
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Ju

ly
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 4
:5

9:
18

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
The switchable p
aSchool of Chemistry and Chemical Engin

Harbin 15001, China
bDepartment of Chemistry, Southern Univ

Xueyuan Blvd., Shenzhen, 518055, P. R. Chi
cUniv Rennes, CNRS UMR6226, F-3500 Renn

univ-rennes1.fr; julien.boixel@univ-rennes1

† This paper is dedicated to Dr Jean-Ren
birthday.

‡ Electronic supplementary information
synthesis and characterization data, and
1503542 and 1507269. For ESI and cr
electronic format see DOI: 10.1039/d1sc02

Cite this: Chem. Sci., 2021, 12, 11056

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 22nd May 2021
Accepted 3rd July 2021

DOI: 10.1039/d1sc02787e

rsc.li/chemical-science

11056 | Chem. Sci., 2021, 12, 11056–11
hosphorescence and delayed
fluorescence of a new rhodamine-like dye through
allenylidene formation in a cyclometallated
platinum(II) system†‡

Shunan Zhao,ab Yifan Zhu,b Ling Li,b Véronique Guerchais, *c Julien Boixel *c

and Keith Man-Chung Wong *b

A new rhodamine-like alkyne-substituted ligand (Rhodyne) was designed to coordinate a cyclometallated

platinum(II) system. The chemo-induced “ON–OFF” switching capabilities on the spirolactone ring of the

Rhodyne ligand with an end-capping platinum(II) metal centre can modulate the interesting acetylide–

allenylidene resonance. The long-lived 3IL excited state of Rhodyne in its ON state as an optically active

opened form was revealed via steady-state and time-resolved spectroscopy studies. Exceptional near-

infrared (NIR) phosphorescence and delayed fluorescence based on a rhodamine-like structure were

observed at room temperature for the first time. The position of the alkyne communication bridge

attached to the platinum(II) unit was found to vary the lead(II)-ion binding mode and also the possible

resonance structure for metal-mediated allenylidene formation. The formation of a proposed

allenylidene resonance structure was suggested to rationalize these phenomena.
Introduction

Transition metal complexes have attracted much interest due to
a variety of potential applications,1–7 associated with the capa-
bility of promoting an emissive triplet excited state at room
temperature.8,9 Particularly, the controllable population of the
triplet excited state by an external stimulus has become an
intense research topic of interest, dedicated to the examples of
pH- and photo-activatable photodynamic therapy (PDT)
reagents,10–12 molecular logic gates13 and data storage,14 or
fundamental photochemistry.15,16 The incorporation of switch-
able organic units into optical-active transition metal
complexes is one common strategy to achieve metal-based
photo-functional materials with “ON” and “OFF” states in
a controllable manner.17–28 The design of multi-chromophoric
systems capable of triplet sensitization and emission with
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a switching unit could lead to remote manipulation of the
localization and the lifetime of the triplet emissive state.

Rhodamine derivatives are found in equilibrium between
two isomers with very different spectroscopic properties,29 i.e.
colourless and non-uorescent ring-closed and highly coloured
and uorescent ring-opened structures about the spirocarbon.
Because of this impressive attribute, together with their high
sensitivity and selectivity, rhodamine derivatives have been
widely applied in uorescent probes.29–32 Although rhodamine
was discovered over a century ago and widely investigated,33

most research about rhodamine has focused on its photo-
physics and photochemistry from the uorescence of singlet
excited states, studies about rhodamine triplet excited states are
relatively limited.34,35 The introduction of a heavy atom into
a rhodamine system acting as a photosensitizer has been
employed to generate its triplet excited state for the application
of photodynamic therapy.36–39 The research groups of Zhao40,41

and Eisenberg42 demonstrated that the attachment of a plati-
num(II) system into the rhodamine unit would facilitate the
formation of a rhodamine triplet excited state from its singlet
excited state. Our group has recently developed a versatile
strategy to generate a rhodamine triplet state as organelle-
targeting photosensitizers for efficient PDT through the liga-
tion of rhodamine tethered chelate into transition metal
systems.43,44 Such a long-lived triplet excited state of rhodamine
is commonly found in a dark state at room temperature which
can only be observed by transient absorption spectroscopy.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Chart 2 The structural design of the cyclometallated platinum(II)
complexes 1 and 2 with a switchable function rhodamine-like moiety.
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We have been devoted to the exploration of possible
combinations of transition metal complexes with photo-
switchable and chemo-switchable units, such as photo-
chromic diarylethenes (DTE)22–24 and rhodamine-based deriva-
tives,43–48 respectively. As an extension of our ongoing interest in
controllable luminescence from transition metal systems, our
previous results prompted us to design and investigate novel
rhodamine-based cyclometallated platinum(II) complexes. A
structural modication for a rhodamine-like derivative is
rationally designed as a new ligand, in which the triplet excited
state of the rhodamine-like ligand could be promoted, while the
switching behaviour could remain at the same time. In this
study, an ethynyl group on the xanthene unit is introduced to
replace the amino or hydroxyl group in rhodamine or Rhodol,
respectively, for the coordination of the transition metal centre.
Based on the naming of Rhodol with a hydroxyl group, we label
this new rhodamine-like ligand as Rhodyne herein (Chart 1).

