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Abstract: As an alternative to conven-
tional charge-separation functional mo-
lecular models based on long-range ET
within redox cascades, a “compact ap-
proach” has been examined. To this
end, spacer elements usually inserted
between main redox-active units within
polyad systems have been removed, al-
lowing extended rigidity but at the ex-
pense of enhanced intercomponent
electronic communication. The molecu-
lar assemblies investigated here are of
the P-(60')-A type, where the 6' twist
angle is related to the degree of conju-
gation between the photosensitizer (P,
of {Ru(bpy);}** type) and the electron-
acceptor (A). 4-N- and 4-N-4'-N-
(2,4,6-triphenylpyridinio)-2,2’-bipyri-

dine ligands (A;-bpy and A,-bpy, re-

Introduction

The search for new molecular devices capable of monitoring
photoinduced electron transfers (PET) is at the cross-roads

spectively) have been synthesized to
give complexes with Ru", 1-bpy and 2-
bpy, respectively. Combined solid-state
analysis (X-ray crystallography), so-
lution studies (‘*H NMR, cyclic voltam-
metry) and computational structural
optimization allowed verifying that 6'
angle approaches 90° within 1-bpy and
2-bpy in solution. Also, anticipated ex-
istence of strong intercomponent elec-
tronic coupling has been confirmed by
investigating  electronic  absorption
properties and electrochemical behav-

Keywords: conformational switch-
ing - density functional calculations -
electron transfer - luminescence -
molecular devices

ior of the compounds. The capability of
1-bpy and 2-bpy to undergo PET proc-
ess was evaluated by carrying out their
photophysical study (steady state emis-
sion and time-resolved spectroscopy at
both 293 and 77 K). The conformation-
al dependence of photoinduced proc-
esses within P-(0')-A systems has been
established by comparing the photo-
physical properties of 1-bpy (and 2-
bpy) with those of an affiliated species
reported in the literature, 1-phen. A
complementary theoretical analysis
(DFT) of the change of spin density
distribution within model [1-bpy(6")]
mono-reduced species as a function of
0! has been undertaken and the possi-
bility of conformationally switching
emission properties of P was derived.

of the works devoted to both molecular electronics and pho-
tochemical conversion of solar energy (including artificial

photosynthesis and photovoltaic devices).'*! One of the
major goals, within the latter framework of research, is to
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achieve the formation of long-lived charge-separated (CS)
states.”! Multicomponent systems built from a photosensi-
tizer (P) covalently linked—normally via spacers!®—to suita-
bly arranged electron-withdrawing (A) and/or electron-re-
leasing (D) units, are well adapted for that purpose.l®! In
our effort to further compact these molecular devices”” and
exert a more acute control over their intramolecular geome-
try,'” we have designed putative acceptor-dyads models (P-
A), made of A group(s) directly attached to P (e.g. 1-tpy
and 1-bpy; Figure 1). Removal of bridging insulators
(spacers) to extend molecular rigidity was anticipated to be
at the expense of an undesirable increase of the intercompo-
nent electronic coupling, usually withdrawn by the use of sa-
turated—but often flexible—spacers such as methylene frag-
ments.'? However, in the present case, the selected 2,4,6-
triphenylpyridinium (H;TP*; Figure 1) electron-acceptor
group (A) owns the great asset of possessing two bulky
phenyl substituents ortho to the Npqni, atom connected to
P. These rings are likely to prevent the pyridinium from
adopting a coplanar conformation with the covalently linked
photosensitizer, as for instance in the case of 1-tpy
(Figure 1)."% This pronounced steric hindrance, localized
around the P-A linkage, is assumed to warrant the disrup-
tion of the conjugation between the connected subunits. In
other words, the advised intercomponent electronic decou-
pling!%3 is expected to be produced by a so-called geomet-
rical decoupling, thus playing the role usually fulfilled by sa-
turated spacers!'¥ (at least for what concerns the m—m contri-
bution to the interaction, which is by far the larger one). A
key molecular parameter is therefore the twist angle 6! that
accounts for the conformation of the plane of the pyridini-
um ring of A with respect to that of the chromophoric
ligand partaking in P (Figure 1). Here, this dihedral angle is
expected to be almost orthogonal (6' ~90°).

In previous studies,'”! we have reported on the properties
of such “compact dyads” (e.g. 1-tpy; Figure 1) based on the
ruthenium(1)-bis-terpyridyl complex ([Ru(tpy),]**; 0-tpy) as
a P unit. It has been shown that the strong intramolecular
electronic coupling dramatically affects the photophysical
behavior of the photosensitizer, up to make it a so weak pri-
mary electron donor in the excited state that an intramolec-
ular PET was precluded."™ In that case, A can be consid-
ered as a substituent of P rather than a true component of a
P-A acceptor dyad. To circumvent this drawback, we rea-
soned that the adverse contribution of electronic coupling
could be counterbalanced by using a primary light-triggered
electron-donor (*P) stronger than *[Ru(tpy),]**, namely the
archetypal ruthenium(m)-tris-bipyridyl complex.""" It is
thus expected that, despite the noticeable intramolecular in-
teraction, the excited-state reducing strength of P will
remain strong enough to initiate the transient reduction of
A. Another advantage that could be taken of such a replace-
ment stems from the fact that 0-bpy is a much greater lumi-
nophore than 0-tpy, thus making the photophysical study
easier to carry out. One of the goals of the present study is
to verify the capability of 1-bpy and maybe 2-bpy species
(Figure 1) to form *[P*-A"] CS state.
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i 0-bpy:R'=R*=H

. 1-bpy: R =H,TP* R®=H
! 2.bpy: R'=R?=H,TP"

¢ 3-bpy:R'=NO,:R?=H

' 4-bpy: R'=R?=NO,

1-phen

0-phen =P

PhPy" = A

Figure 1. Schematic structures of the [(Me,bpy),Ru(bpyR'R?)]"* together
with reference [(tpy)Ru(tpy-tph;*)]** and [(phen),Ru(phen-PyPh*)]**+
complexes along with their labels.

The present work is also aimed at investigating the critical
degree of ‘“electronic insulation” required to allow—or
not—a directional inter-component process from *P to A
such as PET, since there is no spacer to ensure the electron-
ic integrity of the P and A subunits.'¥! Expectedly, the inter-
component electronic coupling can be modulated via a con-
trolled intramolecular conformation,”! by simply chang-
ing the torsion angle (0<6'<90°, Figure 1) between the P
and A parts of the potentially fully conjugated molecule P-
(6")-A. The only parameter to be varied is then the actual
degree of electronic conjugation of A with P. In this context,
the photophysical properties of the 0-bpy-2-bpy series of
complexes are compared with those of an affiliated species
(1-phen) previously described by Hupp and co-workers.?"!
Indeed, in 1-phen, the p-phenyl-pyridinium A group (PhPy™;
Figure 1) is not sterically hindered, thus allowing the accept-
or A and the phen ligand (partaking in the [Ru(phen),]** P
unit) to lie in a coplanar conformation (#'—0°). 1-phen was
shown to exhibit unforeseen improved luminescence while
1-bpy is almost non-luminescent. Combining photophysical
investigations and theoretical modeling allowed us to ac-
count for such opposite behavior.

Finally, the derived possibility of switching the emission
properties of *P within *[P-(6')-A] via a conformational
change is examined.
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Results and Discussion

Synthesis: 4-N- and 4-N-4'-N-(2,4,6-triphenylpyridinio)-sub-
stituted 2,2"-bipyridines (A;-bpy and A,-bpy, respectively)
are readily obtained by reacting the corresponding amino-
bipyridyl derivatives, (NH,)-bpy and (NH,),-bpy, with com-
mercially available 2.4,6-triphenyl-pyrylium salt. Racemic
mixtures of heteroleptic complexes of ruthenium(ir) (0-bpy-—
4-bpy; Figure 1) were synthesized according to the standard
work-up from [(Me,bpy),RuCl,] precursor (Me,bpy is 4,4'-
dimethyl-2,2’-bipyridine) and appropriate derivatized bpy
ligand. All compounds were fully characterized and their
identity was found to comply with expectations.

Solid-state structural features

X-ray analysis: In the solid state, the salient structural fea-
tures of 1-bpy (Figure 2a) closely resemble to those of the
previously reported H;TP*-substituted ruthenium(i)-bis-
terpyridyl analogue, 1-tpy."™ As expected, the value of 6',
86°, sharply differs from that determined for 1-phen®! of
28° (X-ray crystallography). Other relevant dihedral angles
about the pyridinium ring are given in Table 1.

Table 1. Selected dihedral angles (6/°) between the pyridinium ring and
its peripheral aryl mean planes (Figure 1) within the acceptor group A of
various organic and complex species.

Arl [a] 0 1 0 2 0 6 94
Ap-pt ph 77 84 72 20
A-pf ph 78 7 59 25
A,-ptpy” ph (spacer) 72.60  62.42 65.11 16.45/37.03
A -tpyl py (tpy) 7871 5592 7118 25.14
Ay-bpy py (bpy) 7582 8670  49.78 33.63
py (bpy) 7392 8750 6220 44.88
py (bpy) 8271  80.06  64.17 38.56
py (bpy) 7703 7962  66.70 42.34
1-tpy'! py (tpy) 7938 8548 7831 24.29
1-bpy py (bpy) 86.11 8178  62.76 40.23
2-bpy py (bpy) 8470  89.99 7217 28.72
py (bpy) 6405 5867  59.48 17.22
P1A,/RuY  ph (spacer) 8742 7285 8742 46.93
ph (spacer) 89.21 65.32 73.81 2.13
1-phen'® “py” (phen) 28 - - f

[a] N-pyridinio aryl substituent; ph: phenyl, py: pyridyl. [b] Ref. [23].
[c] Ref. [24]. [d] Ref. [10b]. [e] Ref. [20]. [f] No data available (ref. [25]).

