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Platinum(II)-CN/SCN-rhenium(I) luminophores
adopting multiple aggregation states

Viktoria V. Khistiaeva, a Victoria Cappellari, b Andrey Belyaev, a

Toni Eskelinen, c,d Antti J. Karttunen, c Cristian A. Strassert *b and
Igor O. Koshevoy *a

Cycloplatinated complexes constitute an important class of luminescent compounds for sensing, bio-

imaging and optoelectronics. Their properties often depend on intermolecular non-covalent interactions

between sterically unhindered square planar motifs. Here we investigated the photophysical behavior of

novel platinum(II)–rhenium(I) cyanido-/thiocyanato-bridged complexes [{Pt(C^N^N)}(µ-CN/SCN){Re

(phen)(CO)3}]
+ (–C^N^N = cyclometalated pincer ligand, phen = 1,10-phenanthroline) containing two

chromophoric units. Their phosphorescence is dominated in solution by the platinum(II) fragment derived

from HC^N^N = phenylbipyridine, while major contribution of the rhenium(I) motif and dual emission are

observed when HC^N^N = phenyl-pyrazolylpyridine and triazolyl-phenylpyridine ligand precursors are

used. The solid-state behavior depends on intermolecular interactions between platinum components,

the preferential mode of which is defined by the counterions. The complexes showcase a rare example of

platinum(II)-based bichromophoric compounds demonstrating vapo-/mechano-/thermo-induced revers-

ible changes of optical properties and phase transformations, which could be interpreted as a result of

switching between several conformations of noncovalently bound dimers.

Introduction

The versatile photophysical behavior of platinum(II) complexes
with π-conjugated organic ligands is often associated with
non-covalent π–π and Pt⋯Pt interactions between molecular
fragments.1,2 Their square-planar geometry favors the for-
mation of ground state assemblies and excimeric species with
dramatically lowered absorption and photoluminescence ener-
gies resulting in fascinating color phenomena in liquid solu-
tions and in the solid state.3 The relatively weak metallophilic
contacts, which are comparable to hydrogen bonding, are
highly sensitive to external triggers that open a way to mole-
cular materials with stimuli-responsive properties such as
vapo-, mechano-, thermo-, and solvatochromism.4–7 In
general, the alteration of the photophysical characteristics
thus stems from inter- or intramolecular motion that changes
the distance between Pt(II)-based chromophores and concomi-

tantly switches the excited state of the system between that of
the monomer (conventionally having intraligand excited-state
character mixed with metal to ligand charge transfer nature,
i.e., M/ILCT), and that of an aggregate exhibiting transitions
based on metal–metal-to-ligand charge-transfer states
(MMLCT). The illustrative two-state reversible transformations
accompanied by contrasting variations of photoemission have
been demonstrated for some dinuclear complexes, which
exhibit butterfly-type8,9 or folding/unfolding10–13 intra-
molecular conformational changes in solution in response to
solvent polarity, acidity, and temperature.

In the solid state, where large intramolecular movements
are substantially restricted by a rigid environment, the pertur-
bation of intermolecular contacts plays a dominating role in
the optical switching of organometallic platinum(II)-based
materials.6,14 In many cases, bathochromic shifts, induced by
mechanical grinding and inverted by fuming with certain
organic vapors, occur between crystalline and amorphous
phases and are qualitatively attributed to the contraction of
metal⋯metal distances in randomly oriented aggregates.15–25

The non-covalent interactions within ionic materials increase
possible scenarios for stimuli-responsive behavior.7,26,27 For
instance, soft salts composed of Pt(II) chromophore cations
and anions form organized nanostructures and display exci-
tation-dependent, aggregation-enhanced, and multistimuli-
sensitive luminescence that is associated with variations of
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inter-ion interactions and morphological transformations.28–33

Furthermore, co-crystallized solvents and counterions might
yield several interconvertible solvatomorphs and multicolor
changes arising from alteration of the geometry of supramole-
cular stacks.15,20,34–37 These solvent-triggered phase transitions
with contrasting photophysical properties are typically
described as relatively small in-plane displacements of parallel
Pt(II) molecular constituents.34 In addition, stimuli-driven
rotational movements around the Pt⋯Pt axis that change the
dihedral angle and orientation of the components between
antiparallel and staggered conformations also strongly affect
the emission energy,38 pointing out that the metal⋯metal dis-
tance is not the only factor defining optical properties of these
materials. Thus, although basic principles of intermolecular
dynamics for platinum(II) complexes are understood, the
control and details of aggregation states in correlation with
distinct optical readout often remain obscure and lack struc-
tural proof.

The prevailing majority of platinum(II) complexes showing
stimuli-responsive solid-state behavior is represented by
mono- and some dinuclear species composed of the same
units.2,5,7,27 Among heterobimetallic Pt(II) compounds such
properties were predominantly reported for cluster
compounds.39–41 Responsive Pt(II) compounds constructed of
two different photofunctional complex constituents are under-
explored in this respect,27 despite the fact that they could
bring new features to excited state behavior by means of intra-/
intermolecular charge or energy transfer, formation of new
supramolecular arrangements along with multistep transitions
between aggregation states.