On the other hand, diverse examples of transition metal
allenylidene complexes have been investigated because of their
potential applications in catalysis49 and molecular elec-
tronics.50 On the contrary, the luminescence properties of this
class of extended unsaturated complexes had been relatively
unexplored until recent reports on the room-temperature
phosphorescent allenylidene complexes of iridium(III),51

gold(I),52 gold(III)53 platinum(II),53 and palladium(II).54 In these
systems, the alkylation or attachment of cationic N-heterocyclic
carbene on the alkynyl group is a common strategy to achieve
resonance forms of the allenylidene complex. The cationic
Rhodyne in its opened form with the alkynyl linker at the 60

position is anticipated to promote such resonance. As a result,
the switching capability from the spirolactone ring on Rhodyne
will be able to participate in the allenylidene formation in
a controllable manner. Additionally, a higher metal contribu-
tion is envisaged to perturb the triplet excited state of the
rhodamine-like dye through the delocalization of electron
density over the main molecular skeleton, i.e. from the
xanthene all the way to the metal centre across the allenylidene
bridge, resulting from the extended resonance structure. In
view of this, our design and approach in this regard is to tether
the newly designed Rhodyne ligand to the cyclometallated
platinum(II) luminophore, with the aims of (1) introduction of
a convenient and reversible switch into the platinum(II) system
to control the photophysical and photochemical properties; (2)
exploration of the impact of the platinum(II) centre on the
photophysical properties of the rhodamine-like dye and (3)
manipulation of the localization and the nature of an emissive
Chart 1 The molecular structures of rhodamine, Rhodol, and a new
rhodamine-like dye with an alkyne substituent on the xanthene unit
(named Rhodyne).

© 2021 The Author(s). Published by the Royal Society of Chemistry
triplet excited state in the hybrid from an organic dye and
a luminescent transition metal system.

As shown in Chart 2, two cyclometallated platinum(II)
complexes, comprising of Rhodyne as a rhodamine-like deriv-
ative switch, a luminescent platinum(II) system and an alkynyl
bridge, were designed. The ability to form an allenylidene
complex, which may impact the luminescent behavior, would
be inferred by the different positions of the alkynyl linker on
Rhodyne. Herein we report the synthesis, characterization and
spectroscopic studies of a new class of cyclometallated plati-
num(II) complexes, 1 and 2, with the Rhodyne ligand as the
switchable regulator (Chart 2). The allenylidene complex
formation in the opened-form of 1 with the alkynyl linker at
a “suitable position” on Rhodyne is thought to be involved in
the unusual rhodamine-like phosphorescence and delayed
uorescence.
Results and discussion
Synthesis and characterization

In order to construct our designed cyclometallated platinum(II)
system, two new Rhodyne ligands with an alkynyl group at
different positions, L1 and L2, were rstly designed and
synthesized (Scheme S1‡). The coordination of these two
ligands into the cyclometallated chloroplatinum(II) complex
precursor was achieved in base conditions with the catalysis of
CuI, to afford 1 and 2 (Scheme S1‡). Complexes 1 and 2 were
fully characterized and their molecular structures determined
by X-ray crystallography (Fig. S1–S4‡). As shown in their
perspective views in Fig. 1, the platinum(II) metal centre adopts
a typical distorted square planar geometry with the cyclo-
metallated N^N^C pincer ligand and the alkynyl linker. The
geometry of the quaternary carbon of the spirolactone ring in
both 1 and 2 clearly indicates the existence of the ring-closed
form in the crystals.29–32 The angles between the xanthene core
planes and the platinum(II)-C^N^N framework are 12.12� and
34.31� in 1 and 2, respectively.
Basic photophysical properties in the closed form

Similar to related cyclometallated alkynylplatinum(II)
systems,22,23,53,55 low-energy absorption bands at 412 nm and
Chem. Sci., 2021, 12, 11056–11064 | 11057
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Fig. 1 Perspective drawings of (a) 1 and (b) 2. Solvent molecules and
hydrogen atoms are omitted for clarity. Thermal ellipsoids are drawn at
the 30% probability level.