It was also interesting to determine the X-ray structure of
complex 2-bpy (Figure 2b; Table 1) as the proximity of the
two bulky acceptor fragments was predicted to further force
them to adopt a canted conformation. Unexpectedly, signifi-
cantly distinct values of 6! were found for the two triaryl-
pyridinium fragments: 6'=64.1 and 84.7°. Thus, apparently,
if really conformationally locked, A,-bpy is not the expected
C,-symmetrical ligand when complexed. At this stage, it is
not clear whether this angular discrepancy of about 20.6°
originates from exogenous factors (role of the counter-
anions among which one is closely tight to one of the pyridi-
nium rings; crystal packing) or to some specific intramolecu-
lar constraints related to the rather crowded complex.

Chem. Eur. J. 2005, 11, 3711-3727 www.chemeurj.org
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Figure 2. ORTEP drawings of complexes a) [(Me,bpy),Ru(bpy-tph;*)]**+
(1-bpy) and b) [(Me,bpy),Ru(bpy-(tph;+),)]** (2-bpy), with thermal el-
lipsoids (20 and 30% probability, respectively). The hydrogen atoms,
PF¢~ counterions and cocrystallized solvent molecules are omitted for
clarity.

The crystal structure of the free organic ligand bearing
two acceptor groups (A,-bpy) is shown in Figure 3. The bpy
part of the ligands, which is potentially coordinating, is
found to adopt the trans conformation usually observed in
the solid-state for oligopyridyl molecules, with interannular
twist angles between pyridyl mean planes of 25.9 and 19.6°.

Within the crystallographic asymmetric unit, each of the
two independent molecules exhibits the expected tilted con-
formation about the acceptor fragment (Figure 3). We have
checked that these molecular conformations are truly adopt-
ed due to intraligand constraints but not to some inter-li-
gands effects such as crystal packing (as it is often the case
for similar polyaromatic species).?!! Concerning the values
of the critical §' angles, all four vary in a rather narrow
range of about 8.8°, compared with the large angular dis-
crepancy above-reported for 2-bpy.

On the basis of the crystallographic structural data
(Table 1), the characteristic values for ' can be estimated

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 3713
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Figure 3. ORTEP drawing of the (H;TP*),-bpy ligand, A,-bpy, with thermal ellipsoids (30% probability). The hydrogen atoms, BF,” counterions and

cocrystallized solvent molecules are omitted for clarity.

which actually correspond to an intramolecular compromise
between steric repulsion and stabilizing electronic delocali-
zation in the solid-state. Apparently, depending on whether
free organic molecules (including ligands) or derivatized
complexes are considered, the average value of 6' varies
from about 77.0 (over eight entries) to 85.4° (over five en-
tries),” respectively. This sizable angular disparity is indica-
tive of different balance between steric and electronic fac-
tors in reaction to changes with respect to intramolecular
electrostatic repulsion between A (1+) and the initially
neutral chromophoric part of derivatized ligands, which gets
involved in the positively charged complex photosensitizer
(P**). Also, existing supplementary—steric—interaction
within dyads likely to involve the complex photosensitizer
(P units) and the bulky substituents of the organic acceptor
moiety cannot be excluded (see NMR study).

Solution structural features: Although solid-state investiga-
tions such as X-ray analysis provide important quantitative
information concerning molecular structures and possible in-
tramolecular constraints, it is worth checking these structur-
al issues against data collected out of solution studies. In the
present case, beyond the fact that key photophysical proper-
ties of the various dyads will be examined in fluid medium,
such a comparison should help in deciding between solid-
state specificities and actual intrinsic molecular features of
relevance (as for 6' angles within 2-bpy). This study should
also provide some insights into intramolecular dynamics,
and more particularly the extent of existing restraints (or
constraints) over intramolecular motion (e.g. rotation of
fragments A).

Chemical behaviour: A striking point stems from the fact

that the A,-bpy molecule is merely non-complexing with
labile first row transition metal cations such as iron(ir). This

3714

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

behavior further supports the inference of a rather strong
locking of the molecular conformation in solution, in a fash-
ion similar to that determined in the solid-state (Figure 3).
Combined effects of the previously evoked intraligand steric
hindrance and electrostatic repulsion between positively
charged pyridinium rings might explain this finding. Howev-
er, these detrimental effects to iron(1) coordination chemis-
try are not insurmountable for ruthenium(i), which is
known to form substantially stronger Ru—N(py) bonds than
iron.”*!

NMR analysis and structural modelling: In solution, one can
reasonably anticipate that, within 1-bpy, the pyridinium ring
remains roughly perpendicular to the attached bpy ligand,
as it was shown for the 1-tpy close structural analogue.'®
To confirm the actual conformation of the complexed A;-
bpy and A,-bpy ligands, '"H NMR spectra of the various dia-
magnetic compounds have been recorded. Combined
COSY, TOCSY and NOESY experiments allowed achieving
a complete assignment of protons (Figure 4) in spite of the
rather complicated features of '"H NMR spectra.

The C, axial symmetry, with C, axis bisector of the disub-
stituted bpy within 2-bpy (Figure 4), is reflected by the
chemical shifts of protons of the four methyl groups of the P
unit (Me,bpy ligands). Indeed, these 12 protons are split
into two singlets integrating for six protons in the case of
symmetrical 2-bpy whereas four distinct singlets of three
protons are observed in the case of asymmetric compound
1-bpy (Supporting Information). In the case of 2-bpy, the re-
covering of the expected C, symmetry in solution as com-
pared to corresponding solid-state findings is indicative of
the A groups not conformationally locked but only restrain-
ed. Apparently, the degree of freedom for rotation motion is
rather large and is at least of about 20° (“floppy torsion”).
The broken symmetry observed for the X-ray molecular

www.chemeurj.org  Chem. Eur. J. 2005, 11, 37113727
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a)

Figure 4. Numbering scheme adopted for 'H NMR assignments.

structure, displaying two sharply different values of 0', was
therefore originating from solid-state specific interactions.
Existing degrees of freedom for the rotation motion about
0! are further evidenced when performing temperature-de-
pendent NMR studies (cooling mode). Indeed, remarkable
changes are observed. However, these modifications are not
straightforwardly rationalized as they result from the inter-
mingled effects of the freezing of the various floppy motions
of phenyl rings about ' but also 6% and 6°, which makes it
difficult to identify the sole contribution of §'.*"!

When analyzing the NMR data in more detail, another sa-
lient feature is found, which concerns protons H(8). On one
hand, these protons appear as a singlet within the free A;-
bpy and A,-bpy ligands as well as in complex 1-tpy (and re-
lated A,-tpy free ligand, that is, 4-(H;TP*)-tpy).l'”! On the
other hand, they are found to be both chemically and mag-
netically different (and coupled together to give two dou-
blets H8a and HS8b) within 1-bpy and 2-bpy. The origin of
such a differentiation is very likely related to different posi-
tioning of protons H(8) with respect to the cones of aniso-
tropy of the canted phenyl rings ortho to the Nyiginio
atom(s). Besides, protons of the latter two phenyls (H12,
H13 and H14; Figure 4) are also differentiated accordingly
(contrary to free ligands and tpy complexes!'™). Although
these rings are allowed to slightly rotate about their respec-
tive average tilted positions, the fact that different torsion
angles are observed (i.e., 0% # 0°; Figure 1) is probably the
indirect consequence of the asymmetric nature (beyond chir-
ality) of the ruthenium(m)-tris-bpy core. The ortho phenyl
rings appeared undistinguishable (i.e., 8% ~6°¢) within the
C,-symmetrical tpy-based reference compound (1-tpy).
Brought together, these findings further support that in-
volved phenyl groups are neither freely rotating nor com-
pletely locked but only restrained. Interestingly, the two sets

Chem. Eur. J. 2005, 11, 3711-3727 www.chemeurj.org
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(a and b) of protons H8 exhibit almost identical chemical
shifts independently of whether mono- or di-substituted
complexes 1-bpy and 2-bpy are concerned. Thus, inter-ac-
ceptors steric hindrance does not explain the canted confor-
mation of groups A rather a P/A intercomponent (including
bpy ligands) steric interaction previously inferred from
solid-state study.

Concerning the intercomponent decoupling—represented
by 6'—within 1-bpy, no proton was found to be adequately
positioned to directly probe the local geometry around the
P-A linkage (as for 1-tpy).'™ However, based on the
above-mentioned similarities of '"H NMR signals for accept-
or groups embedded within 1-bpy and 2-bpy together with
the factual impossibility for these A groups to deviate too
much from perpendicularity within 2-bpy, one can reason
that the actual conformation of A within 1-bpy is almost or-
thogonal (0'—90°), as in 1-tpy (see also Electrochemical
Study, below).

After the structural optimization of 2-bpy starting from
the molecular model obtained from the single-crystal X-ray
diffraction analysis was computed, a C,-symmetrical mole-
cule was indeed obtained. The optimized geometry shows
expected features from the 'H NMR spectra, namely differ-
ent values for #% and 0° (57.84 and 64.32°, respectively) and
a unique @' torsion angle of 68.43°. Computed value for '
is smaller than value derived from solid-state data ('
~85.4°). Such a difference, already noticed for other related
compounds,”®! is consistent with above-evidenced floppy tor-
sion.”?”!

