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Abstract: The physical and photophysical properties of three classic transition metal complexes, namely
[Fe(bpy)3]2+, [Ru(bpy)3]2+, and [Co(bpy)3]2+, can be tuned by doping them into a variety of inert crystalline host
lattices. The underlying guest-host interactions are discussed in terms of a chemical pressure.
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Luminescence - Radiationless deactivation - [F!u(bpy)a]z‘r - Spin-crossover

1. Introduction

Numerous studies and reviews have dealt
with the effects of external pressure on the
photophysical properties of transition met-
al compounds [1]. The key concept is to at-
tribute a specific molecular volume to each
electronic state of the complex in question.
As a first approximation, an external pres-
sure p changes the zero-point energy differ-
ence between two states of this complex by
a work term of the form pAV, where AV is
the difference in molecular volumes be-
tween the two states. Thus, the shift of the
luminescence from the 2E state of chromi-
um(mm) in ruby (ALO,:Cr) is compara-
tively small, because the 2E state has the
same t, 3 electron configuration as the A,
ground state, and therefore the same chem-
ical bonding with the same metal-ligand
bond length and the same molecular vol-
ume [2]. For iron(i) spin-crossover com-
pounds on the other hand, the difference in
bond length of ~0.2 A between the high-
spin state and the low-spin state is large,
and for these compounds an external pres-
sure typically shifts the thermal spin transi-
tion by 20-30 K per kbar [3].

*Correspondence: Prof. A. Hauser
Département de chimie physique
Université de Genéve

Batiment de Science Il

30, quai Ernest-Ansermet

CH-1211 Geneéve 4

Tel.: +41 22 702 6559

Fax.: +41 22 702 6103

E-Mail: andreas.hauser@chiphy.unige.ch

The electronic energies of a given tran-
sition metal complex also depend upon the
medium. For instance, metal to ligand
charge transfer (MLCT) states involving a
charge redistribution are very sensitive to
the dielectric constant of the solvent [4].
Ligand-field states are less influenced by
solvent polarity, but they are very much
susceptible to external pressure as well as to
steric constraints. This is due to the fact
that, except for the above-mentioned
spin-flip transitions, the equilibrium geom-
etry of excited ligand-field states is gener-
ally quite different from that of the
ground state [5]. In this contribution,
we show how the electronic properties
of three classic complexes, namely
[Fe(bpy),1**, [Ru(bpy),]**, and
[Co(bpy),]?* can be tuned in a controlled
way by doping them into a series of inert
crystalline hosts. The experimental results
are discussed in terms of a variation in
chemical pressure within the series of host
lattices.

2. The High-Spin—Low-Spin
Relaxation in [Fe(bpy),]?*

[Fe(bpy);]** is a typical iron() low-
spin complex, with all six d-electrons
paired up in the t,, orbitals resulting in a
1A1(t2g6) ground state. The absorption
spectrum is dominated by an intense band
centered at 530 nm, which is attributed to
an MLCT transition [6]. [Fe(bpy)3]2+ is not
too far from the spin-crossover point, and,
as indicated in Scheme 1, the corresponding
high-spin state with maximum spin multi-
plicity, the 5T2(t2g4eg2) state, has to be at

comparatively low energies. The key point
to note is that, as in the high-spin state two
of the six d electrons reside in the anti-
bonding e_ orbitals, the metal-ligand bond
length in tﬁe high-spin state is substantially
longer than in the low-spin state.

In analogy to spin-crossover com-
pounds, the high-spin state can be populated
efficiently by pulsed laser excitation into
the 'MLCT band, followed by an extreme-
ly fast double intersystem crossing step.
Spin-crossover compounds may stay
trapped in the light-induced high-spin state
for up to several days at cryogenic temper-
atures [7]. This is due to the energy barrier
resulting from the small zero-point energy
difference and the large bond length differ-
ence between the two states. For low-spin
[Fe(bpy);]** the zero-point energy differ-
ence between the two states and therefore
the driving force for the relaxation back to
the ground state is substantially larger, and
as a result the high-spin—low-spin relax-
ation is quite fast even at cryogenic temper-
atures.

