?)Ru(bipy),][PF4l,-2MeCN
Empirical formula CgoHgoF1,N,0, sP,Ru C,H;CLF,N,,P,PtRu
M, 1330.32 1361.83

T/IK 123(2) 173(2)

Crystal dimensions/mm 0.5 % 0.2 x0.05 0.2 x 0.1 x0.1

Crystal system, space group Triclinic, P1 Monoclinic, P2,/n

alA 11.728(4) 10.791(2)

blA 16.034(6) 14.057(3)

clA 18.486(6) 31.308(5)

al® 76.14(3) 90

pr° 81.46(5) 98.006(12)

yl° 75.21(4) 90

VIA? 3249(2) 4702.8(14)

zZ 2 4

DJgcm™ 1.360 1.923

/mm™! 0.372 3.569

Reflections collected: total/independent/R;,, 22259/8486/0.1102 31350/6142/0.1175
Data/restraints/parameters 8486/141/792 6142/12/651

final R,, wR,"¢ 0.0957, 0.2724

0.0708, 0.1402

“ Data in common: A = 0.71073 A; Bruker SMART-CCD diffractometer. * Structure was refined on F,? using all data; the value of R , is given for

comparison with older refinements based on F, with a typical threshold of F > 46(F). ¢ wR, = [E[w(F,*> —

(aP)* + bP) and P =[max(F,2, 0) + 2F2)/3.

FHY/EW(F,2)Y" where w' = [6*(F,%) +

CCDC reference numbers 167519 and 167520.
See http://www.rsc.org/suppdata/dt/b1/b105864a/ for crystal-
lographic data in CIF or other electronic format.

Results and discussion

Syntheses of new complexes, and crystal structures of two related
complexes

The complexes were prepared by reaction of L! or L? respect-
ively with K,[Ru(CN)4] in aqueous acid at reflux (see Experi-
mental section);'S this is in contrast to the original
photochemically-catalysed route for the preparation of K,-
[Ru(bipy)(CN),].! The identity of each complex was confirmed
by negative-ion electrospray mass spectroscopy and elemental
analysis. Solution IR spectra showed the presence of three
cyanide stretching vibrations in each case, at very similar pos-
itions to those observed for K,[Ru(bipy)(CN),] under the same
conditions.

In our earlier work where we examined the pH dependence
of absorption and luminescence behaviour for the complexes
[Ru(bipy),(LY*" and [Ru(bipy),(L*)]**, we found that they
behaved quite differently as a result of the differing conform-
ations of ligands L' and L' We found that protonation of
the pendant pyridyl site of [Ru(bipy),(L")]*" had a very strong
effect on the complex, resulting in e.g. a substantial red-shift in
the 'MLCT absorption maximum and complete quenching of
the emission,'? whereas protonation of the pendant bipyridyl
site of [Ru(bipy),(L*)]*" resulted in much smaller perturbations
of the optical properties."! This was ascribed to the fact that the
pendant pyridyl unit of L' in [Ru(bipy),(L")]*" can be nearly
coplanar with the coordinated bipy unit, such that there is
strong electronic coupling between the two components.”'? In
contrast, the conformation of L? is such that in [Ru(bipy),-
(LY)]** the pendant bipy unit is largely decoupled from the
{Ru(bipy);}*" core because of a substantial twist between the
free and coordinated bipy units of L2*!!

We expect the same factors to play a significant role in deter-
mining the pH dependence of the optical properties of
[Ru(LH)(CN),J*~ and [Ru(L*)(CN),J*" (see later). Although we
could not isolate X-ray quality crystals of either of these new
complexes, we present here the structures of two related com-
plexes (both previously reported but not until now structurally
characterised) which are relevant in that they illustrate the dif-
ferent conformational properties of the ligands L' and L? in
their complexes (see Tables 1 and 2). Fig. 1(a) depicts the crystal
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Fig. 1 Structures of the complex cations of (a) [Ru(‘Bu,bipy),(L")]-
[PF4l,-1.5Et,0-Me,CO, and (b) [CL,Pt(u-L*)Ru(bipy),][PF4],-2MeCN.

