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Synergistic effects of triplet–triplet annihilation
and reverse intersystem crossing in a platinum-
based electrochemiluminescent metallopolymer
emitter†
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Yanqing Tian, o Xueqing Xu, p Guizheng Zou, *e Duu-Jong Lee*b and
Hsien-Yi Hsu *acf

This work presents the synthesis, electrochemical behavior, and photophysical properties of a novel platinum

acetylide metallopolymer (p-PtBTD), designed for enhanced electrogenerated chemiluminescence (ECL)

performance. The metallopolymer features alternating p-conjugated segments of 2,1,3-benzothiadiazole

(BTD) and trans-Pt(PBu3)2 units. The inclusion of platinum centers facilitates efficient intersystem crossing

(ISC), allowing the radiative decay of triplet excitons, which is typically challenging in conventional ECL

systems dominated by singlet emission. Photoluminescence (PL) studies reveal dual emission, with a

prominent fluorescence peak at 584 nm and a weak phosphorescence peak near 800 nm. Electrochemical

investigations demonstrate quasi-reversible oxidation and irreversible reduction waves for p-PtBTD, while

transient ECL studies reveal instability in the radical cation, which has been successfully addressed using

tripropylamine (TPrA) as a co-reactant. The ECL spectrum shows dual emission arising from both singlet and

triplet states, facilitated by triplet–triplet annihilation (TTA) and reverse intersystem crossing (RISC) due to a

small energy gap (B0.5 eV) between these states. This dual emission mechanism, involving both fluorescence

and phosphorescence, highlights the potential of p-PtBTD for advanced ECL applications, particularly in

sensing and optoelectronics. These findings underscore the utility of metallopolymers in overcoming the

limitations of traditional ECL systems, paving the way for more efficient and versatile luminescent materials.
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Introduction

Organometallic p-conjugated materials have garnered significant
attention in recent decades due to their promising applications,
particularly in fields like electrogenerated chemiluminescence
(ECL) and optoelectronics.1–7 These materials, especially p-con-
jugated polymers, can achieve full-color ECL by sequentially
injecting holes and electrons into their highest occupied mole-
cular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO), leading to exciton formation and light emission
through radiative decay. Early studies on fluorescent polymers,
which utilized mechanisms like intrachain resonance energy
transfer and aggregation-induced emission, aimed to enhance
ECL efficiency and explore sensor applications.8–11 However,
these polymers typically suffer from spin-forbidden transitions,
which restrict ECL emission to singlet states, causing up to 75%
of the energy stored in triplet states to be lost.12

Our research focuses on overcoming these limitations by
investigating triplet-excited states in ECL, utilizing a more
energy-efficient singlet–triplet/triplet–singlet intersystem cross-
ing route.13 Specifically, we designed platinum acetylide metal-
lopolymers that harness the radiative decay of electrochemically
generated triplet excitons. The inclusion of platinum, a heavy
metal, within the p-conjugated polymer chain is expected to
significantly enhance intersystem crossing (ISC) yields, enabling
more effective utilization of triplet states.14

Recently, time-activated delayed fluorescence (TADF) poly-
mers (i.e., PCzAPT10) have been reported in the context of ECL,
representing a breakthrough in the field.7 Inspired by these
developments, we synthesized a platinum acetylide metallopoly-
mer (p-PtBTD) incorporating alternating p-conjugated segments
of a 2,1,3-benzothiadiazole (BTD) acceptor moiety and trans-
Pt(PBu3)2 units. BTD is a well-known electron acceptor, fre-
quently used in electrochemical and ECL applications.15–20 Its
incorporation was intended to fine-tune the polymer’s electronic
properties, narrow the energy gap, and improve the stability and
electrochemical activity of the resulting polymer.21–26

This study presents the synthesis, electrochemical charac-
terization, photophysical properties, and ECL behavior of
p-PtBTD, a unique ECL-active TADF p-PtBTD (Fig. 1). Our inves-
tigations reveal the presence of both fluorescence and phosphor-
escence in the PL spectrum of p-PtBTD. Electrochemical analyses
show quasi-reversible oxidation and irreversible reduction beha-
vior, while transient ECL studies highlight instabilities in cation
formation, which have been mitigated through the introduction
of TPrA as a co-reactant. The dual ECL emission has been
confirmed through a triplet–triplet annihilation (TTA) and

triplet–singlet Förster resonance energy transfer (FRET) mecha-
nism, which was facilitated by a small energy gap (B0.49 eV)
between the singlet and triplet excited states.

