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ABSTRACT: Two types of Pt2Pb luminescent clusters were successfully
prepared by the reaction of [Pt(C6F5)(bzq)(OCMe2)] (1) and [Pt(C6F5)-
(ppy)(dmso)] (2) with [Pb(SpyR-5)2] (R = H, CF3). Thus, whereas 5 (ppy,
Spy) is generated through coordination of the pyridine-N atoms to the Pt
centers, the formation of 3, 4 (bzq), and 6 (ppy, SpyCF3) is accompanied by a
formal thiolate transfer from PbII to PtII, keeping the two N atoms in the
primary environment of the lead. In 5, the neutral Pb center adopts a rather
stable and symmetrical “Pt2S2” coordination sphere supplemented by two Pb··
Fo contacts, whereas for the remaining species several pseudopolymorphs
were found depending on the solvent (3, 4) and crystallization conditions (6).
This structural diversity relies on changes in the coordination mode of the
SpyR ligands (μ-κS,N/μ-κ3S,N,S), intermetallic Pt−Pb bonds, and secondary intra- and intermolecular contacts induced by Pb−
solvent binding. Notably, the changes, which entail a slight tuning of the stereochemical activity of the lone pair, have also a
remarkable impact on the emissive state (3L′CCT/3L′LCT, SpyR → Pb,Pt/(C∧N) in nature). Clusters 3 and 4 display a distinct
and fast reversible blue shift vapoluminescent response (4 shows also color changes) to donor solvents, correlated with changes
in the environment of the PbII ion (asymmetric hemidirected to more symmetric holodirected) upon solvent binding and,
additionally, in 4 with modifications in the crystal packing, as confirmed by XRD and supported by TD-DFT calculations. 5 and 6
do not show a vapoluminescent response. However, for 6, three different and interconvertible forms, a symmetrical form (yellow
6-y) and two asymmetrical forms with a rather short Pt−Pb bond (pale orange 6·acetone and orange 6-o), exhibiting different
emissions were found. Notably, slow crystallization and low concentration favor the formation of the thermodynamically more
stable yellow form, whereas fast crystallization gives rise to orange solids with a remarkable red shift of the emission. Interestingly,
6 also exhibits reversible mechanochromic color and luminescence changes.

■ INTRODUCTION

The design and preparation of polynuclear and cluster
complexes containing dative or covalent metal−metal bonds
is an active research field due not only to their interesting
structures and bonding features1 but also to their intrinsic
properties with potential application in molecular electronics
and materials science.2 Metallophilic interactions involving
closed-shell metal ions have been prominent in this regard, and
their role in stabilizing supramolecular networks3 and in their
unusual associated optical properties, in both solution4 and the
solid state is now well recognized.2a,b,d,4d,5 In this regard,
considerable efforts have been made in the preparation of
molecular architectures containing d10 5a−h and d8 ions4d,5d,i,j

(or a combination of both in heterometallic systems)2b,d,5k−p,6

and the study of their luminescent properties. Notably, in the
solid state, the photophysical behavior of some of these systems
has been found to be sensitive to external stimuli such as VOCs

(vapoluminescence),5d,7 mechanical grinding (mechanochrom-
ism),8 or temperature (thermochromism),9 which is particularly
relevant to the development of novel photofunctional materials.
These phenomena have been usually correlated with subtle
structural transformations, which are often associated with the
formation/disruption or modification of metal−metal inter-
actions or interligand π···π stacking, although for polymetallic
systems exhibiting response to vapors, metal−ligand coordina-
tion/decoordination has been also demonstrated.10

Within this framework, heteropolynuclear systems incorpo-
rating heavy metals with a d10s2 valence shell (TlI, PbII) have
been comparatively much less explored. In the case of thallium,
following the pioneering contribution of the first luminescent
PtII−TlI complex Tl2Pt(CN)4,

11 interesting families of hetero-
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nuclear M−TlI complexes, mainly with platinum(0,II)9b,c,12 and
gold(I),5l,m,13 having diverse structural configurations and
exhibiting intriguing photophysical properties have been also
reported. In contrast, the number of polymetallic systems
involving the harder Pb2+ ion in metallophilic interactions is
quite limited,12r,14 and still little is known about their
photoluminescence properties.14d,e In these heterometallic
systems, the 6s2 electron lone pair of the heavy ion (TlI,
PbII) usually exerts a remarkable structural influence, depending
on its stereoactivity.15 This electronic and structural effect,
attributed to ligand-to-metal charge transfer, is particularly
relevant in lead(II)-containing systems due to its higher charge,
thus favoring the formation of more or less hemidirectional
environments having a void in the coordination sphere of the
PbII, which is occupied by the stereochemically active lone pair.
We are interested in preparing platinum−lead(II) systems

due to the well-known capacity of PbII to adopt a wide range of
coordination numbers (from 2 to 12) and geometries arising
from subtle changes in the stereochemical activity of the lone
pair.15 In particular, when the lone pair is active, it is expected
that its degree of activity will be susceptible to the influence of
external factors (binding of vapors, mechanical forces, ...) with
concomitant changes in electronic structure and properties.
This structural property might endow these PtII−PbII
complexes with some unique properties, such as the response
to external stimuli, thereby providing the opportunity of
forming dynamic stimuli-responsive materials. By using alkynyl
platinates as basic building bloks and the Pb(ClO4)2·3H2O salt,
we have successfully prepared several sandwich-type trinuclear
Pt2Pb

16 and tetranuclear Pt2Pb2
17 clusters, stabilized by a

synergistic combination of η1 and/or η2 PbII···(CCR) and
PtII−PbII bonding interactions, which have been demonstrated
to display interesting photophysical properties depending on
the topology and the alkynyl substituents. Notably, the emissive
tetranuclear clusters [Pt2Pb2(CCR)8] (R = Tol, C6H4OMe-
3)17 have a rather dynamic core sensitive to mechanical
grinding and donor solvents. In particular, the remarkable and
distinct vapochromic response observed has been ascribed to a
fast creation/disruption of Pb−solvate clusters [Pt2Pb2(C
CR)8Sx] (S = donor volatile, x ≥ 2) with concomitant
geometrical and electronic changes.
In the search for new and more robust platinum−lead

systems, we considered it of interest to explore its formation by
self-assembly of neutral building precursors. In a recent
communication, we reported the preparation of the very stable
Pt2Pb cluster [{Pt(C6F5)(bzq)}2Pb(Spy)2] (3; bzq = benzo-
quinolinyl, Spy− = 2-pyridinethiolate) by reaction of the
acetone solvate [Pt(C6F5)(bzq)(OCMe2)] with [Pb(Spy)2].

18

This cluster features two distinct Pt−Pb bonds supported by
two different bridging pyridine-2-thiolate ligands (μ-κS,N and
μ-κ3S,N,S) and modulates its vapoluminescent response toward
different organic oxygen donor solvents (O) through solvent-
induced reversible intercluster changes, involving a change from
a local Pt2N2S environment around the PbII ion in the free
solvent 3 to Pt2N2O in the solvate 3·acetone (Chart 1).18

Intrigued by this unique behavior, we decided to study the role
of the cycloplatinated “Pt(C∧N)” fragment and the basicity of
the ancillary thiolate bridging ligand in the structures and
photophysical behavior of these heterometallic systems. Herein,
we report the synthesis, spectroscopic and structural character-
ization, and photophysical studies of a series of new
luminescent Pt2Pb clusters, [{Pt(C6F5)(C

∧N)}2Pb(SpyR-5)2]
(3−6; C∧N = bzq, ppy, R = H, CF3). The related bzq/SpyCF3

complex 4 exhibited vapochromic behavior with response in
color and luminescence, while the ppy/SpyR-5 derivative 5 (R
= H), which displays a symmetrical PbS2Pt2 core, and 6 (R =
CF3) did not show vapochromic behavior. In the case of 6 its
structure and properties were found to depend on the
crystallization conditions, and it also displayed mechanochro-
mic properties. To get insight into the nature of their
photophysical properties, TD-DFT calculations were carried
out in the gas phase on some selected unsolvated and solvated
clusters.

■ RESULTS AND DISCUSSION
Synthesis. The trinuclear complexes [{Pt(C6F5)(bzq)}2Pb-

(μ-SpyR-5)2] (bzq = benzoquinolinyl, R = H (3), CF3 (4))
were obtained as orange solids by treatment of the acetone
solvate [Pt(C6F5)(bzq)(OCMe2)] (1) with 0.5 equiv of the
appropriate bis(pyridinethiolate)lead(II). It is worth noting that
the reactions evolve with formal thiolate transfer, plausibly
favored by the soft nature of PtII (Scheme 1a). The attempts to
synthesize the acetone solvate [Pt(C6F5)(ppy)(OCMe2)] with
the 2-phenylpyridine ligand (Hppy) under conditions similar to
those described for 1 were unsuccessful. Fortunately, the
synthesis of the targeted clusters [{Pt(C6F5)(ppy)}2Pb(μ-
SpyR-5)2] (R = H (5), CF3 (6)), as orange (5) or yellow
(6) solids, was achieved by using the dimethyl sulfoxide solvate
[Pt(C6F5)(ppy)(dmso)] (2) as the precursor (Scheme 1b).
Surprisingly, whereas the formation of 6 takes also place with
thiolate transfer from PbII to PtII, in the case of cluster 5,
however, this transfer does not occur, keeping the sulfur
coordinated to the Pb atom, as evidenced by X-ray. As shown in
Scheme 1b, the precursor 2 was prepared following similar
approaches to related aryl-cycloplatinate complexes, by
refluxing a mixture of cis-[Pt(C6F5)2(dmso)2] and Hppy (1
equiv) in toluene (32 h), and its structure was identified by
spectroscopic means (Experimental Section) and X-ray
crystallography (see below).