structure of the complex cation of [Ru(‘Bu,bipy),(L")][PFg],*
1.5Et,0-Me,CO.” The structure of the {Ru(bipy);}** core is
unremarkable; the important point to note is the near-planarity



Table 2 Selected bond lengths (A) and angles (°) for the two crystal structures

[Ru(‘Bu,bipy),(LY][PF ], 1.5Et,0-Me,CO

Ru(1)-N(211) 2.044(8)
Ru(1)-N(321) 2.060(9)
Ru(1)-N(221) 2.060(8)
N(11)-Ru(1)-N(111) 170.9(3)
N(211)-Ru(1)-N(321) 97.3(3)
N(111)-Ru(1)-N(321) 89.3(3)
N(211)-Ru(1)-N(121) 94.6(3)
N(111)-Ru(1)-N(121) 78.4(4)
N(321)-Ru(1)-N(121) 96.8(3)
N(211)-Ru(1)-N(221) 78.0(3)
N(111)-Ru(1)-N(221) 96.0(3)

[CLPt(u-L)Ru(bipy),][PFl,2MeCN

Ru(2)-N(311) 2.055(11)
Ru(2)-N(221) 2.059(11)
Ru(2)-N(321) 2.069(11)
Ru(2)-N(111) 2.075(11)
Ru(2)-N(211) 2.081(10)
Ru(2)-N(121) 2.133(11)
N(131)-Pt(1)-N(141) 80.8(4)
N(131)-Pt(1)-Cl(1) 95.7(3)
N(141)-Pt(1)-CI(1) 176.5(3)
N(131)-Pt(1)-Cl(2) 176.4(3)
N(141)-Pt(1)-CI(2) 95.7(3)
CI(1)-Pt(1)-CI(2) 87.77(14)
N(311)-Ru(2)-N(221) 93.8(4)
N(311)-Ru(2)-N(321) 78.9(5)
N(221)-Ru(2)-N(321) 82.3(4)
N(311)-Ru(2)-N(111) 97.1(5)
N(221)-Ru(2)-N(111) 93.2(4)

Ru(1)-N(121) 2.061(8)
Ru(1)-N(111) 2.059(9)
Ru(1)-N(311) 2.070(9)
N(321)-Ru(1)-N(221) 172.33)
N(121)-Ru(1)-N(221) 89.7(3)
N(211)-Ru(1)-N(311) 89.7(3)
N(111)-Ru(1)-N(311) 97.7(3)
N(321)-Ru(1)-N(311) 78.3(4)
N(121)-Ru(1)-N(311) 173.8(3)
N(221)-Ru(1)-N(311) 95.5(3)
Pt(1)-N(131) 2.015(10)
Pt(1)-N(141) 2.020(11)
Pt(1)-Cl(1) 2.286(4)
Pt(1)-C1(2) 2.302(3)
N(321)-Ru(2)-N(111) 173.8(5)
N(311)-Ru(2)-N(211) 170.4(5)
N(221)-Ru(2)-N(211) 78.8(4)
N(321)-Ru(2)-N(211) 93.9(4)
N(111)-Ru(2)-N(211) 89.4(4)
N(311)-Ru(2)-N(121) 89.9(4)
N(221)-Ru(2)-N(121) 170.9(4)
N(321)-Ru(2)-N(121) 106.6(4)
N(111)-Ru(2)-N(121) 78.0(4)
N(211)-Ru(2)-N(121) 98.3(4)

of the ligand L', where there is a twist of just 5° between the
pendant pyridyl units and the coordinated bipy unit of L. In
the solid state this is in part due to packing effects; two adjacent
complex molecules either side of an inversion centre are
arranged such that the L! units stack efficiently (separation
between stacked components, ca. 3.6 A). This imposes a more
planar conformation than is likely to exist in solution, but it is
clear from this structure that L' can adopt a near-planar con-
formation which will facilitate electronic coupling between the
pendant pyridyl unit and the {Ru(bipy);}* core.