Electronic properties: The pivotal question of the actual
conformation of P-(6')-A dyads in solution has also been as-
sessed at the electronic level, namely by carrying out a com-
parative electrochemical study of H;TP*-based dyads (1-
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bpy and 2-bpy) with nitro-derivatized analogous complexes
(3-bpy and 4-bpy). The choice of NO, as a reference sub-
stituent was imposed by the facts that i) it is a well-known*’)
n-extending (—M mesomeric effect) and inductive electron-
withdrawing (—1 effect) group when borne by an aryl frag-
ment®™! (in other words, NO, behaves as a conjugated A-
substituent; 8! ~0°)! and ii) it is expected to have an over-
all influence on the electronic properties of P similar to that
of H;TP+ [

UV/Vis spectroscopy: Ground-state electronic absorption

300 400 500 600 700 800

A/ nm —>»
spectra of all new bpy-based compounds and reference spe-
cies were recorded; the data are given in Table 2. b)
o]
|
Table 2. Electronic absorption data and assignments for the [(Me,- T ol N
bpy),Ru(bpyR'R?)](PF), complexes in MeCN solutions. B L
Amax [nm] (x10* [M~'em™']) 102/ Mem
Lc MLCT . &% 760
0-bpy 207 (7.21), 248 (2.47), 456 (1.45) Al
286 (8.36), 323 (1.11) 27 Ve
1-bpy 248 (3.79), 286 (8.15), 433 (129),
316 sh (4.95) 488 (1.27) o - e
2-bpy 248 sh (5.29), 286 (9.25), 421 (1.79), 200 300 400/1 /5?121 EQO}WO 800
319 (9.82) 519 (1.27)
3-bpy 249 (3.07), 284 (6.64) 431 (1.29), Figure 5. Electronic absorption spectra (room temperature, acetonitrile
509 (1.32) solution). a) H;TP* series: 0-bpy (—), 1-bpy (——) and 2-bpy (+++-+);
4-bpy 248 (3.40), 282 (5.64), 428 (1.62), inset: expanded MLCT region). b) NO, series: 0-bpy (—), 3-bpy (—)
315 (1.94) 529 (1.23) and 4-bpy (++-+); inset: expanded MLCT region.

As is the case for tpy analogues,'® the direct attachment
of the acceptor to the photosensitizing core results in a siza-
ble perturbation of the electronic properties of the chromo-
phore (Table 2), as illustrated in Figure 5a.

A gradual splitting of the '"MLCT absorption band situat-
ed at 456 nm into two bands is observed in going from 0-bpy
to 1-bpy and 2-bpy. Similar changes are also noticed in
going from 0-bpy to 3-bpy and 4-bpy as anticipated (Fig-
ure 5b). These new bands correspond to MLCT transitions
from the metal to the two types of chromophoric ligands, as
already reported in the literature for similar heteroleptic
compounds.!'>* Electronic
transitions of lower energy
(MLCT2) participate in the CT

. . i [a]
to the ligand bearing electron- vitreous carbon electrode.

Electrochemical behaviour: Electrochemical data for refer-
ence ligands and related complexes are given in Table 3.
Upon complexation, the redox potential attached to the
pyridinium fragments of the functionalized bpy ligands (A;-
bpy and A,-bpy), is subject to the same anodic shift of about
0.1V as the one measured for the related tpy-based com-
pound.'® This finding illustrates the fact that the actual
electronic expanse of the acceptor unit involves the N-pyri-
dinio substituent (namely the pyridine of the bpy ligand),
spreading towards the metal ion. Indeed, the reduction of
the pyridinium moiety within 1-bpy (—0.76 V) is found to

Table 3. Electrochemical data of the examined ligands and related complexes in MeCN (+ 0.1 NBu,BF,) at

withdrawing group(s), which is Ru**2+ NO,"" H, TP+ /PhPy+" P
more easily reducible (i.e., de- E, E, n Ey, n E, n
rivatized bpy), while the others, As-bpy -0.875 2
at higher energy (MLCT1), in- A2PPY —0.881 2x2

] ) 0-bpy +1.19 -137 1
volve the m* orbitals of the 1-bpy £128 076 ) 147 1
more electron-rich ligands (i.e., 2-bpy +142 _0.76™ 2%2 153 1
Me,bpy). Noteworthy, function-  3-bpy +1.29 -0.55 1 -1.12 1
alization of photosensitizers 4-PPy +1.40 —048 1 —0.85 1
Yvith H,TP™* results in bo.th. an 4 ohen +1.29 —063 1 [d]
increase of molar absorptivities  .ppent +1.42 0,651 [l (a

and an extended absorption in

[a] E:,/V (vs. SCE) is calculated as (E,, + E,)/2; scan rate 0.2 Vs™' ; n is the number of electrons involved in
the redox process. [b] Average value of potential formally ascribed to the ill-resolved peaks. [c] From ref. [20]

the visible region  (Fig-
ure 5 a).[32‘33] E\,/V (vs. SSCE). [d] No data available. [e] Scan rate 1.0 Vs~
3716 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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occur at the same potential (within experimental error) as
within 1-tpy (—0.77 V), as expected for formally identical
[Ru"-py-tph;*] acceptor entities (as defined at the electronic
level).

The electrochemical behavior of compounds 0-bpy—4-bpy
(Table 3) parallels the electronic properties, which reflects a
certain degree of mutual influence between P and A. H,TP*
and NO, groups have the same effect upon the Ru’*”?*
metal-centered redox process (anodic shift of the redox po-
tential of ca. 0.1 V per substituent with respect to 0-bpy), as
anticipated.">* Interestingly, opposite effects are observed
upon the P”'" ligands-centered redox potential, namely a
cathodic shift of about 0.1 V per H;TP* versus an anodic
shift of about 0.25 V per NO,. Noteworthy, the larger shift is
related to the monoelectronic reduction of NO, (0.25 V per
electron for 3-bpy and 4-bpy), whereas the smaller is associ-
ated to the bielectronic reduction of H;TP* (ca. 0.05 V per
electron for 1-bpy and 2-bpy). This difference in sensitivity
of the P”'~ bpy-centered process towards the early reduction
of the A groups actually reveals the distinct coupling modes
of these groups with P. The magnitude of the perturbation is
essentially informative on the degree of conjugation (+M
— 0) of the A groups with the bpy (and consequently with
P). The sign of the shift is more related to the inductive ef-
fects of the substituents: A (—I) makes the ligand easier to
reduce (anodic shift) whereas D (41) makes it more diffi-
cult to reduce (cathodic shift).

Based on these findings, it appears that once reduced, the
NO, substituents remain as the expected conjugated (—M)
electron acceptors (—1), whereas the H;TP* groups behave
as electron-rich non-conjugated (M—0; 6'—-90°) and elec-
tron-donating (+7) units. Thus, the added electron(s) are lo-
calized on the H;TP* subunit(s) of the derivatized com-
plexes, which therefore exhibit the behavior of bipartite
molecules in solution (despite the above-evidenced noticea-
ble intercomponent electronic coupling). This crucial issue is
further supported by the fact that H;TP* is reduced at the
same potential regardless of whether or not it is mono- or
disubstituted on the same bpy (i.e., 1-bpy or 2-bpy), contra-
ry to the NO, groups which are
communicating via the m-delo-
calized system of the planar

FULL PAPER

-2I.0 -1I.5 -110 -0'.5 O
E/V—>
Figure 6. Cyclic voltammogram for 2-bpy. Inset: selected part of the

cyclic voltammogram of 4-bpy that is, reduction waves attached to the
two NO, groups.

Photophysical properties: The capability of the new putative
compact acceptor dyads (1-bpy and 2-bpy) to undergo intra-
molecular PET processes has been evaluated by investigat-
ing their photophysical behavior (Table 4).

First, it can be noticed, from experimentally derived
values of E(III/IT*), that the excited-state of P within *[1-
bpy] is a significantly better reductant (by ca. 0.2 V) than
within *[1-tpy] (i.e., —0.68 vs —0.51V, respectively), as ex-
pected.

It is also worth noting that the variation of absorption and
emission energies as a function of the difference between
first oxidation and reduction potentials of complex photo-
sensitizers, (AE,=E,(Ru™**) — E, (P"")), show that
MLCT2 absorption correlates like emission features (Fig-
ure 7a).5" The emitting *MLCT state is thus unequivocally
the one involving the H;TP*-derivatized bpy ligand
(MLCT2), as expected. Disunited correlation of 'MLCT1
and '"MLCT? absorption bands of both 1-bpy and 2-bpy spe-
cies with respect to emission properties reflects a certain

Table 4. Photophysical data for the H;TP*- and PhPy*-derivatized complexes along with the reference-

bpy (Figure 6). Noteworthy, in  species.!

the latter case, the mean value  Entry 298 K 77K
for redox potentials attached to — 7 D[ ke, ko Ay  E(IIIIF)
NO, groups within 4-bpy [nm] [ns] [1077] [s7'] [s7'] (nm] [ms] [V]
(—0.48 and —0.63V) that is, 0-tpy'! 629 0.56 <5x10°* <8.9x10° >1.8x10° 598 10.0 —0.76
—0.55 V corresponds to the re- 1-tpy'® 670 55 0.073 1.30x10* 1.80x 107 636 8.80 —-0.51
. . . 0-bpy 625 930 5.73 6.16x10* 1.01x10° 588 5.50 —0.92
duction potential of the single ;¢ 675 10 0.06 6.00x 10* 9.99x 107 634 388 ~0.68
NO, within 3-bpy (-0.55 V). 2-bpy 725 108 021 1.94x10° 9.24x10° 676 159 —0.41
To summarize, in addition to  0-phen!! 625 510 4.1 8.04x10* 1.88x10° 587l (h] —0.82
1-phen!” 645 2100 1.0 476 x10° 471x10° 605! (b —-0.63

valuable thermodynamic char-

acteristics provided, this compa-
rative study further substantiate
the statement of persisting geo-
metrical decoupling (6' — 90°)

for 1-bpy and 2-bpy in solution. [h] No data available.
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[a] Emission properties in deaerated MeCN solutions at 298 K and in deaerated BuCN matrices at 77 K. Radi-
ative (k,) and nonradiative (k,,) rate constants as well as excited-state redox potentials E(III/II*) were calcu-
lated according to refs. [15] and [34]. [b] Emission maxima for uncorrected spectra (4.,=460nm). [c] A=
308 nm unless otherwise specified. [d] Luminescence quantum yields were determined relative to [Ru(bpy);]**
(®.,=0.062 in MeCN at 298 K). [e] From ref. [10a]. [f] From ref. [20]. [g] Estimated value from ref. [20].
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Figure 7. a) Correlation between optical energies (absorption and emis-
sion) and AE:, (see text), @: MLCT1, o: MLCT2, m: em. (77 K), 0: em.
(298 K). b) Luminescence spectra of 0-bpy (—), 1-bpy (-----) and 2-bpy
(+++++) (isoabsorptive deoxygenated media, A..=460nm, uncorrected);
MeCN solutions at 298 K. Inset: corresponding uncorrected luminescence
spectra in butyronitrile frozen matrix at 77 K.

degree of directionality in the CT state within excited pho-
tosensitizer, which should favor rapid electron hopping to A
subunit(s) as the lower Ru-bpy CT state (MLCT2) involves
the ligand bearing acceptor unit(s).”