NMR Characterization. In solution, the most remarkable
spectroscopic features of the precursor complex 2 are the high
value of the 195Pt−Fo coupling constant (494 Hz), consistent
with the low trans influence of the N atom trans to the Cipso
atom of the C6F5 group, and the notable upfield shift of the o-
H9 proton of the ppy ligand (δ 6.41, 3JPt−H = 62.4 Hz) due to
the anisotropic effect of the C6F5 ring.
Complexes 3−6 were characterized by standard analytical

and spectroscopic techniques, and their integrity in solution
was confirmed by multinuclear (1H, 19F (CD2Cl2,
CD3COCD3), and

13C{1H}) NMR spectroscopy (assignments
made on the basis of 2D experiments; schematic labeling given
in Figure S1 (Supporting Information)). For all complexes 3−6
only one set of cyclometalated, C6F5, and bridging SpyR groups

Chart 1
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was observed, even at low temperature, indicating that the
structural differences between the two “Pt(C6F5)(C

∧N)(μ-
SpyR)” fragments observed in the solid state for 3, 4, and 6
around PbII are averaged in solution. The most relevant features
are provided by 19F NMR spectroscopy. In a donor solvent
such as CD3COCD3, the complexes exhibit the typical
AA′MXX′ pattern (2Fo, Fp, 2Fm), revealing that the
pentafluorophenyl groups have free rotation about the Pt−
Cipso(C6F5) bonds. The o-fluorine signal is only flanked by
platinum satellites, pointing to the absence of F···Pb contacts in
this donor solvent. However, it is worth noting that the 195Pt−
Fo coupling constants (382−408 Hz) are clearly smaller than
those in the starting precursors (501 Hz, 1; 494 Hz, 2), thus
supporting the integrity of PtII−PbII−PtII bonds. The
remarkable reduction in the J195Pt−Fo value is consistent with

the increase in the coordination index of the Pt center (from 4
to 5) upon formation of the Pt−Pb bonds. The 19F NMR
spectra were also recorded in CD2Cl2, revealing not only a
more rigid behavior but also the persistence of close contacts
Pb···Fo in solution. In this solvent, at ambient temperature, the
o-fluorine resonances are very broad, indicative of dynamic
behavior. While in complexes with the substituted SpyCF3
bridging ligand (4 and 6) two distinct very broad signals (exo-
and endo-Fo) are seen, in complexes 3 and 5 both resonances
are close to Tcoalescence (3) or slightly up (5 broad hump). When
the temperature is lowered to 186 K, two distinct Fo (endo and
exo, and also two Fm) resonances appear in all complexes 3−6
(see Figure S2 (Supporting Information) for 4). The exo-Fo
atoms appear at low field (δ −115.7 for 6 to δ −116.3 for 3)
with well-resolved platinum satellites, whereas the endo-Fo
atoms are seen in the range δ −123.1 for 6 to −124.6 for 4,
clearly flanked in 3−5 by two sets of satellites due to coupling
to 207Pb and 195Pt, respectively (see Figure 1 for 4). The endo-
fluorine−lead coupling constants (J207Pb−19

F = 1564 (3), 1594
(4), and 1557 Hz (5)) are larger than that previously reported
for the tetranuclear anion [Pb{Pt(μ-Cl)(C6F5)2}3]

− (1140
Hz),14d which also displays close Fo···Pb contacts. Interestingly,
the presence of these endo-Fo···Pb contacts is also reflected in
the corresponding values of coupling constants 3JPt−Fo(endo) (289−

317 Hz), which decrease in relation to those observed for the
exo-Fo (384−404 Hz).

X-ray Diffraction. Complex 2 (Figure 2, Table S1
(Supporting Information)) exhibits the expected square-planar
environment around platinum, having the C6F5 group

Scheme 1

Figure 1. o-F region in the 19F NMR spectrum of 4 in CD2Cl2 at 186
K.

Figure 2. Molecular view of [Pt(C6F5)(ppy)(dmso)] (2).
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coordinated in a position cis to the metalated C(10) atom of
the ppy ligand. The bond lengths and angles are not unusual,19

and not unexpectedly, the complex crystallizes as head-to-tail
dimers through moderate intermolecular interactions (3.270 Å)
between the ppy ligands (Figure S3 (Supporting Information)).
As was previously communicated,18 for complex 3 (see Chart

1) two different orange crystalline forms with distinct structural
and emissive properties were obtained under different
conditions: CH2Cl2/n-hexane for 3·1.5CH2Cl2 or acetone/n-
hexane for [3·acetone]·0.5acetone, denoted as 3 and 3·
acetone, respectively, hereafter. It was found that the
incorporation of acetone (and likely also other specific
VOCs) enforces a change from a local Pt2N2S (trans-N,N) to
a more symmetric Pt2N2O (cis-N,N) coordination around the
PbII with a concomitant and remarkable blue shift in the
emission (620 nm for 3 to 580 nm for 3·acetone).
In light of these results, similar crystallographic and

luminescence studies were performed for the related clusters
4−6. In the case of 4, upon addition of 1 drop of acetone, not
only a reversible change of the luminescence from orange-
yellow to yellow-green but also a visual color change of the
solid from orange to yellow was observed. Fortunately, two
different crystal forms depending on the solvent could also be
obtained. Crystallization of 4 from CH2Cl2/n-hexane at −30 °C
produced orange crystals of [{Pt(C6F5)(bzq)}2Pb(μ-
SpyCF3)2]·0.9CH2Cl2 (4), whereas that from acetone/n-hexane
afforded yellow crystals of [{Pt(C6F5)(bzq)}2Pb(μ-SpyC-
F3)2(acetone)1.5] (4·(acetone)1.5). The structure of the orange
form 4 resembles that of 318 (Figure 3, Table 1 and Table S2
(Supporting Information)) with some differences in the bond
lengths. It displays a bent Pt−Pb−Pt core (141.54(1)°) with a
short Pt1−Pb bond (2.7774(4) Å), close to the sum of the
covalent radii (2.75 Å), supported by a (μ-κN,S) SpyCF3 ligand
and a longer bond (Pt2−Pb 3.0877(4) Å), associated with the
second pyridinethiolate acting as a 6e (μ-κ3N,S,S) bridging
group. These Pt−Pb bond lengths are slightly shorter than
those found in 3 (2.7832(3), 3.1642(3) Å) and are within the
range reported for systems containing Pt−Pb bond-
s.14a,b,d−h,16,17 The Pb−N bonds are slightly more asymmetrical

(Pb−N2 2.495(5) Å, Pb−N4 2.775(5) Å) than those seen in 3
(2.565(5), 2.683(5) Å), and the Pb−S2 distance is somewhat
larger (2.821(2) Å in 4 vs 2.797(1) Å in 3), but both of them
can be compared to those reported for [Pb(SpyCF3-3)2].

20 The
Pb−S1 distance is too long (3.633 Å) and is clearly out of the
reported range (2.45−3.03 Å) for primary coordination spheres
in aggregated and base-stabilized lead(II) thiolates.21 The Pb
center features a primary Pt2N2S strongly distorted square
pyramidal five-coordination, with the Pt atoms and the N atoms
(N2−Pb−N4 153.15(16)°) defining the basal position (Pt−
Pb−Npyridin 81.27(12)−97.82(11)°) and the bridging S2 center
located in a tilted apex due to the acute angles S2−Pb−Pt2
(48.01(4)°) and S2−Pb−N4 (56.31(4)°), respectively. The
remarkable void in the opposite hemisphere is indicative of the
stereochemical activity of the lone 6s2 pair on the lead center.
However, as shown in Figure 3b, the environment of the lead is
also supplemented by two secondary intramolecular interactions
with two o-fluorine atoms, one from each C6F5 ligand (Pb−F20
2.876(6) Å, Pb−F45 3.058(4) Å).22 These interactions are
weak, but as noted before, they are reflected in CD2Cl2 solution
at low temperature in the fluorine−lead coupling constants
(through space). The presence of two secondary Pb··Fo
interactions in 4 is in contrast with the observation of only
one in 3 (Pb··F20 2.959(3) Å; Table 1). This feature could be
associated with the lower basicity of the SpyCF3-5 ligand in
relation to the Spy in 3, which is also reflected in the JPb−Fo
value observed in solution (1594 Hz in 4 vs 1552 Hz in 3). An
inspection of related bond lengths and contacts around PbII

suggests that lone pair activity is somewhat more pronounced
in the direction where the contacting atoms are located farthest,
N4 and F45 (Pb−N4 2.775(5) Å and Pb···F45 3.058(4) Å).
Interestingly, an analysis of the extended packing reveals that
the void space around the lead(II) seems to be reduced by the
occurrence of a short intermolecular fluorine···fluorine contact
between Fo atoms of two C6F5 (2.734(5) Å) rings of different
Pt2Pb clusters (Figure S4 (Supporting Information)). This Fo···
Fo interaction forms dimers, which are further connected by
intermolecular π···π interactions (3.387(10) Å bzq···bzq) and
reinforced by Fo··H(bzq) interactions (2.426(5), 2.595(5) Å).

Figure 3. (a) Drawing of the structure of 4·0.9CH2Cl2 (orange crystals). (b) Detail of the environment of PbII (the arrow suggests the direction
where the lone pair is located).
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Unlike the local Pt2N2S (trans-N,N) to Pt2N2O (cis-N,N)
local environment that was found for the bzq/Spy complex 3
upon incorporation of one molecule of acetone (3 to 3·
acetone), the structure of the yellow form 4·(acetone)1.5
(Figure 4, Table 1, and Table S3 (Supporting Information))
revealed that the incorporation of molecules of acetone takes
place with minor changes in the primary sphere of coordination
of PbII. Interestingly, the crystals of 4·(acetone)1.5 (P21 space
group) were found to contain two different molecules (labeled
A and B) in the asymmetric unit having different and very weak
Pb···O(acetone) secondary contacts within the van der Waals
limit. Thus, while in the molecule A the lead is involved in two
long Pb···acetone interactions (Pb···O 2.791(11) and 2.937(9)
Å), retaining only one Fo contact (F20···Pb 2.895(8) Å), in
molecule B the Pb atom interacts more weakly with only one
acetone molecule (Pb′−O′ 2.967(8) Å), retaining the two Fo···
Pb secondary contacts (2.829(8), 3.031(6) Å) observed in 4.
Although the Pb··O distances are slightly longer than those
reported for the upper range in the primary coordination
sphere of PbII (2.70 Å),15b the presence of these contacts in 4·
(acetone)1.5 provokes an increase in the PbII coordination
number in relation to the unsolvated orange 4 (from 7 to 8),
which is reflected in a less asymmetrical Pt2N2S local
environment with bond lengths, on average, longer than
those found in 4 (see Table 1). The more holodirected
environment around the Pb in the acetone solvate 4·
(acetone)1.5 is evidenced by the wider Pt−Pb−Pt angle
(146.88(2)° (A), 149.64(2)° (B) in 4·(acetone)1.5 vs
141.54(1)° in 4) and more symmetrical Pb−N distances,
though the N−Pb−N angle observed in both molecules A and
B is more acute (144.7(3) A, 140.4(3)° B vs 153.15(16)° in 4).
All of these structural details point to lower stereochemical
activity of the lone pair in the yellow form 4·(acetone)1.5 in
relation to the orange 4. As it is illustrated in Figure 4, both
molecules (A and B) are contacting through π···π(bzq) and Fo··
H interactions involving one of the platinum fragments (Pt1,
Pt1′). These intermolecular contacts are clearly weaker than
those observed in 4 (π···π/Fo··H 3.588(20)/2.509(7), 2.626(7)
Å (4·(acetone)1.5) vs 3.387(10)/2.426(3), 2.595(5) Å (4)).
We hypothesize that not only the different coordination
environment of the Pb center in both forms but also the
packing changes play a role for the observed vapochromism and
vapoluminescent behavior of this cluster.
In contrast to benzoquinolinyl clusters (3 and 4), the