Fig. 1(b) depicts the crystal structure of the complex cation
of [CLPt(u-L*)Ru(bipy),][PF4],>2MeCN."® The structure is
approximately as expected by comparison with other dinuclear
complexes of L%:® noteworthy points are the long bond Ru(2)—
N(121) (see Table 2) which arises from the steric hindrance
caused by the adjacent {Pt(bipy)Cl,} unit, and the intra-
molecular stacking between one of the bipyridyl ligands
attached to the Ru(1) centre and the bipyridyl part of L? which
is coordinated to the Pt(1r) centre. The important point for the
purposes of this paper is that, as with other complexes with L2,°
there is a near-orthogonal twist (89.5°) between the two bipy
fragments of L? which will have the effect of minimising any
electronic interactions between the two bipyridyl sites.

Time-resolved IR spectroscopy of K,[Ru(CN),(L?)]

Fig. 2(a) shows the ground state FTIR spectrum of a solution
(1072 M) of K,[Ru(CN),(L?)] in acetonitrile-D,O (1 : 1). Ter-
minal v(CN) IR bands appear at 2038, 2056 and 2093 cm ™' with
the most intense peak being at 2056 cm™'. Fig. 2(b) shows the
time-resolved infrared spectrum obtained 30 ns after photolysis
of this solution at 355 nm. The parent v(CN) absorptions are
bleached and a new band appears at 2104 cm™". This band can
be assigned to the MLCT excited state in which the Ru" centre
has been oxidised to Ru™; reduced Ru—CN back-bonding on
transient oxidation of the metal results in a stronger C—N bond.
The shift observed in the v(CN) frequency from the ground to
excited state (ca. +50 cm™') is similar to that observed by
Bignozzi, Dyer, Meyer and co-workers in their TRIR spectrum

AOD

A OD =0.01

(a)

Absorbance

T 1
2100 2000

Wavenumber /cm™!

2200

Fig. 2 Infrared spectra of K,[Ru(CN),(L?)] in acetonitrile-D,O (1 : 1):
(a) in the ground state; (b) 30 ns after excitation at 355 nm (negative
bands indicate depletion of starting material and positive bands are due
to formation of a new species).

of [(phen)(CO);Re'(NC)Ru™(CN)(bipy),]*, in which the ter-
minal v(CN) stretch increased by 57 cm™' in the Ru"—bipy
MLCT excited state.?! The new absorption at 2104 cm™' (corre-
sponding to the MLCT excited state) decays at an identical
rate [y, = 2.6 (£ 0.3) x 107 s7'] to the recovery of the ground
state bleach monitored at 2056 cm ™" [k, = 2.5 (£ 0.3) x 107 s7'].
These data give a lifetime for the lowest-energy excited state of
38 + 5 ns, in good agreement with the lifetime obtained from
luminescence studies (see below). Unfortunately the complex
K,[Ru(CN),(L")] was not sufficiently soluble to carry out sim-
ilar experiments because of the relatively high concentrations
required for these studies.
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Table 3 Spectroscopic and photophysical data®

Absorption Emission

Janax/nm (1073¢/dm® mol ™' cm ™) A/ M 10’ @ 7/ns 107 k/s™! 107 ks
[Ru(LY(CN),] 298 (14.8) 448 (4.6) 684 2.1 60 35 17
[Ru(LY)(CN), >~ 290 (22.7) 440 (3.0) 680 1.4 30 4.7 3.3
[Ru(bipy)(CN), P~ 285 (27.3) 404 (4.1) 640

“Solvent MeCN-water (1 : 1 v/v), room temperature. * In water, from ref. 2.

Optical spectroscopy

Table 3 collects absorption band maxima and intensities (A,
and ¢, respectively), and the luminescence band maximum
(may)> quantum yield (@), and lifetime (z) for [Ru(L")(CN),J*~
and [Ru(L*)(CN),J*", as obtained in air-equilibrated MeCN-
water (1 : 1 v/v) solvent; the derived radiative and non-radiative
rate constants, k, and k,,, respectively, for excited state deactiv-
ation are also listed in Table 3. The strong solvatochromism of
Ru-—polypyridine complexes containing the CN™~ group is well
documented ***2 and, for comparison purposes, Table 3 also
shows parameters obtained in water for [Ru(bipy)(CN),J* .2
For the three complexes the identification of 'LC transitions
occurring in the spectral region 290-310 nm and of 'MLCT
transitions for the region 400450 nm is straightforward. In
the following sections we provide a detailed account of the
absorption and emission properties of the examined complexes.