Fig. 2 The electronic absorption spectral changes of (a) 1 (conc. ¼ 10
mM) and (b) 2 (conc. ¼ 25 mM) upon the addition of various equivalents
of protons in acetonitrile at room temperature. The insets show plots
of absorbance versus the concentration of protons and the solution
colors in the opened forms.
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430 nm (1) and 420 nm and 442 nm (2) were observed in the
electronic absorption spectra in acetonitrile at room tempera-
ture (Fig. S5a‡), which were assigned to the admixture of [dp(Pt)
/ p*(N^N^C)] metal-to-ligand charge transfer (MLCT) and
[pp(C^C) / p*(N^N^C)] ligand-to-ligand charge transfer
(LLCT) transitions. Intense photoluminescence was also found
in the acetonitrile solution of 1 (lmax ¼ 572 nm; s¼ 215 and 660
ns) and 2 (lmax ¼ 598 nm; s ¼ 151 ns) (Fig. S5b‡), which origi-
nates from the triplet excited state of the 3MLCT/3LLCT char-
acter. The red-shi of the low-energy absorption and emission
in 2, relative to 1, is ascribed to the stronger inuence from the
electron-rich alkoxy group at the para-position on the alkynyl
ligand, leading to a rise of the HOMO energy level. A deoxy-
genated acetonitrile solution of 1 (3.1%) was found to show
a higher photoluminescence quantum yield (PLQY) than 2
(1.9%). Their nanosecond transient absorption (ns-TA) different
spectra (Fig. S6‡) show a positive absorption at around 372 nm
which is assigned to the radical anion of N^N^C ligand
absorption. In addition, the observation of a broad absorption
from 450–800 nm extending beyond the detection range is
attributed to the triplet absorption of the 3MLCT/3LLCT excited
state.
Fig. 3 Electronic absorption spectral changes of (a) 1 (conc. ¼ 10 mM)
and (b) 2 (conc. ¼ 25 mM) upon the addition of various concentrations
of Pb(II) ions in acetonitrile. The insets show plots of absorbance versus
the concentration of Pb(II) ions and the theoretical fitting curves; Job's
plots; and the solution colours in the opened forms.
UV-vis absorption titration studies

Upon addition of p-toluene sulfonic acid, new structured
absorption bands at 535 nm and 574 nm emerged in 1 as
a result of the ring-opening process on Rhodyne, leading to
a drastic colour change from yellow to purple in solution
(Fig. 2a). In similar conditions, the ring-opened form of 2 ob-
tained by addition of acid into the solution resulted in a colour
change to magenta, which is attributed to the appearance of
new structured absorption bands at 532 nm and 573 nm and an
increase in absorbance at 432 nm (Fig. 2b). A similar amount of
acid (1.1–1.2 equivalents of acid) was required to reach the
absorbance plateau for the new absorption bands in 1 and 2
(Fig. 2 insets). The observation of a similar absorption response
in L1 and L2 (Fig. S7‡) indicates the negligible inuence from
the alkynyl group at different substitution sites. In contrast, the
absorption spectral changes upon ring opening in 1 show
essential differences with those in 2. Collectively, the differ-
ences in the acid response between them are as follows: (i) the
change in the absorbance at around 420 nm in 1 was very tiny
while the absorbance at 432 nmwas found to increase from 0.16
11058 | Chem. Sci., 2021, 12, 11056–11064
to 0.50 in 2; (ii) a much higher absorbance (around 6-fold) was
generated in 1 for the newly emerged structured absorption
band (from 500 to 600 nm) compared to that in 2; (iii) two
isosbestic points at 348 nm and 422 nm were observed in 1,
which were absent in 2; and (iv) the shapes of the newly
emerged absorption bands were different with Huang–Rhys
factors of 0.66 (1) and 0.84 (2).

Apart from the acid-promoted ring-opening on the spi-
rolactone ring of Rhodyne, a similar chemo-responsive process
could also be triggered by metal ions in 1 and 2. Corresponding
absorption titration studies of 1 upon the addition of Pb(II) ion
exhibited similar spectral changes with new structured
absorption bands, which are ascribed to the opened form of
Rhodyne (Fig. 3a). Scrutinizing their spectral changes revealed
that the absorption peak at 572 nm upon the addition of 0.5
equivalents of Pb(II) ions was 83% as high as that at its satura-
tion with about 1.2 equivalents of Pb(II) ions (Fig. S8a‡). By
monitoring the absorbance at the absorption tail at 620 nm,
further addition of Pb(II) ions beyond 0.67 equivalents of Pb(II)
ion leads to a decrease in the absorbance, suggesting a two-
stage binding process (Fig. S8b‡). Both Job's plot and theoret-
ical binding tting (Fig. 3a insets) also supported the 1 : Pb(II)
ion ¼ 2 : 1 binding model, where the initial addition of Pb(II)
ion afforded the {[1]2cPb