molecular structure of the orange ppy/Spy derivative 5
(crystallized as 5·2CHCl3; Figure 5, Table 1 and Table S4
(Supporting Information)) reveals the formation of a rather
symmetrical and linear Pt2Pb cluster (Pt−Pb−Pt 169.88(1)°),
in which the N atoms of the μ-κN,S-Spy ligands are surprisingly
ligated to the platinum centers (Pt−N 2.148(5), 2.120(6) Å).
The Pb center exhibits a primary “Pt2S2” four-coordination,
with Pt−Pb (2.8326(4), 2.8998(4) Å) and Pb−S bonds shorter
(2.691(2), 2.767(2) Å), on average, than those found in 3 and
4, supplemented by two secondary Pb···Fo intramolecular
interactions (2.874(6), 2.914(4) Å). The formally neutral Pb
center acquires a final slightly distorted octahedral coordina-
tion, as evidenced by the angles (S−Pb−S and F−Pb−F ca.
96°) close to 90°, thus indicating that the stereochemical
activity of the lone pair is negligible. This structural feature,
together with the rather tight packing generated (Figure S5
(Supporting Information)), could explain the experimental
observation that this cluster does not exhibit visual response
(color or luminescence) to the vapor of donor solvents such asT
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acetone, THF, and NCMe. In this complex the Pb is well
embedded and, presumably, the activation energy to cause
structural changes is higher than those required for 3 and 4.
As 5, the ppy/(SpyCF3-5) complex 6, isolated as a yellow

solid by precipitation from a CH2Cl2 solution with n-hexane,
did not showed visual changes to vapors. However, while
exploring different crystallization conditions, we found that its
color (yellow or orange) and luminescence (yellow or orange-
red) depend on the solvent, concentration, and also the velocity
of crystallization. Thus, slow crystallization from CH2Cl2,
CHCl3, or benzene always yielded yellow crystals. However,
from very concentrated CH2Cl2 solution both yellow and dark
orange crystals separated, whereas pale orange crystals were
obtained from acetone (or acetone/hexane). In addition, we
noted that fast evaporation of 6 to dryness in any of these
solvents always generated an orange film with a very strong red
luminescence. For cluster 6 we could crystallize four solvates
that were subjected to X-ray crystallography (Table 1 and
Tables S5−S10 (Supporting Information)): yellow crystals of
stoichiometry 6·4C6H6 and 6·4CHCl3 (hereafter 6-y), pale
orange crystals of the solvate [{Pt(C6F5)(ppy)}2Pb-

(SpyCF3)2(acetone)] (6·acetone), and orange crystals by
cooling a concentrated solution of CH2Cl2 (6·2CH2Cl2,
denoted as 6-o). The structures of the two yellow solvates
are very similar (see Table 1 and Tables S6 and S7 (Supporting
Information)) with only small differences in bond lengths and
angles and clearly different from those of the orange crystals 6-
o and 6·acetone. Selected molecular views of 6-y, 6-o, and 6·
acetone highlighting the central environment around the PbII

center are shown in Figure 6, whereas complete structures are
given in the Supporting Information (Figures S6−S11 and
Tables S5−S10). The asymmetric unit of the orange crystals 6-
o is built from three rather similar molecules, and therefore, the
data of only one of them are included in Table 1. The structural
details are comparable to those of orange crystals of 3 and 4
obtained from CH2Cl2. The PbII center (Figure 6b) also
features a primary “Pt2N2S” coordination with asymmetric Pt−
Pb (2.7840(5), 3.0596(5) Å) and Pb−N (2.564(8), 2.679(7)
Å) bond distances. Pb−S distances of 2.858(3) and 3.596(5) Å
indicate that only one of the sulfur atoms takes part in the
bonding, which is supplemented (up to 7), in the direction of
the open void, by two long Pb−Fo contacts. The orientation of
the Pt fragments (dihedral angle ∼64°) leads to a Pt−Pb−Pt
angle (137.58(2)°) more acute than those seen in 3 and 4,
whereas N−Pb−N is more linear (∼160°). In the crystal, the
molecules are arranged in a head to head manner through π···π
interactions (ppy···ppy and C6F5····C6F5) of different degrees to
form extended chains, which are additionally connected by
extensive H···F contacts (see Figures S6 and S7).
In contrast, slow crystallization from benzene and CHCl3

(and also from CH2Cl2) seems to allow a symmetrical
coordination of both Pt units (dihedral angle ca. 67°) around
PbII in the yellow forms (6-y; see Figure 6a for 6·4CHCl3),
pointing to a lower stereochemical activity of the lone pair. In
both yellow crystals, the Pb is coordinated to the two Pt and N
atoms of both platinum units with identical Pt−Pb (∼2.95 Å in
6·4C6H6, 2.92 Å in 6·4CHCl3) and Pb−N (∼2.67 Å) bond
lengths, its formal coordination being increased (up to 8) with
two clearly weaker Pb···S and Pb···Fo bonding interactions
(Table 1). The Pb−S distances (2.957(1)−3.025(3) Å) are
slightly larger than the shorter distances seen in 6-o and bzq

Figure 4. X-ray molecular structure of 4·(acetone)1.5 (yellow) showing the two types of molecules: (left) molecule A 4·(acetone)2 with its core (top
left) and (right) molecule B of 4·(acetone) with its core (top right). Intermolecular π···π (bzq···bzq) and Hbzq···Fo interactions between molecules A
and B are also included.

Figure 5. Molecular structure of 5·2CHCl3.
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clusters (3 and 4), suggesting that the coordination of the
thiolate is somewhat midway between μ-κ2N,S and μ-κ3N,S,S.
Interestingly, the Pt−Pb−Pt angle also increases in relation to
that observed in 6-o, being comparable to the angle N−Pb−N
(∼155, 154°). In the crystal the molecules also forms chains,
but the main difference with the packing observed in 6-o is that
the neighboring molecules are associated in a face to face
manner through the ppy ligands (3.346 Å (6·4CHCl3), 3.689 Å
(6·4C6H6)) (Figures S8−S10 (Supporting Information)).
Interestingly, crystallization from acetone enforces an

essentially perpendicular disposition of both Pt units (dihedral
angle 80.23°), provoking asymmetry greater than that observed
in 6-o and the presence of two very distinct Pt centers. In 6·
acetone, one of the Pt units is involved in a short Pt1−Pb bond
(2.7863(2) Å) and the other in a weak contact (Pb−Pt2
3.534(1) Å) (Figure 6c). Similarly, one of the SPyCF3-5 ligands
chelates the Pb (Pb−S2/N4 2.7728(8)/2.566(3) Å) and is
bonded to Pt2 (μ-κ3N,S,S), whereas the other behaves as typical
μ-κ2N,S. The remaining closest donor atoms around the Pb are
one Fo (2.912(2) Å) and the oxygen of the acetone (2.897(3)
Å). The interaction with the solvent is very weak; consistent
with this, the acetone molecules escape from the crystal in air,
as confirmed by NMR spectroscopy. Interestingly, the

conformation of the Pt coordination planes and the chelating
thiolate bridge favors the presence of very close π···π
intramolecular contacts (ppy···SpyCF3···C6F5 3.240−3.443 Å),
which likely also play an important role in the stabilization of
this structure (Figure 6c). In addition, the trinuclear Pt2Pb
molecules are arranged so that the same ppy and C6F5 ligands
are closely located in a head (ppy···ppy 3.345(5) Å) and tail
(C6F5···C6F5 3.230(5) Å) fashion, giving rise to a columnar
network (Figure S11 (Supporting Information)). This packing
is somewhat comparable to that seen in 6-o but is in contrast
with those observed for the yellow forms (6·4C6H6 and 6·
4CHCl3) mainly based in more tightly intermolecular π···π of
ppy groups (Figures S8 and S10 (Supporting Information)).