At 298 K, the emission quantum yields of 1-bpy and 2-bpy
are only 1 and 4% of that of parent luminophore 0-bpy, re-
spectively (Figure 7b). In particular, for 1-bpy, the radiative
decay rate-constant remains almost unchanged while the
non-radiative decay is increased by about two orders of
magnitude. Clearly, photophysical behavior is distinct at 298
and 77 K (Figure 7b) in spite of equivalent incremental red-
shifts (AE,,,) of the emission maxima on going from 0-bpy
to 1-bpy (AE,,(0-1)) and 2-bpy (AE.,(1-2)) at both temper-
atures.”” The gradual decrease of emission intensity accord-
ing to bathochromic shift evidenced at 77 K reveals the
actual effect of energy gap law. Indeed, only for low-temper-
ature data, a linear relationship could be found when plot-
ting In(1/r) as a function of ECMLCT) (in eV) (slope
—4.43; intercept 21.34; R=0.95). Thus, the room-tempera-
ture luminescence quenching of *P within *1-bpy cannot be
imputed to sole energy-gap law and a channel which is not
operative at 77 K (in rigid matrix, where solvent libration is
frozen)—such as an intramolecular PET—must come into
play. The status of 2-bpy at room temperature is discussed
below.
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Regarding the thermodynamics of 1-bpy, 2-bpy and 1-
phen, comparison of ground-state redox potentials of their
pyridinium group with corresponding excited-state reductant
strength of *P shows that the formation of the CS state is
for the whole three an endoergonic process by about +0.08,
+0.35 and 40.02 eV,? respectively (Figure 8). Although E-
(ITI/IT*) values are roughly estimated,'>2** the perturba-
tion of *P within 2-bpy is so large that a CS formation is
merely not expected to occur. For 1-bpy and 1-phen,*” the
very slightly unfavorable energetics can be weathered.®

Hence, the luminescence quenching of *P within 1-bpy
can be assigned to an intramolecular PET (Figure 8) all the
more since:

i) The increase of the ligand field due to electron-with-
drawing substituent effect is not expected to influence
the emission properties of bpy-based *P, contrary to tpy-
based poor luminophores owing to their low lying *MC
levels (case of 1-tpy);['%13:20:3%40]

ii) Energy transfer between *P and *A can be ruled out as
the lowest triplet excited-state (phosphorescence at
77 K) of the UV-absorbing H;TP* lies at about 2.5 eV
while *P is a NIR-Vis emitter;

A transient absorption experiment at the femtosecond
timescale*! has not shown clear evidence of the formation
of a charge-separated state. As the quenching is slow from
energetic considerations while the intercomponent electron-
ic coupling is rather high, this result probably indicates that
the charge recombination is much faster than the forward
reaction. It is also a matter of fact that the spectral signature
of the weakly absorbing reduced acceptor unfortunately
falls in the bleaching region of the MLCT bands making it
very difficult to detect."™?] Therefore, together with addi-
tional fragility experienced for such complexes in solution,
as previously reported for nitro derivatives (analogues of 3-
bpy and 4-bpy),*? the successful completion of photophysi-
cal experiments appeared to be very delicate and the de-
tailed quenching mechanism within 1-bpy could not be de-
finitively established under standard experimental condi-
tions.

Regarding the related case of 1-phen, quenching of lumi-
nescence was not observed, rather the improved emission
properties of *P2%! This behavior has been ascribed® to the
synergetic contributions of the above-mentioned substituent
effect and of the small value of §' allowing an electronic de-
localization over the entire—and possibly coplanar-*4l—
phen—pyridinium ligand, best described as a “superli-
gand”.” It is even likely that planarization of the phen—pyr-
idinium ligand is favored in the excited state, upon its transi-
ent photoinduced reduction.'’?#! This planarization is ex-
pected to occur around ! as far as no steric constraint inter-
feres (case of 1-phen) but also about 6*. In the latter case,
the conformational change is anticipated to result in an in-
crease of the electron-accepting strength of A,7*! thus
lowering the energy of the CS state—once formed—within
*[1-bpy] and amplifying the electron delocalization within
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Figure 8. Quantitative energy level diagram for excited states of the series of compounds as well as postulated photoinduced processes. See Table 4 for
the relative values of radiative and non-radiative rate constants. Dashed arrows indicate pathways either of low probability or ineffective (see Table 4

and text).

*[1-phen]. Whether this electron delocalization actually re-
sults from an equilibration process (related to a decay of the
CS state to the ground state via the closely lying *MLCT
state) or originates in an intrinsic property of the excited
molecule (namely a “super *MLCT” level attached to the
phen—pyridinium “superligand”)*! remains hitherto unclear
(Figure 8).

Theoretical analysis: At this stage of the study, when spec-
troscopic investigation are reaching the limits of their infor-
mative capability, a theoretical analysis of the problem—
from first principles—is required. The present aim is to fur-
ther gain new insights on CS-state formation (case of 1-bpy)
and eventually decide between dynamic and static electronic
delocalization (case of 1-phen). The computational method
herein used is based on density functional theory which has
been already demonstrated to accurately account for elec-
tronic properties of rather large second and third rows d°
transition metals complexes.”® In particular, the PBEO
hybrid exchange correlation functional was used since it has
been proven to give reliable thermochemical and spectro-
scopic data for similar compounds.[**°!

Metal-to-ligand charge transfer electronic transitions can
be considered as light-triggered intramolecular redox reac-
tion where the metal center is oxidized while ligands are re-
duced."”’ As we are mainly interested in understanding
photo-excited states where an electron is promoted on the
ligands embedded within complexes, a fruitful approach is
to simulate the behavior of mono-reduced species®*”! since
reduction is known to be essentially a ligand-centered proc-
ess.™! Although singly occupied molecular orbitals (SOMO)
usually akin to LUMO orbitals, we preferably fed the dis-
cussion on the basis of spin density patterns associated to

Chem. Eur. J. 2005, 11, 3711-3727 www.chemeurj.org
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SOMOs (rather than SOMO or LUMO orbitals themselves)
as the non-negligible contribution of spin polarization origi-
nating from inner-lying electrons of the body-molecules are
taken into account.”® Thus, spin density has been calculated
for the following mono-reduced complexes: 1-bpy for 6'=
86.11° (X-ray structure, [1-bpy(86)]"; Figure 9a) and 6'=28°
(as in 1-phen, [1-bpy(28)]~; Figure 9b), as well as for 2-bpy
and 1-tpy (Figure 9c and d) for their geometry determined
by X-ray crystallography, that is, [2-bpy(64-85)]” (6'=64.05
and 84.70°) and [1-tpy(79)]” (6'=79.38°). Also, spin densi-
ties have been computed for incremental values of 6' (0° <
6' < 90°) within [1-bpy(6")]".

The main computational outcomes regarding spin density
distributions of the model systems are collected in Table 5.

X-ray data were used for computing the spin density asso-
ciated to [1-bpy]~, [2-bpy]™ and [1-tpy]~. As the redox prop-
erties attached to the pyridinium ring of A groups are influ-
enced by surrounding substituents!""*! including tilt angles
of connected aryl fragments (8!, 62, 6 and 6°),17424 it s
therefore worth bearing in mind that slightly different A
groups are actually involved in the various complexes al-
though formally identical (H;TP*). In the cases of [1-
bpy(86)]”, [1-bpy(28)]” and [1-bpy(6")]", all structural pa-
rameters were kept the same as those determined by X-ray
crystallography of 1-bpy(86) except 6' dihedral angle. This
was done on purpose, to clearly and solely identify the con-
tribution of critical §' twist angle to the electronic and pho-
tophysical properties of *[0-bpy] (i.e., *P).

Also, one can notice the lack of symmetry of the over-
all—actual—1-tpy(79) molecule (frozen in its solid-state
conformation) mainly originating from different values for
62, 6* and 6° torsion angles, as in the case of 1-bpy(86). As
a consequence, similar asymmetrical distributions of spin
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Figure 9. Computed spin densities (contour value 0.0025 au) for a) [1-bpy(86)]~, b) [1-bpy(28)] ", c) [2-bpy(64-85)] and d) [1-tpy(79)]".

Table 5. Computed spin density (in a.u.) for the following mono-reduced complexes: for [1-bpy(86)] ,

[1-bpy(28)]", [1-bpy(6)]", [2-bpy(64-85)]" and [1-tpy(79)] "

E,(Ru"™") the redox potential
of Ru within hypothetical [1-

Entry Ru L-A L A pyridinium aL  bpy(28)]7 of intermediate
[1-tpy(79)] 0.049 0.945 0.816 0.129 0.107 0.007 metal-centered spin density
[1-bpy(86)]~ 0.010 0.881 0.731 0.150 0.140 0.043/0.085 (Table 5) as being of about
[1-bpy(75)] 0.010 0.904 0.667 0238 0.226 0.039/0.057 135V This is in Ii .

