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ABSTRACT: In this work, we synthesized two tailored
phosphorescent Pt(II) complexes bearing a cyclometalating
tridentate thiazole-based C^N*N pincer luminophore (L) and
exchangeable chlorido ([PtCl(L)]) or cyanido ([PtCN(L)])
coligands. While both complexes showed photoluminescence
from metal-perturbed ligand-centered triplet states (3MP-LC),
[PtCN(L)] reached the highest phosphorescence quantum yields
and displayed a signiﬁcant sensitivity toward quenching by 3O2.
We encapsulated them into two Zn-based metal−organic frameworks, namely, MOF-5 and ZIF-8. The incorporation of the
organometallic compounds in the resulting composites [PtCl(L)]
@ZIF-8, [PtCN(L)]@ZIF-8, [PtCl(L)]@MOF-5, and [PtCN(L)]@MOF-5 was veriﬁed by powder X-ray diﬀractometry,
scanning electron microscopy, time-resolved photoluminescence spectroscopy and microscopy, as well as N2- and Ar-gas sorption
studies. The amount of encapsulated complex was determined by graphite furnace atomic absorption spectroscopy, showing a
maximum loading of 3.7 wt %. If compared with their solid state forms, the solid-solution composites showed prolonged 3O2sensitive excited state lifetimes for the complexes at room temperature, reaching up to 18.4 μs under an Ar atmosphere, which is
comparable with the behavior of the complex in liquid solutions or even frozen glassy matrices at 77 K.

■

INTRODUCTION

have been made in the design of improved coordination
compounds.12,13 Huo and co-workers showed that the change
from a ﬁve−ﬁve-membered metallacycle system C^N^N to a
six−ﬁve-membered metallacycle C^N*N system leads to
higher ΦL due to better coordination geometries and orbital
overlap.14 These eﬀects are further enhanced by removal of πdonating ancillary ligands and insertion of strong π acceptors,
e.g., exchange of chlorido by cyanido units. For luminescent
metal complexes with tridentate luminophoric ligands, the
coligand can inﬂuence the solubility, and also the tendency
toward aggregation can be modulated.15,10 The ancillary ligand
can also facilitate the covalent embedment into supramolecular
assemblies for biomedical applications, as we have recently
reported in collaboration with Gianneschi and co-workers
regarding the use of a norbornene-substituted pyridine leading

Platinum(II)-based luminescent coordination compounds
featuring a d8 electronic conﬁguration have been in the focus
of research eﬀorts due to their excited state properties and the
applications derived from their phosphorescence.1−11 Intersystem crossing into the triplet manifold and radiative
relaxation from the lowest triplet state is facilitated by the
signiﬁcant spin−orbit coupling associated with the participation of late transition elements in the electronic excited states,
which constitutes a largely relativistic metal-based perturbation. The research ﬁelds span from catalysis,1,2 bioimaging,3−5
and biomedical applications6,7 to uses in organic light emitting
devices (OLEDs).8−11
Due to their strong sigma-donating eﬀect, cyclometalating
luminophores greatly improve the photophysical properties
(prolonged excited state lifetimes τ and increased photoluminescence quantum yields ΦL) by enhancing the ligand
ﬁeld splitting between occupied and empty d orbitals. Thus,
the activation barrier for the thermal occupation of dissociative
metal-centered excited states is enhanced, which in turn
diminishes the population of electronic states that otherwise
lead to radiationless relaxation favored by conical intersections
with the ground state.11 In this sense, signiﬁcant advancements
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Scheme 1. Previously Described Pt(II) Complexes Bearing Tridentate Luminophores and Comparison with the Herein
Reported Design Pattern11,14,15,52,53

is also relevant for photocatalysis.42 Metal complex incorporation into MOFs is generally carried out by postsynthetic
encapsulation with or without linker modiﬁcation. Although
the in situ encapsulation of small molecules has been previously
described,43−45 the in situ immobilization of metal ligand
coordination compounds into a MOF has been rarely
explored,24 despite being a common strategy for enzymes.46−51
In this work, we synthesized and encapsulated two
photoluminescent Pt(II) complexes with long excited state
lifetimes in the well-established Zn(II)-based scaﬀolds MOF554 and ZIF-855 while exploring an in situ and ex situ approach
in order to investigate the behavior of the entrapped d8conﬁgured triplet emitters. The tridentate ligand precursor N(2-phenylpyridine)-N-propyl-thiazole-2-amine (Scheme 1) was
designed to provide a mostly planar coordination plane and a
side-group favoring processability in organic solvents without
major steric constraints. A cyanido coligand provided an
enhanced ligand-ﬁeld splitting with nearly no additional steric
demand. The metal complexes were fully characterized,
including time-resolved photoluminescence spectroscopy,
whereas the encapsulated amount of complex inside MOFs
was determined by graphite furnace atomic absorption
spectroscopy. The resulting composites were analyzed by Xray diﬀractometry, electron microscopy, N2- and Ar-sorption
measurements, time-resolved photoluminescence spectroscopy, and microscopy.

