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This title clusters were first reported by Puddephatt and his group over 30 years ago, and their reactivity
was thoroughly investigated, namely including the oxidative additions of inorganic and organic sub-
strates and host-guest associations. Then, Mugnier and Harvey, scrutinized in large detail the rich
electrochemical behaviour of the [[Pd3(dppm)3(CO)]J?* cluster, [Pd3*], namely of the reduced para-
magnetic species [Pd$*] during the 1997—2010 period. Concurrently, Harvey and his group conducted an
in depth study, starting about 2008 until now, of the rather equally rich photophysical properties of both
[M3*] (M =Pd, Pt) clusters. This mini-review of 39 references focusses on these properties, which have
never been reviewed before. Their excited state properties such as the presence of higher and lower
energy triplet excited states, triplet-triplet energy transfers in assemblies and upconversion, as well as
the strong electron acceptor behaviour of [Pd3*] are discussed. Impressive ultrafast rates of electron
transfer (<85 fs) between electron donors such as porphyrin and tetrabenzoporphyrin derivatives and
this cluster have been reported.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction the title clusters in 1990 [4]. Subsequently, Braunstein also noted

that [Pd3*] exhibits stronger binding affinity than the structurally

Puddephatt reported the syntheses of the [Mz(dppm)3(CO)]**
clusters ([M3*]; M =Pd ([Pd3*]), Pt ([Pt3"]); dppm = bis(diphenyl-
phosphino)methane; Fig. 1) in the mid-80s [1,2]. As dicationic
species, these 42-electron clusters are accompanied by counter
anions, generally CF3CO,  or PFg . Rapidly, the host-guest chem-
istry of these species was readily revealed when halide anions were
found to bind strongly on top of the unsaturated M3 triangles with
M ... X separations indicating the presence of electrostatic con-
tacts [2,3]. He then reviewed his work on the thermal chemistry of

* This article is dedicated to Prof. Richard J. Puddephatt (75th).
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related cluster [PtPdCo(p-dppm)2(CO)3(CN'Bu)]* for example [5].
In this particular case, the PtPdCo center carries only a +1 charge
leading to a lesser electrostatic strength with the halides. This in-
formation provided the first clue on the host-guest traits.
Mugnier and Harvey quickly realized there was an opportunity
to exploit this strong binding behaviour for electrochemically
driven C-X and Pd-X bond activations in organic and inorganic
compounds, namely upon reducing [Pd3*] with one electron to
form the highly reactive paramagnetic species [Pd$"]. Indeed, an in
depth investigation was then undertaken, which was reviewed in
2004 [6]. This research continued several years after this publica-
tion [7—14]. Interestingly, the study of the electrochemical
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Fig. 1. Left: Drawing of the title clusters (M = Pd, Pt). Middle: example of an X-ray structure of a [Pd3(dppm)s(CO)]>* cluster as a PFs_ salt. Right: space filling model showing the

cavity above the Ms center.

processes also led to the discovery of novel and innovating electro-
catalytic reactions [6]. Concurrently, Harvey et al. figured out that
the size of the hydrophobic cavity formed by the phenyl groups of
the dppm bridging ligands above the naked Mj3 face played a major
role in the binding strength and selectivity [15], and this « picket
fence basket » could accommodate larger substrates such as organic
anions [16—19]. The model exhibiting an enlargement of the cavity
was achieved by replacing the dppm ligand by dpam,
bis(diphenylarsino)-methane, [Pds(dpam)s(CO)]**. This concept
turned out to be convenient as it mimics the enlargement of the
cavity upon exciting [M3*] clusters as the M-M bond length in-
creases in the triplet excited states (T, and Ty; details provided
below). A larger investigation of the ground state host guest
properties of [Pd3*] indicated its clear affinity for organic substrates
bearing arylcarboxylates [20]. This conclusion turned out to be
crucial since it defined a suitable and simple access to the func-
tionalization of these clusters via supramolecular assemblies. This
mini-review presents the photophysical properties of the [M3*]
clusters (M = Pd, Pt) including the presence of higher and lower
energy triplet excited state behaviour, triplet-triplet energy transfer
in assemblies and upconversion, as well as ultrafast rates of elec-
tron transfer when acting as acceptor for [Pd3*].

Earlier works. The spectroscopic analysis of the [M3*] clusters
(M = Pd, Pt) was first reported in 1993 [21]. The nature of the lowest
energy excited states was experimentally addressed using
UV—visible, emission and polarized excitation spectroscopy, and
emission lifetime measurements, and computationally (EHMO).
The spectra at 77 K in glassy matrices are more resolved than those
at 298K and permit to observe more features. Indeed, the
UV—visible spectra exhibit low-intensity shoulders at ~570 mm
(e=1500M'cm™!; [Pd3*]) and at 460nm (¢=3200M lcm™;
[Pt3*]), which were assigned to So— T; absorptions ((A, °E — 1A;);
essentially triplet do —do*. The representation of the do* orbital
for example, symmetry a; in the C3v point group, is provided in
Fig. 2 (left).
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Fig. 2. Representation of the do* MO of [Pd3*] (left) and its triplet T, state emission in
2-MeTHF at 77 K (right). The straight line is a simulated spectrum (detail below).

[Pt3*]) were assigned to the spin-allowed 'E « 'A; (ay < e)
transition. [Pd3*] emits weakly at ~705 nm at 77 K (quantum yield,
®. <0.001; Fig. 2 right). It was then believed to be a T; emission but
a subsequent study demonstrated that this emission came from an
upper T, state (see energy diagram in Fig. 3 right) [22].