Results and discussion
Photophysics

Fig. 2a shows the UV-Vis absorption and the steady-state PL
spectra of p-PtBTD in 1 mM DCM. The platinum-acetylide
backbone’s p–p* transition, polarized along the long axis of
the polymer, produces a broad, split absorption spectrum with
maxima at 354 nm and 451 nm.27 The PL spectrum shows a
strong fluorescence peak at 584 nm with a short lifetime of
2.42 ns (Fig. S10, ESI†) and a minor phosphorescence peak
around 800 nm, consistent with previous reports.28–30 However,
the phosphorescence lifetime at 800 nm could not be measured
due to insufficient signal intensity.30–32 This observation may
appear to contradict the expected enhancement of the triplet
excited state due to the presence of the platinum atom (heavy
atom effect). A plausible explanation is the increased delocaliza-
tion of the singlet p–p* state along the platinum-acetylide
polymer chain. Liu et al. reported that as the chain length of
platinum-acetylide polymers increases, the ratio of the 0–1 to 0–0
vibronic bands decreases, indicating a reduction in electron-
vibrational coupling.33 This suggests that the singlet excited
state becomes more delocalized as the polymer chain grows
longer. This delocalization can lead to enhanced fluorescence
due to better orbital overlaps and stronger radiative transitions.
The observed weaker phosphorescence in our Pt-acetylide poly-
mer can be attributed to the localization of the triplet exciton, as
symmetry breaking in the excited state leads to confinement of
the triplet state on specific segments of the polymer. Similar
behavior has been reported in [Pt(P(nBu)3)2(ethynylbenzene)2]
complexes, where the triplet exciton becomes localized on a
single ethynylbenzene ligand due to symmetry breaking and
exhibits an activated hopping mechanism for transport.34 This
localization reduces the efficiency of radiative decay (T1 - S0),
contributing to weaker phosphorescence in p-PtBTD. The decay
profiles at 310 K, 190 K, and 100 K are shown that lower
temperatures reduce nonradiative decay lifetime (Fig. 2b),
thereby demonstrating the occurrence of RISC.

Exciton dynamics of p-PtBTD

Fig. 2c presents the transient absorption (TA) spectra of
p-PtBTD in solution, providing insights into the electronic
properties and dynamic profiles of transient states generated
by photoexcitation. Also, it can represent the excited state
dynamic of the PtBTD after electrochemical excitation. The fs-
TA spectrum is characterized by strong bleaching in the near-
UV region, attributed to ground-state depletion, along with
broad, moderately intense excited-state absorption extending
throughout the visible region, with a maximum at 690 nm. The
visible absorption band at 690 nm is attributed to ISC in the p-
PtBTD oligomer, with a time constant of approximately 900 fs
(Fig. S11b, ESI†), which is consistent with previously reportedFig. 1 The chemical structure of the p-PtBTD metallopolymer.
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ISC rates in platinum-acetylide oligomers.14 Meanwhile, the
transient signal at 514 nm shows growth with a time constant
of 2.32 ps (Fig. S11a, ESI†), corresponding to the ground-state
recovery process via relaxation from the excited states to the
singlet ground state (Fig. 2d). This kinetic data supports the
existence of the triplet-excited state in p-PtBTD.

Temperature-dependent time-resolved photoluminescence
(TRPL) spectroscopy was employed to investigate the exciton
dynamics of the p-PtBTD polymer (Fig. 3a). The decay kinetics
were fitted to a bi-exponential decay model, revealing two
distinct temporal decay processes, including short lifetime
(t1) and long lifetime (t2). As listed in Table S1 (ESI†), the TRPL
decay curves predominantly feature a fast decay component
with t1 ranging from 2.0 to 4.3 ns and a slower decay compo-
nent with t2 ranging from 0.48 to 1.11 ms. Furthermore, the
average lifetimes (tavg) are temperature-dependent, increasing
from 0.48 ms at 100 K to 1.11 ms at 340 K. Further evidence of
delayed PL is observed in the large amplitude component
(81.67% to 98.51%) and the small amplitude component
(1.49% to 18.33%) as the temperature increases (Table S1,
ESI†). These features indicate the presence of thermally acti-
vated delayed fluorescence (TADF) in p-PtBTD.