Titration of absorption spectra. Use of donating or accepting
solvents, and the presence of cations, results in a strongly solv-
atochromic behaviour of complexes containing the CN™ group.
Here, we have chosen to influence the spectroscopic properties
of [Ru(L")CN), > and [Ru(L*)(CN),J* via specific effects
(protonation) at two distinct and spatially separate sites, i.e. the
free N position of the pyridine rings of L' and L? on one hand,
and of the CN™ groups on the other hand. In doing this, we
have employed a titration approach by starting from basic
MeCN-water solutions and titrating with HCI, and we can
identify how different parts of the absorption spectrum will be
affected by protonation at the two different sites.

The ligand protonation steps, occurring at the pendant
pyridyl sites of L' and L? are expected to result in diagnostic
changes in the UV portion of the absorption spectrum, the
region of the 'LC transitions. In contrast protonation of the
CN™ groups would be expected to have relatively little effect on
'LC transitions arising from L' or L% The spectral features of
the visible region, ie. the region pertaining to optical trans-
itions of "MLCT character could be affected by protonation at
both the pendant pyridyl sites and the CN~ sites. For the
Ru—L! (and L?* MLCT transitions, contrasting outcomes
might be expected because (a) protonation at free pyridine
should result in a lower lying MLCT level, depending on how
strongly the pendant pyridyl unit is coupled to the {Ru(bipy)-
(CN),}*" core (as described above), whereas (b) protonation at
one or more of the available CN~ groups should produce the
opposite effect and will be independent of the conformation of
L'or L2

Figs. 3 and 4 show ground state absorption spectra recorded
for [Ru(L")(CN),J*~ and [Ru(L*)(CN),]*", respectively, at the
indicated measured pH values. For both cases, isosbestic points
are noted with changes occurring in two distinct regions, 290—
340 nm (UV) and 400-500 nm (visible), which, as mentioned
above, are due to transitions of 'LC and 'MLCT nature respect-
ively.” For [Ru(L')(CN),]*", we have further plotted in Fig. 5(a)
the absorbance changes against pH, as recorded at 296 nm (UV
region), which are expected to arise only from protonation of
L'; the energy changes of the absorption maximum in the
'MLCT region (visible) are illustrated in Fig. 5(b). From Fig.
S(a) we see that at pH < 5 the free N position of the pyridine
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Absorbance

0.0

500
A/nm

300 400 600

Fig. 3 Changes of the ground state absorption spectrum of [Ru(L')-
(CN),]* (2.2 x 10 M solution) in MeCN-water (1 : 1, v/v) as a
function of measured pH.

0.6¢
0.4 pH
[0}
e 4.0
8 3.5
5 3.2
8 2.8
< 2.4
2.1
0.2 19
1.7
0.0 300 400 500 600
A/nm

Fig. 4 Changes of the ground state absorption spectrum of [Ru(L?)-
(CN),» (3.0 x 107> M solution) in MeCN-water (1 : 1, v/v) as a
function of measured pH.

ring of L' undergoes a protonation step, and from the inflection
point of the sigmoid curve we find an apparent pK, of 3.19 for
this deprotonation—protonation equilibrium. It is interesting to
note that the displacement of the MLCT maximum on going
from basic to acidic solutions shows an oscillating behaviour,
Figs. 3 and 5(b). In the pH interval 6-2.5, a stabilisation of the
MLCT level by ca. 1000 cm™' is observed, followed by a
destabilisation of this level by more than 2000 cm ™' on going
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Fig. 5 Changes of (a) the absorbance at 4 = 296 nm, and (b) the
'MLCT absorption maximum, for [Ru(L'")(CN),*” (2.2 x 10° M
solution) in MeCN-water (1 : 1, v/v) as a function of measured pH.

from pH 2.5 to pH 1. These effects are related to the fact that
the protonation steps expected at pyridine and at the CN~
groups are located at distinct (roughly ‘opposite’ with respect to
the metal) spatial positions and are responsible for contrasting
effects on the energy level of the MLCT transition, as described
above. This allows us to separate the two protonation steps
quite clearly, and from Fig. 5(b) we can see that protonation at
CN" occurs with an apparent pK, of = 2.

