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Copper complexes hold a promise for electroluminescent applications, owing to their dual emissive feature 
based on the moderate spin-orbital coupling effect of Cu+ ion for controllable singlet–triplet conversion. 
However, efficient red dual emission from copper complexes remains an important challenge, because 
emission wavelengths and thermally activated delayed fluorescence (TADF)/phosphorescence (PH) 
ratios are simultaneously correlated to electronic effects. Herein, fluorine atoms with suitable electron-
withdrawing inductive effect were introduced into a typical tridentate phosphine ligand coordinated CuI 
skeleton, namely, TTPPCuI, to reduce the lowest unoccupied molecular orbital (LUMO) energy levels, giving 
rise to narrowed energy gaps between the highest occupied molecular orbital and LUMO, corresponding 
to emission wavelengths red shifted from 574 to 603 nm. Fluorine atoms simultaneously enhance metal-
ligand charge transfer, therefore adjusting positive and reverse intersystem crossing for dual emission 
balance, leading to TADF/PH ratios changing from 56/44 over 75/25 to 83/17. The devices based on these 
fluorinated CuI complexes realized efficient red electroluminescence with the maximum wavelength and 
external quantum efficiency beyond 600 nm and 20%, respectively. These results demonstrate that, based 
on electronic effects from functional groups, ligand engineering is a feasible way for comprehensively 
manipulating excited-state characteristics of dual-emissive copper complexes.

Introduction

  Organic light-emitting diodes (OLEDs) are widely applied in 
modern display and lighting technologies due to their self-
luminescence, wide color gamut, low power consumption, and 
flexible processability [  1 –  7 ]. They have also demonstrated con-
siderable potential in wearable devices [  8 ], flexible electronics 
[  9 ,  10 ], and emerging optoelectronic applications [  11 ]. Enhancing 
exciton utilization efficiency (EUE) is a key strategy for improv-
ing OLED performance [  12 ]. According to spin statistics [  13 ], 
singlet and triplet excitons are generated in a 1:3 ratio during 
electrical excitation. In conventional fluorescence (FL) [  14 ], 
phosphorescence (PH) [  15 ], and thermally activated delayed 
fluorescence (TADF) [  16 ], either the first singlet (S1) or triplet 
(T1) excited state contributes to emission through a single 
radiative transition process (Fig.  1 A). These mono-emissive 
pathways tend to cause exciton accumulation, which intensi-
fies singlet–triplet and triplet–triplet annihilation (STA [  17 ] 
and TTA [  18 ], respectively). To address these limitations, dual-
emissive materials that combine TADF and PH have emerged 
as a promising solution (Fig.  1 A). These materials offer direct 

radiative channels for both singlet and triplet excitons, reduc-
ing energy loss and facilitating efficient exciton management 
by accelerating emission and suppressing quenching processes 
[  19 –  27 ].        

  Among dual-emissive systems, copper complexes stand 
out due to their moderate spin-orbit coupling (SOC) and 
tunable excited-state properties [  20 ,  28 ], including metal-to-
ligand charge transfer (MLCT), iodine-to-ligand charge transfer 
(ILCT), and intraligand charge transfer (LCT) states [  29 ,  30 ]. 
Moderate SOC allows both reverse intersystem crossing (RISC) 
from the T1 to the S1 and radiative decay from the T1 to the 
ground state (S0), enabling dual emission without reliance on 
heavy metals [  31 –  33 ]. Fine-tuning the electronic effects, steric 
hindrance, and charge distribution of ligands enables control 
over excited-state energy levels and transition pathways, allow-
ing a balanced contribution from TADF and PH. However, 
TADF and PH are inherently competitive. Enhancing MLCT 
can improve triplet localization and promote PH [ 20 ], but simul-
taneously narrows the singlet–triplet splitting energy (ΔE ST), 
which promotes RISC and enhances TADF [  34 ]. Moreover, 
MLCT modulation alters the structure of excited-state energy 
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levels and shifts the emission wavelength, making it difficult to 
simultaneously optimize both dual-emissive behavior and emis-
sion color [  35 ].