2+} species which will be further con-
verted into the {1cPb2+} adduct with excess Pb(II) ions. The
binding constants of 5.90 � 0.13 (log K21) and 5.67 � 0.21
(log K11) as well as the detection limit of 13.9 nM were deter-
mined. The normalized absorption spectrum of 1 with excess
Pb(II) ions matched very well with that in excess acid (Fig. S8b‡),
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Emission spectral changes in acetonitrile upon the addition of
various concentrations of Pb(II) ions to (a) 1 and (b) 2 at an excitation
wavelength of 540 nm; conc. ¼ 10 mM. The insets show plots of the
relative emission intensity versus the equivalents of Pb(II) ions. Blue
line: deoxygenated solution with an excess of Pb(II) ions.
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indicating that the 1 : 1 bound species mainly exists in the
presence of high concentrations of Pb(II) ions. For 2, new
structured absorption bands at 520 nm and 567 nm emerged
and the absorbance of the peak at ca. 430 nm increased upon
the addition of Pb(II) ions (Fig. 3b). In contrast, both the theo-
retical binding tting and Job's plot (Fig. 3b insets) supported
the 1 : 1 binding model. The detection limit of 76 nM and the
log Ks value of 6.32 � 0.17 for the Pb(II) ion binding to 2 were
found. The absence of 2 : 1 bound species in 2 is possibly due to
the unfavourable formation of such a sandwich adduct as
a result of stronger mutual repulsion from the bulky cyclo-
metallated platinum(II) moiety at the position in close proximity
to the spirolactone group.
Emission titration studies

Emission titration studies of 1 and 2 were carried out in air-
saturated acetonitrile and the addition of acid or Pb(II) ion
resulted in similar spectral changes for the individual complex
(Fig. S9 and S10‡). Upon excitation at the isosbestic point of
348 nm for 1 or at 330 nm for 2 (with minimal changes in
absorbance), the original 3MLCT/LLCT emission in their closed
forms was found to be diminished with the concentration of
acid or Pb(II) ions. Two residual emission bandmaxima (540 nm
and 620 nm for 1; 549 nm and 610 nm for 2) were observed with
an excess of acid (Fig. S9‡) or Pb(II) ions (Fig. S10‡). The emis-
sion at 540 nm or 549 nm, for those excitation spectra are
similar to the corresponding absorption spectra in the closed
form, originating from the platinum(II) 3MLCT/LLCT excited
state. A related cyclometallated platinum(II) complex with
a positively charged alkynyl group was reported to exhibit
similar 3MLCT/LLCT emission at 530 nm.53 The binding
constants for 1 (log K21, 5.85; log K11, 6.11) and 2 (log K11, 6.62)
are in good agreement with those determined by absorption
studies, indicating that the emission quenching is attributed to
the ring-opening process on Rhodyne.

Since no platinum(II) MLCT/LLCT state could be populated
at such low-energy excitation, the ring-opening effect on the
Rhodyne excited state is clearly identied. Upon excitation at
540 nm, new emission bands at 620 nm and 610 nm were found
to gradually emerge with increasing the concentration of Pb(II)
ions in 1 and 2 (Fig. 4). The origin of these emissions is
reasonably assigned as the Rhodyne singlet intraligand (1IL)
excited state. It is noteworthy that a new near-infrared (NIR)
emission band at ca. 750 nm appeared in the solution of 1 with
excess Pb(II) ions aer removal of the oxygen (Fig. 4a). The
excitation spectra of these emissions at 620 nm and 750 nm
closely resemble the absorption spectrum of the ring-opened
form of 1 featuring the characteristic Rhodyne 1IL absorption
(Fig. S11‡), indicating that this emission originates from the
opened form of Rhodyne. Given the large stokes shi of
4150 cm�1 (from 572 nm to 750 nm) as well as the nature of the
oxygen sensitivity (Fig. 4a), the origin of such NIR emission is
assigned as derived from the Rhodyne triplet intraligand (3IL)
excited state. Kinetic studies of such NIR emission showing the
lifetime in the microsecond regime (vide infra) further support
the assignment of triplet parentage. Such phosphorescence of
© 2021 The Author(s). Published by the Royal Society of Chemistry
the ring-opened form of 1 was also observed in 1 with excess
acid in deoxygenated acetonitrile. Similar to the triplet excited
state of organic dyes, the rhodamine-based triplet excited state
is commonly considered as a dark state and can be probed by
transient absorption spectroscopy.40–44 To the best of our
knowledge, this is the rst example of direct observation of the
rhodamine-like originated phosphorescence in solution state at
room temperature. In contrast, such phosphorescence was not
found in the deoxygenated solution of 2 in its ring-opened form.
On the other hand, the emission responses of L1 and L2 upon
ring opening are essentially the same (Fig. S12‡). On the basis of
these ndings, the position at which the alkynylplatinum(II)
unit is attached to the Rhodyne is suggested to be a key factor
leading to a signicant difference in the Rhodyne 3IL excited
state properties in 1 and 2. From consideration of the alkynyl-
platinum(II) group which is attached to the 60 position on
Rhodyne in 1, the positive charge created at a “suitable posi-
tion” of the ring-opened form is envisaged to facilitate or
contribute to the formation of the allenylidene complex with
extended resonance throughout the xanthene core, allenylidene
bridge and the platinum(II) metal centre (Chart 3). On the
contrary, the alkynylplatinum(II) moiety in 2 is instead tethered
at the 70 position to the xanthene oxygen atom and the gener-
ation of the corresponding resonance structure is not allowed. It
is reasonably suggested that the Rhodyne phosphorescence in
the ring-opened form of 1 is mediated by such an allenylidene
complex as a result of the enhanced involvement of the plati-
num(II) metal centre.
Computational studies