Marcus theory has been broadly used to explain the electron
transfer in distinct molecular systems and illustrate the transfer
of electron–hole pairs.35 Marcus theory describes how the rate of
electron transfer depends on the free energy change (DG) of the
reaction and the reorganization energy (l) of p-PtBTD. Based on
our previous investigation,36–39 we adopted Marcus theory to
describe the photoinduced charge-carrier dynamics of p-PtBTD
emitters. The calculation of activation energies for the fast and
slow decay, which are 5.13 meV and 13.72 meV, respectively, was
performed. These values were obtained by fitting the PL decay

curves with the equation 1=t ¼ a�
ffiffiffiffiffiffiffiffiffi
1=T

p
exp �Ea=kBT½ � þ b

(Fig. 3b–d and Table 1). The pre-exponential factor from the
fit-to equation yields temperature-independent electronic cou-
pling matrix elements |HAB|, whose values represent the overlap
of the excited-state wave functions between the initial and final
sites, and are determined to be 6.34 � 10�3 cm�1 and 6.68 �
10�3 cm�1. The extracted activation energies provide evidence
for the localization of the singlet excited state. These values
reinforce the role of these processes in the dual-emission
behavior of p-PtBTD.

The low activation energy (5.60 meV) and stronger electronic
coupling (6.91 � 10�3 cm�1) associated with the t1 suggest that

Fig. 2 (a) UV-Vis absorption spectra (cyan solid line), PL spectra (purple solid line) and ECL spectra (red solid line). Excitation wavelength for PL: 354 nm.
ECL spectra of 1 mM p-PtBTD without TPrA in 0.1 M TBAPF6 in DCM is obtained by pulsing between 80 mV past the oxidation peak potential and 2nd
reduction potential. (b) Normalized transient PL decay of p-PtBTD monitored at 584 nm at 300 K (cyan curve), 190 K (purple curve) and 100 K (pink curve).
(c) Ultrafast transient absorption spectrum of p-PtBTD. (d) Kinetic trace of decay of p-PtBTD probed at 514 nm (cyan curve) and 690 nm (red curve).
Excitation wavelength is 360 nm.
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the singlet exciton is delocalized across the polymer backbone,
facilitating efficient radiative decay and enhanced fluorescence.
In contrast, the higher activation energy (13.72 meV) and weaker
electronic coupling (6.68 � 10�3 cm�1) for the t2 indicate that
the triplet exciton is localized, likely confined to specific regions
of the polymer, resulting in slower decay and weaker phosphor-
escence. These results are consistent with the general photo-
physical behavior of platinum-acetylide polymers, where singlet
states tend to be delocalized and triplet states localized due to
symmetry breaking and strong spin–orbit coupling.

Electrochemistry and heterogeneous electron transfer kinetics

CV experiments provide insights into the electrochemical
dynamics of p-PtBTD, including electrochemical reversibility,

the diffusion coefficient, the number of electrons transferred,
and the stability of radical cations and anions. Generally, the
CV of p-PtBTD in DCM showed one reduction and two oxidation
waves (Fig. 4a). The CV graph showed irreversible reduction and
oxidation waves at the potential around �0.44 V vs. SCE, �1.07 V
vs. SCE, and +0.79 V vs. SCE. The irreversible waves of p-PtBTD
indicate that the p-PtBTD radical anion and radical cation are
unstable. All observed waves are associated with the oxidation and
reduction of the p-conjugated segments within benzo[1,2,5]-
thiadiazole. The irreversible character of these waves can be
explained by the charge diffusion on the p-conjugated chain along
the metallopolymer, leading to the disappearance of the charge
during the electrochemical process.