Photophysical Properties. [Pt(ppy)(C6F5)(dmso)] (2). The
precursor 2 shows intense absorptions (CH2Cl2) in the range
246−323 nm, attributable to metal perturbed ππ* intraligand
(1IL, bzq, C6F5) transitions, and two additional less intense
bands at 350 and 365 nm which, with reference to previous
assignments,19f,h are attributed to an admixture of 1IL and
1MLCT (Table S11 (Supporting Information)). The low-
energy absorption showed a remarkable solvent dependence,
shifting to lower energies in acetone or 2-MeTHF, indicating
that it possesses a significant charge-transfer character. Upon

Figure 6. Molecular structures of (a) 6·4CHCl3 (6-y), (b) 6·2CH2Cl2 (6-o), and (c) 6·acetone.
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photoexcitation, it displays a structured emission (CH2Cl2 484,
518, 555 nm), which has negligible solvent and concentration
dependence and exhibits a slight rigidochromism at 77 K
(Table S12 (Supporting Information)). In the solid state, the
emission is somewhat broader, showing a slight red shift (Table
2; 490 nm at 298 K, 500 nm at 77 K), probably because of the
short π·· π intermolecular interactions, as observed by X-ray.
The structuration and long lifetime (20.1 μs, 298 K) suggest a
predominant 3LC transition with some 3MLCT (Table 2).
[{Pt(C6F5)(C

∧N)}2Pb(μ-SpyR)2]. Detailed data of the photo-
physical properties of the clusters 3−6 in solution and in the
solid state are compiled in Tables S11 and S12 (Supporting
Information) and Table 2.
Solution. Complexes 3−6 all exhibit rather similar UV−vis

profiles in CH2Cl2 or acetone solutions. In particular, the
formation of the clusters is characterized by the presence of two
visible low-energy absorptions (with a shoulder at ca. 485 nm)
in the range 390−485 nm tailing to 520−530 nm. According to
TD-DFT calculations in the gas phase (3;18 see below for 4 and
6), these transitions mainly could be ascribed to admixtures of
thiolate-to-cluster 1[(SpyR) → Pb,Pt] 1L′CCT and 1L′LCT
(SpyR → C∧N) charge transfer with some 1MM′CT
contribution. In agreement with this assignment, no noticeable
changes were observed from the bzq (3/4) to the ppy (5/6)
complexes and only minor blue shifts were detected from the

Spy to the SpyCF3 species (see Table S11 and Figure S12
(Supporting Information) for 5 and 6).
Upon photoexcitation into the low-energy bands (395−500

nm), the complexes displays a broad featureless weak emission
centered at 620 nm for the Spy derivatives (3, 5) that is slightly
blue-shifted for SpyCF3 complexes (600 nm (4), 610 nm (6))
in fluid CH2Cl2 solution. In acetone solution, the emission is
weaker but the maxima, clearly measured at higher concen-
tration (10−3 M), remain essentially unchanged (see Table S12
(Supporting Information)). This emission can be attributed to
phosphorescence ligand to cluster 3L′CCT [(SpyR) → Pb,Pt]
with some 3MM′CT (M = Pt, M′ = Pb) and 3L′LCT (SpyR →
C∧N) character, as supported by TD-DFT studies. When the
temperature is lowered to 77 K, the intensity of the emissions
increases remarkably. Curiously, whereas the Spy-bridged
complexes displayed only one band with a remarkable (570
nm (3)) or slight (600 nm (5)) rigidochromism in CH2Cl2
glasses, several bands were observed for the SpyCF3 derivatives
(555, 645max, 730 nm (4), 540, 640max, 720 nm (6); Figure S13
(Supporting Information)). These bands are related to different
excitation profiles, suggesting the presence of different emissive
manifolds. It is likely that the main band and the small high-
energy component originate from two different conformations
of the pyridinethiolate−Pt fragments around the PbII formed in
the freezing process, while the low-energy manifold (720−730

Table 2. Photophysical Data for Complexes 2−6 in the Solid State at 298 and 77 K

compd T/K λem (nm)a τ (μs) ϕb kr
c knr

d

[Pt(C6F5)(ppy)(dmso)] (2) 298 490, 518max 20.1 13 6.5 × 103 5.7 × 104

77 500max, 537 70.0
[{Pt(C6F5)(bzq)}2Pb(Spy)2] (3)

18 298 620 1.6 34 2.1 × 105 9.5 × 105

77 620 5.2
[{Pt(C6F5)(bzq)}2Pb(SpyCF3)2] (4) 298 580 3.6 (18%), 0.5 (82%) 32.2 3.0 × 105 1.4 × 106

77 570 9.8
4-grinding 298 610 0.1 (47%), 0.5 (53%) 10.6 3.4 × 105 3.6 × 106

77 600 7.1
4-acetone 298 545 0.2 (24%), 0.4 (76%) 22.8 6.5 × 105 3.7 × 106

77 535 11.5
4-THF 298 575 0.2 (37%), 0.4 (63%) 12.4 3.8 × 105 3.5 × 106

77 570 11.0
4-MeOH 298 558 0.08(47%) 0.2 (53%) 8.6 6.0 × 105 7.6 × 106

77 545 15.7
4-MeCN 298 550 0.3 (27%) ,0.8 (73%) 29 4.4 × 105 2.1 × 106

77 550 12.5
4-C6H6 298 570 0.3 (57%), 0.7 (43%) 19.5 4.1 × 105 2.6 × 106

77 570 10.4
[{Pt(C6F5)(ppy)}2Pb(Spy)2] (5) 298 620 3.2 (13%), 0.6 (87%) 13.8 1.5 × 105 1.2 × 106

77 616 7.2
[{Pt(C6F5)(ppy)}2Pb(SpyCF3)2] (6) yellow solide 298 550 0.3 (24%), 0.9 (76%) 34.6 4.6 × 105 2.0 × 106

77 550 11.7
6-o (crystals) 298 610 1.24 14.0 1.1 × 105 9.4 × 105

77 630 6.5
6·acetone (crystals) 298 570 0.05 (34%), 0.58 (66%) 3.4 8.5 × 104 2.6 × 106

77 550 12.9
6 (red solid, fast precipitation from CH2Cl2) 298 660 0.4 (69%), 0.8 (31%) 39.6 7.6 × 105 3.2 × 106

77 650 4.4
6 (pale orange, fast precipitation from acetone) 298 630 0.08 (79%), 0.2 (21%) 24.5 2.3 × 106 1.3 × 107

77 645 8.8
6-grinding 298 600 0.1 (23%), 0.7 (77%) 5.2 9.3 × 104 1.9 × 106

77 600 7.7
aλexc for 2 365 nm; λexc for 3−6 395−500 nm.

bIn percent; determined by the absolute method using an integrated sphere. ckr = ϕ/τaverage.
dknr = 1/

τaverage(1 − ϕ). eFrom THF and CH3CN weak emission centered at 580 and 600 nm, respectively.
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nm) could be ascribed to excimers or aggregates (π···π or Pt··
Pt), which are well-known in PtII cycloplatinate complexes. In
acetone glasses, the emission maximum of 3 is also blue-shifted
(570 nm), whereas those of 4 and 6 are similar to those
observed in fluid solution (600 (4), 595 nm (6)). In complex 5
two emission bands (575, 620 nm), probably related to two
different conformers, were observed.
Solid State. The photophysical characteristics in solid state

are compiled in Table 2 (Table S11 (Supporting Information)
for reflectance), and illustrative examples are given in Figures 7

and 8 and in the Supporting Information (Figures S14−S19).
We note that the as-obtained solids (orange 3−5 and yellow 6)
are free of solvent, as confirmed by NMR spectroscopy. They
are characterized by broad low-energy absorptions (400−490
nm) tailing to ca. 530 nm (6) or 560 nm (3−5), which are
ascribed to mixed 1L′CCT [(SpyR) → Pb,Pt]/1L′LCT
(thiolate → C∧N) transitions, to which additional contribution
from extensive π···π contacts (as supported by X-ray) cannot be
discarded.
Under irradiation (λex 395−500 nm) the as-synthesized

solids display a bright orange (620 nm (3, 5); 580 nm (4)) or
yellow (550 nm (6)) emission, whose maxima remain

essentially unchanged at 77 K (Figures 7 and 8 and Figure
S16 (Supporting Information)). The lifetimes are in the
microsecond domain, implying a triplet excited state with
phosphorescence character, and increase remarkably at 77 K,
likely due to suppression of thermally activated nonradiative
processes. We noted that for 4−6, at room temperature, the
emission decays were best fitted with two components, which
might be attributed to small different structural environments,
as was recently shown by Coppens in copper complexes.23 The
observed blue shift in complexes 4 and 6 can be attributed to
the lower donor character of the SpyCF3 ligand, supporting a
significant 3L′CCT character for the emission.

Vapochromism and Mechanochromism Properties. As
mentioned in the Introduction, the flexibility of coordination of
Pb allows it to modify its coordination through tuning the
degree of stereochemical activity of the lone pair, which seems
to be decisive in the observed vapochromic behavior of the bzq
complexes 3 and 4 and in the mechanochromism of 4 and 6. As
noted before, in the case of complex solid 5, its exposure to
vapors or a drop of solvents of different VOCs has no visual
effect in the color or emission. This behavior could be related
to the rather stable octahedral geometry around the formally
neutral PbII center with the Spy acting as a symmetrical μ-
κ2N(Pt),S(Pb) species.
As was previously communicated,18 the as-obtained powder

bzq/Spy complex 3 shows the same color (orange) as in the
crystalline forms (3·1.5CH2Cl2) and the acetone adduct 3-
acetone, but its emission is different (Chart 1, Figure 7). Thus,
3 (powder or crystalline) displays a bright orange-red
luminescence centered at 620 nm (ϕ = 0.34), whereas the
acetone form 3-acetone emits at 580 nm (yellow-orange, ϕ =
0.14). At 77 K, the bands narrow but the maxima do not
change. Interestingly, as is seen in Figure 7, both 3 and 3-
acetone display similar excitation spectra, which suggests that
the blue shift in the emission of 3-acetone in relation to that of
3 could be related to a smaller Stokes shift in the acetone
solvate (4593 cm−1 (3) vs 3231 cm−1 (3-acetone)). A similar
emission change was found when solid 3 was exposed to
Me2CO vapor, and the specific response to other donor
solvents such as MeCN, MeOH, and THF was described. DFT
calculations indicated that the distortion in the hemidirected
form 3 is notably reduced (less p character for the lone pair of
PbII) upon excitation, whereas in the more holodirected solvate
structure 3-acetone these changes are negligible. Thus, the
change in the emission color upon uptake of VOCs can be
primarily attributed to a different distortion of the geometry
around the PbII center upon photoexcitation. In contrast, as
commented before, color and luminescence changes were
observed for 4 (powder and crystalline) and the acetone solvate
4·(acetone)1.5. Thus, when 4 was treated with 1 drop of
acetone, a color change occurred from orange to yellow under
ambient light and the bright yellow-orange luminescence
turned to yellow-green under UV light (Figure 8). This
behavior, visible to the naked eye, is reflected in a slight blue
shift in the diffuse reflectance spectra (Figure S14 (Supporting
Information)) and in the corresponding emission spectra. As is
illustrated in Figure 8, a significant blue shift from 580 to 545
nm is observed in the emission at 298 K, which is slightly blue
shifted at 77 K (535 nm). In contrast to the bzq/Spy complex
(3), in this case 4 and 4·(acetone)1.5 display different excitation
spectra, giving rise to similar Stokes shifts. Considering the
increase in the Pb coordination due to weak contacts to the
acetone molecules and the larger π···π stacking observed in the

Figure 7. Normalized excitation (dotted lines) and emission (solid
lines) of 3 and 3-acetone in the solid state at 298 K (red and deep
blue) and at 77 K (orange and light blue). Photographs show the color
and luminescence changes of 3 after addition of 1 drop of acetone.