to biocompatible micelles for multimodal bioimaging with dual
orthogonal readouts.16
The excited state properties are signiﬁcantly aﬀected by the
environment, including solvents, aggregation state (e.g.,
amorphous solids vs crystals or solutions),17,18 frozen glassy
matrices vs polymers, as well as the presence of 3O219,20 and
other dynamic or static quenchers.21,22 Among others, the
diﬀerences in dielectric constants of solvents can lead to a shift
in the emission maxima (solvatochromic eﬀect) and in the
charge-transfer character of the emissive excited triplet states
where an enhanced participation of the metal center increases
the radiative rate constant by favoring spin−orbit coupling and
mixing of states with diﬀerent spin multiplicities. If the emitter
is restricted from vibrionic relaxation at low temperatures or in
conﬁned (or rigid) environments, the radiative relaxation is
relatively favored. Intermolecular interactions can diﬀer
depending on aggregation at higher concentrations, in
condensed phases, or in glassy matrices. In liquid solution,
aggregation can be controlled by varying the concentration and
the bulk of the coligand. In addition, the strategy of a “solidsolution” environment23 can be used, as recently reported by
Che and co-workers for a Pt(II) complex embedded in a
metal−organic framework (MOF).24 In his work, the MOFs
were used as concentrators for the Pt(II) complexes to induce
aggregation inside them and leading to 3MMLCT emission.24
Otherwise and to the best of our knowledge, the behavior of
monomeric Pt(II)-based triplet emitters in MOFs has been
rarely explored,25 despite their potential uses as (photo)catalysts or sensors.24
MOFs are suitable scaﬀolds for the encapsulation of various
molecular species including metal complexes, nanoparticles,
dyes, or enzymes.26−30 Their deﬁned pore structure and
variable linkers make MOFs tunable for various applications
including catalysis,31−33 drug delivery,34 or molecular sensing.35,36 Porous luminescent MOFs including the encapsulation of photofunctional complexes play an important role in
photocatalysis or as sensors for quenching species such as
3
O2.37,38 For example, Xu and co-workers as well as Matsuoka
and co-workers both functionalized a metal−organic framework (MOF-253 and Zr-MOF-bpy, respectively) with PtCl2
to form a Pt(II) complexes where the MOF-linker acted as a
ligand for potential applications in photocatalytic hydrogen
production.39,40 By modiﬁcation of the linker, Shi and coworkers bound a Ru(II) complex to the MOF scaﬀold,
producing a composite that is suitable for photocatalysis.41
Another postsynthetic approach was used by Gao and coworkers to encapsulate an Ir(III) complex into UiO-66, which

■

RESULTS AND DISCUSSION
We designed and realized a new thiazole-based C^N*N-type
luminophore as a suitable pincer ligand precursor (LH) in a
three-step synthetic procedure, paying attention to a
minimized bulk to favor encapsulation in a MOF matrix
while providing a strong ligand ﬁeld splitting owing to
cyclometalation and a close-to-ideal coordination geometry.
Hence, we obtained the corresponding Pt(II) chlorido
complex [PtCl(L)] via an ortho-directed cyclometalation, as
well as the corresponding cyanido coordination compound
[PtCN(L)] upon exchange of the coligand, thus maximizing
the thermal activation barrier toward metal-centered dissociative states that might potentially quench the emissive
triplet state. Each new intermediate and complex was
characterized by one- and two-dimensional nuclear magnetic
resonance (NMR, Figures S1−S30) spectroscopy as well as
mass spectrometry (EM-ESI-MS). The metal complexes were
further analyzed by infrared (IR; Figures S31−S32), single
crystal X-ray diﬀractometry, and time-resolved photoluminescence spectroscopy. Subsequently, the Pt(II) complexes were
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Scheme 2. Three-Step-Synthesis of the Ligand Precursor LHa

(i) Buchwald-Hartwig cross-coupling: Na2CO3, Xantphos, Pd2(dba)3, toluene, tBuOH, H2O, 130 °C, 72 h, 49% yield. (ii) Alkylation: 1brompropane, Cs2CO3, THF, 80 °C, 16 h, 40% yield for 2a, 51% yield for 2b. (iii) Suzuki cross-coupling: phenylboronic acid, K2CO3, Pd(PPh3)4,
THF, H2O, 80 °C, 16 h, 83% yield.

a

embedded in the MOFs ZIF-8 and MOF-5 by in situ
encapsulation or postsynthetic incorporation, respectively.
The obtained complex@MOF composites were analyzed by
powder X-ray diﬀractometry (PXRD), N2 sorption, Ar
sorption, graphite furnace and ﬂame atomic absorption
spectroscopy (GFAAS and FAAS), and scanning electron
microscopy (SEM). Time-resolved photoluminescence spectroscopy measurements were carried out in the air and under
Ar. The detailed procedures and additional structural and
spectroscopic data can be found in the Supporting Information
(SI).
Synthesis of [PtCl(L)] and [PtCN(L)]. The intermediate
compound 1 (Scheme 2) was obtained by a BuchwaldHartwig-cross coupling reaction. As expected, alkylation of 1
yielded two possible products, due to the tautomeric behavior
of amino-thiazoles leading to the exo- (2a) as well as to the
endocyclic (2b) products. Mihovilovic and co-workers
previously investigated the substitution reaction of aminothiazoles for a synthetic purpose:56 Using their optimized
conditions (DMF, NaH, room temperature) to obtain the
amine derivative57 led in our case to a product ratio of 1:1.8
(2a/2b). Switching to Cs2CO3 in reﬂuxing THF overnight
resulted in a slightly better ratio of 1:1.3 with a yield
enhancement from roughly 30% to nearly 40% for 2a. The
3
JHH-coupling constant of the thiazole gives a good indication
for the substitution pattern as previously reported in the
literature.56,57 For the amine derivatives (2a), these values are
found around 3JHH = 3.6 Hz, whereas the imine (2b) shifts to
3
JHH = 4.8 Hz. The last step toward the ligand precursor LH
was realized by means of a Suzuki-cross-coupling reaction.
After obtaining the ligand precursor LH, the Pt(II) complex
was obtained using cyclometalation reaction conditions
(K2[PtCl4], nBu4NCl, AcOH, 130 °C) to yield the chlorido
complex [PtCl(L)]. As previously observed upon alkylation on
the thiazole ring, coordination of the metal center shifts the
coupling constants to roughly 3JHH = 4.0 Hz. The ancillary
ligand exchange was carried out using AgCN, yielding the
corresponding cyanido complex [PtCN(L)]. The herein
described synthetic route is summarized in Schemes 2 and 3.
Molecular Structures in Single Crystals As Obtained
by X-Ray Diﬀractometry. For 1, 2b, [PtCl(L)], and
[PtCN(L)], the structural data are given in the SI (Tables
S1−S4; Figures S33−S36). The crystal structures of [PtCl(L)]
and [PtCN(L)] are isomorphous to each other with the
trigonal space group of R3̅. Pt(II) shows the expected square
coordination geometry in an almost planar environment
(compare Figures 1 and S35). The largest deviation from the
perfect quadratic coordination around the Pt(II) centers