The CVs for reduction and oxidation from 10 mV s�1 to
1 V s�1 (Fig. 4b and c) were conducted to confirm the electro-
chemical reversibility of the reduction and oxidation of
p-PtBTD. Fig. 4d–f shows the scan-rate-dependent CVs for the
oxidation, 1st reduction, and 2nd reduction peaks, respectively.
The peak currents vary linearly with the square root of the scan
rate for the 1st oxidation wave (ip,ox), the 1st reduction wave
(ip,red1), and the 2nd reduction wave (ip,red2), indicating that the
reactions are diffusion-controlled. The diffusion coefficient

Fig. 3 (a) Temperature-dependent time-resolved photoluminescence (TRPL) decay curves at 584 nm for p-PtBTD, measured at various temperatures
(100 K to 340 K). (b) Arrhenius plot of the fast decay component, (c) Arrhenius plot of the slow (delayed) decay component, and (d) Arrhenius plot of the

average decay lifetime for p-PtBTD. The red lines in panels (b)–(d) represent fits to the equation
1

t
¼ a�

ffiffiffiffi
1

T

r
exp � Ea

kBT

� �
þ b, where Ea is the activation

energy and t is the lifetime.

Table 1 The activation energy and electronic coupling of p-PtBTD

Activation energy
(Ea)/meV

Electronic coupling
(|HAB|)/cm�1

t1 (fast) 5.60 6.91 � 10�3

t2 (slow/delayed) 13.72 6.68 � 10�3

hti 12.54 8.46 � 10�3
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(d) and the transfer coefficient (a) are estimated so that the
heterogeneous electron-transfer rate constant (k0) can be deter-
mined. Eqn (1) shows the Randles–Sevcik equation for rever-
sible systems,40

Irev ¼ 2:69� 105n
3
2ACD

1
2v

1
2 (1)

For an irreversible system, a modified equation is given by
eqn (2)

Iirrev ¼ 2:99� 105nACðan0DÞ
1
2 (2)

In eqn (1) and (2), I is the peak current (A), n is the number
of exchanged electrons, n0 is the total number of electrons
transferred before reaching the rate-determining step, a is the
transfer coefficient, A is the active surface area of the working
electrode (cm2), D is the diffusion coefficient (cm2 s�1), and C is
the bulk concentration of the participating species (mol cm�3),
and n is the voltage scan rate (V s�1).

The Gileadi method determines the heterogeneous electron-
transfer rate constant (k0), determining the critical scan rate
with reversible to irreversible or quasi-reversible to irreversible
reaction transition.41 The two asymptotes of Ep vs. the log(n) at
low and high scan rates estimate the critical scan rate (Vc)
(Fig. S12d–f, ESI†), and then the k0 can be determined by eqn (3).42

log k0 ¼ �0:48aþ 0:52þ log
nFaVcD0

2:303RT

� �1
2

(3)

The Tafel plot based on the descending parts of the cathodic
and anodic peaks of the cyclic voltammogram, the slope of the

plot of log(i) versus potential determines the a by eqn (4).40

Slope ¼ �aF
2:3RT

or
aF

2:3RT
(4)

From the scan rate studies, as shown in Fig. S12a–c (ESI†),
the peak current varied linearly with the square root of the scan
rate for the oxidation wave (ip,o) and the reduction waves (ip,r),
showing the diffusion control features of the current. The
diffusion coefficients, D, were determined by the Randles–
Sevcik equation and are listed in Table 2. The single electron-
transfer step in each wave, as well as the experiment condition
at 25 1C, was assumed for the calculation. Similar k0 were found
at the oxidation potential and 1st reduction potential. The 1st
reduction potential showed lower electron transfer rates than
the 2nd reduction potential, which are 3.4 � 10�3 and 5.7 �
10�3 cm s�1, respectively. Interestingly, the CV analysis showed
that p-PtBTD more easily accepts additional electrons after the
1st reduction happened on the electrode surface.