Concurrently, [Pt3+] is luminescent at 77 K (Apax = 650 nm) with
emission lifetimes, te (77 K), of 14.0 + 0.4 pus (PrCN), and 3.73 + 0.05
us (solid state), indicating the presence of a T; emission. The
quantum yield, ®. (77 K) is ~0.013 in 2-MeTHF solution. No lumi-
nescence was detected at 298 K but the excited lifetimes measured
from picosecond flash photolysis measurements, were respectively
80+10 ps and 80+ 10 ns for M=Pd and Pt, in 2-MeTHF. The
shorter lifetime for [Pd3*] is clearly counter-intuitive at one would
expect a heavy atom effect pushing the T; lifetimes of the Pt-
species being shorter. The first clue in trying to explain this
curious behaviour is the rather low intensity of the emission
spectra (extremely low for [Pd3t]) suggesting very efficient deac-
tivation, thus corroborating the rather short ps time decay (80 ps at
298 K) from (transient absorption spectroscopy) TAS measure-
ments. The second clue, is the rather very different absorption
signature of the clusters (data mentioned above; [Pt{*] is yellow,
and [Pd3*] is purple). The answer to this enigma came later when
fs-laser technology became available (below).

The influence of guest molecules on the excited state properties
of the title clusters was also investigated afterward [23]. By
changing the solvent, the guest molecule inside the cavity is
automatically different (i.e. a solvent molecule displacing the
weakly bound CF3CO,~ and PFg~ counter anions). For [Pt3*] at
298 K, ps-TAS measurements indicated that t(T;) varies as 310
(MeOH), 300 (CD30D), 230 (CgHg), 190 (EtOH), 140 (MeOH satu-
rated with MeCO;Na), 80 (2-MeTHF), and 70 (Ph-Me) ns. Based on
the fact that excited states are often deactivated by colliding with
the solvent, the longer lifetimes suggest a lesser degree of solvent
M%+ interactions. MeOH does not interact as 7(T¢) does not vary for
CD30D. This observed variation indicates that PhMe and 2-MeTHF
penetrates well the cavity, as well as acetate and benzene illus-
trating clearly the hydrophobic and dicationic nature of the cavity.
At 77 K, the rigidity of the glasses slows down the collision effect, so
the T lifetime increases in the ps time scale (between 10.2 and 18.0
us) with PhMe being again the solvent with the shortest value. This
observation suggests that the Me group must preferentially pene-
trate that cavity and let anticipate a possible photo-induced C—H
bond activation. For [Pd3*], these earlier ps-TAS measurements at
298 K indicated that ©(Ty,) varies as 80 ps (THF), 39 + 10 (PhMe),
<25 + 10 (EtOH), and <25 + 10 ps (CH3CN). Because the pulse width
of the laser was 25 ps (so the limit of the time-resolution at that
time), then the uncertainties prevent a reliable ordering of EtOH
and CH3CN (i.e. ©(Ty) < 25 ps). Also note that t(T,) =207 ps when
MeOH is the solvent (data from Ref. [22]), which is also the situation
where the cavity is free from substrate.
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Fig. 3. A: absorption spectrum of [Pd3*](as a PFs salt) in CH3OH at 298 K showing the positions of the two spin-allowed dodc™* transitions (i.e. 'A; < 'A; is forbidden by symmetry).
B: time evolution of the fs-TAS signal of [Pd3*] in CH30H at 298 K. C: time-resolved fluorescence spectra of [Pd3*] in a 1:1 CH30H/2-MeTHF mixture at 77 K (delay times are in ps
and the spectra are uncorrected due to the use of a Streak camera, whereas that shown in Fig. 2 is corrected). D: decay associated spectra of the fs-TAS measurements showing the
three different species of [Pd3*] in CH30H at 298 K. E: state diagram of [Pd3*] showing the positions of the band maxima or shoulder in the various spectra (the lifetimes in black
and in blue are for 298 and 77 K data, respectively) [22]. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

In this same article, the t(Ty) value was reported to be <25 + 10
ps for [Pd3*] in EtOH either saturated in Ar(g) or Oo(g), essentially
meaning at the limit of the time resolution of the apparatus. This
time scale also means that if any photo-induced reaction with O,
occurs, for example the formation of 10,, it must occur with O,
already sitting inside the cavity. Indeed, the excited state lifetime of
this cluster (i.e. <25—35 ps) in solution is far too short to have O,
diffusing efficiently towards the Pd3* center for interactions (the
time scale for the O, diffusion in organic solvents is ~2.5 ns).
Therefore any photo-processes is unimolecular (i.e. pre-
assembled). The [Pd3*] gets photo-oxidized in the presence of O,
to form the 44-electon cluster [Pds(dppm)3(0;)2]** [24]. The final
product was identified by FAB mass spectrometry and IR where the
»(0,) modes were observed at 838 and 866 cm™~! (ie. peroxide
type). Interestingly, this cluster interacts with O, with a weak
binding constant, K3, of 730M~L. Because the quantum yield
(Preaction) of 0.033 +£0.004 (i.e. ~3%; measured by comparative
actinometry with [Fe(oxalate);]*"), the combination of the weak
K11 with ®eaction strongly suggests that [Pd3] in its do* (PA,) state
efficiently transfers its energy to 205 inside the pocket formed by
the dppm ligands to transform it into the highly reactive 10, just
above the Pd3* triangle, which in turn oxidizes the Pd3* center
C[Pd3*]* ... 20, — [Pd3*] + '0).

Similar to the ps-TAS study above describing the solvent effect
on the triplet lifetime of [Pd3*], a recent fs-TAS investigation
referring to the data presented in Fig. 3 (ref. [22]) also showed
which of the three excited states of [Pd3+] is more prone to exhibit

Table 1
Excited lifetimes extracted from fs-TAS of [Pd3*] upon addition of PhCO,Na in MeOH
[22]. Note that MeOH is the best solvent to have an empty cavity.

#eq. (S1) (0.3 ps) 7(Tn) (0.5 ps) (T1) (9 ps)
0 1.2 19.8 207

1 11 18.7 138

2 1.0 189 149

4 0.9 203 148

8 0.9 16.5 77

changes in lifetimes. A good example is the PhCO, (as a Na™ salt)
substrate (Ky; ~10000 M~! [21]) as illustrated in Table 1.