Pt(II)-containing heterochromophoric species are not
exceptional.42–44 One simple way to assemble bimetallic Pt(II)
derivatives relies on the use of pseudohalide cyanido and thio-
cyanato ligands, which are versatile building blocks due to
their ambidentate nature, enabling connection of metal ions
into variety of homo- and heterometallic multinuclear architec-
tures including photofunctional aggregates.45–50 In this view,
(CN–/SCN−)-decorated Pt(II)-based luminophores51–55 can serve
as metalloligands for the design of multichromophoric
species. The feasibility of this approach is supported by the
examples of cyanido-bridged compounds comprising cyclome-
talated Pt(II) moieties. Recently, luminescent cyanido-bridged
diplatinum complexes composed of [Pt(C^N)(p-MeC6H4)] and
[Pt(C^N^N)]+ motifs were described by Lalinde/Moreno56 and
our groups.57

In this work we synthesized a family of platinum–rhenium
complexes, [{Pt(C^N^N)}(µ-CN/SCN){Re(phen)(CO)3}]

+, the first
examples of cyanido-/thiocyanato-bridged bichromophoric
systems built from cycloplatinated luminophores. The result-
ing compounds are intensely photoemissive in the solid state
(Φem up to 78%), showing up to an order of magnitude
enhancement of the quantum yields compared to the individ-
ual constituents. These crystalline materials display reversible
mechano-, thermo- and vapochromic changes of photo-
emission. Notably, the SCN-based derivative shows stimuli-
responsive behavior that depends on the counterion and can

involve an alteration of intermolecular interactions between
platinum fragments resulting in several structurally different
aggregation modes.

Results and discussion
Synthesis and structural characterization

The reaction of neutral cyanido precursors such as [Pt(C^N^N)
(CN)]58 (derived from HC^N^N = 6-phenyl-2,2′-bipyridine
Hphbpy, 2-phenyl-6-(1H-pyrazol-1-yl)pyridine Hphpypz, or 2-(1-
benzyl-1H-1,2,3-triazol-4-yl)-6-phenylpyridine Hphpytabn) with
a labile derivative of rhenium(I) tricarbonyl [Re(phen)
(CO)3(H2O)][BAr

F
4] (phen = 1,10-phenanthroline; −BArF4 = tet-

rakis[3,5-bis(trifuoromethyl)phenyl]borate) carried out for two
days afforded heterobimetallic compounds [{Pt(C^N^N)}(CN)
{Re(phen)}][BArF4] (1–3), which were isolated as stable green-
ish to orange crystalline materials in good yields (85–88%,
Scheme 1A; see the SI for experimental details).

The bulky fluorinated counterion −BArF4 was used for
improved solubility.

An alternative approach was used for the preparation of the
thiocyanato-bridged derivative [{Pt(phbpy)}(SCN){Re
(phen)}][CF3SO3] starting from the [Re(phen)(CO)3(NCS)] and
[Pt(phbipy)(NCMe)][CF3SO3] complexes (4a, Scheme 1B). The
triflate salt 4a was obtained as bright red powder, the sub-
sequent anion metathesis for −BArF4 afforded 4 as a yellow
solid.

Mass-spectrometry performed in the ESI+ mode confirmed
the assembly of the bimetallic compounds and revealed the
major signals corresponding to molecular ions (Fig. S1). The
1H NMR spectra of 1–4 recorded in CD2Cl2 show the patterns
comprising characteristic resonances of the {Re(phen)} and {Pt
(C^N^N)} fragments in a 1 : 1 ratio (Fig. S2–S6). The obvious
differences in chemical shifts observed for 4a and 4 having the
same cation and at comparable concentrations (Fig. S5 and S6)
probably arise from alteration of anions due to ion pairing
effects occurring in moderately polar dichloromethane.

The solid-state IR spectra of these complexes display strong
CO stretching vibrations around 2027–2037 and
1940–1910 cm−1, which are typical frequencies for rhenium
fac-tricarbonyl derivatives.46,59–61 The moderately strong
signals at 2146–2156 cm−1 are assigned to the ν(CN)mode of
the cyanide and thiocyanate bridges.51,62

All title compounds 1–4 and 4a were investigated crystallo-
graphically. Notably, 4 and 4a are the first ever structurally
characterized Pt–Re thiocyanato-bridged complexes. Their
molecular views are depicted in Fig. 1, 2 and S7 (ESI); Table S1
lists crystal and refinement data. In line with spectroscopic
results, molecular cations of 1–4 consist of {Re(phen)(CO)3}
and {Pt(C^N^N)} units connected by the µ-C,N or µ-S,N
ligands. The metal ions adopt pseudo-octahedral (Re) and
quasi-square planar (Pt) geometries with structural character-
istics (Tables S2 and S3) resembling those of their mono-
nuclear relatives [Pt(C^N^N)(CN)],53,58 [Pt(N^C^N)(SCN)]54 and
[Re(phen)(CO)3X].