Scheme 3. Cyclometalation and Ligand Exchange Towards
the Desired Pt(II) Complexesa

a
(i) K2[PtCl4], nBu4NCl, glacial acetic acid, 130 °C, 16 h, 65% yield;
(ii) AgCN, MeCN, CHCl3, 80 °C, 71% yield.

involves the angle encompassing the ﬁve-membered metallacycle. For [PtCN(L)], this angle corresponds to 82.25° (N3−
Pt1−C31), while the overall angle sum adds up to 359.50°. In
general, the characteristic values for these C^N*N-type
complexes agree with the literature for comparable compounds.14 The main intermolecular interaction in both
complexes can be described as π−π58 and CH−π interactions
(Tables S3 and S4).59 A special feature is the dimer formation
involving two molecular units. For [PtCl(L)] and [PtCN(L)],
the nearest centroid−centroid distances (3.400 and 3.440 Å,
respectively) suggest a dimer interaction between two adjacent
molecules (Figure 1 right, Figures S35B and S36B), while the
relatively long Pt−Pt distances (5.905 Å for [PtCl(L)] and
5.860 Å for [PtCN(L)]) indicate that this interaction is purely
π−π in nature.58 Slightly extended but more strongly slipped
π−π interactions between the dimeric pairs lead to the
formation of linear chains (Figures S35 C and S36 C).
Time-Resolved Photoluminescence Spectroscopy of
[PtCl(L)] and [PtCN(L)]. Figure 2 shows the absorption and
photoluminescence spectra of [PtCl(L)] and [PtCN(L)];
their photophysical properties are summarized in Table 1 (the
complete set of spectra, photoluminescence decay plots, and
photoluminescence micrographs are shown in Figures S37−
S57). The maxima in the UV/vis-absorption spectra (Figure
2A) show the typical vibrational progressions that can be
assigned by comparison with related compounds.14,18 The
bands at short wavelengths associated with high molar
absorption coeﬃcients can be attributed to a transitions into
excited singlet states possessing ligand-centered character
(1LC/1ππ*). The bands at lower energies (325−425 nm)
can be described as transitions into singlet excited states with
mixed ligand-centered and metal-to-ligand charge-transfer
character (1LC and 1MLCT, respectively). The absorption
band at 395 nm for [PtCN(L)] can be assigned to a transition
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Figure 1. Molecular structure of [PtCN(L)] (left) as obtained by X-ray diﬀractometry on a single crystal. Dimer type formation involving π···π and
C−H···π interactions (right). Thermal ellipsoids are shown at 30% probability.

Figure 2. (A) UV/vis-absorption spectra of [PtCl(L)] (black) and [PtCN(L)] (red) in DCM at 298 K; (B) photoluminescence spectra (λexc = 350
nm) of [PtCl(L)] (black) and [PtCN(L)] (red) in ﬂuid DCM at 298 K; (C) photoluminescence spectra (λexc = 350 nm) of [PtCl(L)] (black) and
[PtCN(L)] (red) in a frozen glassy matrix (DCM/MeOH 1:1) at 77 K; (D) photoluminescence spectra (λexc = 350 nm) of [PtCl(L)] (black) and
[PtCN(L)] (red) as neat solids.

complex [PtCN(L)], due to the enhanced ligand ﬁeld-splitting
that suppresses radiationless deactivation pathways, thus
prolonging τ and enhancing ΦL. The τ in solution for
[PtCl(L)] is rather short (17.50 ns) and thus insensitive to
diﬀusional quenching by dissolved 3O2, which is also true for
the rather low ΦL (<0.02). On the other hand, the cyanido
complex [PtCN(L)] displays a τ = 0.69 μs and a low ΦL
(<0.02) that both rise drastically upon deaeration to reach
values of τ = 33.5 μs and ΦL = 0.46. In frozen glassy matrices at
77 K, both compounds show even longer τ values (31.2 μs for
[PtCl(L)] and 42.3 μs for [PtCN(L)]) and nearly unitary ΦL.
In solid phases, the behavior diﬀers quite strongly from the
solutions and glassy matrices. The powder of [PtCl(L)] shows
a diﬀerent vibrational progression where the second maximum

into a mainly pure 1MLCT state, due to the correspondingly
low molar absorption coeﬃcient (1.5 × 103 M−1 cm−1).
The excitation spectra of both complexes resemble the
absorption spectra. The emission spectra (Figures 2B and C)
show the typical vibrational progressions associated with the
emission from MP-LC states. The diﬀerences between the
spectra of the chlorido and cyanido complexes in ﬂuid solution
and frozen glassy matrices are marginal, which shows that the
coligand only has a very small inﬂuence on the energy of the
emissive excited states. The excited state properties are mainly
dominated by the tridentate luminophore L with a
perturbation from the Pt(II) center. On the other hand, the
coligand change has a signiﬁcant impact on ΦL and τ. Overall,
the radiative process is relatively more eﬃcient for the cyanido
7255
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Table 1. Photophysical Data for the Complexes [PtCl(L)] and [PtCN(L)]
[PtCl(L)]
ﬂuid solution (DCM,
298 K)

frozen glassy matrix
(DCM/MeOH 1:1,
77 K)

powders (298 K)

crystals (298 K)

λabs/nm (ε/
103
M−1cm−1)
λexc/nm
λem/nm
τ/μsc
Φ ± 0.02
λexc/nm
λem/nm
τ/μsc
Φ ± 0.02
λem/nm
τ/μsc
Φ ± 0.02
λem/nm
τ/μsc