Figure 8. Normalized excitation (dotted lines) and emission (solid
lines) spectra of 4 and 4-acetone (powders) at 298 K (red and deep
blue) and at 77 K (orange and light blue). Photographs show the color
and luminescence changes of 4 after addition of 1 drop of acetone.
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XRD of 4·(acetone)1.5, these changes are attributed to the
concomitant result of both effects. Interaction with the solvent
molecules likely somewhat decreases the electrophilicity of the
lead center, increasing the energy of the LUMO and the gap of
the transition.
Similar response in color and luminescence was observed

when solid 4 was exposed to acetone vapors at 298 K for a few
minutes (∼15 min), indicating that the transformation of 4 to
4-acetone (likely similar to 4·(acetone)1.5) has occurred. On
standing, the acetone was completely lost in ∼12 h, with
recovery of 4. Desolvation by passing of a stream of air onto the
sample of 4-acetone, monitored using emission spectroscopy
(Figure S17 (Supporting Information)), showed a gradual
change from 4-acetone to 4; therefore, we cannot discard the
formation of intermediate species. The response to other
vapors was also examined (Figure S18 (Supporting Informa-
tion) at 298 K and Table 2). Moderate and relatively fast color
and emission changes were also observed with MeCN and
MeOH (MeCN (∼15 min) > MeOH (20 min)). Only minor
changes were detected in the emission maxima upon sorption
of THF and benzene after prolonged exposure (45 min for
THF, C6H6), but the quantum efficiencies and the measured
lifetimes decrease significantly, pointing to the occurrence of
structural modifications (probably through the packing), which
have a negative impact on the emission. Poor solvents such as
n-hexane and diethyl ether, however, did not trigger a response.
It is reasonable to conclude that the donor solvents (acetone,
NCMe, MeOH) and probably also THF are able to contact the
PbII center in a way similar to that described for 4·(acetone)1.5,
provoking an increase in the PbII coordination number (more
holodirected PbII environment) and changes in the packing,
explaining the different emission observed. In any case, the
vapor-induced responses are slightly smaller than those
reported for the system 3/3-solvent, for which a change from
a local Pt2N2S environment (trans-N,N) to Pt2N2O (cis-N,N)
around the PbII was confirmed by XRD.18 We also observed
that the color and the emission of 4 are slightly red-shifted by
crushing the solid in a ceramic mortar (see Table 2).
As noted before, the color and emission characteristics of the

ppy/SpyCF3 complex 6 are significantly altered depending on
the crystallization conditions (see Figure S15 (Supporting
Information) for reflectance). The yellow microcrystalline solid
6-y displays an intense yellow emission (550 nm, ϕ = 34.6%),
while dried pale orange crystals prepared from acetone (6·
acetone form) exhibit a weaker yellow-orange emission (570
nm, ϕ = 3.4%) and the orange crystals 6-o (from concentrated
CH2Cl2 solution) emit at 610 nm (ϕ = 14%) (Table 2, Figure
S19 (Supporting Information)). The notable red shift of the
orange forms could be mainly ascribed to the presence of one
very short Pt−Pb bond (∼2.78 Å) in the orange forms 6-o and
6·acetone vs ∼2.95 Å in the yellow 6·4C6H6 and 2.92 Å in 6·
4CHCl3. The relatively strong intramolecular (in 6·acetone)
and intermolecular π··π interactions (in both orange forms)
presumably also reduce the gap of the transition and favor
exciton coupling. As seen in Figure 6, these forms (6-o and 6·
acetone) are generated by the twisting of the second platinum
fragment associated with the μ-κ3N,S,S bridging ligand around
the lead center, which closes the Pt−Pb−Pt angle by ca. 20° in
relation to that of 6-y and seems to be favored in acetone
solution or under kinetic conditions by quick precipitation from
different solvents. The remarkable structural difference between
the yellow forms 6-y and 6-o could explain the inability of
acetone and other solvent vapors to promote the change, which

is, however, observed by dissolving the yellow solid in the
corresponding solvent. Thus, although the examined solvent
vapors (NCMe, THF, acetone, benzene, ...) have no visual
change on the yellow solid 6, the emissions of the solids (from
pale orange to orange-red) obtained by fast precipitation after
dissolution of 6 in different solvents range from 580 nm in
THF to 660 nm in CH2Cl2 (Figure 9). Interestingly, we also

found that the initial yellow form was easily recovered by
stirring the orange or orange-red solids in n-hexane for ca. 2 h.
By heating the red solid obtained from CH2Cl2 at ca. 80 °C, its
color slowly blue-shifted, yielding a final pale orange after 24 h.
These facts suggest that fast crystallizations probably give rise
to structures with low-symmetry environments at Pb and short
Pt−Pb distances, which slowly undergo conformational switch-
ing to more symmetrical and stable structures by stirring in
hexane or prolonged heating.
We also found that this cluster exhibited notable

mechanochromic behavior, which is illustrated in Figure 9.
Thus, after the yellow solid was ground, the resulting orange
powder showed a red shift in its absorption (Figure S15
(Supporting Information)) and emission spectra (λmax 600 nm)
with a remarkable decrease in its quantum yield (ϕ = 5.2). The
remarkable red shift in the crushed powder suggests that, after
grinding, some clusters could present an asymmetric structure
(similar to 6-o or 6·acetone) with one very short Pt−Pb bond
and close π···π stacking interactions. This behavior is not
surprising, as most of the mechanochromic luminescent
transition-metal complexes are related to modulation of
metallophilic interactions, and is further support of the
influence of the Pt−Pb bond in the excited state.

Computational Studies. To gain some insight into the
photophysics of these complexes, we performed theoretical
calculations in the gas phase for the solvent-free clusters 4 and
6 and for the two solvate molecules 4·(acetone)2 and 6·
acetone. The S0 and T1 state geometries were optimized at the
B3LYP/LanL2DZ(Pt and Pb)/6-31G**(ligand atoms) level.
The most important geometrical parameters (bond lengths and
angles) are given in Table S13 of the Supporting Information.
Detailed orbital compositions and electron-density contours are

Figure 9. Normalized emission spectra of the unground yellow solid 6,
6-ground, and those solids obtained (orange-red) by evaporation of
the appropriate solution of complex 6 in different solvents.
Photographs show the color and the luminescence change of 6 after
grinding.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic501458q | Inorg. Chem. 2014, 53, 8770−87858779



detailed in Tables S14 and S15 and Figures S20−S22
(Supporting Information).
The calculations (state S0) agree reasonably well with the

geometrical parameters obtained in the X-ray structures for all
complexes except for 4·(acetone)2. Thus, for complexes 4 and
6·acetone, calculations reproduce the asymmetric Pt−Pb
distances, although in both complexes the short distance fits
better that the long distance (Pt−Pb experimental 2.7774(4),
3.0877(4) Å vs calculated 2.832, 3.507 Å for 4). It should be
noted that the B3LYP functional tends to overestimate bond
lengths. Interestingly, the free solvent optimized structure for
complex 6 is essentially symmetrical and reproduces the
structural data found for the symmetrical yellow forms 6-y
obtained in benzene (6·4C6H6) and chloroform (6·4CHCl3) or
by slow crystallization (experimental 2.9222(4) Å vs calculated
2.920, 2.922 Å; see Table S13 (Supporting Information)), thus
supporting the thermodynamic stability of this conformation. In
the case of model complex 4·(acetone)1.5, the obtained S0
geometry does not reproduce the X-ray geometry, showing
remarkably larger Pt−Pb distances (2.8654(6), 3.092(6) Å vs
calculated 3.709, 3.710 Å) and a wider Pt−Pb−Pt angle
(146.88(2)° vs 179.71°) and, in contrast, relatively shorter Pb−
N and Pb−S bond lengths (see Table S13). Therefore, TD-
DFT and energy emission calculations were carried out only for
4, 6, and 6·acetone.
The study of the composition of frontier molecular orbitals

in terms of ligands and metals (Table S14 (Supporting
Information)) of complex 4 shows that the HOMO and
HOMO-1 are mainly located on Pt(2)/bzq(2) and Pt(1)/
bzq(1)/Spy(1), respectively, while the LUMO has contribution
from the metals associated with the short Pb−Pt bond and the
corresponding bzq ligand (Pb 18%, Pt(1) 12%, bzq(1) 54%).
For the symmetrical 6 and asymmetrical 6·acetone, the
composition of the frontier molecular orbitals is very different,
despite the almost negligible contribution of the acetone
molecule in 6·acetone. Thus, for complex 6 having a
symmetrical conformation, the HOMO and HOMO-1 are
well distributed along both Pt units and the two bridging
pyridinethiolate groups, with a large contribution of the latter
(e.g., HOMO: Spy 51%, Pt 22%, ppy 25%), and the LUMO is
mainly contributed from the Pb and the two Pt fragments (Pb
15%, Pt(1,2) 18%, ppy 53%) having Pt−Pb−Pt bonding
character. In contrast, in 6·acetone while the HOMO is located

on the pending Pt unit (Pt(2) 38%, ppy(2) 50%), the HOMO-
1 is mainly derived from the Spy bridging group associated with
the short Pt(1)−Pb bond (Pt(1) 9% Spy(1) 83%). In this
solvate the LUMO has the highest heterometallic contribution,
being located on the short Pb−Pt(1) bond (Pb 24%, Pt 15%),
also having bonding character, and the associated ppy(1)
ligand.
Time-dependent (TD-DFT) calculations (Table S16 (Sup-

porting Information)) in the gas phase show that the lowest
calculated energy absorptions (446 nm (4), 424 nm (6), 460,
463 nm (6·acetone)) are in agreement with the trend observed
experimentally (484 nm (4), 442 nm (6-y), 500 nm (6·
acetone)) in the solid state. For complex 4, the lowest energy
transition is rather similar to that previously reported for 3.18