46,60,61 The CN− bridge is likely coordinated
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to the rhenium and platinum centres via N and C atoms,
respectively, reflecting a higher affinity of Pt(II) to the carbanio-
nic donor. The thiocyanato linker in 4 and 4a is found in a Pt–
SCN–Re mode, while both S- and N-linkage isomers are known
in the case of terminal bonding to platinum(II).54,63 The ∠Pt–
S–C angle of 95.49(7)° in 4 leads to a tweezer-like molecular
shape with the shortest interatomic distances between phen
and phbpy ligands being in the range of 3.33–3.45 Å.

This configuration resembles that observed for bimetallic
Pt–Ir complexes with intramolecular stacking between phenyl-
pyridine/phenylisoquinoline and terpyridine ligands bound to
Ir and Pt ions, respectively.43

Crystal packing of 1–4 reveals intermolecular π–π stacking
between cycloplatinated components having a head-to-tail

orientation that causes formation of dimers in the solid state
(Fig. S7). The Pt⋯Pt distances in 1, 3 and 4 exceed 3.6 Å, thus
implying a lack of metallophilic interactions. In 2, the metal–
metal separation is 3.2584(7) Å, tilted with respect to the plane
of the phpypz ligand, ∠Pt–Pt–N(2) = 80.45(7)°. Despite the fact
that this Pt⋯Pt contact is shorter than the sum of van der
Waals radii, the yellow color of crystals of 2 suggests ineffi-
ciency of intermolecular bonding as low energy charge-transfer
states do not become accessible in the ground state (see the
discussion of the photophysical properties below).

Unlike the −BArF4 salt 4, its triflate analog 4a was found in
several forms: a minor yellow metastable 4a_y(CH2Cl2) and the
main red 4a_r(CH2Cl2) dichloromethane modifications, the red
acetone solvate 4a_r(acetone), and a very minor solvent-free

Scheme 1 Syntheses of complexes 1–3 (A) and 4a, 4 (B).

Fig. 1 Molecular views of the salts 1–4 (displacement ellipsoids are at 50% probability level; hydrogen atoms, crystallization solvents and −BArF4
counterions are omitted for clarity).
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orange polymorph 4a_o, which appeared along with 4a_r
(acetone) from dilute solution at the late stage of crystallization.
These species have the same composition and stereochemistry
of the bimetallic cation [{Pt(phbpy)}(SCN){Re(phen)}]+, but show
different mutual orientation in dimeric species (Fig. 2). The
intermolecular arrangement of 4a_y(CH2Cl2) is similar to that of
4 with{Pt(phbpy)} fragments forming a head-to-tail stack with
long Pt⋯Pt separation (4.5952(6) Å). In the major deep red di-
chloromethane solvate 4a_r(CH2Cl2), the cycloplatinated moi-
eties are placed in a rather rare head-to-head manner57 with
metal–metal distance shortened to 3.237(1) Å, although an accu-
rate evaluation of this bond length is hampered by the disorder,
which involves one platinum centre. Cocrystallization with
acetone induces more conventional head-to-tail disposition of
stacked {Pt(phbpy)} motifs in red 4a_r(acetone) also having a
short platinum–platinum contact of 3.2718(3) Å. Minor form
4a_o somewhat resembles 4a_r(CH2Cl2) but has a longer inter-
molecular Pt⋯Pt separation of 3.7160(4) Å and a larger dihedral
angle S–Pt–Pt–S (53.9 vs. 27.7°). Further details of 4a are dis-
cussed below in relation to the solid-state photoluminescence
behavior.

Photophysical properties in solution and theoretical analysis

The electronic absorption spectra of compounds 1–4 and 4a in
dichloromethane solutions under ambient conditions are
shown in Fig. 3 and the data are listed in Table 1. The spectro-
scopic patterns represent superpositions of the spectra gener-
ated by individual metal-containing components. Intense
absorption bands at wavelengths below ca. 320 nm correspond
to transitions into intraligand states (IL, i.e., π–π* configur-
ations) in phen and C^N^N ligands, as reported for [Re(phen)
(CO)3L]

x (ref. 60, 64 and 65) and [Pt(C^N^N)L]x (ref. 57) com-
pounds, as well as some mixed Re–Pt species.66 The lower
energy region around 350 nm with tails extending above
450 nm is dominated by structured bands of moderate intensi-
ties (ε ∼ 1.5 × 104 M−1 cm−1), which are consistent with those
of [{Pt(C^N^N)}2CN]

+ complexes with analogous ligands,57 and
therefore are attributed to transitions into states with an
admixture of metal-to-ligand and intraligand charge transfer
(1ML/1ILCT) character occurring within the {Pt(C^N^N)}
chromophores. These signals evidently overlap with lower
intensity bands of the {Re(CO)3} → phen (1MLCT/1LL′CT)
origin.60,64,65 The absence of new bathochromically shifted
absorptions implies that no significant intramolecular charge-
transfer between the metal constituents takes place. Time-
Dependent Density Functional Theory (TD-DFT) compu-
tational analysis confirms that the two lowest singlet excited
states localized on the platinum(II)- and rhenium(I)-based moi-
eties are energetically very close and both could be populated
under the experimental conditions (Fig. 4 and S8, Table S4).