[PtCN(L)]

265 (30.8), 277 (28.0), 313 (12.0), 348 (12.1), 368 (7.8)

255 (28.2), 265 (30.5), 275 (28.7), 300 (19.0), 339 (12.2),
355 (13.6), 395 (1.5)

352, 370
494, 530, 555 (shoulder)
17.50 × 10−3 ± 0.13 × 17.9 × 10−3 ± 0.7 × 10−3 [24 × 10−3 ± 2
10−3,a
× 10−3 (6); 17.50 × 10−3 ± 0.18 × 10−3
(94)]b
<0.02a
<0.02b
318, 348, 367
484, 522, 556
31.2 ± 1.0 [38.9 ± 0.5 (40); 26.0 ± 0.4 (60)]
0.98
501, 536, 570 (shoulder)
0.75 ± 0.04 [1.47 ± 0.05 0.79 ± 0.04 [1.44 ± 0.04 (18);
(28); 0.627 ± 0.014
0.652 ± 0.013 (82)]b
(72)]a
0.04a
560, 610
1.44 ± 0.14 [4.8 ± 0.1 (38); 1.26 ± 0.04 (53); 0.18 ± 0.08 (10)]a

311, 360, 390 (shoulder)
489, 524, 555 (shoulder)
0.686 ± 0.005a

33.5 ± 0.2b

<0.02a
0.46b
310, 371, 400 (shoulder)
486, 522, 549 (shoulder)
42 ± 2 [65.8 ± 0.9 (37); 33.7 ± 0.9 (51); 8 ± 3 (13)]
0.98
501, 545, 566
1.30 ± 0.17 [8.7 ± 0.4 (4);
2.0 ± 0.3 [12.0 ± 0.7 (5);
2.21 ± 0.13 (21);
3.6 ± 0.2 (24);
0.63 ± 0.04 (75)]a
0.82 ± 0.07 (71)]b
0.02a
0.02b
525 (shoulder), 560
2.04 ± 0.14 [5.6 ± 0.4 (22); 1.45 ± 0.12 (43); 0.40 ± 0.04
(35)]a

a
Aerated sample. bDeaerated sample. cPhotoluminescence decays measured detecting at 530 nm. For multiexponential decays, the amplitudeweighted average lifetimes are given as well as the diﬀerent components in square brackets with relative amplitudes as percentages in parentheses.
λexc = 350 nm was used for the emission and ΦL measurements, λem = 530 nm for excitation measurements, and λexc = 376.7 nm and λem = 530 nm
were used for the lifetime measurements.

at λ = 536 nm is the most prominent band. This is due to the
restriction of vibrational modes in the solid environment, but
no excimeric emission band can be traced beyond 600 nm. On
the other hand, the emission spectrum of [PtCN(L)] as a
powder is dominated by a broad red-shifted band peaking at λ
= 560 nm, which can be assigned to an excimeric state without
signiﬁcant intermetallic interaction. The X-ray diﬀractometric
analysis actually showed a dimer formation with a π−π
interaction of 3.440 Å, which might lead to excimers but
without signiﬁcant Pt−Pt interaction. The lack of excimeric
emission by [PtCl(L)] in the solid state may be related to a
diﬀerence in the overlap of the coordination planes and lead to
a weaker inﬂuence on the emission.
Similar results were obtained if powders of the complexes or
crystals thereof were investigated by using time-resolved
spectroscopy or time and spectrally resolved confocal
microscopy (Figures S44−S57). In any case, the solid-state
photoluminescence of both complexes is not signiﬁcantly
inﬂuenced by 3O2, which is true for ΦL as well as for τ. We
assume that the packing in the crystal hinders the interaction of
the luminophores with 3O2. In fact, we observe the formation
of potential channels along the 3-fold rotation/rotoinversion
axes with the alkyl chains for [PtCN(L)] and the hydrogens of
the phenyl ring for [PtCL(L)] oriented into these channels
(Figures S35D and S36D).
Synthesis of complex@MOF Composites. For the
complex encapsulation, two Zn-based MOFs, namely, ZIF-8
and MOF-5, were selected, as their pore sizes ﬁt the dimension
of the coordination compounds (complex size roughly 8 Å ×
12 Å, pore diameter 11 Å for ZIF-860 and 13 Å for MOF-5).61
The complex@MOF composites were prepared in two
diﬀerent ways (see SI for further details): The in situ
procedure was performed for the encapsulation of the Pt(II)
complexes in ZIF-8 by adding the coordination compounds to
the MOF precursor and then preparing the MOF following a
synthesis route described in the literature. For [PtCN(L)], the
amount of complex used in the synthesis was varied to