We note that the behaviour of [Ru(L')(CN),J*" is similar to
that of the dicationic complex [Ru(bipy),(L")]*" as regards pro-
tonation at the pendant pyridyl group. For [Ru(bipy),(L)]** the
pK, value for this protonation—deprotonation step was found
to be 3.2 in water.'? This is however not directly comparable
to the value of 3.19 quoted above for [Ru(L')(CN),]*~ because
of the different solvent system used (for the current work, 1 : 1
MeCN-H,0). This protonation resulted in stabilisation of
the 'MLCT state by 870 cm™' for [Ru(bipy),(L)J**,"? ¢f =
1000 cm™' for [Ru(L")(CN),J*" [Fig. 5(b)].

The changes in absorbance at 313 nm (UV region) against
pH for [Ru(L*)(CN),J*", and the wavelength changes of the
absorption maximum in the '"MLCT region (visible region), are
illustrated in Fig. 6(a) and 6(b), respectively. Again, we can
separate protonation at the pendant bipy and at the CN™ sites
because they have different effects on different parts of the
absorption spectrum. Fig. 6(a) shows a sigmoidal curve with an
apparent pK, of 3.13, and since this relates to the 'LC transition
of L? we can assign this protonation-deprotonation equi-
librium as based at the pendant bipy site of L?. For [Ru-
(bipy),(L?]** an apparent pK, of ~ 1.9 was determined for
protonation at the bipy site,!! which may be compared directly
with the value of 3.13 found for [Ru(L*)(CN),]*" because the
same solvent system was used. The more facile protonation of
[Ru(L*)(CN),*", by ca. 1.2 pK, units, may be ascribed to a
simple electrostatic effect arising from the negative charge on
this complex.

In contrast to the behaviour seen with [Ru(L')(CN),J*", pro-
tonation of the bipy site of [Ru(L*)(CN),]*~ does not result in
noticeable stabilisation of the 'MLCT state; on going from
basic to acidic conditions the '"MLCT band maximum moves
monotonically to higher energy (pH < 4), Fig. 6(b), due to
protonation at the CN~ sites. The effect on the absorption
spectrum in the 'MLCT region due to protonation at the
CN" groups is clearly much greater than the effect arising from
protonation of the opposite bipy periphery. This is ascribable to
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Fig. 6 Changes of (a) the absorbance at 4 = 313 nm, and (b) the
'MLCT absorption maximum, for [Ru(L?)(CN),*” (3.0 x 10° M
solution) in MeCN-water (1 : 1, v/v) as a function of measured pH.

1.0

0.5

I (arbitrary units)

700 800

Alnm

Fig. 7 Luminescence spectra of [Ru(L')(CN),>~ (22 x 10° M
solution) in MeCN-water (1 : 1, v/v) as a function of measured pH;
excitation was at the isosbestic point (308 nm).

600

the spatial separation and the weak electronic coupling between
the near-orthogonal coordinated and free bipy halves of L* as
discussed above, and as we also observed for [Ru(bipy),-
(LY)]**."* The fact that the changes in the 'MLCT absorp-
tion maximum arise solely from protonation at the CN™ sites
allows [from Fig. 6(b)] determination of an apparent pK,
of ~ 2 for first protonation at the CN~ groups of [Ru(L?-
(CN),J*", essentially identical to the corresponding pK, value of
[Ru(LY)(CN),*~ (above).