In order to elucidate the dependence of the alkynyl position
tethered on the Rhodyne for the possibility of allenylidene
formation, computational studies were performed. Optimized
structures of 1 and 2 (Fig. S13a and b‡) revealed that the spiro-
rings are in a closed state, as indicated by their X-ray crystal
structures and photophysical behaviours. The opened forms of
1 and 2 were mimicked by replacing the isobenzofuran-1(3H)-
one group with a phenyl ring and by adding one more positive
charge throughout the whole structure (Fig. S13c and d‡).
Compared to its closed form, it is noteworthy that both of the
bond distances of Pt–Ca and Cb–Cg in the opened form of 1 are
shortened by 0.02 Å, while the bond distance of Ca–Cb is slightly
Chem. Sci., 2021, 12, 11056–11064 | 11059
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Chart 3 Resonance structures of 1 and 2 illustrating the possibility of
platinum(II) allenylidene formation through the positive charge created
on Rhodyne in their ring-opened forms.

Fig. 5 (a) Time-resolved emission spectra of 1 in the ring-opened
form in deoxygenated acetonitrile at room temperature and the cor-
responding lifetime decay traces monitored at (b) 620 nm (with the
exclusion of the first data point) and (c) 740 nm. Conc. ¼ 15 mM (1) and
45 mM (Pb2+). A pulsed laser at 532 nm was the excitation source.
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elongated by 0.01 Å (Table S3‡). On the other hand, no such
changes in the bond distances of Pt–Ca and Cb–Cg between the
closed and opened forms of 2 were computed. Given the very
similar structures of 1 and 2, their discrepancies from the
changes of bond distances are attributed to the variation of the
connecting positions between Rhodyne and the alkynylplati-
num(II) moiety. For the opened form of 1, the extent of the
changes in the bond distances from the theoretical calculations
is less signicant than those in the iridium(III) system pos-
sessing acetylide–allenylidene resonance structure.51 This can
be rationalized by the less dominant allenylidene mesomeric
structure in the opened form of 1 because the positive charge is
delocalized mainly throughout the extended conjugation over
the xanthene structure. The computational results reasonably
support the formation of the allenylidene complex in the
opened form of 1. In sharp contrast, the corresponding alleny-
lidene complex cannot be generated in the opened form of 2
due to the “unmatched” position of the alkynyl group on Rho-
dyne, as shown in Chart 3.
Time-resolved emission and nanosecond transient absorption
spectroscopy studies