. . is is in line with
[1-bpy(60)]~ 0.009 0.943 0.630 0.312 0.303 0.017/0.031 + . .
[1-bpy(45)] 0.018 0.951 0.518 0.433 0.418 0.009/0.021 abOYe'm?ntloned mﬂuencie.?f
[1-bpy(28)]~ 0.020 0.959 0.452 0.507 0.487 0.006/0.014 conjugation over the pyr1d1n1-
[1-bpy(15)]~ 0.019 0.964 0.405 0.562 0.531 0.004/0.009 um redox properties that is, the
[1-bpy(0)] 0.023 0.965 0.383 0.581 0.539 0.003/0.007  puridinium is a slightly better
[2-bpy(64-85)]~ 0.030 0.951 0.880 0.058-0.013 0.056-0.005 0.006/0.010

electron-acceptor group when

L-A: A-derivatized ligand (A,,-bpy or A-tpy). L: coordinating part of L-A (i.e., bpy or tpy). A: 2,4,6-triphe-

nylpyridinium, H;TP*. aL: ancillary ligand(s) (Me,-bpy or tpy).

density were found on the chromophoric part of derivatized
ligands within [1-tpy(79)]~ (Figure 9d) and [1-bpy(86)]~ (Fig-
ure 9a).

Comparison of 1-tpy and 1-bpy: On going from [1-tpy(79)]~
to [1-bpy(86)]~, a sizable decrease of spin density located on
the ruthenium is noticed, which parallels the decrease of the
redox potential related to the one-electron oxidation process
of the metal center: from +1.44 to +1.28 V (vs SCE), re-
spectively. The same trend is found on going from [2-bpy-
(64-85)]" (E,(Ru"™)=+1.42V) to [1-bpy(28)]" and [1-
bpy(86)]~ (E,(Ru™")=+1.28 V), thus allowing estimating
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0'=28° than when ' tends
toward 90°,7¢* making the
metal cation more difficult to
oxidize. Although non-negligi-
ble, the magnitude of the latter effect remains modest.

Notably, when going from [1-tpy(79)]~ to [1-bpy(86)]~,
significantly less spin density is located on L-A ligand and
geometrical features regarding ; conjugation are getting less
favorable (0! varies from 79 to 86°). Yet, the net spin densi-
ty located on A, and more specifically on the pyridinium
ring, is substantially increased by about 30 %. Such a change
is in agreement with our expectations and further supports
the pertinence of replacing the *[Ru(tpy),]** light-triggered
primary donor by the *[Ru(bpy);]*" analogue for CS pur-
poses.

www.chemeurj.org  Chem. Eur. J. 2005, 11, 37113727
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Comparison of 1-bpy(86) and 1-bpy(28)/1-phen(28): On
going from [1-bpy(86)]~ to [1-bpy(28)]~, the spin density
originally mainly located on the bpy moiety, L, of the A;-
bpy ligand, L-A (proportions of ca. 5:1 for L:A), becomes
almost equally distributed over the whole A;-bpy ligand.
The sole but moderate increase of the electron-withdrawing
strength of the pyridinium ring, according to the previously
discussed m conjugation with the bpy, cannot account for
such a large change of electron distribution. When plotting
relative spin densities calculated for [1-bpy(6')]™ as a func-
tion of 6' (Figure 10), almost the same distribution pattern

Rel. 8.D./%
40

20

¢ 20 40 60 80

o1 /° —>
Figure 10. Variation of the relative spin density (SD) distributions over A
and L moieties of L-A embedded within [1-bpy(6']™ as a function of 6.
Spin densities are normalized with respect to the corresponding total spin
density calculated for L-A.

as in [1-bpy(28)]” is obtained for §' ranging from 0 to ~35°.
Moreover, in this range, roughly the same spin density is
shared out evenly over the six non-hydrogen atoms of both
the pyridinium ring and its attached pyridyl fragment of bpy
(Figure 9b and Table 5). The quasi-independence of the spin
density distribution from 0 angle together with its uniformi-
ty is indicative of intrinsic electron delocalization. These
findings allow to rule out the occurrence of an intramolecu-
lar dynamic equilibration process between two closely lying
levels like [*P*~A] and *[P*-A~],* which may exist for
higher values of §', around 40 to 50°.

Although taking place at the excited state, the distinction
between static (intrinsic) and dynamic electron delocaliza-
tion is somehow reminiscent of that established by Robin
and Day for direct optical ET within inorganic mixed-va-
lence species.”” Indeed, electronic properties of mixed-va-
lence compounds are accurately accounted by the so-called
Class IIT or Class II models depending on whether electron
delocalization: i)is an intrinsic property (i.e., delocalized
ground-state) likened here to a “superMLCT” state ([*P*-
A] and *[P*-A"] states are merged together) or ii) is ther-
mally activated (i.e., results from an electron transfer) simi-
larly to an equilibration process, respectively.”

When 6! approaches 90°, the contribution of the conjuga-
tion vanishes making the spin density localized, with differ-
ent weights on the L and A moieties. Although predomi-
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nantly located on the bpy moiety (Figures 9a and 10), the
substantial spin density found on the H;TP* fragment fur-
ther confirms the possibility of an electron transfer from ex-
cited complex photosensitizer ([’P*-A] that is, *MLCT
state) to the acceptor (*[P*-A7] CS state) within
*[1-bpy(86)] (Figure 8).

For [1-bpy(28)]~, one is actually dealing with an electronic
delocalization, which is an intrinsic property of the A;-
bpy(28) ligand worth to be considered as a made-in-one-
piece “superligand” rather than a bipartite molecule, as in
the case of A;-bpy(86). The effect of the delocalization over
the superligand is to minimize the average local structural
distortion related to the presence of the promoted electron,
making Franck-Condon factors smaller and then diminishing
the rate of nonradiative decay.*! Improved emission proper-
ties of *[1-phen(28)] (and more specifically excited-state
lifetime) are therefore worth describing as originating from
a “super-"MLCT” level (Figure 8).

The overall picture drawn out of the theoretical compara-
tive study of hypothetical [1-bpy(28)]" (mimicking [1-
phen]”) with existing [1-bpy(86)] is in agreement with
issues based on the cross photophysical results of the pres-
ent and previous?** works. Also, this study allows to clarify
the behavior of *[1-phen] in respect of electronic delocaliza-
tion versus equilibration process (Figure 8). Theoretical
issues clearly show that photophysical behavior of *[1-phen]
is consistent with a delocalized description associated to an
emitting extended “super-MLCT” level, as illustrated by [1-
bpy(28)]” model compound. Conversely, a localized descrip-
tion well accounts for the behavior evinced by [1-bpy(86)],
further substantiating the possibility of a PET process ac-
companied by CS formation.

Thus, one can state that in the borderline case of isoener-
getic [’P*~A] and *[P*-A"] excited-states within a potential-
ly fully conjugated molecule of type P-(6')-A, occurrence of
an intramolecular PET process (accompanied with CS for-
mation) is strongly dependent on a conformational parame-
ter ('). Consequently, other potentially interesting related
photophysical features such as luminescence can also be
controlled by 1.

Comparison of 2-bpy(64-85) and 1-bpy(86)/1-tpy(79): Inter-
estingly, when comparing [1-bpy(86)] to [2-bpy(64-85)],
one can note that in spite of a sizable increase of the spin
density on L-A (by ca. 10%), the cumulated spin density on
the two A groups dramatically decreases by about 53 %.
More strikingly, when comparing the spin density on A
within [1-bpy(86)]~ with the one located on the A group of
[2-bpy(64-85)]~ with almost the same 0' angle (85°), the de-
crease is about one order of magnitude. The absolute spin
density located on the acceptor groups represents no more
than about 7.5 % of the overall spin density located on L-A
(0.951 a.u.), which sharply differs from the situation of [1-
bpy(86)]~ where this proportion reaches about 17.5% (over
0.851 a.u.) moreover with a single acceptor unit.
Furthermore, spin density patterns on the L-A ligand
within [1-tpy(79)] and [2-bpy(64-85)]” are very similar,

3721


www.chemeurj.org

CHEMISTRY.

P. P. Lainé et al.

A EUROPEAN JOURNAL

thus suggesting that the poor luminescence properties of *P
within *[2-bpy] are very likely due to strong substituent ef-
fects exerted by the two acceptor groups and are well ac-
counted by energy gap law. The main difference between
these two species stems from the fact that, in the case of 2-
bpy, there is no unfavorable interplay between the intrinsi-
cally poorly emissive *"MLCT state (due to energy gap law)
and a closely lying non-radiative deactivation pathway
ligand field in nature, as for 1-tpy. Indeed, in the latter case,
the removal of this *MC state due to the inductive through o
bond (P-A linkage) mediated electron-withdrawing effect
did result in improved photophysical properties despite
energy gap law.