According to TD-DFT calculations (Table S16) it is assigned
to a HOMO-1 (85%) + HOMO (11%) to LUMO transition
having, therefore, strong contribution from the Spy-κS,N short-
bonded [bzqPt](1)−Pb fragment and a minor contribution of
the second [bzqPt](2). This transition mainly moves electron
density from the thiolate-κS,N ligand to the Pb−Pt bond/bzq,
being ascribed to 1L′CCT/1L′LCT admixture 1[Spy →
Pb,Pt(bzq)], somewhat perturbed by CT from the second
Pt(bzq) (1MM′CT).
In the symmetrical complex 6 (yellow form), the lowest

electronic transition computed (HOMO-1 to LUMO) mainly
transfers charge from both Spy ligands and the Pt atoms to the
two Pt−Pb bonds in the Pt2Pb unit and ppy coligands, also
being identified as 1L′CCT/1L′LCT 1[Spy → Pb,Pt(ppy)]. As
far as the solvate 6·acetone is concerned, the lowest transition
calculated at 463 nm (HOMO to LUMO) has a remarkable
charge transfer from the pendant [(ppy)Pt](2) unit to the short
Pb−Pt(1) bond and the ppy(1) coligand, mainly being ascribed
to metal−metal charge transfer (1MM′CT) mixed with 1LLCT
(ppy to ppy). This transition lies very close to the next one
(460 nm), which has, however, strong thiolate-to-cluster 1[Spy
→ Pb,Pt1] charge transfer.
Details of the optimized triplet state geometries for the three

complexes are collected in Table S13 (Supporting Informa-
tion). The behavior of complex 4 resembles that previously
found for 3, and upon photoexcitation, 4 also rearranges to a
geometry more symmetric than that calculated for the ground
state with similar Pt−Pb lengths (3.101, 3.166 Å T1 vs 2.832,
3.507 Å S0). The triplet state geometry of 6 displays a

Figure 10. SOMO and SOMO-1 of complexes 4, 6, and 6·acetone.
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symmetrical environment around Pb, with small changes in the
Pt−Pb distances (2.793, 2.906 Å T1 vs 2.920, 2.922 Å S0)
relative to S0. Notably, the Pt−Pb−Pb angle opens from
146.30° in S0 to 166.91° in T1, reflecting the role of the
trimetallic unit in the excited state. In the corresponding
optimized T1 state of 6·acetone, the most relevant feature is the
significant withdrawal of the pendant Pt(2) fragment (Pt−Pb
distances 2.883, 4.393 T1 vs 2.842, 3.858 Å S0), which is
compensated by the approach of the acetone molecule (2.683
T1 vs 2.961 Å S0). As seen in Figure 10 for 4, 6, and 6·acetone,
the singly occupied orbitals are distributed throughout the
cluster with a high contribution of the metallic core (e.g.,
SOMO: Pb 24%, Pt 19% (4); Pb 31%, Pt 24% (6); Pb 42%, Pt
17% (6·acetone); Table S15 (Supporting Information)). It is
worth noting that the contribution of the Spy ligands in all the
computed SOMO-1s (37% (4) 24% (6) 49% (6·acetone)) is in
agreement with the different emission energies observed in
complexes 4 and 6. The very asymmetric geometry calculated
for 6·acetone, in both S0 and T1, is reflected in the
asymmetrical contribution of both Pt fragments with a
negligible contribution of the pendant [(ppy)Pt](2) in the
excited state. The shorter Pt−Pb distance in 6·acetone relative
to that in 6 and greater metallic contribution (55% (6) vs 59%
(6·acetone)) is in line with the red shift observed in the
emission of the solvate complex. The calculated emission
energy, as the difference between the energy of T1 and the
energy of the singlet state with the optimized triplet state (at
568 nm for 4, 537 nm for 6, and 547 nm for 6·acetone) agree
qualitatively with the experimental data (580 nm for 4, 550 nm
for 6, and 570 nm for 6·acetone), supporting a ligand-to-cluster
3L′CCT [Spy → Pt,Pb] excited state with some 3MM′CT and
3L′LCT (Spy to C∧N) character.

■ CONCLUSIONS

In summary, we have prepared two distinct types of the Pt2Pb
clusters [{Pt(C6F5)(C

∧N)}2Pb(SpyR-5)2] (3−6) and studied
in detail their structures and photophysical properties. In spite
of the fact that all clusters feature two Pt−Pb bonds supported
by two bridging pyridine-2-thiolate ligands, the notable
differences in the Pb environment and, consequently, in the
stereochemical activity of the 6s2 lone pair strongly affects their
photophysical response. It was found that only the presence of
asymmetric (hemidirected) environments around the PbII seems
to provoke stimulus-responsive luminescent behavior. Thus, the
ppy/Spy cluster (5), formed by coordination of the pyridine-N
atoms to the Pt center, displays a symmetrical “PbS2Pt2” core
and exhibits a strong emission (mainly 3L′CCT in nature),
which is not sensitive to external stimuli. However, clusters 3, 4
(bzq), and 6 (ppy, SpyCF3), formed by a formal thiolate S-
transfer from PbII to PtII, show an asymmetrical coordination
around the formally charged PbII and are sensible to external
stimuli. In 3 and 4 (bzq), the PbII exhibits an asymmetric
“Pt2N2S” (trans-N,N) environment which changes to a more
symmetric environment in their acetone adducts (“Pt2N2O” (cis-
N,N) in 3·acetone or “Pt2N2SO2”/“Pt2N2SO” in 4·(ace-
tone)1.5), provoking a significant and reversible blue shift
vapoluminescence response (also vapochromic in 3) from the
bright orange emission of the as-obtained solids (3L′CCT with
some 3MM′CT and 3L′LCT (SpyR → C∧N) character), upon
exposure to donor solvents. In the case of 3, TD-DFT
calculations suggest that the change in emission color is related
to a smaller Stokes shift (in 3·acetone), attributed to a different

distortion of the geometry (in 3 and in 3·acetone) around the
PbII center upon photoexcitation. However, in the system 4, in
which both forms show similar Stokes shifts, these changes are
attributed to the concomitant effect of a more holodirected Pb
environment and larger π···π stacking in the acetone form.
For 6 (ppy/Spy-CF3), three forms having different environ-

ments around the PbII ion and, hence, different emissions were
found, depending on the solvent and crystallization conditions.
In most of the solvents (CH2Cl2, CHCl3, C6H6) slow
crystallization generates a yellow form (6-y) with a primary
symmetrical “Pt2N2” environment, supplemented up to 8 with
weak contacts to the S and Fo, which displays an intense yellow
emission. Fast crystallization from CH2Cl2 (or concentrated
solution) gives rise to orange (6-o) or pale orange (6·acetone)
crystals with a very asymmetric primary (“Pt2N2S” (6-o),
“PtN2S” (6·acetone)) coordination, supplemented by weak
contacts (two Fo for 6-o; one Fo and O for 6·acetone). In these
colored forms, the most distinct feature is the twisting of one of
the Pt units, shortening one of the Pt−Pb bonds to ∼2.78 Å.
Curiously, in contrast with the behavior of the bzq clusters (3
and 4), in the solvate 6·acetone the binding of acetone entails
the greatest asymmetry (with a perpendicular orientation of the
Pt fragments), which provokes the rupture of one of the Pt−Pb
bonds that, in turn, is compensated by the presence of strong
π····π intramolecular interactions. The lack of vapoluminescent
response to vapor donor solvents (and even a drop of solvent)
of the yellow solid 6 may be attributed to the marked structural
differences between the yellow and solvate 6·acetone forms,
which makes its transformation difficult in rigid media. In fact,
the more symmetrical and holodirected coordination at PbII

(yellow form) seems to be the most thermodynamically stable
form, as it is generated from the orange forms by stirring in
hexane (sonication or prolonged heating). Theoretical
calculations of 6 and 6·acetone reproduce the observed
symmetrical (6) and asymmetrical (6·acetone) environments
around Pb and the energy of the emissions, supporting a ligand-
to-cluster 3L′CCT [SpyR → Pb,Pt] state with some 3MM′CT
and 3LLCT character. Notably, the amorphous solids generated
upon dissolution/evaporation of 6 in different solvents exhibit
intense emission in a wide range from 580 nm (THF) to 660
nm (CH2Cl2) (depending on the solvent), a feature which is
ascribed to the formation of metastable kinetic forms,
presumably having an asymmetric environment at Pb and a
short Pt−Pb bond. The yellow solid also shows mechanochromic
behavior, with a remarkable red shift in color and luminescence
upon grinding, which is ascribed to the transformation of the
symmetrical form to more asymmetrical structures (similar to 6-
o or 6·acetone) by mechanical stimuli. This work clearly
demonstrates that, in these Pt2Pb clusters, the different
multistimulus-responsive luminescence and color switches are
related to the versatility of the coordination of the PbII center,
perturbed by π····π staking interactions, thus providing a
relevant contribution to fields related to solid-state emission.