determine the optimal amount of encapsulated complex. A
post synthetic approach was not used due to the very small
pore windows of ZIF-8 with only a ∼3 Å diameter. For the
postsynthetic procedure, MOF-5 was prepared as single
crystals or powder samples. The complex was then
encapsulated by adding the single crystals or powders to a
solution of the complex in DCM. After 24 h, the MOF samples
were washed until the solution did not show any residual
photoluminescence. The synthesis of MOF-5 was carried out
in DMF, but since complexes are poorly soluble in this solvent,
the in situ approach was not tried for MOF-5.
PXRD of the complex@MOF Composites. The experimental powder X-ray diﬀractograms of the complex@MOF
composites match the simulations (Figures S58 and S59). The
absence of additional reﬂections or reﬂections for [PtCN(L)]
and [PtCl(L)] in the PXRDs indicates the lack of crystalline
order for the embedded complex in the MOFs and rules out
crystallization of the complexes at the outer MOF surface,
respectively.
Sorption Measurements on the complex@MOF
Composites. For porosity determination and as an indication
of an encapsulated complex in the pores of the MOFs,
comparative N2 (ZIF-8 and MOF-5) and Ar gas sorption
(ZIF-8) measurements were performed for neat MOFs and
their composites (Figures 3 and 4 and Figures S60−S63, Table
2).
The ZIF-8 samples show an N2 adsorption step in the
relative pressure range of 0.03 to 0.05 (Figure S62). This early
sorption step is known from the literature and related to a
reorganization of the methylimidazolate linker, resulting in a
slight pore window widening and additional gas adsorption.62,63 At the same time, this early adsorption step makes a
BET surface area determination for this microporous material
diﬃcult (see SI, section S7, for further details). Hence, we
resorted to Ar sorption for ZIF-8 and its composites, where
this early step is absent (Figure 3). Also, Ar sorption is
advocated for BET surface area determination of microporous
7256
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Up to p/p0 ≈ 0.2, the Ar sorption isotherm of ZIF-8
corresponds to a type I isotherm. The Ar sorption isotherm has
a pronounced adsorption step at p/p0 ≈ 0.55 with a hysteresis
loop in the in the range of 0.3 to 0.6. Again, this second step is
due to the reorganization of the linker, causing additional
adsorption.67
However, the Ar adsorption isotherms and porosity
characteristic for neat ZIF-8 and its composites are nearly
the same within experimental uncertainty (Figure 3, Table 2).
This seems at ﬁrst counterintuitive to a successful encapsulation of the complex; however other analytical methods
including atomic absorption spectroscopy (Table S7) and
photoluminescence spectroscopy (Figure 5) clearly show that
the complexes are encapsulated up to ∼2.3 wt % in all ZIF-8
samples. Neat ZIF-8 porosity data from Ar sorption span a
range from 989 m2 g−1 to 1200 m2g −1 for the speciﬁc BET
surface area depending inter alia on the synthesis conditions.
Although the pore size of ZIF-8 may seem to be large enough
to accommodate the Pt complexes, it must be clear that in
solution the dissolved Pt(II) complex will have a solvent shell,
leading to a higher eﬀective radius than its dimensions inferred
from the crystal structure. Hence, during the in situ formation
of ZIF-8, the framework will construct around the solvated Pt
complexes. Most likely, perfect ZIF-8 pores or a perfect ZIF-8
framework cannot be generated around the solvated complex,
but a ZIF-8 defect structure will be obtained, leading to the
formation of “super-pore” defects in which the solvated Pt(II)
complex is embedded (Figure S64). When the complex@ZIF8 product is dried after synthesis, the solvate shell is
evaporated, resulting in a super pore “rattle” with the complex
inside. It has been shown for ZIF-8 that synthesis procedures
which lead to the targeted addition of defects in the ZIF-8
structure increase the surface area by 100 to 250 m2g−1 (and
also the pore volume).70,71 Also, additional reactants can
change the ZIF-8 surface area.72 Here, the in situ synthesis of
the complex@ZIF-8 composites requires slightly inherent
diﬀerences in the synthesis conditions from the neat ZIF-8. In
light of what has been stated before, it is evident that a direct
porosity comparison between neat ZIF-8 and its composite is
diﬃcult. The inclusion of small complex molecules into a MOF
should only lead to a lower surface area when the molecules ﬁll
the pores completely or only block the pore access. In our case,
however, we must assume a superpore or defect-structure
formation around the complex such that the surface area could
even increase. The “unchanged” surface area is interpreted
through the opposing eﬀects of such a surface area increase
and the incorporation of an additional “dead mass,” which
reduces the speciﬁc (mass-based) surface area. We note again
that our other analyses, that is, atomic absorption spectroscopy

Figure 3. Ar sorption isotherms of [PtCN(L)]@ZIF-8−5 (green
circles; “5” indicates the amount of Pt complex used in the composite
synthesis) and neat ZIF-8 (black squares). Filled symbols, adsorption;
empty symbols, desorption.

Figure 4. N2 sorption isotherms of [PtCN(L)]@MOF-5 (green
circles; from MOF-5 powders) and neat MOF-5 (black squares).
Filled symbols, adsorption; open symbols, desorption.

materials,64 since N2 sorption often overestimates BET areas of
micro- to mesoporous MOFs.65,66

Table 2. Porosity Characteristics of the complex@MOF Composites and Neat MOFs

Ar sorption

N2 sorption

samplea

BET [m2g−1]

maximum uptakeb
[cm3g−1]

micropore volumec
[cm3g−1]

total pore volumed [cm3g−1]

[PtCN(L)]@ZIF-8−5
[PtCl(L)]@ZIF-8
ZIF-8
[PtCN(L)]@MOF-5
[PtCl(L)]@MOF-5
MOF-5

1387
1368
1384 (lit.: 989−1200)68,69
2894
2877
3060 (lit.: 2900)73

555
538
560
788
773
893

0.4
0.4
0.4
0.9
0.9
1.0

0.74
0.71
0.75
1.2
1.2
1.4

“5” indicates the amount of Pt(II) complex used in the ZIF-8 composite synthesis; MOF-5 composites from MOF-5 powder sample.
Determined at p/p0 = 0.65 for ZIF-8 and 0.8 for MOF-5. cDetermined at a p/p0 = 0.1−0.2 for pores <12 nm for ZIF-8 and <15 nm for MOF-5.
d
Determined at a p/p0 = 0.8 for pores <12 nm for ZIF-8 and p/p0 = 0.85 for pores <15 nm for MOF-5.
a

b
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Figure 5. (A) Emission spectra (λexc = 350 nm) of [PtCl(L)]@ZIF-8 (red), [PtCN(L)]@ZIF-8−2 (blue), and [PtCN(L)]@ZIF-8−5 (black) at
room temperature (“-2” and “-5” in ZIF-8-2, ZIF-8-5 indicate the amount of Pt complex in mg, which was used in the composite synthesis). (B)
Emission spectra (λexc = 350 nm) of [PtCl(L)]@MOF-5-P (Powder, black) and [PtCN(L)]@MOF-5-P (Powder, red; “P” denotes powder
sample). (C) Picture (λexc = 366 nm) of the pure solid complexes (left), pure ZIF-8, and its composites with complexes (middle) as well as pure
MOF-5 and its composites with both complexes (right; samples under Ar atmosphere).