General comments: We have shown that a strong intramo-
lecular electronic coupling is not incompatible with occur-
rence of PET processes eventually resulting in CS-state for-
mation. To some extent, this behavior is reminiscent of the
function of a photoactive molecular wire.**> For electron
molecular wires such as symmetrical mixed-valence com-
plexes,* the initial (ground) state is different from the final
(ground) one, hence the notion of transfer. In the present
case, the final state is the same as the initial one (the unique
ground state) and the concept of transfer is valid for the ex-
cited state only. Such an operation is therefore closely
linked to a localized description of photo-triggered phenom-
ena. Electron transfer proceeds according to a stepwise
manner by hopping from one localized excited state to an-
other. In that sense, by undergoing a directional PET proc-
ess, 1-bpy constitutes an improvement as compared to both
1-tpy!'* and 1-phen.” In the latter case, worth described
with a delocalized model, no such transfer nor CS formation
occurs.? It remains nonetheless that, when formed, the CS
state is very short-lived due to the strong intramolecular
electronic coupling (case of 1-bpy). On the basis of issues
herein reported, in a further step, efforts should therefore
be directed toward slowing down CR while speeding up the
forward ET (CS formation), which should be achieved by
making the CS formation significantly exergonic. Such a
challenging objective is realistic even with compact covalent
assemblies, without any spacer element as such, and at least
when intramolecular electronic coupling is weak. A famous
and quite unique illustration concerns Ru"/Os™ complexes
of polycyclic aromatic dppz (dipyrido[3,2-a:2’,3'-c]phena-
zine) and related ligands, including bridging derivatives.
These planar fully conjugated and structurally made-in-one-
piece species actually exhibit electronic properties of bipar-
tite molecules comprising a chromophoric phen subunit
(part of P) and a phenazine-like electron-acceptor unit (A)
in the typical case of dppz.”>*) Within one of these systems,
a long-lived CS state of about 1.3 ps could be obtained.!"
Also, very recently, Fukuzumi and co-workers!®! succeeded
in reaching hundreds of us timescale for CS lifetimes within
a dyad based on weakly coupled Zn—porphyrin (P/D) and
Cs (A) as well as in a purely organic bipartite molecule
build up of mesityl (P/D) and methyl-acridinium (A) moiet-
ies. However, in spite of these recent advances towards ultra
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long-lived CS states, still the very detailed working mode of
these compact dyads has to be elucidate.*]

The promising “compact approach” requires at one and
the same time a particularly fine-tuning of electronic proper-
ties and a precise control of intramolecular geometry to
slow down backward ET (charge recombination). It’s a
matter of fact that, on one hand, Ru"/Os" oligopyridyl com-
plexes are very well documented from viewpoint of MLCT
manipulation and, on the other hand, triarylpyridinium elec-
tron-acceptor units reveal chemical versatility, which allows
both structural and electronic engineering. Therefore, we
are currently continuing our effort in the conception of com-
pact architectures, in parallel with more conventional ap-
proach to long-lived CS-state formation based on long-range
ET within nanosize redox cascades.'*?! Also, the study of
such molecular objects should help in identifying actual de-
termining parameters that govern slow charge recombina-
tion, beyond classical guidelines of well-established ET
theory.l*"-®

Another aspect of the present work that deserves to be
emphasized is the advantage that could be taken of the
marked sensitivity of photophysical properties displayed by
particular assemblies herein studied to changes of intramo-
lecular conformation (6'). This strong dependence is ascri-
bed to the combined effects of the compact arrangement of
P and A units (that allows the resulting P-(6')-A dyad to be
fully conjugated) and of the closely lying (even isoenergetic)
[’P#-A] (i.e., *MLCT level) and *[P™—A"] (i.e., CS state) po-
tential excited states. Depending on whether ' approaches
90 or 0°, ['P*~A] and then *[P*-A~] states or a single
“super-MLCT” state (from formally merged [*P*-A] and
#*[P*-A"] levels) are produced upon light-excitation of P
within P-(6')-A. In the former case, a side effect of CS for-
mation is the concomitant quenching of the luminescence of
*P1 Thus, it appears that the emission properties of P
within P-(6')-A type of supermolecules can be conforma-
tionally switched. Attempts towards switching effects with
respect to electron transport, similarly produced on the sole
basis of conformational changes within electron wires, were
not entirely successful. As a matter of facts, electron trans-
fer/transport processes are not sensitive enough to this type
of parameter,!'7*"¥*151 contrary to luminescence™ under
proper conditions mentioned above.®™ A possible applica-
tion of such switching effects could be for an optical infor-
mation storage at the molecular level based on the lumines-
cence of *P!%! Also, the derived possibility of a conforma-
tional tuning of nonlinear two-photon absorption process-
es® that could be use for molecule-based photonic materi-
als should be investigated inasmuch the type of compounds
studied are also known to exhibit NLO properties."*

Conclusion
The localized description of a dyad system moreover capable

of undergoing an intercomponent, that is, a directional PET
process, fruitfully accounts for the photophysical behavior of
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*[1-bpy] despite the strong intramolecular electronic cou-
pling. On the contrary, *[1-phen] is worth considered as
being a “large molecule” (versus “supramolecular spe-
cies”)f! best described in terms of excited-state electron de-
localization over the phen-pyridinium superligand with en-
hanced emission properties shown to originate from corre-
sponding “super-MLCT” level. Also, it is demonstrated
here, by comparing the borderline cases of these closely af-
filiated complexes, that the emission properties of *P can be
conformationally switched by changing the dihedral angle
(0°—6'—90°) between the chromophoric part of a ligand
(bpy) and its directly connected electron-accepting moiety
within the compact P-(6')-A supermolecule (e.g. *[1-

bpy(6)]).

Experimental Section

General experimental details: Electronic absorption spectra were mea-
sured on a Perkin-Elmer Lambda 9 spectrophotometer. "H NMR spectra
were recorded on a Bruker ARX 250 spectrometer. For inorganic com-
pounds (racemic heteroleptic complexes), unless otherwise specified (i.e.,
label DMBP stands for Me,bpy ancillary ligands), 'H assignments refer
to the derivatized bpy ligands (4-nitro-bpy, 4,4'-dinitro-bpy, A-bpy, A,-
bpy, including native bpy). Elemental analyses were performed at the In-
stitut de Chimie des Substances Naturelles, France. ESI(+) mass spectra
(solvent, acetonitrile) were recorded with a LCQ-advantage (ThermoFin-
nigan) mass spectrometer.

Chemicals: High-purity commercial reagent grade products were used
without further purification, including the ligands bpy and Me,bpy
(DMBP), which were obtained from Aldrich Chemicals Co. Ltd. Ligands
NO,-bpy, ™ (NO,),-bpy™ and organic precursors NH,-bpy™ ™ and
(NH,),-bpy™ as well as the complex precursor [(dmbp),RuCl,],"*! were
synthesized following the literature methods.

Ligand [H;TP*-bpy](HSO,) (A;-bpy): The ligand was prepared by fol-
lowing a modification of the literature method for the synthesis of
H,TP*-tpy analogue.'"™ A mixture of NH,-bpy (0.19¢g, 1.11 mmol),
2.,4,6-triphenylpyrylium hydrogen sulfate (0.677 g, 1.66 mmol, 1.5 equiv)
and anhydrous sodium acetate (1.0g) in EtOH (20mL) was heated
under reflux for 16 h. After evaporation of the solvent in a Rotavapor,
the product was extracted from the solid with CH,Cl, and purified by
column chromatography over basic alumina by using a mixture of eluents
with an increasing gradient of polarity: EtOAc/CH,Cl, 100:0 — 0:100
and then CH,CL/EtOH 99:1 — 50:50. The pure product was obtained as
a white solid (0.352 g, 55.8%). 'H NMR (250 MHz, CD;CN): 6 = 8.60
(brd, *J=4.0 Hz, 1H; H"), 8.50 (d, *J=5.4 Hz, 1H; H®), 8.48 (s, 2H; H®),
8.36 (d, /=19 Hz, 1H; H?), 8.28 (d, */=8.0 Hz, 1 H; H"), 8.15 (dd, *J=
77, ‘I=18Hz, 2H; H’, 7.87 (id, *J(H'H®) ~*J(H'H*)=78,
J(HH*)=1.7 Hz, 1H; H*), 7.72 (m, 3H; H", H"), 7.44 (m, 11H; H",
H", HY, H"), 7.35 ppm (dd, */=5.3, “7=1.9 Hz, 1H; H%); elemental anal-
ysis (%) caled for C33H,sN3SO,-0.5H,0: C 69.70, H 4.61, N 7.39; found:
C 69.95, H 4.60, N 7.03; ES-MS: m/z: 462.3 [M—HSO,|*.

Ligand [(H;TP*),-bpyl(BF,), (A,-bpy): The procedure was similar to
that described for As-bpy, by using (NH,),-bpy (0.158 g, 0.85 mmol),
2.,4,6-triphenylpyrylium tetrafluoroborate (1.010 g, 2.55 mmol, 3 equiv)
and anhydrous sodium acetate (1.0 g) in EtOH (30 mL) heated to reflux
for 20 h. At room temperature, the white precipitate was filtered off and
washed with EtOH (2x 10 mL). The product was extracted from the solid
with CH,Cl, (4x50 mL), and the solvent was evaporated, affording pure
A,-bpy ligand as white needles (0.645g, 79%). 'HNMR (250 MHz,
CD;CN): 6 = 8.46 (s, 4H; H®), 841 (d, *J=5.2 Hz, 2H; H°), 8.14 (m,
6H; H’, H?), 7.72 (m, 6 H; H', H"), 7.40 (m, 22 H; H"?, H”, H", H); ele-
mental analysis (%) caled for CssH, N B,Fg:H,O: C 70.02, H 4.41, N
5.83; found: C 69.94, H 4.53, N 5.53; ES-MS: m/z: 855.3 [M—BF, ]*.
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Complex [(dmbp),Ru(bpy)](PFy), (0-bpy): bpy (0.243g, 1.56 mmol,
1.2 equiv) and 1,2-ethanediol (40 mL) were added to a solution of
[(dmbp),RuCl,] (0.7 g, 1.295 mmol) in CH,Cl, (20 mL), and the mixture
was heated at 110°C for 20 h under inert atmosphere (Ar). After the
mixture had cooled, EtOH (10 mL), H,O (40 mL) were added together
with an excess of NH,PF; salt (2.11 g, 12.95 mmol, 10 equiv/Ru), while
vigorously stirring, for the precipitation of the complex. The product was
filtered off, washed successively with H,O, EtOH, and Et,O, to give an
orange powder which was purified by column chromatography over basic
alumina by using an eluent of increasing polarity: CH,Cl,/acetone 100:0
— 0:100. The final recrystallization was performed by slow diffusion of
Et,0 in a concentrated acetonitrile solution of the complex, affording 0-
bpy as deep orange crystals (1.04 g, 86 % ). The racemic mixture (A + A)
was not resolved. "H NMR (250 MHz, CD;CN): 6 = 8.48 (d, *J(H’H*) =
8.2 Hz, 2H; H), 8.35 (s, 4H; H**M®"), 8.04 (td, *J(H'H’) ~%J(H' H’)=
8.1, Y(H*H®)=1.1Hz, 2H; H*), 7.74 (d, *J(H*H’)=5.4 Hz, 2H; H°),
7.54 (d, CJHCPMBPHSPMBPY_57Hz, 2H; HPMPP) 4+ 753 (d,
3J(HSPMBR ISPMBRY _ 5.7 Hz 2 H; HOPMPP), 7.39 (¢, 3J(HS HY) ~3J(HHY) =
6.6 Hz, 2H; H), 7.23 (d + d, *J(H*PMBPHOPMBP) ~50Hz, 2H + 2H;
H>PMBPY 2 54 ppm (s, 12H; HM*PMBP): elemental analysis (%) calcd for
C3,H3,NgRuP,F,,-H,0: C 43.74, H 3.67, N 9.00; found: C 43.89, H 3.66, N
9.05; ES-MS: m/z: 771.1 [M—PF,"]*, 313.2 [M—2PF, |**.