Nanosecond gated emission measurements of the ring-opened
1 at 532 nm-pulsed laser excitation were performed in order
to obtain the emission dynamics from the Rhodyne excited sate,
11060 | Chem. Sci., 2021, 12, 11056–11064
with a minimal inuence from the 3MLCT state. The emission
spectra in deoxygenated acetonitrile exhibit two emission bands
at around 620 nm and 740 nm, while their relative emission
intensities were found to be similar going from 0.0 to 14.0 ms
aer the laser pulse (Fig. 5a). Based on the aforementioned
steady-state emission study of the ring-opened form of 1, the
emission bands at 620 nm and 740 nm originate from the
Rhodyne singlet and triplet excited states, respectively. The
emission lifetimes could be estimated by the decay t of emis-
sion intensities at 620 nm and 740 nm (Fig. 5b and c). The long-
lived NIR emission at 740 nm (s ¼ 3.29 ms) suggests the nature
of the phosphorescence from the Rhodyne triplet excited state.
This is further supported by the observation of long-lived
species (s ¼ 3.39 ms) from the nanosecond transient absorp-
tion study (vide infra). It is noteworthy that the lifetime for the
Rhodyne-based uorescence at 620 nm was found to be
unprecedentedly long (3.44 ms) and similar to the correspond-
ing phosphorescence within experimental error. The prolonged
lifetime suggests that such long-lived emission at 620 nm is
attributed to the delayed uorescence, while the absence of the
short-lived Rhodyne prompted uorescence is reasonably due
to the cut-off from time zero setting from the instrument to
eliminate the nanosecond laser pulse scattering. Such delayed
uorescence and phosphorescence of the opened form of 1 also
emerged in deoxygenated dichloromethane (with 1% acetoni-
trile) (Fig. S14a‡) with longer lifetimes of s ¼ 12.88 ms and 13.19
ms (Fig. S14b and c‡), respectively. According to the proposed
resonance structure in Chart 3, the d orbitals of the Pt centre
can be involved in the IL transition through the linker. As
a result, another MLCT (from Pt to Rhodyne) character is mixed
with this IL state. This MLCT transition is probably less sensi-
tive to the solvent polarity based on the similar time-resolved
emission spectra in acetonitrile and dichloromethane (with
1% acetonitrile). On the other hand, computational studies
showed that the contributions to the HOMO and LUMO in their
lowest triplet state (T1) from the Pt center and C^C group are
higher in the opened form of 1 (Table S4 and Fig. S15‡),
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Transient absorption spectral changes of (a) 1 (conc. ¼ 10 mM)
and (b) 2 (conc. ¼ 20 mM) in their ring-opened forms with excess
amounts of Pb(II) ions in deoxygenated acetonitrile at room temper-
ature. The insets show the transient absorption lifetime fitting of the
signals monitored at 570 nm and 550 nm for 1 and 2, respectively.
Excitation wavelength ¼ 355 nm.
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compared to that of 2, which can further support certain elec-
tronic mixing between 3IL and 3MLCT states. In the air-
saturated solution of the ring-opened 1 sample, the emission
spectra from the pulsed laser excitation also showed the Rho-
dyne uorescence and NIR phosphorescence at 620 nm and
740 nm, respectively (Fig. S16a‡). However, the emission life-
time at 740 nm was signicantly shortened from 3.54 ms to 420
ns (Fig. S16b‡) in the air-saturated solution, which further
conrms the triplet nature of the emission. The observation of
the similar lifetime (390 ns) for the emission at 620 nm
(Fig. S16c‡) also suggested the assignment of delayed uores-
cence, which is essentially generated from the triplet state. For
the open form of 2, the main difference is the absence of
phosphorescence from the rhodamine triplet excited state as
well as the delayed uorescence, probably due to the forbidden
formation of the allenylidene complex.