and the photophysical data, clearly conﬁrm the successful
encapsulation of the Pt complexes in ZIF-8.
For MOF-5, a porosity comparison was possible by using a
sample from the same batch for the neat MOF and its
postsynthetically derived composites. For the MOF-5 samples,
all measurements gave a type I isotherm typical for
microporous materials. The BET-surface area of neat MOF-5
was determined as 3060 m2g−1 from N2 adsorption (Figure 4),
which is in good agreement with the literature values (2200−
2900 m2 g−1).73−75 As expected, the BET-surface areas of the
composites derived from MOF-5 are slightly lower than the
BET-surface area of neat MOF-5 (Table 2). Despite the
somewhat larger amount of complex encapsulated postsynthetically for MOF-5 (as compared to the ZIF-8
composites and reaching up to ∼3.7 wt %, see Table S8),
only slightly lower BET surface area and pore volumes are
observed for the complex@MOF-5 composites (Table 2).
Scanning Electron Microscopy of complex@MOF
Composites. Scanning electron micrographs of [PtCN(L)]
@ZIF-8−5 (Figure 6, top) and [PtCl(L)]@ZIF-8 as well as
neat ZIF-8 (Figures S65 and S66) show small spherical
particles with an approximate diameter of 83 nm ±14 and 90
nm ±14 nm, respectively (histograms shown in Figures S67

and S68). Within the range of the standard deviation, the
particles have the same size as neat ZIF-8 corresponding to 92
nm ±14 nm (Figures S66 and S69). Thus, the in situ
encapsulation has no measurable eﬀect on the crystal growth
or size, supporting the results from the PXRD measurement.
For MOF-5, the SEM images and the particle size distribution
of 2 μm ± 1 μm derived therefrom agree between neat MOF-5
and its composites (Figure 6, bottom, and Figures S70−S74).
All SEM images show a small number of particles that are
signiﬁcantly larger than the average.
Quantiﬁcation of Metals in the complex@MOF
Composites. The amount of the encapsulated Pt(II)
complexes in ZIF-8 and MOF-5 was determined by Pt and
Zn quantiﬁcation using a graphite furnace and ﬂame atomic
absorption spectroscopy (GFAAS and FAAS), respectively
(Tables S7 and S8). For small amounts (below 1 wt %), the
AAS determination of Pt showed that the loading can vary
signiﬁcantly between batches, indicating a less reproducible
incorporation but possibly also sample inhomogeneities or
larger uncertainties in the AAS sample preparation.
The Pt quantiﬁcation becomes reproducible at about 2 and 3
wt % of the [PtCN(L)] complex in ZIF-8 (prepared with 5 mg
and 10 mg of complex, respectively, during the in situ
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stronger, with only 0.003 wt % ± 0.001 wt % eﬀectively
encapsulated. The longer diﬀusion path in the single crystals
can be blocked by complexes that become immobilized near
the pore mouths (vide infra).
DFT Calculations on [PtCN(L)]@MOF-5 Composites.
For a visualization of the complex in a MOF matrix, the
complex was placed in the middle of the pore and the system
was allowed to fully relax, resulting in the structure shown in
Figure 7. It is evident upon visual inspection that only a

Figure 6. SEM image of [PtCN(L)]@ZIF-8−5 (top; prepared from
5 mg of Pt(II) complex) and [PtCN(L)]@MOF-5 (bottom).
Figure 7. Visualization of one possible structure of [PtCN(L)]@
MOF-5. Positioning of the complex was calculated with DFT
methods. The binding energy between the complex and MOF-5 is
76.54 kJ mol−1.

encapsulation). This corresponds to a maximum loading of one
Pt atom per 70 Zn atoms for ZIF-8, while starting from a
molar Pt to Zn ratio corresponding to 5:70. In comparison, the
[PtCl(L)]@ZIF-8 sample contains signiﬁcantly less complex
(<1 wt %) than the [PtCN(L)]@ZIF-8-5 sample (2 wt %) if
the same amount of complex (5 mg) is used in the synthesis.
Therefore, [PtCN(L)] seems to be more suitable for
encapsulation into ZIF-8, possibly due to interactions between
the cyanido ligand and methylimidazole, or due to slightly
better solubility of [PtCN(L)] in methanol. If the amount of
complex used in the synthesis is increased, also the mass
fraction of complex in the product increases, albeit not
proportionally. With only 1 or 2 mg of [PtCN(L)] during the
synthesis, the composite loading was less than 1 wt %. For 5
mg of [PtCN(L)] during the synthesis, a composite loading of
∼2 wt % and, for 10 mg, a loading of ∼3 wt % was achieved.
In MOF-5, Pt was detected in signiﬁcant amounts for all
composite samples. Again, [PtCN(L)] seems to be more
suitable for encapsulation in MOF-5 than [PtCl(L)], possibly
due to interactions between the cyanido unit and Zn2+ or the
structural MOF-ligand, or even due to the slightly better
solubility of [PtCN(L)] in methanol. The amount of
[PtCN(L)] (roughly 3.7 wt % ± 0.5 wt %) in the composites
obtained from MOF-5 powders is more than 10 times higher
than for [PtCl(L)] (approximately 0.30 wt % ± 0.03 wt %)
using the same loading conditions. For the complex@MOF-5
composites derived from single crystals of MOF-5, the amount
of encapsulated [PtCN(L)] in the three to four preselected
crystals is signiﬁcantly lower (only 0.37 wt % ± 0.05 wt %) if
compared to about the same mass of powder. This can be
traced to the longer diﬀusion paths of the larger cubic single
crystals (edge length 0.5 mm to 1 mm) if compared to the
smaller powder particles. For [PtCl(L)], this eﬀect is even