Titration of luminescence properties. The luminescence prop-
erties summarised in Table 3 are consistent with emission from
a MLCT excited state for both complexes.”® The influence of
pH on the luminescence of [Ru(L')(CN),*~ and [Ru(L?-
(CN),]*” has been monitored after excitation at convenient
isosbestic points (4, = 308 and 415 nm, respectively, see Figs. 3
and 4). Figs. 7 and 8 (showing luminescence spectra) and
Figs. 9 and 10 (showing luminescence intensities and lifetimes),
illustrate the luminescence results which are summarised here.

At measured pH values of >4, the luminescence intensity and
band maximum for the MLCT levels of both [Ru(L')(CN),]*~
and [Ru(L?)(CN),]*~ exhibit no or small changes (Figs. 7 and 8,
respectively), and the luminescence lifetimes are 7 = 60 and
30 ns (£8%), respectively (Figs. 9 and 10); the value for
[Ru(L*)(CN),J*” is in reasonable agreement with a lifetime
of 38 £ 5 ns determined from the TRIR studies on [Ru-
(L*)(CN),J*". At these pH values neither the pendant pyridine
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Fig. 9 Variations in (a) luminescence intensity, and (b) luminescence
lifetime, for [Ru(L')(CN),J*~ (2.2 x 107> M solution) in MeCN-water
(1 : 1, v/v) as a function of measured pH; the inflection point of the
upper curve is at pH 3.2.

sites nor the N atoms of the cyanide ligands are protonated and
we observe the normal luminescent emission characteristic of
the {Ru(bipy)(CN),}*~ chromophore.

On changing the pH from 4 to 2, for both [Ru(L")(CN),]*
and [Ru(L*)(CN),J*" the luminescence intensity is progressively
quenched, with the values for 7 remaining constant (Figs. 9
and 10). For [Ru(L")(CN),*" the emission wavelength does
not change as its intensity diminishes, (Fig. 7) whereas for
[Ru(L?*)(CN),J*~ the emission maximum undergoes a slight
blue-shift as its intensity diminishes (Fig. 8). Plots of lumin-
escence intensity vs. measured pH (Figs. 9 and 10) are sig-
moid with the inflexion point—corresponding to 50% of the
quenching—at a measured pH of 3.1 in each case. These values
are essentially identical with the measured pK, values for pro-
tonation of the pendant pyridyl or bipy sites of [Ru(L")(CN),]*~
and [Ru(L?)(CN),J*" respectively, indicating that quenching of
the luminescence is associated with protonation at the pendant
pyridine or bipy site in each case. The likely quenching mechan-
ism is therefore photoinduced electron-transfer from the
SMLCT excited state of the chromophore to the protonated
pyridine which acts as an electron-acceptor; we note that methy!-
ated pyridines are well known as effective electron-accepting
quenchers in this regard.?* In addition, energy-transfer seems
unlikely as there is no evidence that protonation of a pyridine
results in new transitions having energies less than that of the
excited-state of the {Ru(bipy)(CN),}* chromophore.
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Fig. 10 Variations in (a) luminescence intensity, and (b) luminescence
lifetime, for [Ru(L*)(CN),J*~ (3.0 x 107> M solution) in MeCN-water
(1: 1, v/v) as a function of measured pH; the inflection point of the
upper curve is at pH 3.1.

The third possibility to account for the quenching—that it
could be associated with the second protonation, at the CN™~
sites—can also be ruled out in both cases because the inflexion
point on the pH titration would have to be at pH = 2 (the
measured pK, value for protonation at the CN sites). For
[Ru(L")(CN),J*, the fact that the emission wavelength and life-
time are not affected as the emission intensity diminishes means
that there is only a single luminescent species present during the
titration, i.e. unprotonated [Ru(L')(CN),]*", in steadily decreas-
ing amounts as the pH drops. If the pyridine-protonated species
[Ru(HL"(CN),]” were also luminescent it would be expected
to have a significantly lower emission wavelength, given the
red-shift of 1000 cm™ for the '"MLCT absorption maximum
on protonation of this complex (Fig. 3), but no such addi-
tional emission was detected. For [Ru(L")(CN),J*~ all of the
evidence is exactly consistent with complete quenching caused
by the first protonation, at the pendant pyridyl unit, to give
[Ru(HL)(CN),] .