Complex [(dmbp),Ru(bpy-tph;")1(PF,); (1-bpy): A procedure similar to
that reported for 0-bpy was followed, by using [(dmbp),RuCl,] (0.159 g,
0.295 mmol) dissolved in CH,Cl, (4 mL), [H;TP*-bpy](HSO,)-0.5H,0O
(0.201 g, 0.354 mmol, 1.2 equiv) and 1,2-ethanediol (40 mL). The mixture
was heated at 110°C for 20 h under Ar. After standard work-up for puri-
fication including metathesis, the product was subsequently purified by
column chromatography over basic alumina, first eluting with CH,Cl,/
acetone using a gradient of acetone (up to 100 %), second with CH;CN
and finally with a saturated CH;CN solution of NH,PF,. After removal
of the salt in excess, the product was four times recrystallized by slow
vapor diffusion of Et,O in a solution of the complex in acetone. The final
crystallization was performed by slow diffusion of Et,O in a concentrated
acetonitrile solution of the complex, giving dark red crystals (0.189 g,
46.3%). The racemic mixture (A 4+ A) was not resolved. 'HNMR
(250 MHz, CD;CN): 6 = 8.58 (d, *J(H* H*)=1.9 Hz, 1H; H*), 8.53 (d,
“J(H* H®)=2.0 Hz, 1H; H%), 8.35 (brs, 2H; H*“PMBF |3DOMBR) g 31
(brs, 1H; H?*PMBPY 8 30 (brs, 1 H; H*®*PMBF) 8,19 (m, 3H; H*®, H?, H”),
8.04 (m, 2H; HY, H*), 7.74 (m, 3H; H'’, H"), 7.66 (d, *J(H*,H*)=5.5 Hz,
1H; H"), 7.57 (m, 7H; HCPMBP {4 H'3 H'> 1), 7.41 (t, 37(H*,H*) ~
*J(HY HY)=5.6 Hz, 1H; H), 7.36 (d, *J(H*®PMBEHBPMEPY — 6 0 Hz, 1H;
HﬁB,DMBP)’ 7.24 (m, 8H; HSDDPMBP [SADMBP fylda yi2a [{SCDMBP [16ADMBP
HBPMBP) 7,08 (m, 3H; H’, H' ), 6.97 (d, *J(HPPMBPF{FDOMBPY _ 5 8 [
1H; HPPMBPY 965 (s, 3H; HMAPMBEP) 2 58 (s, 3H; HMPPMBP) 1954 (s,
3H; HMCPMBPY 9 51 ppm (s, 3H; HMBPMBPY. elemental analysis (%)
caled for Cs;HgN;RuP;F;¢H,O: C 49.43, H 3.64, N 7.08; found: C 49.66,
H 3.68, N 7.09; ES-MS: m/z: 12222 [M—PF,]*, 538.6 [M—2PF, |**,
310.9 [M—3PF, |**.

Complex [(dmbp),Ru(bpy-(tph;*),)1(PFy), (2-bpy): The synthetic
method is the same as the one reported for 1-bpy, using [(dmbp),RuCl,]
(0.18 g, 0.333 mmol) in CH,Cl, (4 mL) and [(H;TP™*),-bpy](BF,),-H,O
(0.384 g, 0.4 mmol, 1.2 equiv) in CHCI; (10 mL) to give the pure 2-bpy
compound as dark brown crystals (0.163 g, 26.4 % ). The racemic mixture
(A + A) was not resolved. '"H NMR (250 MHz, CD,CN): 6 = 8.60 (d,
J(H®H*)=1.9 Hz, 2H; H*), 855 (d, Y/(H*H*)=1.9 Hz, 2H; H*),
8.32 (brs, 4H; H3APMBP F3BDMBPY "8 17 (4, 3J(H@+ H'")=6.8 Hz, 4H;
H, H™), 7.75 (m, 10H; H", H", H’, H'*), 7.59-7.42 (m, 12H; H",
H'?, Hf, H®PMBP) 731 (m, 4H; H**PMB® ) 720 (brd, 8H; H'2, H’,
HPBPMBPY 7 11 (¢, J(HP* H'™) ~3J(H"™ H"“*)=7.6 Hz, 4H; H"), 6.58 (d,
3J(H6A.DMBP’H5A<DMBP):5.8 HZ, ZH, H(JA.DMBP)7 271 (S, 6H7 HMeA.DMBP)’
2.52ppm (s, 6H; HMEBPMEP). elemental analysis (%) caled for
CygoHeNgRUuP,F,,-2H,0: C 51.82, H 3.70, N 6.04; found: C 51.74, H 3.66,
N 6.01; ES-MS: m/z: 1673.1 [M—PF,]*, 764.1 [M—2PF, |**, 461.1
[M—3PF, 1**, 309.7 [M—4PF¢ ]**.

Complex [(DMBP),Ru(bpy-NO,)|(PF), (3-bpy): This complex was syn-
thesized and purified following a procedure adapted from the one de-
scribed for 0-bpy. To a solution of [(dmbp),RuCl,] (0.23 g, 0.426 mmol) in
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CH,Cl, (5mL), NO,-bpy (0.103 g, 0.511 mmol, 1.2 equiv) and EtOH
(45 mL) were added, and the mixture was heated to reflux for 20 h under
inert atmosphere (Ar). After the mixture had cooled, H,O (55 mL) and
an excess of NH,PF; salt (0.350 g, 2.13 mmol, 5 equiv/Ru) were added,
whilst vigorously stirring, to precipitate the complex. The product was fil-
tered off, washed successively with H,O, EtOH, and Et,0, to give a dark
red/violet solid. The product was purified by column chromatography
over basic alumina by using an eluent of increasing polarity: EtOAc/
CH,Cl, 100:0 — 0:100, then with a mixture of CH,Cl,/acetone 100:0 —
0:100. The final recrystallization was performed by slow diffusion of
Et,0 in a concentrated acetonitrile solution of the complex, affording
pure 3-bpy as a dark red-violet microcrystalline solid (0.27 g, 65%). The
racemic mixture (A + A) was not resolved. 'HNMR (250 MHz,
CD;CN): 0 = 9.12 (d, Y(H*H’)=2.0 Hz, 1 H; H?), 8.73 (d, *J(H*,H*) =
8.1 Hz, 1H; H*), 8.39 (s, 4H; H*"™®%), 8.12 (m, 2H; H°, H*), 7.99 (dd,
J(HHY)=62Hz, J(H H)=22Hz 1H; H’), 781 (d, J(H"H")=
53 Hz, 1H; HY), 7.51 (m, 5H; H*, H*PMP%), 726 (m, 4H; H*PMPF), 2.57
(s, 6H; HMPMBPY "2 56 ppm (s, 6H; HM*PMBP): elemental analysis (%)
caled for C3H; N,O,RuP,F,,-H,0O: C 41.73, H 3.40, N 10.02; found: C
41.38, H 3.67, N 9.84; ES-MS: m/z: 816.0 [M—PF, %, 335.7 [M—2PF, |**.
Complex [(DMBP),Ru(bpy-(NO,),)1(PF¢), (4-bpy): The synthetic
method was the same as the one reported for 3-bpy, by using
[(dmbp),RuCl,] (0.21 g, 0.389 mmol) in CH,Cl, (S5mL) and (NO,),-bpy
(0.115 g, 0.467 mmol, 1.2 equiv), to give the pure 4-bpy compound as
dark brown crystals (0.189 g, 47.5%). The racemic mixture (A + A) was
not resolved. '"HNMR (250 MHz, CD;CN): 0 = 9.39 (d, Y(HH’)=
2.1 Hz, 2H; HY), 8.41 (s, 2H; H*"M5%) 4 840 (s, 2H; H*"M®") 8.18 (d,
SJ(HSH) =63 Hz, 2H; H°), 8.09 (dd, *J(H’,H®)=6.3 Hz, “J(H’H*) =
22Hz 2H; H), 7.50 (d, *J(HOPMBPH3PMBPY —5 8 1z 2H; HOPMBP) 4
746 (d, CJ(HCPMBPHSPMBRY_S8Hz  2H; HPMPF), 733 (d,
3J(HSPMBPHODMBPY _ 5 8 F7, 2H; HSDMBP) + 726 (d,
3J(H6‘DMBP,HS’DMBP):5.6 HZ, 2H, HG.DMBP)’ 2.59 (S, 6H, HM&DMBP)’
256 ppm (s, 6H; HMPMBF): elemental analysis (%) calcd for
C3,H3)NgORuP,F,-H,0: C 39.89, H 3.15, N 10.95; found: C 40.10, H
3.38, N 10.67; ES-MS: m/z: 861.0 [M—PF, ]*, 358.1 [M—2PF, |**.