monomeric entity of the complex can ﬁt approximately along
the room diagonal of the cubic pore in MOF-5. The binding
energy of [PtCN(L)] to MOF-5 was obtained as the diﬀerence
between the sum of energies of MOF-5 and [PtCN(L)] alone
and the energy of the composite, where the energy of
[PtCN(L)] alone was obtained by placing the complex
structure in a cell of the same size as found in MOF-5. The
method resulted in a binding energy of 76.54 kJ mol−1. Details
on the computational setup can be found in the SI.
Confocal Laser Scanning Microscopy of the complex@MOF-5 Composites. To visualize and thereby prove
the encapsulation of the complexes in the MOF-5 single
crystals, [PtCN(L)]@MOF-5 and [PtCl(L)]@MOF-5 were
imaged with confocal laser scanning microscopy (CLSM). For
[PtCN(L)]@MOF-5, the encapsulation of the complex at the
outer regions of the crystal can be veriﬁed (Figure 8). The
inner region of the crystal gives no luminescence, supporting
the hypothesis that the complexes become immobilized near
the pore mouths. The bright luminescence spots extend up to
200 μm into the crystal, indicating that the complex has
penetrated by diﬀusion and is encapsulated in the pores. Due
to the small amount of [PtCl(L)] complex encapsulated in the
single crystals of MOF-5 (see AAS results, Table S8), the
CLSM images show only a weak luminescence intensity from
the complex, and ﬂuorescence of the MOF itself can be
detected in the background as well (Figures S75, left, and S76).
Therefore, these images give no information about internal or
external immobilization of the complex.
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signal-to-noise-ratio associated with weaker photoluminescence intensities. For the lower loadings, the emission clearly
originates from purely monomeric species (Figure 5B). In fact,
the in situ synthesis toward complex@ZIF-8 can potentially
lead to the encapsulation of aggregates into defect regions with
enlarged pores. Nonetheless, MOFs and related structures are
known for the prevention of the aggregation of ﬂuorescent
organic dyes.26,76,77 Due to the consistent shape of the
emission spectra, we conclude that there is no signiﬁcant
interaction of the complexes with the MOF components. For
[PtCN(L)]@ZIF-8-2, the lower loading leads to an enhanced
lifetime (τ = 18.3 μs) and to a boost of ΦL reaching 0.29 in an
Ar atmosphere, if compared with the solid state of the pure
complex. It is worth it to mention that both the ΦL and the τ
are strongly dependent on the presence of 3O2. In fact, the airequilibrated sample of the composite shows signiﬁcantly
shortened τ and lowered ΦL (τ = 3.4 μs and ΦL < 0.02,
respectively). These values are comparable to those of the neat
complex in the solid state at room temperature. Higher
loadings in the ZIF-8 composites (prepared by using 5−10 mg
of complex) lead to drops in ΦL and shortened τ, with a shift in
the vibrational progression and an enhancement in the
intensity of the emission band at λ = 560 nm (Figure 5 A),
which was previously assigned to the excimeric luminescence
from dimeric species.
Due to the sensitivity of MOF-5 to humidity, the
photophysical measurements were carried out in a dry Ar
atmosphere (for the powders in the spectrometer) or in nhexane and emulsion oil (for the single crystals on the confocal
time-resolved microscope with spectral resolution). The
vibrational progression observed in the emission spectra
suggests a monomer-based photoluminescence (Figure 5B).
This observation is in good agreement with the results from
DFT calculations showing that only monomeric species can ﬁt
into MOF-5 cavities approximately along the pore diagonal
(Figure 7). Compared to the complexes as pure solids, the
composites show similarly long τ values. For the [PtCl(L)]@
MOF-5 composite as a powder, the ΦL is actually lower
(≤0.04) than in the solid state (ΦL = 0.04) but still higher than
in ﬂuid DCM solution at room temperature (ΦL < 0.02). The
composite [PtCN(L)]@MOF-5 shows a better ΦL (0.08) than
the pure solid complex (ΦL ≤ 0.04), which is most likely due
to the monomeric nature and the lack of intermolecular
quenching in MOF-5, but still inferior to the complex in ﬂuid
deaerated DCM solution at room temperature (ΦL = 0.46).
For both complexes, the single crystals of MOF-5 show very
low loadings (see Table S8), and also the τ values (4.7 and
4.04 μs) are shorter than for MOF-5 composites obtained
from powders (11.1 and 10.5 μs).
In general, the photoluminescence decays of the composites
are triexponential. The two longer components resemble the τ
of the pure complexes in frozen glassy matrices at 77 K, where
vibrational relaxation is restricted leading to longer decays and
enhanced ΦL. In contrast, the shorter components are closer to
the τ in pure solids. The [PtCN(L)]-based composites show
that higher loadings favor shorter decays, thus suggesting
intermolecular quenching.

Figure 8. CLSM image of a single crystal of [PtCN(L)]@MOF-5.
The crystal was scanned in the top-to-bottom (z) direction in steps of
0.1 μm. The obtained images were stacked to visualize the 3D scan
(see Figure S77, SI for the individual images in an on-top view). λexc =
405 nm, λem = 550 nm. A laser power of 5% did not cause a signiﬁcant
MOF background photoluminescence.