The Sq and Ty, state are not or weakly affected by the increasing
number of equivalents of substrates vs. [Pd3*]. Concurrently, ©(T;) is
more sensitive. Noteworthy, considering the datum for MeOH
makes t(Ty,) varies as 207 (MeOH), 80 ps (THF), 35+ 10 (PhMe),
<25+ 10 (EtOH) and <25 + 10 ps (CH3CN), suggesting the relative
order of host-guest interactions in the T; excited state, with MeOH
being the solvent generating an “empty” cavity. The conclusion is 2-
fold. First, the capacity to detect an effect of a given substrate onto
an excited state lifetime depends on the time scale of the lifetime
(the longer, the more sensitive), meaning that deactivation pro-
ceeds by a collisional mechanism (like O;). Second, because Ky is
relatively small, the number of equivalents must be large in order to
have a sufficient amount of assembled PhCO,™ ... [Pd3*] species in
solution. Table 1 presents essentially average values coming from
the assembled and free [Pd3*] species. The effect of the number of
equivalents on the photophysical parameters needs to be kept in
mind below in the section describing the photo-induced electron
transfers.

Both [M3*] clusters (Pd, Pt) undergo photoinduced oxidative
degradation when in the presence of chlorocarbons ([M3*]* + CI-R
g M(dppm)Clz; where R:CC13, CHCl,, CH(Cl, CsHs, CioH1s (ada—
mantyl)) [25]. The Ky; values turn out to be predictably extremely
small (0.2 <Kq; <36 M) as these are neutral molecules, and un-
surprisingly, ®reaction were found extremely weak as well
(0.00005 < Dreaction < 0.003; where adamantyl-Cl is the smallest).
The tentative analysis of the data was rather complicated since the
overall efficiency of the reaction depended simultaneously upon
K11 (which depends upon the M3+ charge vs. the substrate polarity),
the cavity-substrate hydrophobic interactions, the cavity size vs.
substrate dimension; the C—Cl bond strength, and the reduction
potential of the R—Cl substrate. Indeed, when the substrate was
PhCH,-Cl, the reaction proceeded thermally, a process that is aided
by a rather weak C—Cl bond strength (69 kcal/mol). Moreover, using
DFT computations, the optimized geometry of a model
[Pd3(PH3)g(CO)J*>* ... C—CHj3 assembly exhibited an average Pd---Cl
separation of 2.83 A, which is longer than that calculated for
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[Pd3(PH3)6(CO)J?* ... CI” (2.628 A). This result illustrates the sig-
nificant contribution of the electrostatic interactions in the latter
assembly. Interestingly, the 2-electron electrochemical dissociative
oxidation of [Pd3*] in the presence of R—Cl substrate also led to the
same final Pd(dppm)Cl, product [26]. This astonishing resemblance
with the photo-oxidative reactivity discussed above suggests that
the 3(dodc)* can also act as a reducing agent. This conclusion
suggests that the photo-induced C—H bond activation with the
[M3*] clusters (Pd, Pt) is also possible but its efficiency may be
problematic.

The conclusion of these three last investigations together is that
the title clusters in their 3A, (dodc*) state are capable of energy
transfer and oxidative C-X bond activation all inside the pocket of
the dppm ligands above the M3+ chromophore [23—25]. However,
a question remains: how come a substrate as bulky as adamantyl-Cl
undergoes a photo-induced C—Cl bond activation? The answer
stems in the earlier DFT computations of the optimized geometries
of the clusters. After optimizing the geometry of [Pd3*] and
observing an excellent agreement with the X-ray data, the opti-
mized geometries in the 3a, (d(Pd—Pd) = 2.778;
d(Pd—P)=2.376 A) and 3E (d(Pd—Pd)=2.881, d(Pd—P) =2.339 A)
states were obtained. Significant bond lengthening from its opti-
mized geometry in the ground state 'A; is computed
(d(Pd—Pd) = 2.592; d(Pd—P) =2.317 A; X-ray data,
d(Pd—Pd) = 2.595 (17); d(Pd—P) = 2.311 (10) A [25]), leading to an
enlargement of the cavity with calculated P---P separations going
from 3.257 to 3.901 A. Thus, the pocket size increases upon irradi-
ation and then let the large adamantyl substrate penetrate a little
bit deeper inside the cavity somewhat enough to undergo C—Cl bon
cleavage. This value of excited state distortion (AQ = 2.778—2.592)
of 0.186 A, was tested against a Franck-Condon analysis based on
Heller's theory applied to electronic spectroscopy. It involves the
use of wavefunctions which include both the electronic transition
moment between two Born-Oppenheimer potential surfaces and
the ground-state vibrational wavefunctions. The wavefunctions are
then displaced in the wave packet and evolve with time according
to the time-dependent Schrodinger equation, generally in the ps
time scale. Both band maximum and fwhm are related to the
relative “vibronic hot band” populations. For the Pd3* frame, these

v(Pd-Pd) e

/V(Pd-P)

v(Pd-Pd) a,
v(C=C)

Intensity (arbitrary units)

200 400 600 800 1000

1200
Raman displacement (cm ™)

solvate

Raman active modes the a; and e y(Pdy) modes (i.e. 204 and
143 cm~!, respectively, see the Raman spectrum in Fig. 4). These
two modes respectively give AQ=0.172 and 0.199 A, and a good
match between the simulated spectrum and the experimental one
(see the simulated spectrum in Fig. 2, right). The average value of
these two are AQ ~0.186 A, which is in complete agreement with
that calculated by DFT above (also 0.186 A). For [Pt§*] cluster, the
average AQ~0.33 A (»(Pty) =149 (a;), 125 (e) cm™ ). The discrep-
ancy between the average AQs between the two clusters was un-
explained but the new DFT computations using better basis sets
[22] indicated that the M-M bond distances in the Ty states were
2.832 ([Pd3*]; which is similar as the previous calculations) and
2.867 A ([Pt37], which is smaller but more realistic).

Recent works. Over the past 10 years, the photochemistry of the
title clusters focussed on [M3*] clusters within supramolecular
assemblies with various mono-, bi- and tetracarboxy-derivatives of
tetraarylporphyrin(metal) (M = Zn, Ni, FeCl), and with various de-
rivatives of tetracarboxyphenyltetrabenzoporphyrinzinc(ll). The
main excited state behaviours are the S; and Ty bi-directional en-
ergy and reductive electron transfers and upconversion.