■ EXPERIMENTAL SECTION
Materials and Methods. All reactions were carried out under an

argon atmosphere using standard Schlenk techniques and solvents
from a solvent purification system (MBRAUN MB SPS-800).
Elemental analyses were carried out with a Carlo Erba EA1110
CHNS/O microanalyzer. Mass spectra were recorded on a Microflex
MALDI-TOF Bruker (MALDI) spectrometer operating in the linear
and reflector modes with dithranol as the matrix. IR spectra were
recorded on a Nicolet Nexus FT-IR spectrometer from Nujol mulls
between polyethylene sheets. NMR spectra were recorded on Bruker
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ARX 300 and ARX 400 spectrometers at 298 K. Chemical shifts are
reported in parts per million (ppm) relative to external standards
(SiMe4 for

1H and CFCl3 for
13C{1H}), and all coupling constants are

given in hertz (Hz). The UV−vis absorption spectra were measured
with a Hewlett-Packard 8453 spectrophotometer. Diffuse reflectance
UV−vis (DRUV) data of pressed powders were recorded on a
Shimadzu instrument (UV-3600 spectrophotometer with a Harrick
Praying Mantis accessory) and recalculated with the Kubelka−Munk
function. Excitation and emission spectra were obtained in a Jobin-
Yvon Horiba Fluorolog 3-11 Tau-3 spectrofluorimeter. The lifetime
measurements were performed with a Jobin Yvon Horiba Fluorolog
operating in the phosphorimeter mode (with an F1-1029 lifetime
emission PMT assembly, using a 450 W Xe lamp) or with a
Datastation HUB-B with a nanoLED controller and software DAS6.
The nanoLEDs employed for lifetime measurements were of
wavelength 450 nm with pulse lengths of 0.8−1.4 ns. The lifetime
data were fitted using the Jobin-Yvon software package. The
complexes cis-[Pt(C6F5)2(dmso)2],

19g [Pb(Spy)2],
20 [Pb(SpyCF3-

5)2],
20 [Pt(C6F5)(bzq)(acetone)] (1),19a and [{Pt(C6F5)(bzq)}2Pb-

(SpyCF3)2], (3)18 were prepared as reported in the literature.
Additional data for [{Pt(C6F5)(bzq)}2Pb(μ-Spy)2] (3): 19F NMR
(δ, 376.5 MHz, 186 K, CD2Cl2) −116.3 (t, 3JPt−F = 405, 2 o-F),
−123.5 (t, 3JPt−F = 303, JPb−F = 1564, 2 o-F), −163.4 (t, 2 p-F), −163.5
(mbr, 2 m-F), −164.1 (mbr, 2 m-F).
Preparation of [Pt(C6F5)(ppy)(dmso)] (2). 2-Phenylpyridine

(0.23 gr, 1.46 mmol) was added to a toluene solution (20 mL) of
cis-[Pt(C6F5)2(dmso)2] (1 g, 1.46 mmol), and the mixture was
refluxed for 32 h. The resulting yellow-green solution was filtered
through Celite and the filtrate was evaporated to a small volume (∼2
mL) and treated with n-hexane (10 mL) to give 2 as a dark yellow
solid (0.85 g, 97%). Anal. Calcd for C19H14F5NOPtS: C, 38.39; H,
2.37; N, 2.36; S, 5.39. Found: C, 38.72; H, 2.48; N, 2.34; S, 5.49%.
MALDI-TOF (+): m/z (%) 516 [Pt(C6F5)(ppy)]

+ (19), 594 [M]+

(100). IR (cm−1): ν(C6F5 Xsens) 796 (m). 1H NMR (δ, 400.17 MHz,
CD3COCD3): 9.73 (d, JH−H = 5.6, 3JPt−H = 21.7, H2

ppy), 8.14 (m,
H4

ppy, H
5
ppy), 7.76 (d, JH−H = 7.8, H6

ppy), 7.48 (t, JH−H = 6.5, H3
ppy),

7.10 (t, JH−H = 7.5, H7
ppy), 6.96 (t, JH−H = 7.5, H8

ppy), 6.41 (d, JH−H =
7.5, 3JPt−H = 62.4, H9

ppy), 3.11 (s, 3JPt−H = 14.9, 6H, CH3 dmso).
19F

NMR (δ, 376.5 MHz, CD3COCD3): −117.5 (d, 3JPt−F = 494, 2 o-F),
−163.1 (t, 1 p-F), −164.5 (m, 2 m-F). 13C{1H} NMR (δ, 100.6 MHz,
CD3COCD3): 166.8 (s, 1JPt−C = 81.7, C10

ppy), 151.7 (s, C2
ppy), 148.6

(dm, JC−F = 231.2, CC6F5), 147.8 (s, C
12
ppy), 146.6 (s, C

11
ppy), 141.0 (s,

C4
ppy), 136.8 (s, 2JPt−C = 109.3, C9

ppy), 130.6 (s, 3JPt−C = 68.8, C8
ppy),

126.2 (s, C7
ppy), 124.7 (s, 3JPt−C = 37.4, C6

ppy), 124.1 (s, 3JPt−C = 17.4,
C3

ppy), 120.3 (s, 3JPt−C = 28.8, C5
ppy), 45.32 (s, 2JPt−C = 36.3,

CH3 dmso).
Preparation of [{Pt(C6F5)(bzq)}2Pb(μ-SpyCF3-5)2] (4). To a

yellow suspension of [Pb(SpyCF3-5)2], (0.070 g, 0.125 mmol) in
CH2Cl2 (15 mL) was added 2 equiv of [Pt(C6F5)(bzq)(OCMe2)] (1;
0.150 g, 0.250 mmol). The resulting orange solution was stirred for 1 h
and concentrated to a small volume (2 mL) to afford 4 as an orange
solid (0.143 g, 70%). Anal. Calcd for C50H22F16N4PbPt2S2: C, 36.52;
H, 1.35; N, 3.41; S, 3.90. Found: C, 36.41; H, 1.36; N, 3.17; S, 4.24%.
MALDI-TOF (+): m/z (%) 718 [Pt(C6F5)(bzq)(SpyCF3)]

+ (2), 925
[Pt(C6F5)(bzq)Pb(SpyCF3)]

+ (100), 1465 [{Pt(C6F5)(bzq)}2Pb-
(SpyCF3)]

+ (3). IR (cm−1): ν(C6F5 Xsens) 799 (s). 1H NMR (δ,
400.17 MHz, CD2Cl2): 9.27 (sbr, H

2
bzq), 8.10 (d, JH−H = 7.7, H4

bzq),
7.75 (d, JH−H = 8.7, H5/6

bzq), 7.66 (d, JH−H = 7.9, H7
bzq), 7.43 (m,

H3
bzq, H

5/6
bzq, H

8
bzq, H

6
SpyCF3), 7.21 (d, JH−H = 7.6, H3/4

SpyCF3), 7.06 (d,
JH−H = 7.5, H3/4

SpyCF3), 7.03 (d, JH−H = 7.4, 3JPt−H = 56.1, H9
bzq).

1H
NMR (δ, 400.17 MHz, CD3COCD3): 9.25 (d, JH−H = 4.8, 3JPt−H =
26.5, H2

bzq), 8.40 (d, JH−H = 7.5, H4
bzq), 7.85 (d, JH−H = 8.7, H5/6

bzq),
7.69 (d, JH−H = 7.9, H7

bzq), 7.60 (m, H
5/6

bzq, H
3
bzq), 7.57 (s, H

6
SpyCF3),

7.50 (d, J = 7.3, H3/4
SpyCF3), 7.41 (t, J = 7.5, H8

bzq), 7.21 (d, J = 7.3,
H3/4

SpyCF3), 7.03 (d, JH−H = 6.9, 3JPt−H = 57.5, H9
bzq).

19F NMR (δ,
376.5 MHz, 298 K, CD2Cl2): −63.1 (s, CF3), −115.7 (br, 2 o-F),
−124.8 (br, 2 o-F), −162.7 (t, 2 p-F), −164.0 (mbr, 4 m-F). 19F NMR
(δ, 376.5 MHz, 186 K, CD2Cl2): −62.8 (s, CF3), −115.7 (d, 3JPt−F =
384, 2 o-F), −124.6 (d, 3JPt−F = 289, JPb−F = 1594, 2 o-F), −162.1 (t, 2
p-F), −162.8 (m, 2 m-F), −163.7 (m, 2 m-F). 19F NMR (δ, 376.5

MHz, 298 K, CD3COCD3): −63.1 (s, CF3), −118.5 (t, 2JPt−F = 383, 4
o-F), −165.1 (t, 2 p-F), −165.8 (m, 4 m-F). The low solubility of this
complex precludes its characterization by 13C{1H} NMR.

Preparation of [{Pt(C6F5)(ppy)}2Pb(μ-Spy)2] (5). To a suspen-
sion of [Pb(Spy)2] (0.072 g, 0.168 mmol) in CH2Cl2 (15 mL) was
added 2 equiv of [Pt(C6F5)(ppy)(dmso)] (2; 0.200 g, 0.336 mmol),
and the initial yellow suspension was partially dissolved, giving rise to a
red solution. The mixture was stirred for 1 h and filtered through
Celite. The red solution was evaporated to a small volume (2 mL), and
n-hexane was added (5 mL) to give an orange solid identified as 5
(0.176 g, 72%). Anal. Calcd for C44H24F10N4PbPt2S2: C, 36.19; H,
1.66; N, 3.84; S, 4.39. Found: C, 36.60; H, 1.97; N, 3.38; S, 4.21.
MALDI-TOF (+): m/z (%) 626 [Pt(C6F5)(ppy)(Spy)]

+ (100), 833
[Pt(C6F5)(ppy)Pb(Spy)]

+ (39), 1350 [{Pt(C6F5)(bzq)}2Pb(Spy)]
+

(41). IR (cm−1): ν(C6F5 Xsens) 799 (vs). 1H NMR (δ, 400.17 MHz,
CD2Cl2): 8.72 (sbr, H

2
ppy), 7.78 (s, H

6
Spy), 7.63 (m, H

4
ppy, H

5
ppy), 7.58

(d, JH−H = 7.6, H6
ppy), 7.24 (sbr, H

4
Spy), 7.15 (t, JH−H = 7.4, H7

ppy), 7.03
(sbr, H

3
Spy), 7.01 (t, JH−H = 7.2, H3

ppy, H
8
ppy), 6.86 (sbr, H

5
Spy,), 6.79 (d,

JH−H = 6.8, 3JPt−H = 54.7, H9
ppy).

1H NMR (δ, 400.17 MHz,
CD3COCD3): 8.73 (sbr, H

2
ppy), 7.94 (sbr, H

6
Spy), 7.91 (m, H4

ppy,
H5

ppy), 7.73 (d, JH−H = 7.5, H6
ppy), 7.41 (t, JH−H = 7.1, H4

Spy), 7.13 (t,
JH−H = 7.3, H7

ppy), 7.09 (sbr, H
3
Spy), 7.07 (m, H3

ppy), 6.99 (t, JH−H =
7.1, H8

ppy), 6.94 (sbr, H
5
Spy,), 6.80 (d, JH−H = 7.2, 3JPt−H = 59.4, H9

ppy).
19F NMR (δ, 376.5 MHz, 298 K, CD2Cl2): −120.0 (mbr, 4 o-F),
−163.8 (t, 2 p-F), −164.5 (m, 4 m-F). 19F NMR (δ, 376.5 MHz, 186
K, CD2Cl2): −116.1 (d, 3JPt−F = 404, 2 o-F), −123.2 (d, 3JPt−F = 317,
JPb−F = 1557, 2 o-F), −163.1 (t, 2 p-F), −163.7 (m, 2 m-F), −164.1
(m, 2 m-F). 19F NMR (δ, 282.4 MHz, 298 K, CD3COCD3): −117.9
(dm, 3JPt−F = 408, 4 o-F), −164.9 (t, 2 p-F), −165.1 (m, 4 m-F).
13C{1H} NMR (δ, 100.6 MHz, CD3COCD3): 167.7 (s, C10

ppy), 149.4
(s, C2

ppy), 146.8 (s, C6
Spy), 140.8 (s, C5

ppy), 138.0 (s, C4
Spy), 137.1 (s,

C9
ppy), 132.6 (s, C3

Spy), 131.3 (s, C8
ppy), 125.4 (s, C6/7

ppy), 125.3 (s,
C6/7

ppy), 124.4 (s, C3
ppy), 121.0 (s, C5

Spy), 120.3 (s, C4
ppy).