It should be noted that the theoretically assessed excitation
and emission energies are substantially method-dependent, as
exemplified by complexes 2 and 3 (see the data in Tables S4
and S5), meaning that the prediction of the nature of the
lowest excited state could be ambiguous in the view of virtual
energetic degeneracy of {Pt} and {Re} centered triplet states.

Complexes 1–4 exhibit moderately intense luminescence in
liquid CH2Cl2 solutions at room temperature. The sensitivity of
the quantum yields to the presence of dissolved triplet dioxygen
along with lifetimes in the microsecond regime suggest phos-
phorescence, which is in line with the data for comparable plati-
num(II)- and rhenium(I)-derived species.57,60,65 The unresolved
emission profiles of 1 (λem = 544 nm) and 4/4a (λem = 560/
558 nm) containing {Pt(phbpy)} fragments (Fig. 3) are very close
to those of the homometallic relatives [Pt(phbpy)CN] (λem =
562 nm)67 and [{Pt(phbpy)}2CN]

+ (λem = 546 nm)57 pointing to
negligible participation of the {Re(phen)(CO)3} chromophore on
the radiative excited state T1, which is consistently reproduced
by theoretical analysis (Fig. 4). The quantum yield of 1 (Φem =
0.22) is twice as high as that of [Pt(phbpy)CN] (Φem = 0.1) and is
close to that of [{Pt(phbpy)}2CN]

+ (Φem = 0.25). However, both
these reference complexes show radiative rates kr of 4.5 and 7.5 ×
104 s−1, respectively, which are higher than the kr = 3.6 × 104 s−1

estimated for 1. Consequently, the slower radiationless relax-
ation of the excited state and thus visibly longer lifetime of 1
might be attributed to enhanced rigidity or increased ligand-
field splitting, if compared with coordination compounds deco-

Fig. 2 Dimers of cations in modifications of triflate salt 4a_y(CH2Cl2),
4a_r(acetone), 4a_r(CH2Cl2), and 4a_o (the distances correspond to
Pt⋯Pt separations; the minor component of the disorder in 4a_r
(CH2Cl2) is shown in semi-transparent stick mode; displacement ellip-
soids are at 50% probability level; hydrogen atoms, crystallization sol-
vents and CF3SO3

− counterions are omitted for clarity).
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rated with organic chromophores.68,69 In the case of 4/4a, the
effect of {Pt} ↔ {Re} interaction seems to be minimized presum-
ably due to the very fast transfer rate as their kr values are almost
the same as for [Pt(phbpy)CN]. In contrast to 1, 4/4a are suscep-
tible to more efficient nonradiative deactivation, which accounts
for lower quantum yields (Table 1).

The structureless emission bands of compounds 2 and 3
peaking at 554 and 542 nm in CH2Cl2 are accompanied by dis-
cernible high-energy shoulders around 500 nm (Fig. 3). These
minor signals can be tentatively attributed to residual lumine-
scence of {Pt(C^N^N)} units by comparing with the spectra of
the corresponding diplatinum cations [{Pt(C^N^N)}2CN]

+,57

which show vibronic progressions maximized at 499 and
503 nm. Hence, the main contribution to the observed phos-
phorescence of 2 and 3 therefore is made by the {Re(phen)
(CO)3} centers. For instance, the multichromophore complexes
[{Re(phen)(CO)3}xM(CN)x]

x/2+ emit at 543 (M = Au) and 549 (M
= Pt) nm with ca. twice faster radiative rates suggesting that
{Pt} ↔ {Re} energy transfer is also possible for 2 and 3.46

The DFT calculations (LRC-wPBEh functional) seem to
underestimate the energy of the {Pt(C^N^N)} chromophores,

which constitute the T1 state in 2 and 3 (Fig. S8). The
PBE0 method, however, localizes the lowest triplet state on the
{Re(phen)(CO)3} fragment (Table S5). This points to a small
energy gap between the T1 and T2 states assigned to different
metal components (Table S4) and the sensitivity of the {Re
(phen)(CO)3}-MLCT state to the environment. The latter is con-
firmed by the emission spectra of 2 and 3 showing positive sol-
vatochromism of the charge transfer band in the solvents of
higher polarity such as methanol and acetonitrile (Fig. S9).
The solvent-independent emission profiles for 1 (Fig. S9) are
in line with aforementioned assignment of the T1 state to the
{Pt(phbpy)} fragment.