Prior to describe the assemblies generated by the carboxy-
derivatives and the [M3*] clusters, a discussion on the localiza-
tion of the T; excited state of [Pd3+] is necessary. For about 24 years,
it was believed that the weak triplet emission of this cluster located
at about 705 nm stems from Ty (Fig. 2, right [21]). Two problems
persisted. First, the excited state lifetime measured by ps-TAS was
in the >25—80 ps range. This time scale is unusually short for a
transition metal complex. Usually a us time scale is expected for Ty
emission. Indeed, the 7. value for [Pt3*] is ~12—15 ps at 77 K. Sec-
ond, the amount of material necessary to observe this 705 nm band
was unusually large because it was weak. It is only recently that
based on the calculated position (DFT) of the Ty levels of the [M37]
clusters (1433 nm, M = Pd; 818 nm, M = Pt) using the difference in
total energies of the optimized geometries of the clusters in their S
(A7) and T; (?A,) levels, that a debate was triggered [22]. Experi-
mentally, the position of the T; emission for the [Pt3*] cluster is
650nm [22], which makes the calculated value (818 nm) over
evaluated somewhat (i.e. ~3000 cm™~! too low). Because [Pd3*] re-
acts with 30, in its triplet excited state via a primary energy transfer

1400 1600 1800 2000

Fig. 4. FT-Raman spectrum and X-ray structure of [Pd3*] (as PFs~ salt) [28].
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process [24], then experimentally the position of the T; level of
[Pd3*] is at least the same or higher than that of the 10, (1Ag; <
7882.4cm~!, >1269 nm)). This conclusion also makes the calcu-
lated 1433 nm value over evaluated (by ~900 cm™~'). The mystery
was finally resolved when time-resolved spectroscopy (using a
streak camera) detected two lifetimes for this 705 nm band at 77 K
(113 ps and 1.5 ns) while using larger amount of materials. The
larger value (1.5 ns) is reasonable for a T; lifetime when the excited
state level is very low in energy (i.e. close to the Sg level so that the
non-radiative internal conversion processes are efficient). The
former value (113 ps) is a time scale that resembles those observed
at 298 K (<25—80 ps). The longer-lived species (1.5 ns) results from
a triplet-triplet annihilation (C[Pd3*]* (T1) + 3[Pd3*]* (Ty) —
3[Pd3*]* (T,) + [Pd3] (So) + heat) where the 3[Pd3*]* (T,,) is issued
from an upconversion process, and the 113 ps-species are issued
from a simple 1-photon process. This mechanism was confirmed by
using [Pd3*] (as PFs  salt) in the solid state (ie. maximum con-
centration possible) and steady state laser excitation, where for the
first time the observation of the 705 nm emission was made at
298 K (Fig. 5) [26].

For an upconversion to a state that emits at 705nm (ie.
14180 cm™ 1), the two excited states interacting must have an en-
ergy of at least 7090 cm~! (1410 nm). Because again [Pd3*] photo-
generates 'Oy, then its T; energy is at least 7882.4 cm™!, which is
enough (2 x 7882.4=15765cm™'; 634nm) for triplet-triplet
annihilation and upconversion processes. Unfortunately, the Ty
emission in this cluster remained undetected in the 800—1400 nm
range, which is consistent with its rather short lifetime (1.5 ns,
instead of the expected ps time scale; therefore accompanied by a
low emission quantum yield). Note that commercial near-IR de-
tectors are also not particularly sensitive either.

Assemblies with the carboxy-tetraarylporphyrin derivatives and
the [M%*] clusters. Evidence for assemblies can be provided by X-ray
crystallography, 3'P NMR and UV—visible spectroscopy. Fig. 6 (left)
exhibits two examples where the CF3CO, " substrate is placed inside
the cavity of [Pd3*] [20] and a chiral [Pd3(dppm*)3(CO)]** version
(dppm* = (§,S)-bis(bis(o-anisylphenylphosphino)methane) [27].
The two Pd---O contacts are 2.68 (5) and 2.75 (5) A [20] and 2.572

Intensity (normalized)

(4) and 2.651 (4) A [27], indicating that the interactions remain
strongly electrostatic in nature.

Similarly, an example of the 3'P NMR and UV—visible moni-
toring of the binding of a carboxylate derivative onto [Pd3*] is
presented in Fig. 6 (top right). The empty cavity exhibits a >'P
resonance in the vicinity of —3.12 ppm (bottom right), whereas the
filled cavity (by a carboxylate derivative) shows a NMR peak
at —8.17 ppm. Concurrently, upon adding a solution containing the
monocarboxy(tetraphenyl)porphyrin(chloroiron(Ill)) into a solu-
tion of [Pd3*] in methanol, the UV—vis spectra exhibit an increase
in the porphyrin signature (see upward arrows) and isosbestic
points illustrating the 1:1 binding process (bottom middle). The
binding constants, Ky;, can be evaluated by performing one of the
three different analyses (or average of all three) called Benisi-
Hildebrand, Scatchard, and Scott plots [28]. The measurements
are the most reliable when all three graphical methods give the
same Kj; value. For the title clusters, this was the case for all as-
semblies. A comparison of the Ky; values for various carboxylate
derivatives is provided in Fig. 7 issues from three thorough in-
vestigations [20,27,29]. As the R—CO,  substrate becomes electron
richer (by adding other —CO, substrates or replacing the chlor-
oiron(Ill) by nickel(Il), palladium(II) and zinc(Il)), the K;; value in-
creases illustrating again the electrostatic nature of the binding.
The most striking evidence comes from the comparison of the Ky;
values of both title clusters with the same carboxylate derivative;
Kq1 is almost identical regardless of the cluster ([Pd3*] or [Pt3*];
Figs. 7 and 8) [30].