Fig. 1 shows the relaxation rate con-
stants for [Fe(bpy);]** doped into the
series of isostructural host lattices
[M(bpy,;](PF¢),, M = Co, Zn, Mn, and Cd
[8]. As expected from the theory of non-
adiabatic multi-phonon relaxation in the
strong coupling limit [9], the relaxation
proceeds via an almost temperature inde-
pendent tunneling process below ~50 K and
becomes thermally activated at elevated
temperatures. The most striking aspect of
the data shown in Fig. 1 is the wide spread
of the low temperature tunneling rate con-
stant, ranging from 6.2 x 103 s (t=162 us)
for the Cd host to 1.4 x 10° s~L (T = 720 ns)
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Scheme 1. The electronic structure of [Fe(bpy)3]2+ with the low-spin
1A1(’t2 6) ground state, excited ligand-field states, and the low-lying
MLC'Igstate. Curly arrows indicate the pathway for the extremely efficient
radiationless relaxation from higher excited states down to the high-spin
5T (t,.%e_?) state. The subsequent high-spin—low-spin relaxation is or-
2\2g ~g . . X 0 .
ders of magnitude slower. The zero-point energy difference AE is a
function of the surrounding medium.
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Fig. 1. The high-spin—low-spin relaxation rate constant, k, , on a loga-
rithmic scale against 1/T for [Fe(bpy)3]2+ doped into [M(bpy)sl(PFg),,
M = Co (V¥), Zn (¢), Mn (A), Cd (@) and into the three-dimensional
oxalate network [NaRh(ox);][Zn(bpy),] (M) at ambient pressure, and for
the Cd host at an external pressure of 1 kbar (O). Insert: The low-tem-
perature tunneling rate constant k,, (T—0) versus the unit cell volume of
the isostructural host lattices.
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for the Co host. Phenomenologically, the
low-temperature tunneling rate constant in-
creases with decreasing unit cell volume of
the host lattice. As shown in the insert of
Fig. 1, ky; plotted on a logarithmic scale
versus the unit cell volume of the host re-
sults in a perfectly linear correlation. The
physical interpretation of this result is
straight forward. As the cavity provided by
the host lattice for the guest becomes small-
er and smaller, the high-spin state of the
iron(11) complex, with its considerably larg-
er volume as compared to the low-spin
state, becomes more and more destabilized.
As a result, the driving force for the high-
spin—low-spin relaxation increases and
therefore the corresponding rate constant
also increases. Thus the effect of the differ-
ent host lattices on the guest can be viewed
as a variation of an internal or chemical
pressure. The chemical pressure can be
compared to the effect of an external pres-
sure. Fig. 1 includes the relaxation rate con-
stant observed in the Cd host at an external
pressure of 1 kbar. In the low-temperature
tunneling regime, this pressure increases
the relaxation rate constant by a mere factor
of 2. Thus, the increase in relaxation rate
constant by a factor of ~250 between the Cd
and the Co host indicates an internal pres-
sure variation corresponding to ~8 kbar. By
doping [Fe(bpy),]** into the even more
confining host lattice of the oxalate net-
work [Zn(bpy),;][NaRh(ox),] the chemical
pressure can be increased still further, and
the low-temperature tunneling rate constant
increases by another order of magnitude to
1.3 x 107 s7! (t = 81 ns). The total shift in
zero-point energy difference between the
high-spin and the low-spin state from the
Cd host to the oxalate network is estimated
to be of the order of 2000 cm™! (24 kJ/mole).

At room temperature the relaxation rate
constant for the investigated systems falls
into the comparatively narrow range of 0.5
to 3 x 102 s7! (t = 0.35-2 ns). At elevated
temperatures, tunneling proceeds via ther-
mally populated vibrational levels of the
high-spin state, and in the high-temperature
limit the variation of the driving force has
less of an effect on the rate constant than in
the low-temperature tunneling region.