Electrogenerated chemiluminescence

To investigate the electrochemical and ECL behavior of the p-
PtBTD polymer, CV–ECL measurements were conducted for
both oxidation and reduction processes, as well as in the
presence of TPrA as a co-reactant. Fig. 5a presents the simulta-
neous CV (blue curve) and ECL (pink curve) measurement
during the reduction of p-PtBTD. The reduction wave shows
an onset near �0.4 V vs. SCE, with a corresponding rise in ECL
intensity observed between �0.5 V and �1.0 V. The ECL signal
intensity reaches a maximum near �1.2 V. Fig. 5b shows the
oxidation CV–ECL data, where the CV curve exhibits a distinct

Fig. 4 (a) Standard cyclic voltammograms (CV) of p-PtBTD at scan rate 100 mV s�1. (b) Reduction voltammogram of p-PtBTD at various scan rates. (c)
Oxidation voltammogram of p-PtBTD at various scan rates. (d) 1st reduction peak current versus v1/2. (e) 2nd reduction peak current versus v1/2. (f)
Oxidation peak current versus v1/2. All CVs were performed with 1 mM p-PtBTD in 100 mM TBAPF6 using DCM as a solvent.
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oxidation peak at around +0.8 V vs. SCE. A significant increase
in ECL intensity is observed in this region, with the maximum
ECL emission occurring beyond +1.0 V. In the presence of TPrA
as a co-reactant (Fig. 5c), both the oxidation and ECL intensity
are significantly enhanced. The CV curve shows a sharp oxida-
tion peak at +1.0 V vs. SCE, while the ECL emission intensity
increases substantially compared to the measurements without
TPrA, reaching values over 2500 a.u. This enhancement can be
attributed to the co-reactant mechanism, where the TPrA
radical cations generated during the oxidation process facilitate
the formation of the excited states responsible for the ECL
emission.43

Fig. 5d compares the ECL spectra for the first and second
reduction–oxidation cycles, with and without TPrA. The ECL
emission intensity increased slightly depending on the redox

process, where the second reduction–oxidation cycle produced
a more intense ECL signal, particularly in the presence of TPrA.
This observation highlights the critical role of the co-reactant
in stabilizing the radical ions and boosting ECL efficiency,
making TPrA an effective agent for enhancing ECL in the p-
PtBTD system.

During transient ECL, the potential was stepped from �80 mV
relative to the cathodic peak potential (Epc) to +80 mV relative to
the anodic peak potential (Epa) to produce a p-PtBTD cation and
anion. The fast-responsive emissions at different ECL intensi-
ties were observed in the cathodic and anodic pulses (Fig. 6).
Asymmetric ECL transients were more pronounced during the
cathodic pulses compared to the anode pulses, attributed to
instability of the radical anion (p-PtBTD��) as demonstrated in
CV studies.44 Furthermore, during the cathodic pulse, the
radical cation (p-PtBTD+�) possibly diffuses away from the
annihilation zone but returns during subsequent pulses, lead-
ing to considerable decay after the first anodic pulse.45 The
inconsistency of ECL intensities across different potentials
suggests instability in forming stable radical anions.

To enhance the ECL performance, TPrA was used as a co-
reactant (Fig. 6c and d). Initially oxidized to form a short-lived
TPrA radical cation (TPrA�+), TPrA undergoes deprotonation
at an a-carbon to produce a strongly reducing intermediate

Table 2 Kinetic parameters of the p-PtBTD metallopolymer. Kinetic
parameters including E1, D, k1, and a for p-PtBTD in DCM/0.1 M TBAPF6

at room temperature

1st reduction 2nd reduction Oxidation

Epa/pc/V vs. SCE �0.44 �1.07 0.79
10�5 D/cm2 s�1 1.04 2.26 0.85
a 0.07 0.10 0.16
k1/cm s�1 0.0034 0.0057 0.0035