Quenching of the *[M3*]* clusters. The excited state behaviour of
both title clusters in their triplet excited states were again first
investigated a long time ago [23] where the excited state lifetimes
were found somewhat dependent on the nature of the solvent inside
the cavity. However, this type of behaviour only reflect on the nature
of the solvate-cavity interactions, and non-radiative internal con-
version processes may dictate the resulting lifetime (7e = 1/[kp + Kip];
kp is the radiative rate constant of the triplet state, and kip is the non-
radiative rate constant from this same triplet state). In other words,
no energy transfer occurs with the solvent molecules (obviously).
Excited state quenching can occur in multiple manners. The most

sk

— 85K
—— Room temperature

f =

| LI I I | I L I N I L I LI B I | | LI I B | I T 1T I 1T 177 |

500 550 600 650

700 750 800 850 900

A (nm)

Fig. 5. Solid state emission of [Pd3*] (as PFs_ salt) at 85 (black) and 298 K (grey) using laser excitation [26].
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Fig. 6. Left: two examples of X-ray structures of carboxylate derivatives interacting with the Pd3* center (achiral and chiral versions). Right: monitoring of the binding of the

monocarboxy(tetraphenyl)porphyrin(chloroiron(Il)) with [Pd3*].
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Fig. 7. Comparison of the average Ky; values extracted from the Benisi-Hildebrand, Scatchard, and Scott plots (3) for the assemblies of [Pd3*] with various carboxylate derivatives in
methanol at 298 K by UV—vis spectroscopy. Note that Ky for O, is the same as for acetate (720 M~').

common processes are the energy and electron transfers. From the
long standing electrochemical investigations, [Pd3*] is notoriously
known to be an electron sponge as it can have multiple reduced
oxidation states (i.e. [Pd3]" with n = +2, 4+1,0, -1, and —2) [29]. Thus,
for electron transfer processes for excited state quenching, the [Pd3*]
cluster can act as an electron acceptor. Indeed, the [Pd3*] + 1€~ —
[Pd$™] process (PFs  salt) occurs at —0.50 V vs. SCE in THF containing
0.2 M of BusNPFg (see peaks A; in Fig. 9 (left)) [31]. Using the cyclic
voltammograms and the position of the 0-O fluorescence and
phosphorescence peaks of the derivatives of tetraphenylporphyr-
inzinc(Il), [porphyrinzinc(Il)], their excited state driving forces for
photo-induced electron  transfers  ![porphyrinzinc(ID]* —

[porphyrinzinc(ID]** + 1e~ and 3[porphyrinzinc(I)]* —
[porphyrinzinc(I)]** + 1e” can be estimated (+10 + 02 V
and +0.7 + 0.2 V vs. SCE). The conclusion is that the Sy and T; state
electron transfers to [Pd3*] are thermodynamically favourable by
respectively +0.5 and + 0.2 V. However, the smaller value for the
triplet state (+0.2 V) may be not large enough to overcome the
activation barrier associated with kinetic considerations (i.e. the rate
could be very small). In conclusion, the *[Pd3"]* species are prone to
both energy and electron transfers.

The most striking evidence for an energy transfer process be-
tween [Pd3*] and porphyrin derivatives is found in the complete
quenching of the T, emission at 705nm (Fig. 4) when in the
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Fig. 8. Spectral evolution of the UV—vis spectra of [M3"] in methanol at constant concentration upon adding a solution containing mono-carboxy(tetraphenyl)porphyrin-zinc(Il)

(MCP) at 298 K [30].
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Fig. 9. Left: Cyclic voltammogram of [Pd3*] (as PFs salt) in THF containing 0.2 M
BuyNPFs. Right: modified Latimer diagram of tetraphenylporphyrinzinc(ll) species
showing their 1st oxidation potential of (E%*) vs S; and Ty state energies (E*) giving
rise to their corresponding estimated excited state driving forces, E*/*, for electron
transfer.

presence of mono- and di-carboxytetraphenylporphyrin(metal)
with metal being chloroiron(Ill) [28]. Indeed, this larger oxidation
state for M(III) precludes any efficient electron transfer in both
directions ([Pd3*] is hard to oxidized; E%* = +0.95 V vs. SCE [13]).
Moreover, the first spin-allowed d-d level is placed in the vicinity of
775nm (12900 cm™!) based on data reported for p-oxobis|tetra-
phenylporphyriniron(Ill)] (i.e. 3 unpaired electrons) [32]. So energy
transfer from the Ty, level of [Pd3*] (705 nm) to the d-d level of the
mono- and di-carboxytetraphenylporphyrin(chloroiron(III))
(~775nm) is possible. The complete quenching of the 705nm
emission indicates that efficient energy transfer occurring at a time
scale that is shorter than 113 ps. The rate of transfer was not
measured in this work but this conclusion is consistent with the
later study on the rate of through space energy transfer in a
octaethylposphyrin-ethane-octaethyl ... porphyrin-nickel(Il) dyad
[33]. Indeed in this case, the time scale of transfer from the free
base unit to the d-d level of the Ni(Il) species is < 10 ps (which is
obviously faster than 113 ps).

Interestingly, this duality in quenching mechanisms led to a
marked acceleration of the rate of fluorescence quenching of tet-
raphenylporphyrinzinc(ll) going from mono-, to di- to tetra-
carboxylate derivatives [34]. In all cases, the S; level (~630 nm;
15900 cm™ 1) is placed above the T, energy level of [Pd3*] (705 nm;
14200 cm™1). So as the number of [Pd3*] bonded to the carboxylate

groups increased from 1 to 2 to 4, the number of energy acceptors
increased, and so the probability of transfers increased as well (by
virtue of an increase of spectral overlap in a Forster Resonance
Energy Transfer). Concurrently, this increase in number of [Pd3*]
around the central tetraphenylporphyrinzinc(Il) also increased the
heavy atom effect, also resulting in a potential decrease in both
singlet and triplet emission lifetimes. Finally, as the number of
(negatively charged) carboxylate groups increased, the central
tetraphenylporphyrinzinc(Il) unit becomes more electron rich (as
the Ky; values demonstrate; Fig. 7), and thus more prone for photo-
induced electron transfers. These three photophysical features all
push in the same direction, resulting in an “exponential” effect on
the quenching of the emissions of the central unit. A distinction
between the various contributions appeared necessary and a series
of thorough investigations followed [22,30,34—38].