3. The Quencher State in
[Ru(bpy),]?*

As for the iron() complex, the ground
state of [Ru(bpy)3]2+ is the diamagnetic
1A1(t2g6) state. As depicted in Scheme 2,
the lowest excited state, from which the fa-
mous orange luminescence originates, is an
MLCT state having a triplet character [10].
At low temperatures, the luminescence
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quantum efficiency is quite high, but at el-
evated temperatures the luminescence be-
comes thermally quenched. This behavior
has been interpreted as being due to a close
lying d-d state which becomes thermally
populated at elevated temperatures, thereby
quenching the 3MLCT luminescence via
non-radiative processes [11]. To date there
is no hard experimental evidence for the
assignment of this state, but it is generally
assumed to be a triplet ligand-field state be-
longing to the t, e ! configuration.

Fig. 2 shows the luminescence lifetime
of the 3SMLCT state of [Ru(bpy),]?* doped
into the two above-mentioned crystalline
hosts, [M(bpy),;1(PFy),, M = Cd, and Zn,
as well as into the oxalate network
[Zn(bpy);][NaAl(ox);] as a function of
temperature between 10 and 520 K. Below
180 K all curves follow the behavior re-
ported for [Ru(bpy),]?** in a poly-metacry-
late glass [10]. For the [Cd(bpy),;](PF,),
host, thermal quenching sets in at ~180 K,
for [Zn(bpy);1(PFy), at ~270 K, and for the
oxalate network [Zn(bpy),][NaAl(ox),] at
~380 K. In addition, under an external pres-
sure of 30 kbar, the [Ru(bpy);]** lumines-
cence in the oxalate network is not
quenched all the way up to 520 K! The
quenching temperature thus follows the in-
creasing chemical pressure, and in the ox-
alate network, an additional external pres-
sure removes the quencher state altogether.
Both chemical and physical pressure thus
shift the quencher state to higher energies.

Fig. 2. Excited state lifetimes (on a logarithmic scale) versus tempera-
ture for [Ru(bpy)3]2+ doped into [M(bpy);](PFg), (M = Cd, Zn) and into
the three-dimensional oxalate network [Zn(bpy),] [NaAl(ox),] at ambi-
ent pressure. For the latter system the lifetime at an external pressure
of 10 kbar is included. Insert: The thermal quenching rate constant kg,
plotted on a logarithmic scale versus 1/T.

It therefore has a larger molecular volume
than the 3MLCT state, as expected for a
d-d excited state.

The observed relaxation rate constant,
k (T), can be expressed as the sum of the
direct relaxation rate constant of the
SMLCT state, kyy; o(T), comprising both
radiative and non-radiative processes, and
the thermally activated quenching process,
kQ(T), according to [11]

K (D) = Kngp o1(T) + ko(T) = Ky (T) + Ace EokBT

The temperature dependence of the
direct decay at elevated temperatures is
accessible experimentally as the lifetime
of the [Ru(bpy),/** luminescence in
[Zn(bpy),;][NaAl(ox),] under the external
pressure of 30 kbar. k(T) can thus be
extracted from the experimental data. The
insert of Fig. 2 shows plots of ln[kQ(T)] ver-
sus 1/T for the three host lattices. They are
all perfectly linear with activation energies
E? of 2110(30) cm™! for [Cd(bpy),](PFy),,

(D

3045(20) cm™! for [Zn(bpy);](PFy),, and
4310(80) cm™! for [Zn(bpy);][NaAl(ox),],
respectively. Such a large variation in acti-
vation energy, as compared to the rather
small shift of the SMLCT luminescence,
indicates that the molecular volume of
[Ru(bpy);]** in the quencher state is sub-
stantially larger than in the luminescent
state. As the 3MLCT state equilibrium
geometry is not very much different from
the ground state geometry, it can be con-
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cluded that the molecular volume of the
quencher state is also very much larger than
the one of the 1Al(t2g6) ground state. Indeed
the variation of the activation energy is of
the same order of magnitude as for the
zero-point energy difference between the
high-spin and the low-spin state in the cor-
responding iron(1) system discussed in sec-
tion 2. Thus the commonly assumed as-
signment of the d-d quencher state to the
lowest energy triplet state originating from
the t2g5eg1 configuration is not conclusive.
The large variation of the activation energy
on the surrounding medium indicates that it
could also be the quintet high-spin state
originating from the t, *e 2 configuration.
Naturally further experiments are needed to
substantiate this tentative reassignment of
the d-d quencher state. It is, however, cor-
roborated by a number of experimental ob-
servations. It explains a) the high quantum
efficiency of photochemical ligand substi-
tution for [Ru(bpy),]** in solution, b) as to
why for [Ru(bpy);]“* and its numerous de-
rivatives there is not a single case for which
luminescence from a d-d state is observed,