X-ray Crystal structure determinations: Crystals of inorganic compounds
(1-bpy and 2-bpy) were grown by slow diffusion of diethyl ether into ace-
tonitrile solutions of the complexes whereas single crystals of A,-bpy
were obtained by slow evaporation of an acetonitrile solution of the or-
ganic ligand. Intensity data were collected for A,-bpy, 1-bpy and 2-bpy
on a Bruker-Nonius Kappa CCD diffractometer (Moy,, A=0.71069 A,
graphite monochromator) with sample-to-detector distances of 40 mm.
They covered the whole sphere of reciprocal space by rotating in phi
about 1°. Frames were integrated and corrected for Lorentz and polariza-
tion effects using DENZO. The scaling as well as refinements of cell pa-
rameters were performed by SCALEPACK. The structures were solved
by direct methods and refined by full-matrix least squares based on F* by
using the SHELXTL-PLUS program. Hydrogen atoms were included in
calculated positions according to a riding model. No hydrogen atom was
introduced for solvent molecules in the structures of the two complexes.

CCDC-184581 (1-bpy), -254423 (2-bpy) and -254422 (A,-bpy) contain
the supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif

Crystal data for 1-bpy: (Cs;H,;N,Ru)-3(PF,)-0.5(C,H;,0), M =1404.07,
triclinic, PI, a=11.8592(1), b=15.5583(3), ¢=19.5193(4) A, a=
101.344(1), $=95.037(1), y=111.568(1)°, V=3232.7(2) A%, Z=2, Peuica=
1.435gem™3, u=041mm™'; T=293K, 27858 observed reflections
(20,:x=152°, R(int)=0.07). Crystal dimensions: 0.38x0.28 x0.25 mm. A
two-fold orientational disorder was evidenced for the 3 PFy anions, their
major populations coefficients were refined to 0.842, 0.756 and 0.866, re-
spectively. Appropriate restraints were defined (0=0.03). Due to a pro-
nounced disorder, the populations of the diethyl oxide carbon atoms
were fixed to 0.5 or 0.25. Similarity, planarity, and bond lengths restraints
were applied to the complex (0=0.03). Anisotropic least-square refine-
ments were carried out for all non-hydrogen atoms, except for the minor
populations of the PF4 anions and for the carbon atoms of the Et,0 mol-
ecule, which were refined isotropically. Refinements: R[F? > 20(F?)]=
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0.0692, R (all data)=0.1892, wR2 (all data)=0.1403, S=1.038 for 12634
independent reflections, 2283 restraints and 852 parameters, largest peak/
hole 0.42/-029 e A%,

Crystal data for 2-bpy: (CgHgNgRu)-4(PF¢)-5(CH;CN)-1.5(H,0), M=
2032.49, triclinic, P1, a=14.8025(2), b=16.5875(2), c=20.5806(2) A, a=
69.724(1), f=78.565(1), y=83.956(1)°; V=4642.5(16) A3, Z=2, peca=
1.454 gem ™, ©=0.335mm"™!, T=140.0(5) K, 119099 observed reflections
(20,,,x=063°, R(int)=0.054). Crystal dimensions: 0.22x0.12x0.08 mm.
Bond lengths (0=0.02), and similarity (6=0.04) restraints were applied
to the whole complex. The pyridine and phenyl rings were restrained to
Cy, symmetry (6=0.2). Isotropic (0=0.03), and bond lengths (0=0.03)
restraints were applied to the counter-anions and to the solvent mole-
cules. The fluorine atoms of two PF, counter-anions are disordered, in
one case four, and in the other all six fluorine atoms are distributed over
two positions. All cocrystallized solvent molecules except one acetonitrile
molecule are disordered or have partial occupancy. It was also necessary
to define three water positions close to an acetonitrile to fit the electronic
density. Three acetonitrile and all water molecules were refined with iso-
tropic atomic displacement parameters. Refinements: R[F? > 20(F?)]=
0.088, R (all data)=0.118, wR2 (all data)=0.253, S=1.65 for 29332 data,
3675 restraints and 1326 parameters. Final difference Fourier synthesis
shows two maxima (2.0 and 1.2 e A=) close (0.66 and 0.78 A) to the posi-
tion of the Ru atom, similarly to the crystal structure of a previously re-
ported tetracationic bis-terpyridyl ruthenium complex P1A,/Ru.'® This
feature may indicate that the crystal contain a minor twin component.
The next maxima of residual electronic densities stand in the expected
range (<1eA™).

Crystal data for A,-bpy: (CssH,N,)-2(BF,)-2(CH;CN)-1/8(H,0), M=
1026.65, triclinic, P1, a=14.9050(3), b=18.0678(3), c=20.8380(5) A, a=
110.465(1), =89.874(2), y=101.083(2)°; V=5146.54(18) A>, Z=4,
Peaca= 1325 gem ™, u=0.098 mm~', T=150.0(5) K, 55596 observed re-
flections (20,,,,=>50°, R(int)=0.075). Crystal dimensions: 0.25x0.22x
0.20 mm. The asymmetric unit is made up of two bis-acceptor ligands
that show weak geometrical dissimilarities. Among the four BF, counter-
anions, all but one are disordered, whereas the four independent acetoni-
trile molecules are well ordered. An isolated maximum of electronic den-
sity was attributed to a water molecule with partial occupancy, its popula-
tion refine to '/;. Similarity, planarity, and bond lengths restraints were
applied to the ligands (6=0.03), and to the counter-anions (0=0.02), ace-
tonitrile bond lengths were restrained to standard target values (0=
0.03). The positions of the nitrogen atoms on the bipyridine were unam-
biguously determined. Refinements: R[F®> > 20(F*)]=0.092, R (all
data)=0.157, wR2 (all data)=0.241, S=1.13 for 18113 data, 2564 re-
straints and 1465 parameters, largest peak/hole 0.70/—0.51 e A=,

Electrochemical measurements: The electrochemical experiments were
carried out with a conventional three-electrodes cell (solution volume of
15mL) and a PC-controlled potentiostat/galvanostat (Princeton Applied
Research Inc. model 263 A). The working electrode was a vitreous
carbon electrode from Radiometer-Tacussel exposing a geometrical area
of 0.071 cm* and mounted in Teflon. The electrode was polished before
each experiment with 3 and 0.3 um alumina pastes followed by extensive
rinsing with ultrapure Milli-Q water. Platinum wire was used as counter
electrode and saturated calomel electrode, SCE, as reference electrode.
Electrolytic solutions, acetonitrile containing tetrabutylammonium tetra-
fluoroborate 0.1m (TBABF,, Aldrich, +99%) as supporting electrolyte,
were routinely deoxygenated by argon bubbling. All the potential values
are given versus the calomel saturated electrode SCE. Cyclic voltammet-
ric data were used to estimate formal potentials Ei, as (E,, + E,)/2,
where E,, and E, are the anodic and cathodic peak potentials related to
the considered redox process.

Photophysical properties: The uncorrected emission spectra were ob-
tained with a Jobin Yvon Spex Fluorolog FL 111 spectrofluorimeter.
Emission quantum yields for argon-degassed acetonitrile solutions of the
complexes were determined relative to an acetonitrile solution of [Ru-
(bpy)s]** by using @,,=6.2x107% as a reference.’! Excitation spectra
were corrected from the lamp spectrum. The optical density of each so-
lution was adjusted to 0.1 at the excitation wavelength.
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Excited state lifetimes were determined by laser flash spectroscopy.
Briefly, the nanosecond setup is based on an excimer laser (Lambda
Physik EMG 100, 308 nm pulses of duration 10 ns and energy 150 mJ),
which was used as excitation source. The detection system consisted of a
Jobin Yvon H25 monochromator, a Hamamatsu R955 photomultiplier
and a Le Croy 9362 digital oscilloscope. The laser intensity was attenuat-
ed to avoid biphotonic effects. The analysis was carried out within the
first millimeter of the sample excited by the laser pulse, using quartz cells
of 1 cm path length (room temperature exp.). The optical density of sam-
ples was adjusted to 0.8 at the excitation wavelength of the laser (Ae=
308 nm). All photophysical properties have been determined in acetoni-
trile (Aldrich, 99.5%, spectrophotometric grade) at room temperature
and in butyronitrile (Aldrich, 99+ %) at 77 K. At low temperature, we
used cylindrical quartz cells and the solutions were cooled in a quartz
Dewar containing liquid nitrogen. Solutions were deaerated either by
bubbling with argon (room temperature exp.) or by vacuum degassing
with successive freeze-pump-thaw cycles (low temperature exp.).

Computational method: All calculations were carried out by using the
Gaussian code.™ A hybrid Hartree-Fock/density functional model, here-
after PBEO, was used throughout.m In this functional, derived from the
PBE,” the ratio of HF/DFT exchange is fixed a priori to '/, A double
& quality LANL2 basis™ and corresponding pseudo-potential® was used
for all calculations. Such a level of theory was proven to provide reliable
results both for thermochemical and spectroscopic properties.” No sym-
metry constraints were applied and, in the case of reduced systems, unre-
stricted calculations were performed and spin contamination, monitored
by the S? expectation value, was found to be negligible. Unless otherwise
specified the X-ray crystallographic structures were used and counter-
anions were not taken into account.

When referring to spin density, Mulliken spin distributions are consid-
ered.
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