The luminescence spectra of all complexes 1–4 in diluted
CH2Cl2:MeOH frozen glassy matrices at 77 K reveal structured
blue-shifted signals (Fig. 3 and Table 1), which can be
assigned to the {Pt(C^N^N)}-localized transitions attributed
mainly to the IL nature of the excited states. This correlates
well with the characteristics of [{Pt(C^N^N)}2CN]

+ compounds
at 77 K (ref. 57) and a pronounced increase of emission ener-
gies reported for [Re(phen)(CO)3L]

x complexes at low tempera-
ture in frozen glasses46,65 that is anticipated to make platinum

Fig. 3 (A) UV-vis absorption spectra of complexes 1–4, 4a (CH2Cl2, 298 K); normalized photoluminescence excitation and emission spectra of 1, 3
(B) and 2, 4 (C) at 298 K (CH2Cl2, c ≈ 5 × 10−6 M) and 77 K (CH2Cl2 : MeOH, c ≈ 10−6 M).

Table 1 Photophysical properties of complexes 1–4 and 4a in liquid solution (CH2Cl2, 298 K)

λabs,
a nm (ε, 104 M−1 cm−1) λem,

b nm τamp_av (Ar),
c,d µs Φem (air/Ar)

kr,
e 104

s−1
knr,

e 104

s−1

1 269 (5.5), 342 (1.8), 355 (1.8), 390sh (0.6) 544
(509)d

6.11 ± 0.01 (12.60 ±
0.02) f

0.04 ±
0.02

0.22 ±
0.02

3.6 ± 0.3 12.8 ± 0.3

2 259 (4.7), 268 (4.6), 319 (2.1), 348 (1.5), 400sh
(0.4)

554 (488) 2.91 ± 0.01 (19.18 ±
0.04)

0.11 ±
0.02

0.33 ±
0.03

11.3 ± 1.0 23.0 ± 1.1

3 259 (5.4), 346 (1.4), 364sh (0.9), 405sh (0.3) 542 (492) 3.26 ± 0.01 (17.25 ±
0.02)

0.08 ±
0.02

0.34 ±
0.03

10.4 ± 0.9 20.2 ± 1.0

4 261 (5.3), 268 (5.3), 332 (1.4), 355 (1.3), 420sh
(0.3)

560 (526) 1.11 ± 0.01 (9.01 ± 0.03) 0.03 ±
0.02

0.06 ±
0.02

5.4 ± 1.8 84.7 ± 2.9

4a 262 (4.5), 339 (1.2), 357sh (1.1) 558 (524) 1.09 ± 0.01 (8.44 ± 0.03) 0.03 ±
0.02

0.05 ±
0.02

4.6 ± 1.7 87.2 ± 2.6

a CH2Cl2.
b λexc = 350 nm for 1–3 and 360 nm for 4, 4a. c Amplitude-weighted average lifetime determined by the equation τav ¼

P
Aiτi , Ai =

weight of the i-th component. d Photoluminescence decays are shown in Fig. S20–S40. e Average radiative and nonradiative rate constants under
Ar at RT were estimated as follows: kr = Φem/τ, knr = (1 − Φem)/τ.

f Values in parentheses correspond to CH2Cl2 : MeOH 1 : 1 frozen glassy matrices
at 77 K.
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fragments the main contributors to the T1 states of the title bi-
metallic compounds.

No long wavelength band was observed around 700 nm for
1–4 at low concentrations of ca. 1 × 10−6 M meaning that these
complexes are less prone to intermolecular aggregation via
Pt⋯Pt interaction as homometallic relatives [{Pt
(C^N^N)}2CN]

+.57 At room temperature, low energy emission

bands (ca. 725 nm) emerge for 4 and particularly for 4a at
higher concentrations (7 × 10−4 M, Fig. S10) in dichloro-
methane and acetone but not in higher polarity acetonitrile
and methanol, which enhance the ground state
aggregation.57,70 These observations and the similarity of exci-
tation spectra for high and low energy bands testify in favor of
excimers mainly responsible for the near-IR emissions. The
higher intensity of the red band for 4a than for 4 proves that
the bulky counterion constrains the formation of excimers.

The assembly of 4a and 4 was tested in mixtures of solvents
using acetone and water (Fig. S11). Triflate complex 4a shows a
gradual growth of the emission band around 730 nm upon the
increase of water content indicative of the MMLCT excited
state.21,31,71 Compound 4 with hydrophobic −BArF4 anion
nearly completely aggregates once reaching critical water con-
centration to give opaque red-emissive systems, which are
unstable and ultimately produce microcrystalline precipitates
with yellow luminescence.

Photophysical properties in the solid state

The luminescence of solid samples 1–4 and 4a substantially
depends on intermolecular interactions involving cycloplati-
nated motifs and thus covers a broad range of wavelengths
(Table 2 and Fig. 5). The minor forms 4a_y(CH2Cl2) and 4a_o
demonstrate eye-perceived bright yellow and moderate orange
luminescence, respectively, but their properties were not inves-
tigated as only a few crystals for XRD analysis were isolated.
The structureless orange-red emission of 1 peaks at 620 nm
falls in between the signals of mononuclear cyanido complexes
[Re(phen)(CO)3CN] (λem = 534 nm, Φem = 0.04)60 and [Pt
(phbpy)CN] (λem = 701 nm, Φem = 0.12).67 It is likely associated
with π–π-stacked platinum fragments lacking metal–metal
bonding but possibly perturbed by C–Hphen⋯πphbpy inter-
molecular interactions (Fig. S7). Notably, the quantum yield of
1 reaches 0.72 at room temperature, which significantly out-
performs those of individual components and is the highest
value among the reported [Pt(phbpy)X] derivatives in the solid
state. As the radiative rates of 1 and [Pt(phbpy)CN] are close (kr
= 3.85 and 4.0 × 105 s−1, respectively), the gain in efficiency is
achieved by suppressing nonradiative relaxation pathways.