Three possible mechanisms for delayed uorescence, (I)
triplet–triplet annihilation (TTA) with dominant phosphores-
cence or dominant delayed uorescence, (II) recombination of
geminately bound electron-hole pairs (GP) and (III) E-type
delayed uorescence or so-called thermally activated delayed
uorescence (TADF), have been reported.56–58 An attempt has
been made to investigate the dependence of emission intensity
on excitation laser uence ranging from 1–213 mJ. The relative
delayed uorescence intensity to phosphorescence is similar
with a ratio (IDF/IPhos) of about 0.27 (Fig. S17‡). However, no
conclusive results could be obtained from the log–log plot of
emission intensity versus laser power, probably due to the small
changes in the emission intensity in the low laser power regime
as well as the saturation effect in the high laser power regime. In
spite of this, the aforementioned time-resolved measurements
could still prove valuable and give some clues. By virtue of the
lifetimes of the phosphorescence at 740 nm and the delayed
uorescence at 620 nm in the opened form of 1 being essentially
the same, the assignment of delayed uorescence from the TTA
mechanism is unlikely because the lifetime of the delayed
uorescence from TTA should be half of the phosphorescence
in this mechanism.56 In addition, a control experiment was
conducted, in which time-resolved emission studies were
carried out in viscous solvent, which was anticipated to avoid
TTA delayed uorescence because of the reduced molecular
diffusion. The persistent observation of delayed uorescence
with a lifetime of 23.53 ms in glycerol triacetate (Fig. S18‡) was
also inconsistent with the TTA mechanism. There was a report
on the delayed uorescence of rhodamine dyes coming from the
GP recombination mechanism at 77 K, high energy excitation at
355 nm is required to populate the GP pair.56 In contrast,
delayed uorescence of the ring-closed form of 1 could also be
observed from the lower energy of laser pulsed excitations at
532 nm. In addition, both the delayed uorescence and phos-
phorescence were found to follow rst-order kinetics with no
power law relation, suggesting that the GP recombination
mechanism is also less possible.58 Therefore, the origin of the
delayed uorescence is tentatively assigned to the TADF. In this
mechanism, equal lifetimes of phosphorescence and delayed
uorescence would be suggested because the singlet and triplet
state populations are in thermal equilibrium. Variable-
© 2021 The Author(s). Published by the Royal Society of Chemistry
temperature emission spectroscopic studies are a common
way to verify the TADF mechanism. Upon increasing the
temperature, enhanced delayed uorescence intensity and
decreased phosphorescence intensity would be anticipated due
to the population of the singlet state from the triplet state
through thermally activated process. However, the ring-opened
form of 1will undergo backwards ring-closure conversion in low
temperature under�40 �C, the temperature ranging from�5 �C
to 60 �C for variable-temperature emission measurement was
therefore employed. The phosphorescence intensity at 740 nm
was found to drop signicantly upon increasing temperature,
while the uorescence intensity at 620 nm only slightly changed
(Fig. S19a‡). From the basic knowledge of photophysics, the
emission intensity would be weakened as a result of the
increase in non-radiative decay with increasing temperature.
From the normalized spectra at 740 nm, the relative uores-
cence intensity to the phosphorescence is enhanced from�5 �C
to 60 �C (Fig. S19b‡). Independent variable-temperature steady-
state emissionmeasurements for the opened form of L1 showed
that the uorescence was signicantly diminished upon
increasing the temperature (Fig. S20‡). In view of this, another
opposite effect from TADF is suggested to account for the small
change in uorescence intensity at 620 nm. The energy gap
between the singlet and triplet states (DS–T) of about 0.39 eV was
estimated from the onsets of uorescence and phosphores-
cence energies, molecules in comparable DS–T values were re-
ported to exhibit TADF.59,60

With reference to other related studies on rhodamine-
containing transition metal systems,41–44 transient absorption
(TA) spectroscopy is a valuable tool to probe the 3IL of rhoda-
mine. In order to verify the excited state nature, nanosecond
transient absorption (TA) spectroscopies of 1 and 2 in their ring-
opened forms were investigated with the excitation of 355 nm
pulsed laser. The TA spectra of the ring-opened form of 1 in
deoxygenated acetonitrile displayed an intense ground state
depletion signal at 570 nm, which is characteristic of the
negative Rhodyne absorption prole (bleaching) (Fig. 6a). Such
a ground state depletion signal at 570 nm with a lifetime of 3.39
ms is assigned as the Rhodyne 3IL state, which is in line with the
lifetime of the phosphorescence at 740 nm. For the ring-opened
form of 2, a similar strong bleaching signal with a typical
negative Rhodyne absorption prole was also found at around
Chem. Sci., 2021, 12, 11056–11064 | 11061
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Fig. 7 A simplified energy diagram of the ring-opened form of 1. IL ¼
intraligand excited state of Rhodyne; MLCT/LLCT ¼ metal-to-ligand
charge-transfer with mixing of ligand-to-ligand charge transfer
character; a superscript of “1” ¼ singlet state; a superscript of “3” ¼
triplet state; ISC ¼ intersystem crossing; RISC ¼ reversed intersystem
crossing; TTET ¼ triplet–triplet energy transfer; PF ¼ prompt fluo-
rescence; DF: delayed fluorescence; and Phor. ¼ phosphorescence.
The energy levels were estimated based on the onsets of emission
energies.
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550 nm in the TA spectrum (Fig. 6b), with a prolonged lifetime
of 48.15 ms. Both in the opened forms of 1 and 2, the observation
of positive TA signals at 350 nm, 410–420 nm and 600–750 nm
with similar lifetimes were ascribed to the 3IL absorption of
Rhodyne.41,42 On the basis of the shorter lifetime of the Rhodyne
3IL state in 1, a more efficient 3IL / S0 transition arising from
the enhanced spin–orbit coupling is anticipated. This can be
rationalized by the more substantial involvement or contribu-
tion of the platinum(II) metal centre in the Rhodyne 3IL state
due to the formation of the allenylidene complex in the opened
form of 1. Using a lower-energy wavelength of 532 nm pulsed
laser for the excitation of the opened form of 1 also generated
the same transient absorption signals in different solvents
(Fig. S21‡). The lifetimes for the depletion signal at 570 nm
(3.50 ms in MeCN; 12.83 ms in dichloromethane with 1%
acetonitrile and 20.75 ms in glycerol triacetate) are in accordance
with the phosphorescence lifetimes from the time-resolved
emission spectroscopy.