Preparation of [{Pt(C6F5)(ppy)}2Pb(μ-SpyCF3-5)2] (6). This
compound was obtained as a yellow solid (0.221 g, 82%) following
a procedure similar to that described for 5, using as starting precursors
[Pb(SpyCF3-5)2] (0.0948 g, 0.168 mmol) and [Pt(C6F5)(ppy)-
(dmso)] (2 ; 0 .200 g, 0.336 mmol). Anal . Calcd for
C46H22F16N4PbPt2S2: C, 34.61; H, 1.39; N, 3.51; S, 4.02. Found: C,
34.59; H, 1.82; N, 3.93; S, 4.43%. MALDI-TOF (+): m/z (%) 695
[Pt(C6F5)(ppy)(SpyCF3)]

+ (25), 901 [Pt(C6F5)(ppy)Pb(SpyCF3)]
+

(100), 1418 [{Pt(C6F5)(bzq)}2Pb(SpyCF3)]
+ (10). IR (cm−1):

ν(C6F5 Xsens) 794 (vs). 1H NMR (δ, 400.17 MHz, CD2Cl2): 8.93
(sbr, H

2
ppy), 7.86 (sbr, H

6
SpyCF3), 7.61 (sbr, H

4
ppy), 7.47 (sbr, H

5
ppy,

H6
ppy), 7.37 (d, JH−H = 7.9, H3/4

Spy), 7.15 (m, H
7
ppy, H

3/4
Spy), 7.04 (m,

H3
ppy, H

8
ppy), 6.83 (d, JH−H = 6.7, 3JPt−H = 60.9, H9

ppy).
1H NMR (δ,

400.17 MHz, CD3COCD3): 8.92 (d, JH−H = 4.6, 3JPt−H = 26.0, H2
ppy),

8.20 (sbr, H
6
SpyCF3), 7.84 (d, JH−H = 7.8, H5

ppy), 7.81 (t, JH−H = 7.7,
H4

ppy), 7.63 (t, JH−H = 8.2, H6
ppy, H

3/4
Spy), 7.30 (d, JH−H = 5.4, H3/4

Spy),
7.16 (t, JH−H = 5.8, H3

ppy), 7.10 (t, JH−H = 7.2, H7
ppy), 7.01 (t, JH−H =

7.0, H8
ppy), 6.84 (d, JH−H = 7.3, 3JPt−H = 57.5, H9

ppy).
19F NMR (δ,

376.5 MHz, 298 K, CD2Cl2): −62.8 (s, CF3), −116.4 (br, 2 o-F),
−123.7 (br, 2 o-F), −162.7 (t, 2 p-F), −163.9 (m, 4 m-F). 19F NMR
(δ, 376.5 MHz, 186 K, CD2Cl2): −62.1 (s, CF3), −115.9 (d, 3JPt−F =
387, 2 o-F), −123.1 (br, 2 o-F), −162.5 (t, 2 p-F), −163.0 (m, 2 m-F),
−164.0 (m, 2 m-F). 19F NMR (δ, 376.5 MHz, CD3COCD3): −64.6 (s,
CF3), −117.5 (m, 3JPt−F = 382, 4 o-F), −164.4 (t, 2 p-F), −165.0 (m, 4
m-F). 13C{1H} NMR (δ, 100.6 MHz, CD3COCD3): 171.3 (sbr,
C2

SpyCF3), 167.4 (s, 1JPt−C = 76.8, C10
ppy), 150.8 (dm, 1JC−F = 235.2,

CC6F5), 149.9 (s, C2
ppy), 148.3 (dm, 1JC−F = 232.1, CC6F5), 147.3 (s,

C11/12
ppy), 146.6 (s, C11/12

ppy) 143.9 (s, C6
SpyCF3), 141.1 (s, C5

ppy),
137.4 (dm, 1JC−F = 247.8, CC6F5), 137.3 (s,

2JPt−C = 96.6, C9
ppy), 133.7

(s, C3
SpyCF3), 132.4 (s, C4

SpyCF3), 131.4 (s, 3JPt−C = 66.8, C8
ppy), 125.7

(s, C7
ppy), 125.3 (s, 3JPt−C = 37.2, C6

ppy), 124.7 (q, JC−F = 271, CCF3),
124.5 (s, 3JPt−C = 18.4, C3

ppy), 122.6 (q, 2JC−F = 32.4, C5
Spy), 120.1 (s,

3JPt−C = 26.7, C4
ppy).

X-ray Crystallography. Details of the X-ray analyses are
summarized in Tables S10 and S11 (Supporting Information).
Suitable monocrystals for X-ray diffraction were obtained as follows:
greenish yellow (2) and orange (4·0.9CH2Cl2, 6·acetone) crystals
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were obtained by slow diffusion at −30 °C of n-hexane into solutions
of the complexes in CH2Cl2 (2, 4) or acetone (6), respectively. Yellow
(4·(acetone)1.5, 6·4C6H6, 6·4CHCl3) or orange (5·2CHCl3, 6·
2CH2Cl2) crystals were obtained by slow evaporation at 4 °C of the
corresponding saturated solutions of the complexes in acetone (4),
chloroform (5), benzene (6), or dichloromethane (6) or by cooling to
−30 °C a saturated solution of complex 6 in chloroform (6·4CHCl3).
In all cases, graphite-monochromated Mo Kα radiation was used. For
2 and 6·acetone, the data were acquired with an Oxford Diffraction
Xcalibur CCD diffractometer, and the diffraction frames were
integrated and corrected for absorption using the Crysalis RED
package.24 For the rest of the structures, X-ray intensity data were
collected with a NONIUS-κCCD area-detector diffractometer and
images processed using the DENZO and SCALEPACK suite of
programs,25 carrying out the absorption correction at this point for
complexes 4·0.9CH2Cl2, 5·2CHCl3, 6·4C6H6, 6·2CH2Cl2, and 6·
4CHCl3. For 4·(acetone)1.5, the absorption correction was performed
using SORTAV.26 The structures were solved by direct methods or
Patterson methods using SHELXS-9727 (2, 4·(acetone)1.5, 5·2CHCl3,
and 6·acetone) or SIR-200428 (4·0.9CH2Cl2, 6·4CHCl3, 6·4C6H6, and
6·2CH2Cl2) and refined by full-matrix least-squares on F2 with
SHELXL-97.27 All non-hydrogen atoms were assigned anisotropic
displacement parameters. All hydrogen atoms were constrained to
idealized geometries, fixing isotropic displacement parameters at 1.2
times the Uiso value of their attached carbon for the aromatic and
methylene carbons and 1.5 times the Uiso value for the methyl groups.
For the complex 4·(acetone)1.5, which crystallizes in the non-
centrosymmetric space group P21, the crystal chosen for this structural
analysis was found to be a merohedric twin, as confirmed by the
absolute structure parameter (0.456(6)). Inspection of the symmetry
(using Platon29) did not suggest any obvious space group change. For
4·0.9CH2Cl2 and 6·2CH2Cl2, disordered crystallization molecules of
CH2Cl2 were observed but could not be properly modeled. Both
structures were examined with PLATON29,30 and SQUEEZE.29,31 In
the case of 4·0.9CH2Cl2, the presence of two voids of 835 Å3 in the
unit cell was revealed, each of them containing 135e, which fits well
with the presence of 7 molecules of CH2Cl2 in the unit cell. Therefore,
we have included them in the empirical formula as crystallization
solvent (4·0.9CH2Cl2). In the case of 6·2CH2Cl2, it the presence of six
voids in the unit cell was revealed, containing a total of 490e, which fits
well with the presence of 12 molecules of CH2Cl2 in the unit cell.
Therefore, we have also included them in the empirical formula as
crystallization solvent (6·2CH2Cl2). Several restraints have been used
in order to model positional disorders in crystallization solvents (5·
2CHCl3, 0.70/0.30, 0.60/0.40; 6·4CHCl3, 0.60/0.40) or in one CF3
group (4·0.9CH2Cl2, 0.70/0.30; 4·(acetone)1.5, 0.55/0.45; 6·4C6H6,
0.70/0.30; 6·2CH2Cl2, 0.50/0.50). Finally, the structures of 2, 4·
(acetone)1.5, 5·2CHCl3, 6·2CH2Cl2, and 6·4CHCl3 show some
residual peaks greater than 1 e Å−3 in the vicinity of the platinum
atoms or the crystallization solvent, but with no chemical meaning.
Computational Details for DFT Calculations. DFT and TD-

DFT calculations were performed on the solvated and unsolvated
complexes 4 and 6 using Gaussian 09 (revision B.01).32 Geometries in
the S0 ground state were optimized using the B3LYP method and in
the T1 excited state using the unrestricted U-B3LYP Becke three-
parameter functional combined with the Lee−Yang−Parr correlation
functional.33 The geometries obtained in the crystal structures (4·
(0.9CH2Cl2), 4·(acetone)1.5 molecule B, 6·4CHCl3, and 6·(acetone))
were used as starting points in the ground-state optimizations. The
basis set used for the platinum and lead centers was the LanL2DZ
effective core potential and 6-31G(d,p) for the ligand atoms.34
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S.; Sańchez, S.; Shahsavari, H. R. Chem. Commun. 2013, 49, 5067.
(19) (a) Berenguer, J. R.; Lalinde, E.; Moreno, M. T.; Sańchez, S.;
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