Fig. 4 Selected electron density difference plots for complexes 1 and 4
(LRC-wPBEh in vacuum, isovalue 0.001 a.u.). Along the indicated elec-
tronic transition, the electron density mainly decreases in the blue areas
and increases in the red areas.

Table 2 Photophysical properties of complexes 1–4 and 4a in the solid state (298 K, air-free conditions)

λexc, nm λem, nm τamp_av,
a,b µs Φem kr,

c 105 s−1 knr,
c 105 s−1

1 483 620 1.87 ± 0.01 0.72 ± 0.07 3.85 ± 0.04 1.50 ± 0.04
Ground 480 626 1.74 ± 0.01 0.39 ± 0.04 2.24 ± 0.02 3.51 ± 0.03
2 379 562 2.91 ± 0.01 0.78 ± 0.08 2.68 ± 0.03 0.76 ± 0.03
Ground 380 607 2.27 ± 0.01 0.55 ± 0.05 2.42 ± 0.02 1.98 ± 0.03
3 409 526 1.88 ± 0.02 0.10 ± 0.02 0.53 ± 0.01 4.79 ± 0.02
Ground 464 618 2.45 ± 0.01 0.47 ± 0.05 1.92 ± 0.02 2.16 ± 0.02
4 374 570 3.48 ± 0.01 0.20 ± 0.02 0.57 ± 0.01 2.30 ± 0.01
Ground 410 701 0.80 ± 0.02 0.13 ± 0.02 0.61 ± 0.03 3.78 ± 0.06
4a_r(CH2Cl2) 527 688 1.08 ± 0.01 0.25 ± 0.02 2.31 ± 0.02 6.94 ± 0.03
Ground 518 702 0.48 ± 0.01 0.12 ± 0.02 2.50 ± 0.05 18.3 ± 0.09
4a_r(acetone) 504 665 1.72 ± 0.01 0.29 ± 0.03 1.69 ± 0.02 4.13 ± 0.02

a Amplitude-weighted average lifetime determined by the equation τamp av ¼
P

Aiτi , Ai = weight of the i-th component. b Photoluminescence
decays are shown in Fig. S27–S37. c Average radiative and nonradiative rate constants were estimated as follows: kr = Φem/τ, knr = (1 − Φem)/τ.
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Grinding crystalline 1 produces mostly an amorphous phase
evidenced by PXRD data (Fig. S12) but has a minor effect on
the emission profile while only slightly shifting the maximum
by 155 cm−1 to 626 nm. On the other hand, disruption of
crystal packing visibly decreases the Φem to 0.39 and kr to 2.24
× 105 s−1 that connotes a prominent influence of inter-
molecular interactions on the deactivation of the excited state.

Dried crystalline samples of 2–4 demonstrate structured
emission spectra with maxima at 562, 526 and 570 nm,
respectively (Fig. 5). Complex 2 with a high quantum yield of
0.78 is the brightest luminophore in the presented series. The
wavelengths correlate with the data recorded for solutions
(Table 1), and together with distinguishable vibrational pro-
gressions evidence the domination of IL/MLCT excited state
character that is confirmed computationally for dimeric
species (Table S5 and Fig. S15). Despite a relatively short
Pt⋯Pt separation of 3.2584(7) Å found in complex 2 (Fig. S7),
the low-energy metal-to-metal charge transfer (MMLCT) state
does not operate in its neat material.

Unlike 1, the luminescence of compounds 2–4 shows a dis-
tinct mechanochromic response. For these complexes, grind-
ing mostly eliminates fine structures of the emission bands
and changes the peak wavelengths to 607 (2), 618 (3) and 701
(4) nm that results in a contrasting 3280 cm−1 (131 nm) red
shift demonstrated by 4. The reduction of the emission energy
in platinum(II) cyclometalated complexes upon grinding is not
exceptional and occurs due to shortening of π–π stacking and/
or metal⋯metal contacts.15,18,35,72–74 The perturbation of
stacking interactions leading to excimer-like luminescence in
amorphous phases is a probable scenario for 2 and 3.
Thorough grinding of these materials visibly decreases the
intensity of their PXRD patterns but nevertheless shows a sig-
nificant retention of initial crystallinity, particularly in the case
of compound 3 (Fig. S13). This observation points to a meta-
stable character of amorphous phases of 2 and 3, which are
nevertheless formed in quantities sufficient for nearly com-
plete excitation energy transfer leading to bathrochromically
shifted luminescence. The instability of the ground phases
may be caused by restricted formation of metallophilic bonds
in 1–3 due to intermolecular {Pt(C^N^N)} ↔ CO steric repul-

sion in dimeric species (Fig. S7). The weaker Pt⋯Pt inter-
actions therefore do not allow attaining longer wavelength
luminescence (λem ≥ 700 nm) as shown by their homoplati-
num relatives.57

On the other hand, the SCN-bridged complex 4 having a
bent configuration can be more completely converted into the
deep-red amorphous state (Fig. S13), which exhibits a broad
low-energy band maximized at 701 nm. This emission likely
appears from short Pt⋯Pt contact and probably eclipsed head-
to-head arrangement, i.e. the dimer configuration resembling
that found in solvate 4a_r(CH2Cl2) of the triflate analog
(Fig. 2), which emits at 688 nm (Table 2).