Fig. 3. Magnetic susceptibilities of polycrys-
talline samples of [Co(bpy),][NaCr(ox),] (A),
[Co(bpy),][LiCr(ox),] (@), and [Zn(bpy),]
[NaCr(ox)3] (m), plotted as % T versus tempera-
ture (adapted from [13])

c) the dependence of the luminescence
quantum yield on the second coordination
sphere and on minor chemical changes in
the ligand system.

4. Turning [Co(bpy),]?* into a
Spin-Crossover Complex

In contrast to the iron(lr) complex,
[Co(bpy),]%* generally is a typical d’ high-
spin complex with a 4T1(t2g56g1) ground
state [12]. This is also the case for
[Co(bpy)3]2‘r as cation in the three-dimen-
sional network of composition [Co(bpy),]
[NaCr(ox);]. Its magnetic susceptibility
plotted as the product T versus tempera-
ture is shown in Fig. 3 together with T of
[Zn(bpy),][NaCr(ox),] for reference. After
subtracting the spin-only contribution of
S = 3/2 from chromium(im), it shows the
typical behavior of high-spin [Co(bpy)3]2+
with a strong orbital contribution to the
magnetic moment. However, [Co(bpy)3]2+
is not too far away from the spin-crossover
point. As indicated in Scheme 3, the zero-
point energy of the corresponding low-spin
state, the 2E(t,,%, ') state, is at only slight-
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ly higher energy than the ground state. The
strategy to push [Co(bpy)3]2+ to become a
spin-crossover complex is to reduce the
size of the cavity provided by the host. This
is easily achieved by substituting Li for Na
in the three-dimensional network. That the
strategy actually works is borne out by the
magnetic  susceptibility of [Co(bpy),]
[LiCr(ox),] also shown in Fig. 3 [13]. As
expected for a ZE state, at low temperatures
the contribution of [Co(bpy)3]2Jr to xT cor-
responds to the spin-only value for S = 1/2.
Because the energy difference between the
high-spin and the low-spin state is not very
large, a thermal, entropy-driven population
of the high-spin state is observed with in-
creasing temperature. The value of xT at
room temperature corresponds to a fraction
of complexes in the high-spin state of ~75%.

5. Concluding Remarks
Lattice forces can be substantial. Just by

substituting the metal ion of the inert hosts,
the effect of the chemical difference in pres-
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Scheme 3. The electronic structure of [Co(bpy)3]2+ with a high-spin ground state and the effect
of chemical pressure provided by the cavities of the oxalate network which destabilises the

high-spin state.

sure can be equivalent to several kbar of ex-
ternal pressure. The three examples chosen
here are instructive in showing quantita-
tively by how much energy levels actually
shift, and how dramatic the effect of seem-
ingly minor chemical changes in the second
coordination sphere can be. They result in
a) several orders of magnitude variation in
the rate constant of the high-spin—low-
spin relaxation in [Fe(bpy);]?*, b) a large
variation in activation energy for the ther-
mal quenching of the luminescence in
[Ru(bpy)3]2+, suggesting an alternative as-
signment of the quencher state, and c) out-
right crossover of the electronic ground
state for [Co(bpy),]**. For all three, the im-
portance lies in the fact that ground and ex-
cited states have very different equilibrium
geometries and therefore respond different-
ly to external perturbations.

Of course, the concept of internal pres-
sure is very crude and constitutes only a
first approximation to the complex problem
of guest-host interactions. Advances in
computational power should lead to a better
understanding of such interactions in the
not too distant future.
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