Photophysical Characterization of the complex@
MOF Composites. The photophysical data of the composites
are summarized in Table 3 and the corresponding photoluminescence spectra are depicted in Figure 5 and Figures
S79−S101. The ZIF-8 composite prepared with 5 mg of
[PtCl(L)] has the lowest Pt loading, the resulting emission
spectrum is shown in Figure 5A. The emission and excitation
spectra resemble those in solution, whereas τ = 5.4 μs is closer
to the neat solid-state form of the complex. In fact, these values
correspond neither to the solid state nor to glassy matrices of
the complex alone. The low ΦL in air (≤0.04) resembles the
neat solid complex. In an Ar atmosphere, the ΦL rises to 0.07,
proving that, unlike the pure complex, the emission of the
composite is signiﬁcantly quenched by 3O2.
Even though [PtCN(L)]@ZIF-8 gave the highest loading
eﬃciency when 5 mg of the complex was present during the
encapsulation and yielding [PtCN(L)]@ZIF-8-5, the best
photophysical performance was observed for the composite
resulting from 2 mg of complex ([PtCN(L)]@ZIF-8-2). This
is most likely related to intermolecular quenching at higher
concentrations, whereas at the lowest loadings the uncertainty
is higher when the ΦL is determined, mostly due to a poorer

■

EXPERIMENTAL SECTION

General information about experimental procedures including
instrumental and synthetic methods, structural characterization of
the ligand precursors, and the complexes as well as preparation of the
composites are provided in the Supporting Information.
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Table 3. Photophysical Data for the Complexes [PtCl(L)] and [PtCN(L)] in the Composites
τ/μsb
composite

a

[PtCl(L)]@ZIF-8
[PtCN(L)]@ZIF-8-1
[PtCN(L)]@ZIF-8-2
[PtCN(L)]@ZIF-8-5
[PtCN(L)]@ZIF-8-10
[PtCl(L)]@MOF-5 (as
powder)
[PtCN(L)]@MOF-5 (as
powder)
[PtCl(L)]@MOF-5 (as single
crystals)
[PtCN(L)]@MOF-5 (as single
crystals)

Φ ± 0.02b

air

Ar

air

Ar

5.2 ± 0.8 [22.7 ± 1.1 (9); 6.2 ± 0.3 (40); 1.6 ± 0.3
(52)]
4.9 ± 0.8 [18.7 ± 0.5 (10); 5.78 ± 0.18 (38); 1.62 ±
0.13 (52)]
3.4 ± 0.5 [21.6 ± 1.0 (6); 5.0 ± 0.3 (31); 1.01 ±
0.12 (64)]
3.8 ± 0.6 [17.5 ± 0.4 (8); 4.63 ± 0.13 (38); 1.08 ±
0.09 (54)]
2.8 ± 0.5 [17.0 ± 1.2 (5); 4.11 ± 0.14 (31); 1.0 ±
0.3 (63)]
n.d.

5.4 ± 0.5 [17.3 ± 0.5 (12); 6.3 ± 0.2 (40); 1.52 ±
0.17 (48)]
17.7 ± 1.4 [40.7 ± 0.9 (17); 17.1 ± 0.5 (54); 4.6 ±
0.8 (29)]
18.3 ± 1.3 [51.2 ± 1.0 (15); 18.9 ± 0.5 (45); 5.3 ±
0.6 (40)]
8.5 ± 1.1 [32.7 ± 1.2 (11); 9.6 ± 0.5 (39); 2.5 ± 0.4
(50)]
7.9 ± 0.8 [28.8 ± 0.9 (10); 9.3 ± 0.4 (41); 2.5 ± 0.3
(49)]
11.1 ± 1.3 [58 ± 2 (6); 17.4 ± 0.8 (30); 3.9 ± 0.4
(64)]
10.5 ± 1.0 [30.4 ± 0.8 (14); 10.4 ± 0.4 (49); 3.2 ±
0.5 (37)]
4.7 ± 0.4 [8.6 ± 0.7 (50); 1.33 ± 0.16 (31); 0.10 ±
0.02 (19)]
4.04 ± 0.16 [11.7 ± 0.4 (19); 3.29 ± 0.16 (45); 0.83
± 0.04 (36)]

<0.02

0.07

<0.02

0.08

<0.02

0.29

<0.02

0.16

<0.02

0.06

n.d.

0.02

n.d.

0.08

n.d.

n.d.

n.d.

n.d.

n.d.
n.d.
n.d.

a
“-1” to “-10” in ZIF-8 composites denote the amount of complex in mg (i.e., 1 mg -10 mg) used in the encapsulation process. bFor
multiexponential decays, the amplitude-weighted average lifetime is given as well as the diﬀerent components in square brackets with their relative
amplitudes in parentheses. Humidity-sensitive samples were not measured in air-equilibrated environments (n.d.); single crystal samples of MOF-5
composites were not measurable with our equipment (n.d.). λexc = 350 nm was used for the ΦL measurement, and λexc = 376.7 nm and λem = 530
nm were used for the time-resolved photoluminescence decay measurements.
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CONCLUSION
The synthesis of two tailored cyclometalated Pt(II) complexes
bearing a new monoanionic C^N*N pincer luminophore was
achieved, showing that exchange of the monodentate anionic
coligand can prolong the τ while boosting the Φ L .
Furthermore, these complexes were encapsulated in two
diﬀerent MOF scaﬀolds providing a rigid “solid-solution”
environment that enhances their phosphorescence and
suppresses intermolecular quenching. Due to the porous
structure and the long-lived phosphorescence from the excited
triplet states, the emission of these composites shows
sensitivity to 3O2. The best results were obtained by in situ
encapsulation of the cyanido complex into the highly stable
ZIF-8 at lower loadings, thus precluding intermolecular
quenching. On the other hand, MOF-5 is sensitive to
humidity, and the postsynthetic encapsulation of the
complexes led to worse photoluminescence eﬃciencies.
These results provide an elegant approach to increase the
eﬃciency of weakly emissive coordination compounds able to
perform as triplet emitters at room temperature thanks to a
rigid conﬁned environment resembling frozen glassy matrices.
The sensitivity to 3O2 and the fact that the ZIF-8 composites
are stable and easier to handle than solutions or frozen
matrices could lead to potential applications as robust 3O2
sensors or as catalysts for 1O2-mediated photooxidations.
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