The original green-yellow emissions of crystalline 2–4 can
be restored by exposing ground samples to vapors of organic
solvents (alcohols, diethyl ether). Similarly, heating amor-
phous phases of 2–4 at ca. 380 K also recovers microcrystalline
materials (Fig. S12 and S13) and their intrinsic photophysical
characteristics (Fig. S16). Differential scanning calorimetry
(DSC, Fig. S17) performed for ground samples of 2–4 revealed
exothermic peaks in the range 369–378 K (96–105 °C), which
are absent for pristine crystalline compounds. This suggests
that metastable amorphous 2–4 undergo thermally induced
crystallization. While distinct and reversible shifts of the emis-
sion upon mechano-vapor treatment are known for platinum
(II) compounds,18,23,24,74 thermal recovery remains a rather rare
phenomenon among Pt(II) phosphors.16,25,73,75 The phase tran-
sition occurs without appreciable decomposition, as com-
pounds are stable to ca. 520 K (250 °C, Fig. S18). Such behavior
of 2–4 probably originates from the relatively soft nature of
materials containing bulky hydrophobic −BArF4 anions, which
allow the phase transition to occur at moderate temperatures.
In line with this hypothesis, the exothermic peak in the DSC
thermogram of ground triflate salt 4a is shifted to 426 K
(153 °C) reflecting a denser and less mobile intermolecular
packing.

To sum up possible changes in intermolecular interactions,
which take place during the interconversions of modifications
of 4 and 4a, the crystallographically characterized forms of the
triflate 4a (Fig. 2) might be used for the illustration schemati-
cally depicted in Fig. 6. Thus, the yellow luminescence of crys-

Fig. 5 Normalized photoluminescence emission spectra of dried crystalline (solid lines) and ground (dashed lines) samples of 1–3 (A) and 4, 4a_r
(B) at 298 K; (C) shows gradual changes of solid-state emission of 4 upon grinding.
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talline 4 aligns well with the visual appearance of a metastable
minor yellow form 4a_y(CH2Cl2). Both these compounds have
essentially the same arrangement of their dimers with long
Pt⋯Pt separations (Fig. S7 and 2) that result in the phosphor-
escence from the monomeric {Pt(phbpy)} fragment according
to DFT calculations (Table S5 and Fig. S20). The red-emitting
modification 4a_r(acetone) (λem = 665 nm and Φem = 0.29) con-
sists of dimeric species, which can be seen as a result of a
shear movement of the head-to-tail placed cycloplatinated
units in 4/4a_y (Fig. 2). This molecular displacement leads to
the formation of intermolecular metallophilic bonding and
activates the first low-energy MMLCT excited state. Further
decrease in the emission energy is achieved in the red solvate
4a_r(CH2Cl2) (λem = 688 nm and Φem = 0.25) featuring head-to-
head orientation of the platinum(II) chromophores. The con-
figuration formally corresponds to ca. 180° rotation of one
molecular component of 4a_r(acetone) around the axis of the
Pt⋯Pt bond. The possibility of such rotational movement is
indicated by the phase changes occurring upon drying sample
4a_r(acetone), Fig. S19. Prolonged storage of crystalline red
4a_r(acetone) under ambient conditions (>1 week) or vacuum-
ing at 60 °C for 12 h yields orange material, the PXRD pattern
of which matches well the one simulated for solvent-free poly-
morph 4a_o (Fig. S14). Despite the phase transformation of
4a_r(acetone) is not selective and likely gives a mixture of
aggregates according to the excitation and emission spectra
comprising several bands (Fig. S19), the 4a_o form seems to
be the dominating crystalline component. This process also
resembles ca. 50° rotation of diplatinum molecules in micro-
rods taking place during the loss of crystallization solvent.38

The red shift for 4a_r(CH2Cl2) was adequately described by
theoretical analysis, which anticipates the MMLCT-originated
phosphorescence at 721 nm (Table S5 and Fig. S20). The head-
to-head stack of pincer {Pt(C^N^N)} blocks was earlier pre-
dicted to have a narrower optical band gap than more conven-
tional head-to-tail modes.57 This proves the importance of the
angular parameter that defines the orientation of chromo-
phores in the stack but not only of the metal–metal distance.
Grinding the triflate 4a_r solvates produces essentially the

same materials showing broad emission in the red region with
the maximum around 700 nm (Table 2 and Fig. 5), which is
close to that of crystalline 4a_r(CH2Cl2) and could suggest the
formation of head-to-head dimers in these materials. The
luminescence of ground 4 (λem = 701 nm) also virtually
coincides with that of amorphous 4a_r and thus can be tenta-
tively explained in terms of a similar head-to-head inter-
molecular stack (Fig. 6).