Another earlier work reported an investigation on the energy
transfer ~ between the title clusters and mono-
carboxytetraarylporphyrinmetal(Il) [30]. Indeed, the 3[Pt3*]* life-
time decreased slightly upon the formation of an assembly indi-
cating slow quenching (Table 2). In parallel, the monitoring of the
fluorescence (t¢) and phosphorescence (tp) lifetimes and quantum
yields (®f, ®p) of “*[porphyrin(metal)]* at both 298 and 77 K
indicated that these parameters weakly affected by the presence of
[Pt3*] meaning that no quenching takes place. This result is
consistent with the fact that the Ty level of *[Pt3*]* (here
Amax = 650 nm, but the spectrum starts at 600 nm; ~16700 cm™,
energy donor) is placed above both S; and T levels of the acceptor
13[porphyrin(metal)]* (again ~630 nm; 15900 cm™'). Concurrently
during the course of the electrochemical studies on [Pd3*], [Pt3*]
was also examined but the reduction potential was found much
more negative (i.e. harder to reduce), explaining why no study was
reported. This property also indicates that quenching by a photo-
induced electron transfer from 3[metalloporphyrin]* to [Pt§*] is

Table 2

Structure of the [Pt3*] ... porphyrin assemblies, and comparison of the triplet
emission lifetime (7.) of [Pt3*] at 77 K in the absence and the presence of substrate
(PhCO,Na and mono-carboxytetraarylporphyrin(metal(Il))).

Substrate Te (1S) ker (s71)
- 12.63 +£0.07 -
PhCO;Na 12.40 + 0.05 no transfer
M Ar
Zn Ph 9.57 +0.04 2.4 x 10*
Zn Tol 10.30+0.03 2.1 x10%
Ph\i'hﬁ\}:\“/c_?;i’l‘;:/% Pd Tol 11.80+0.08 0.6 x 10*
P l/\l &?/L;;/\I\P"
h \I)( Ph
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unfavourable. A change of the Ph groups for tolyls was also per-
formed in order to increase the electronic density on [porphyr-
in(metal)], with the hope to promote photo-induced electron
transfer. However, this modification did not change the quenching
rate, kq, thus indicating absence of an electron transfer mechanism,
and also corroborating that [Pt{*] is hard to reduce.

However, the situation is different for the [Pd3*] ... porphyrin
assemblies where a change in 7 and tp of the mono-
carboxytetraarylporphyrin(zinc(ll)) was noted. The change in tf
was 7 orders of magnitude larger at 298 over that at 77 K, which is
fully consistent with the fact that rate of electron transfers de-
creases when the barrier of activation associated with the large
reorganisation energy upon freezing the medium, increases.
Concurrently, the rate of quenching, here kg, of the 3[porphyr-
in(metal)]* species by 3[Pd3*]* (T;) in the assemblies for M = Pd
and Ar = tolyl at 298 K is 0.7 x 10 s~ This rate is considered slow
but not unusual for triplet-triplet energy transfer (see some ex-
amples in Table 3). Again a recent work focussed on increasing the
electronic density at the porphyrin center by increasing the number
of carboxylate groups in a way to that the triplet state of the
porphyrin unit becomes more electron rich and more prone to
photo-induced electron transfer to the electron acceptor [Pd3*]
(Table 3) [34]. Using ns-TAS, the triplet lifetimes, tr, of the
porphyrin chromophores were monitored and the rates of
quenching, kq, were evaluated (note that kq = kgt + Ket; et =elec-
tron transfer). For MCO,ZnP, the quenching is dominated by energy
transfer, but for DCO>ZnP and TCO,ZnP, electron transfer takes over.
It is also reasonable to believe that kgt increases with the number of
[Pd3*] clusters surrounding the tetraarylporphyrinzinc(ll) unit
([porphyrinzinc(Il)]) but in a linear fashion.

For the S state, fs-TAS was used to extract accurate ke values for
the reaction: ![porphyrinzinc(II)]* [Pd3+] —
[porphyrinzinc(I)]** [Pd$*], where [porphyrinzinc(ll)] is
MCO»ZnP and DCO»ZnP [35]. Because the sensitivity of the analyses
depends on the binding constants Kix (X =1, 2 or 4), which in turn
dictate the relative amount of the various possible assemblies
present in solution for a given number of relative equivalents (as
Table 1 indicates that the resulting lifetimes are an average of all
species in solution), it becomes important to know the amount of
each assemblies and try to maximize the assembled species (see
examples in Table 4 [35]). However, it is important not to use large
excesses of [Pd3*] to avoid of cluttering the fs-TAS spectra with
many species at the same time. A typical example is given in Fig. 10.
By performing the measurements of the fs-TAS instrument for
various ratios (i.e. 1:1,1:2, 1:4; Table 4), it is possible to monitor the
various signals that grows (i.e. charge separated state) and to make
the appropriate assignment. For the provided example, the species
with relaxation lifetimes of » 8 ns, 65.5 ps, and 1.91 ns are
respectively the triplet Ty, non-emissive S; ** solvent assembly
through the zinc metal, and fluorescent S; species of MCP, of the
free dye. It represents 44.2% of the total amount (i.e. free dye not
associated with [Pd3*]). The red-shifted signal at 427 nm is the
typical signature of the radical cation [porphyrinzinc(Il)]** (55.8%),

Table 3
Comparison of the kq values of the quenching of the Ty state of the porphyrin unit in
the [Pd3*] ... mono-, di- and tetra-carboxytetraarylporphyrinzinc(Il) assemblies.

” @ Code MC0,ZnP DCO.ZnP TCO,ZnP
O O X! Me Me Oy~
0O X2 Me oy~ co,”
Dgg@ x? Me Co;~ oy
0, x4 Co,y~ Me COy~

() 9 Ko (s 1) 2.1 x 10* 1.1 x 10° 5.6 x 107

here tetraphenylporphyrinzinc(Il). However, this cation is readily
formed within the laser pulse (FWHM = 85 fs in these measure-
ments) meaning that the ke > 1.2 x 10" s~ (i.e. 1/(<85 fs)). This
rate is ultrafast.