Fig. 5 CV–ECL simultaneous measurements by the pulsing potential from (a) approximately 0.0 V to 1.2 V vs. SCE and (b) approximately 0.0 V to �1.5 V
vs. SCE, (c) 1 mM p-PtBTD in the presence of 20 mM TPrA as the coreactant for pulsing potential from E +0.8 to �0.1 V vs. SCE. (d) ECL spectrum of 1st
reduction and oxidation potential and 2nd reduction and oxidation potential with TPrA as a co-reactant. 1 mM p-PtBTD pulsed in DCM between 80 mV
past the reduction peak and at 80 mV past the 1st oxidation potential, respectively. Pulse width is 1 second.
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(TPrA�),46 which lastly is reduced by the oxidized p-PtBTD
cations, giving rise to the stronger ECL emission. The ECL
intensity of the 1st reduction potential is weaker than that of
the 2nd reduction potential. The TPA co-reactant has demon-
strated its efficacy in reducing p-PtBTD, which can be seen as a
cooperative action under specified circumstances. This effec-
tiveness is likely due to the increased reduction potential at the
electrode during the 2nd reduction potential stage. Such an
increase allows for more efficient energy utilization, generating
a higher number of populated radical anions (p-PtBTD��). This
results in a boost in the ECL intensity.

ECL mechanism

Fig. 2a shows a 41-nm red shift of the ECL spectrum compared
to the fluorescence spectrum. Additionally, a new ECL peak
appears at around 850 nm, which is assigned to the triplet state
emission. The ECL emission wavelength under different condi-
tions (i.e., 1 mM p-PtBTD with and without TPrA co-reactant
under 1st reduction/2nd reduction and oxidation pulses) remain
consistent (Fig. 5d). The energy of the excited singlet state Es

(in eV) was determined using equation Es = 1239.81/l (in nm),
where l is the maximum emission wavelength (i.e., 584 nm).12

The corresponding excited singlet-state energy was calculated
to be 2.12 eV.

The energy of the annihilation reaction was estimated

from the equation of �DH� ¼ E
�
ox � E

�
red � TDS, where

E
�
ox � E

�
1;red ¼ 1:23 eV, and E

�
ox � E

�
2;red ¼ 1:86 eV Considering

the entropy effect (estimated at 0.1 eV), the corrected values
are 1.13 eV and 1.76 eV, respectively. In the case of the co-
reactant TPrA, the potential of the TPrA� radical is 1.5 V vs.
NHE,47 yielding a thermodynamic potential of 2.03 eV.
The enthalpies of the radical ion annihilation reactions (i.e.,
1.13 eV, 1.76 eV, and 2.03 eV) are all smaller than the energy
required to populate the singlet excited state (2.12 eV), suggest-
ing that the ECL of p-PtBTD is likely processed via the T-route
(energy-deficient system).

To explain the occurrence of dual ECL in the p-PtBTD
polymer, we propose that the process involves both triplet–
triplet annihilation (TTA) and reverse intersystem crossing
(RISC). The mechanism can be described as follows:

PtBTD + e� - PtBTD� (formation of anion) (5)

PtBTD � e� - PtBTD+ (formation of cation) (6)

Fig. 6 Current (dark blue) and ECL transient (dark pink) measurements by the pulsing potential from (a) 1st reduction and oxidation potential and (b) 2nd
reduction and oxidation potential, (c) 1st reduction and oxidation potential and (d) 2nd reduction and oxidation potential with TPrA as a co-reactant for
1 mM p-PtBTD pulsed in DCM between 80 mV past the reduction peak and at 80 mV past the 1st oxidation potential, respectively. Pulse width is 1 second.
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PtBTD+ + PtBTD� - 3PtBTD* + PtBTD (generation of triplet
excited state) (7)

3PtBTD* - PtBTD + hv (phosphorescence relaxation)
(8)

3PtBTD* + 3PtBTD* - 1PtBTD* + PtBTD (triplet–triplet anni-
hilation, TTA) (9)

1PtBTD* - PtBTD + hv (florescence relaxation)
(10)

In the presence of TPrA as a co-reactant, the ECL mechanism
involves the following steps:

PtBTD � e� - PtBTD+ (formation of cation) (11)

TPrA � e� - [TPrA�]+ (formation of radical) (12)

[TPrA�]+ - TPrA� + H+ (homogeneous chemical reaction)
(13)

PtBTD + TPrA� - 3PtBTD* + products (excited state for-
mation) (14)

3PtBTD* - PtBTD + hv (Phosphorescence) (15)