The presence of the long-lived triplet excited state of Rho-
dyne is anticipated to interact with molecular oxygen (3O2) to
form singlet oxygen (1O2). The ability of the opened forms of 1
and 2 to produce 1O2 was evaluated spectroscopically by the
observation of 1O2 emission at about 1270 nm (Fig. S22‡).
Moderate 1O2 generation quantum yields (FD) of 0.38 (1) and
0.35 (2) were determined by using rose Bengal as a reference (FD

in MeCN¼ 0.45)61 with excitation at 514.5 nm. Alternatively, the
singlet oxygen generation abilities of both 1 and 2 in their ring-
opened forms were studied using the 1O2 scavenger 1,3-diphe-
nylisobenzofuran (DPBF) indicator. For both compounds,
signicant absorbance drops were observed at 410 nm
(Fig. S23‡), indicating the generation of singlet oxygen.

Based on the steady-state and time-resolved emission, as
well as the nanosecond transient absorption spectroscopies in
deoxygenated solvents, the simplied energy diagram of the
ring-opened form of 1 with various excited states is suggested
(Fig. 7). With excitation at around 348 nm (steady state
measurements) or 355 nm (time-resolved studies) for the
1MLCT/LLCT transition of the platinum(II) moiety of the ring-
opened form of 1, the emission intensity from the original
3MLCT/LLCT state diminished while Rhodyne 1IL uorescence
as well as the 3IL phosphorescence emerged. On the basis of
this, together with our recent work on rhodamine-containing
transition metal systems,43,44 the higher-lying platinum(II)
3MLCT/LLCT state would be relaxed to the Rhodyne triplet
intraligand (3IL) excited state via triplet–triplet energy transfer
(TTET). The observation of residual 3MLCT/LLCT emission
overlapping with the Rhodyne 1IL uorescence with such
a higher-energy excitation (Fig. S24‡) indicates that the TTET
process is partially efficient. However, the possibility of direct
population of the 1IL state from the 3MLCT state cannot be
completely ruled out. If lower-energy excitation at 540 nm
(steady state measurements) or 532 nm (time-resolved studies)
was employed, the Rhodyne 1IL state was exclusively excited,
which leads to the Rhodyne 1IL uorescence and 3IL phospho-
rescence through intersystem crossing (ISC). It is noteworthy
that delayed uorescence, which is derived from the Rhodyne
3IL state through reversed intersystem crossing (RISC), was also
11062 | Chem. Sci., 2021, 12, 11056–11064
observed from different excitation energies. Since the allenyli-
dene complex formation is only possible in complex 1 with the
alkynyl linker at a “suitable position” on Rhodyne, unusual
rhodamine-like phosphorescence at 740 nm from its triplet
state was observed at room temperature. In addition, an inter-
esting delayed uorescence at 620 nm of this rhodamine-like is
also featured. Unlike the reports from Castellano and co-
workers on transition metal systems with organic rylenes62–64

which exhibited an equilibrium between the 3MLCT and 3IL
states, the delayed uorescence in this work is derived from an
equilibrium between the 1IL and 3IL states of Rhodyne. For the
opened form of 2, a higher-energy excitation for the 1MLCT/
LLCT transition of a platinum(II) moiety or lower-energy exci-
tation for the Rhodyne 1IL state would also generate a Rhodyne
triplet intraligand (3IL) excited state. Such a 3IL excited state is
a dark state and could only be probed by nanosecond transient
absorption spectroscopy. Unlike the ring-opened form of 1, no
phosphorescence was observed in that of 2 from the steady-state
and time-resolved emission studies. In addition, the absence of
delayed uorescence from time-resolved emission measure-
ments excludes the occurrence of RISC from the 3IL to 1IL state.

Conclusions

In conclusion, two cyclometallated alkynylplatinum(II)
complexes tethered with rhodamine-like (Rhodyne) ligands
showing controllable photophysical behaviour were described.
Via the judicious choice of the tethering position on Rhodyne,
the formation of an allenylidene complex can be generated
upon the ring-opening of the spirolactone group. Specically,
NIR phosphorescence originating from Rhodyne 3IL at 740 nm
and delayed uorescence at 620 nm were featured in the solu-
tion state at room temperature. Such an observation of NIR
phosphorescence and delayed uorescence originating from
a rhodamine-like structure at room temperature occurs for the
rst time, and it is mediated by allenylidene formation with
© 2021 The Author(s). Published by the Royal Society of Chemistry
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a resonance structure throughout the xanthene core, an alle-
nylidene bridge, and the platinum(II) metal centre. The present
study provides a strategic molecular design for lighting up the
dark state of an organic excited state, not only providing new
insight into fundamental photophysics but also allowing the
exploitation of optical functional materials.
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