In order to demonstrate that the large electronic density drives
the process, in addition to the TCP dye, three other “enriched”
[porphyrinzinc(Il)]-containing dyes were designed and investi-
gated (Fig. 11) [36,37]. The binding constants, Kjyx, increase
expectedly with the number of conjugations and the planarity of
the m-systems. The energy change, AE, for the reaction '[porphyr-
inzinc(I]* ... [Pd3*] — [porphyrinzinc(I1)]** ... [Pd$*] is evaluated
from the driving force, E**, for ![porphyrinzinc(I)]* —
[porphyrinzinc(Il)]** + 1e”, and the 1-e reduction potential of
[Pd3*]([Pd3*] + 1€ — [Pd$*]; Ered = —0.5 V vs. SCE). The E*/**s are
calculated from the S; energy (2.07 (TCP), 1.87 (TCPBP), 1.68
(TCPEP), 1.78 (TCPEBP) eV) minus the 1-e oxydation potential
([porphyrinzinc(Il)] — [porphyrinzinc(Il)]*" + 1e™; Eox = +0.81
(TCP), +0.76 (TCPBP), -+0.70 (TCPEP), +0.46 (TCPEBP) V vs. SCE).
The resulting AE's are all positive (thermodynamically favourable).

Similarly to MCP and DCP, the assemblies made with [Pd3*] and
upon TCP, TCPBP, TCPEP, and TCPEBP also exhibit ke¢> 1.2 x 10'3
s~! (i.e. 1/(<85 fs)). This observation supports the photoinduced
electron transfer process as the quenching mechanism, all being
ultrafast. Moreover, the resulting [porphyrinzinc(Il)]** ... [Pd$"]
charge separated species is not prone for a second electron transfer
despite the fact there are other [Pd3*] units around the central
[porphyrinzinc(Il)] unit (Fig. 12 left). The only redox process
possible is the back electron transfer (see Fig. 10, right, purple ar-
row). In all cases, the time scale for this process is short ps, which
can also be considered ultrafast. The efficiency of this process
(forward (fs) and back electron transfer (ps)) can also be viewed by
an electron channeling through the m-system of the dye and
through the contact between the ©-MOs of the CO, group and the
LUMO of [Pd3*] (Fig. 12, right). Indeed, the various optimized ge-
ometries indicated the presence of a quasi-Cs symmetry in all cases
(see one example in Fig. 12, center).

The last work concerned the electron richer TCP, TCPBP, TCPEP,
and TCPEBP dyes [38] in comparison with the MCO,ZnP, DCOZnP
and TCO2ZnP in their Ty state [34]. The primary conclusion was that
as the electron density is increased, then the excited dyes become
more reducing. The question is as the T; energy of these dyes de-
creases, will an electron transfer still take place? The data are
placed in Table 5. The key issue is that the AE values for [por-
phyrinzinc(I)]* ... [Pd3"] — [porphyrinzinc(I)]** ... [Pd§*] are
smaller (+0.13 < AE < +0.27 V vs. SCE, T{) with respect to
(+0.58 < AE < +0.76 V; S1). The consequence is that ket is slower
(~50—150 ps time scale for T; compared to < 85 fs for S1). None-
theless, the corresponding rates (ke¢) are also ultrafast. Concur-
rently, the back electron transfer, also called charge recombination
(CR; with rates kcr), takes place in the ns time scale, which is also
slower than that observed for the S level (short ps).

The conclusion is that despite the loss of energy upon relaxing
from the S; to the Ty levels of [porphyrinzinc(ll)] dyes, the photo-
induced electron transfer is still ultrafast. The reason stems from
the rather low reduction potential of [Pd3*] (ie. —0.5V vs. SCE
[6—14]). The other interesting feature is the long-lived charge
separated state of the [porphyrinzinc(Il)]** ... [Pd$"] species (>3 ns;
see Table 5, 5th column), with a trend
TCP < TCPBP < TCPEP < TCPEBP. Indeed because of this longer
time scale, dyad dissociation may occur and the highly reactive
species may escape the solvent cage (note that the time-scale for
diffusion in common organic solvent is 2—3 ns). Knowing that the
[Pd$"] species is stable enough at the time scale of the cyclic vol-
tammogram, and enough to record its electron paramagnetic
resonance (EPR) spectrum [6], photocatalytic processes can be
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Table 4
Relative percentages of the various assemblies of [Pd3*] vs. the mono- (MCP), di- (DCP) and tetra-carboxytetraarylporphyrin(zinc(Il)) (TCP) species in a 4:1 ratio [35].2

Ki4=27500M~" (%)

Ki2=21700 M~ (%)

Ki1=19300 M~ (%)
Por-[Pd3+] 55.8 Por-[Pd3*], 72.0 Por-[Pd3*]s 87.2
NaO,C-Por-[Pd3+] 21.3 NaO,C-Por-[Pd3+]5 11.2
(NaO,C),-Por-[Pd3*], 1.40
(NaO,C)s-Por-[Pd3*] 0.18
¢ The remainder of the % is the unassembled porphyrin. Por = [porphyrinzinc(Il)].
Ph,P—
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Fig. 10. Left: Decay associated spectra of the various species generated when MCP is mixed with [Pd3"] in CH30H in a 1:4 ratio (Aexc = 600 nm; i.e. at the Q-bands). Values in
parentheses are the excited state lifetimes of these species. Right: Time evolution of the signal at 427 nm (where the [porphyrinzinc(I)]** signal is higher). Laser FWHM = 85 fs.
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Fig. 11. Structures of four porphyrin-containing dyes exhibiting extended m-system rendering them better electron donors. Below are the binding constants, Kix, showing the
increase in electronic density and the corresponding AE for the reaction occurring at the S level: '[porphyrinzinc(Il)]* ... [Pd3*] — [porphyrinzinc(I)]** ... [Pd3*].

when X = H, CHs, the triplet quenching occurs by energy transfer,

sought, in replacement of the electrocatalytic ones. The two ad-
but when X =CO;", the quenching occurs by electron transfer.

vantages would then be the absence of the often inconvenient
supporting electrolyte in solution (needed to perform electro-

catalytic reactions), and the convenient use of both the visible
and near-IR light (i.e. solar irradiation). Indeed, the dye (here [tet-
rabenzoporphyrinzinc(Il)]) acts as a strongly absorbing antenna
and an electron donor at the same time, which is usually not a
sacrificial redox agent.