The triplet excited state 3PtBTD* formed via the T-route
primarily relaxes through phosphorescence, which relaxes
primarily via phosphorescence in eqn (8) (Fig. 5d). However,
under certain conditions, 3PtBTD* can collide to undergo TTA,
generating singlet excited states (1PtBTD*), which emit fluores-
cence. The ratio of fluorescence and phosphorescence varies
with the pulsing condition. For instance, the 1st reduction
potential pulsing exhibits that the diffusion coefficient of
p-PtBTD is lower (1.04 � 10�5 cm2 s�1), suggesting slower mass
transfer and potential aggregation on the electrode surface,
which increases the probability of TTA and enhances fluores-
cence (Fig. S13, ESI†). Conversely, during the 2nd reduction
pulsing, the higher diffusion coefficient (2.26 � 10�5 cm2 s�1)
reduces aggregation, making phosphorescence more domi-
nant. This shift in the fluorescence-to-phosphorescence ratio
reflects the interplay of TTA and RISC in the ECL process.

Additionally, the combined temperature-dependent TRPL
results in Fig. 3 and Marcus theory analysis provide strong
evidence that both RISC and TTA are feasible pathways con-
tributing to the dual ECL emission in the p-PtBTD system.
These findings highlight the compliance with thermally acti-
vated processes and triplet exciton dynamics in driving the
observed photophysical behavior. The fast decay component
(t1) exhibits a relatively low activation energy (Ea = 5.6 meV) for
exciton transfer between molecules. Furthermore, previous
studies have shown that when the energy gap between singlet
and triplet excited states is small (B0.5 eV), delayed fluores-
cence via RISC becomes feasible.48,49 For example, the energy
gap of p-PtBTD between 1PtBTD* and 3PtBTD* is B0.64 eV,
which decreases further to B0.49 eV under ECL conditions
(Fig. 5d). The low Ea could reflect the minimal energy barrier
needed for interchain charge transfer or exciton coupling. If
such coupling enhances spin–orbit interactions or facilitates

interconversion between T1 and S1, it indirectly supports the
feasibility of RISC. The slower, delayed decay component (t2) has
a higher activation energy (Ea = 13.72 meV) which is two times
greater than that of t1, which aligns with mechanisms involving
triplet exciton diffusion and annihilation (TTA).50 Consequently,
dual ECL emission arises from both TTA and RISC mechanisms,
producing fluorescence and phosphorescence.

In summary, the dual ECL emission of p-PtBTD results from
the coexistence of TTA and RISC. TTA contributes to fluores-
cence by converting triplet excitons into singlet states, while
RISC provides an efficient mechanism for triplet-to-singlet
conversion due to the small energy gap. Together, these pro-
cesses explain the observed fluorescence and phosphorescence
in the ECL spectrum.

Conclusions

In summary, the photophysical and electrochemical properties of
the platinum-acetylide polymer p-PtBTD were thoroughly investi-
gated using a combination of spectroscopic techniques, cyclic
voltammetry, and electrochemiluminescence measurements. The
UV-Vis absorption and PL spectra revealed strong fluorescence at
584 nm, with a minor phosphorescence peak observed near
800 nm. Transient absorption studies provided insights into
exciton dynamics, suggesting rapid intersystem crossing (ISC)
and the presence of triplet excited states. Temperature-
dependent TRPL studies further confirmed the TADF behavior
of p-PtBTD, with distinct fast and slow decay components attrib-
uted to singlet and triplet excitons, respectively. Electrochemical
studies demonstrated the irreversible oxidation and reduction
processes, with diffusion-controlled electron transfer kinetics. The
ECL studies revealed dual emission peaks corresponding to
singlet and triplet states, with enhancement in the presence of
the co-reactant TPrA. The dual ECL emission is attributed to the
combination of phosphorescence from triplet states and fluores-
cence from singlet states, likely facilitated by both TTA from the T-
route mechanism and RISC due to the small energy gap (B0.5 eV)
between the singlet and triplet excited states. This work provides a
comprehensive understanding of the excited-state dynamics and
electron-transfer mechanisms in p-PtBTD, highlighting its
potential for applications in optoelectronic devices and ECL-
based sensing technologies.
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