For [Ru(L?(CN),*~ the situation is more complicated
because the protonated species [Ru(HL?)(CN),]” has residual
luminescence which is slightly blue-shifted with respect to the
un-protonated complex. The fact that quenching is not com-
plete in this case can be explained by the relatively weak inter-
action between the pendant bipy site in [Ru(L*)(CN),]*~ with
the complex core, such that the (presumed) photoinduced
electron-transfer quenching by the protonated bipyridinium
group is less effective. The fact that this residual emission of
[Ru(HL?)(CN),]” at low pH is blue-shifted compared to that
of the non-protonated complex is consistent with protonation
also occurring at the cyanide sites as shown by Scandola and
co-workers.?

The observation that for both complexes in the pH interval
4-2 the luminescence intensity decreases while the lifetime 7 is
constant might be explained with reference to Scheme 2. Within
this Scheme, the observed luminescence properties are only

* kH * +
NC-"Ru-L NC-"Ru-LH
—H
1 Dk,
. v
H +
NC-Ru-L NC-Ru-LH
Scheme 2



ascribable to the unprotonated species NC—*Ru-L (where *Ru
denotes the Ru centre in its excited state). In contrast, species
that are protonated at the pendant pyridyl site NC—*Ru-LH",
are taken to be non-emissive with highly effective non-radiative
paths governing the deactivation of the excited state so that
ko > k_,;.% This is accurate for [Ru(L')(CN),J*” but is only
an approximation for [Ru(L*(CN),]*~ which retains residual
luminescence on protonation.

It is worth considering also the likely effects of protonation
of the cyanide groups at lower pH values on the energy levels of
these complexes. Due to electrostatic effects, protonation at
cyanide is expected to destabilise the MLCT levels, and we have
seen above that on going to lower and lower pH the 'MLCT
levels of [Ru(L')(CN),>" and [Ru(L*)(CN),J* are raised in
energy by ca. 1000 and 2000 cm ™! respectively [Figs. 5(b) and
6(b)]. As mentioned above, the blue-shift of the residual emis-
sion from [Ru(HL?)(CN),]” can therefore be accounted for if
there were also some protonation at one of the cyanide sites,?
which is plausible given that the pK, values for protonation at
cyanide and at the pendant bipy group are quite close.

We also point out that, independently of the quenching route
provided by protonation of pendant pyridyl residues in both
complexes, protonation at the cyanide sites provides an add-
itional and quite different deactivation pathway for the *"MLCT
excited state. Protonation of the CN~ groups improves their
ability to act as m-acceptors and decreases their ability to act as
o-donors; Scandola and co-workers showed that the result
of these effects on the *MC and *MLCT energy levels for the
similar complex [Ru(bipy),(CN),] is to blue-shift the emission
maximum and substantially reduce the emission quantum
yield. We expect this effect to be operative for [Ru(L')(CN),J*~
and [Ru(L?)(CN),J*~ at pH values (< 2.5) where the cyanide
groups become protonated.

Conclusions

The complexes [Ru(L")(CN),]*~ and [Ru(L?)(CN),]*" contain
the [Ru(bipy)(CN),]*" unit with pendant pyridyl or bipyridyl
sites respectively; as such, they are suitable building-blocks for
stepwise construction of polynuclear complexes in which their
pronounced solvatochromism could be used as the basis of a
switching action. Studies on the pH dependence of their
absorption and emission spectra have shown that in acidic
media, protonation can occur at both the pendant pyridyl
sites (pK, ~ 3.1) and at the externally-directed N atoms of
the cyanide ligands (pK, ~ 2), which have opposing effects on
the energies of the MLCT excited state. The first protonation
(at the pendant pyridyl sites) results in complete quenching
of luminescence for [Ru(L')(CN),J*” and partial quenching
of luminescence for [Ru(L*)(CN),]*". The less effective quench-
ing in the latter case is ascribed to the fact that the pendant
bipyridyl site of [Ru(L*)(CN),]*" is partly decoupled from the
complex core by a substantial twist between the free and
coordinated bipy fragments of L2,
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