Combined with the earlier studies on the triplet energy transfer
3[porphyrinmetal]* + [Pd3*] — [porphyrinmetal] + 3[Pd3*]*
[22,35], the other main conclusion for this work, referring to Fig. 13,

2. Conclusion

Again, the title clusters were first reported by Puddephatt and
his group, who explored in detail their rich thermal chemistry.
Afterward, the equally rich electrochemical properties were stud-
ied by the Mugnier and Harvey groups in collaboration. Here, this
mini-review demonstrated that the [M3+] species also exhibit rich
photochemical and -physical traits. Despite the significant amount
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Fig. 12. Left: lllustration of a photo-induced electron transfer from [porphyrinzinc(ll)] (here TCPEBP) to one of the [Pd3"] electron acceptors within a saturated assembly. Only one
electron transfer can occur as the oxidized [porphyrinzinc(1)]** species is not reducing enough for a second transfer. Also note that the time-resolution of the apparatus was 80 fs in
this specific experiment. Center: example of an optimized geometry (DFT) of a dyad composed of TCPEP and one [Pd3*] (plus three Na* atoms). Right: lllustration of the frontier MO
contacts between the CO,” 7t-system (blue) and the LUMO of [Pd3*]. Note that the computed LUMO of the [M3*] clusters is shown in Fig. 2 (left). (For interpretation of the references

to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 5
ps-ns transient absorption data for the 3dyes* (dye = [porphyrinzinc(II)]).

dye t(3dye* - [Pd3*] Kew 5! (k=1/1) AE t(dyet® - [Pd3*] Ker, 5! (k=1/1)
— dyet® - [Pd$*]) V vs SCE — dye ~ [Pd3*])

TCPP 47.4 ps 2.11 % 10'° +0.27 33ns 30 x 107

TCPBP 105 ps 0.95 x 10'° +0.23 (15.9 ns)° ~6.3x107°

TCPEP 157 ps 0.64 x 10'° +0.13 (89 ns)® ~1.1x 107"

TCPEBP 100 ps 1.00 x 10'° +0.27 (146 ns)® ~0.7 x 107°

2 Significant decomposition prevents the accurate estimation of the lifetime and energy transfer rate.
b The delay line is 8 ns; the measured values become increasingly inaccurate as it exceeds this limit. The trend can be considered real. Note that ©(T;) of the 3dyes* without

[Pd3*]is » 8 ns.

X=CH; X
Energy Transfer Q |
<
X

X=C0y
Electron Transfer

Fig. 13. Illustration of the quenching of *[porphyrinmetal]* ... [Pd3*] based on X.

of reported investigations described herein, there are still relevant
aspects that still need to be explored. In relation with the photo-
induced C-X bond activation (X=Cl) [25], C—H bond activation
was left unexplored. Indeed, ps-TAS measurements suggested that
toluene, which is prone to C—H bond activation (E(C—H) =377 kJ/
mol), promotes significant 3[M3*]* ... solvent interactions (deduced
from the comparison of ©(Ty) and ©(T,) data in MeOH (empty cav-
ity) vs. in toluene [23]). The primary products would the highly
reactive corresponding hydrides “[Ms(u3-H)?*]*, which is prone to
chemically evolve. For the [Pd3(u3-H)™] species (n=1, 2), this
product would be stable at least at the time scale of the cyclic
voltammetry as previously demonstrated [8]. However, character-
ization of palladium hydride species by X-ray crystallography is also
found extremely rare in the literature, and to the best of our
knowledge only one work related to the [Pd3*] species concerns the

X-ray characterization of the [Pd4(dppm)4(H)]* cluster [39].
Concurrently, the corresponding [Pt3(p3-H)™*] species (notably
n = 1) should be more stable as demonstrated by Puddephatt [5]. It
now appears relevant to investigate the photochemistry of [Pt3+],
because of the intuitively more stable corresponding photo-
products, but also for the significantly longer excited state life-
times in solution at 298 K (i.e. ns time scale). The photo-induced
electron transfer reactivity of [Pt3*] has not been investigated in
detail in the earlier investigation [30], but now it appears evident
that the amount of assembled dyads [porphyrinzinc(Il)] ... [Pt3*] in
1:1 ratio and a Ky value of ~20000 M~! was not appropriate in
these cases as it generates only 20% of assemblies. This situation
combined with a more negative reduction potential of [Pt{*]
compared to [Pd3*] (unpublished), leading to more modest changes
in emission lifetimes of the dyes in the [porphyrinzinc(Il)] ... [Pt*]
dyads (since the ke; values will be smaller), then the detection of
any photo-induced electron transfer would prove difficult. A revisit
with larger ratios appears pertinent.

Finally, based on all past works on the [M3*] clusters, this
skeleton appear particularly robust and the characterization of the
photoproducts should be facile. For examples, oxidative additions
of terminal n?-ethynyl-containing aromatics to both [Pd3*] [18]
and [Pt§*] [4] have been reported, where the C-M bonds are shown
to be strong (i.e. K11 unmeasurably large). So far, the aromatics were
simple phenyl derivatives. This strong bond offers an opportunity
to avoid the problem related with the amplitude of the binding
constant being an issue in the measurements. Moreover, the elec-
tronic communication across the M — C bond would be more pro-
nounced. This feature means that depending on the nature of the R
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functional group in the [Ms(n?-C=CR)*] skeleton (say for an
example ferrocenyl/ferrocenium), would automatically alter their
photophysical and -chemical properties significantly. Thus, the
exploitation of the photochemical behaviour of these robust clus-
ters appears unfinished, but the basis presented herein is obviously
available.
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