This effect of counteranions on the intermolecular associ-
ation, i.e. −BArF4 vs. triflate in 4 and 4a, is reminiscent of that
of solvent polarity, the increase of which can dramatically
promote the formation of the aggregates with close Pt⋯Pt
contacts.57,70 In addition to possible electronic effects, noted
previously for terpyridine-alkynyl compounds,76 no less impor-
tant could be the size of anion as has been recently shown for
the series of their phosphonium-decorated congeners.77 The
essential outcome from comparison of 4 and 4a is that with
the help of the counterion it might be possible to control the
stability of a given aggregation state and to adjust the tran-
sitions between several metastable forms.

Conclusions

A series of heterometallic complexes composed of cyclometa-
lated {Pt(C^N^N)} and {Re(phen)(CO)3} chromophores were
prepared by using the cyanido (1–3) and thiocyanato (4, 4a)
bridges. All compounds demonstrate luminescence in solution
that depends on the Pt(II)-coordinated pincer ligand and orig-
inates mainly from the platinum(II)-based unit (for HC^N^N =
phenylbipyridine, 1 and 4) or the rhenium(I) fragment (for
HC^N^N = phenyl-pyrazolylpyridine, triazolyl-phenylpyridine,
2 and 3). Dual emissions observed for 2 and 3 and longer
intrinsic lifetimes vs. their monometallic congeners suggest
{Pt} ↔ {Re} coupling between energetically close triplet states
localized on separate metal components, in line with the
results of TD-DFT calculations. In frozen glassy matrices at
77 K, complexes 1–4 emit exclusively from {Pt(C^N^N)}-cen-
tered excited states with 3(ML/ILCT) configuration apparently
due to destabilization of the {Re}-3MLCT state. In contrast to
mono- and diplatinum cyanido analogs showing appreciable
metallophilicity-driven aggregation in solutions, inter-
molecular association is considerably diminished for bi-
metallic species 1–4.

In the solid state, the title compounds are moderately to
intensely luminescent with quantum yields substantially
exceeding those of the monometallic complexes. The photo-
physical behavior of solid 1–4 is defined by the platinum(II)-
based luminophores, as well as by stimuli-responsive {Pt}⋯
{Pt} interactions, which in turn depend on the bridging ligand
and the counteranion. Upon grinding, intense yellow-green
{Pt}-based 3(ML/ILCT) luminescence of crystalline complexes
2–4 with quantum yield reaching 0.78 changes to orange-red
emissions of amorphous phases. The reverse transition restor-
ing crystallinity can be realized not only by conventional
exposure of the samples to solvent vapors, but also by anneal-

Fig. 6 Schematic summary of structural variations of the dimer of the
cation of 4 driven by external stimuli and the anion.
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ing at moderate temperatures of ca. 380 K. This facile thermal
crystallization could be ascribed to a soft nature of materials
containing bulky borate anions, which allow relatively easy
intermolecular rearrangement. In particular, for the bent thio-
cyanato complexes 4 and 4a, several distinct structural arrange-
ments with different emission energies were identified. The
preferential mode of {Pt}⋯{Pt} intermolecular stacking is pri-
marily governed by anions. The sterically demanding and
hydrophobic fluorinated borate disfavors aggregation via
metallophilic contacts giving a stable crystalline phase with
3(ML/ILCT) configuration of the excited state, which can be
converted mechanically to a metastable amorphous form fea-
turing low-energy 3(MMLCT) phosphorescence. Contrarily, the
compact triflate anion stabilizes dimers with metal⋯metal
interactions and red-emitting 3(MMLCT) states, which depend
on intermolecular orientation. The latter can be switched
between head-to-head and head-to-tail in different solvated
forms and by mechanical force probably via the rotation
around Pt⋯Pt bond. Albeit the {Re(phen)(CO)3} unit likely
remains silent in the solid-state luminescence, together with
the SCN− bridge it plays an important role in guiding inter-
molecular packing and anchoring variety of aggregation stages
in 4 and 4a.

With these results, we demonstrate that optical and respon-
sive properties of molecular materials based on conventional
platinum cyclometalated luminophores can be diversified by
realizing hetero-bimetallic systems. In addition to intra-
molecular structural variations, the anionic counterparts serve
as tools for tuning the stability of different {Pt}⋯{Pt} aggrega-
tion modes. The phase transitions related to reorientation of
chromophore motifs within noncovalently bound dimers, can
be realized in a reversible manner by applying mechanical ↔
vapo/thermal stimuli. The findings provide an understanding
of intermolecular relocation as a design principle for program-
mable solid-state transformations, bridging microscopic
dynamics with bulk phase properties.
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