  Multinuclear copper cluster complexes, owing to their diverse 
channel emission, hold promise for applications in anti-counter-
feiting, information encryption, and sensing, yet their structural 
complexity and challenging synthesis limit practical application 
[  36 –  38 ]. By contrast, simple mononuclear dual-emissive copper 
complexes have been achieved in the blue and green regions 
[  39 –  43 ], whereas achieving balanced dual emission in the red 

region remains challenging. Long-wavelength emission typically 
requires enhanced LCT or MLCT character to reduce the energy 
gap and red-shifted emission, which tends to suppress PH and 
favor TADF [  44 ,  45 ]. Additionally, smaller bandgaps are more 
prone to exciton thermal quenching and nonradiative decay, lim-
iting emission efficiency [  46 –  49 ]. Therefore, the development of 
efficient red dual-emissive copper complexes necessitates the 
precise optimization of intramolecular interactions. This, in turn, 
necessitates the development of ligand engineering strategies 
capable of modulating ligand-centered interactions.
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Fig. 1. Luminescence mechanism, design strategy, and molecular structures of copper complexes. (A) Electroluminescent (EL) mechanisms with various exciton harvesting 
processes. FL, PH, TADF, ISC, RISC, and ΔEST are the fluorescence, phosphorescence, thermally activated delayed fluorescence, intersystem crossing, reverse intersystem crossing, 
and singlet–triplet splitting energy, respectively. Green and pink balls denote singlet and triplet excitons, respectively. S0, S1, and T1 states refer to the ground state, the first singlet, 
and triplet excited states, respectively. (B) Copper complexes featuring different TADF:PH ratios. λ is peak wavelength. EQE is external quantum efficiency. (C) Molecular design 
of nFTTPPCuI (n = 1, 4, and 5), and TTPPCuI (n = 0). Chemical structures of nFTTPPCuI (left), and their P–Cu–I core structures (right) are highlighted separately. Corresponding 
bond lengths and angles are marked. CT and SOC refer to charge transfer and spin-orbit coupling, respectively. LUMO is the lowest unoccupied molecular orbital.
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  For red-emitting copper complexes, most approaches rely on 
extending the π-conjugated ligand framework and enhancing 
molecular rigidity to achieve red-shifted emission and suppress 
nonradiative decay [  50 ]. The first reported red-emitting mono-
nuclear copper complex [Cu(mdpbq)(DPEphos)] (BF4) primarily 
exhibited PH but suffered from limited exciton harvesting effi-
ciency, yielding an external quantum efficiency (EQE) lower than 
5% [  51 ]. A subsequent development introduced a carbene–metal–
amide-type copper complex, MAC*–Cu–DPAC, incorporating 
a strongly conjugated donor, 9,9-diphenyl-9,10-dihydroacridine 
(DPAC). This complex achieved red emission at ~630 nm with 
an EQE of ~20% [ 44 ]. However, the dominant ligand-centered 
excited state resulted in an almost zero ΔE ST and RISC, leading 
to emission exclusively through TADF. As a result, PH was nearly 
completely suppressed, undermining the multifunctionality of 
dual-emissive behavior (Fig.  1 B).

  By contrast, inductive effects offer greater potential for the 
development of red dual-emissive materials. Electron-withdrawing 
groups, such as trifluoromethyl, can effectively modulate charge 
distribution and MLCT characteristics without markedly 
extending the π-conjugated system. This enables precise control 
over excited-state energy levels and emission mechanisms [  52 ]. 
Although the resulting EQE remained relatively low (<10%) and 
the emission shift was modest (from 523 to 526 nm), the PH con-
tribution increased to 11%, resulting in a more balanced emission 
profile (Fig.  1 B). Compared with strategies based on π-conjugation 
extension, inductive effects provide broader advantages in tuning 
emission mechanisms, color, and excited-state dynamics, offering 
a promising design framework for high-performance red dual-
emissive copper complexes.

  Building on our previously reported yellow dual-emissive cop-
per complex, TTPPCuI [ 12 ], this study introduces fluorine atoms 
with extremely small steric hindrance and suitable electron-
withdrawing inductive effects into the tridentate triphosphine 
ligand (TTPP) [  53 ,  54 ]. Three fluorinated copper complexes, 
﻿nFTTPPCuI (n = 1, 4, and 5), were synthesized (Fig.  1 C, Figs.  S1  
to  S22 , and Scheme  S1 ). In mononuclear copper complexes, the 
highest occupied molecular orbital (HOMO) is typically local-
ized on the copper center, while the lowest unoccupied molecu-
lar orbital (LUMO) resides on the ligand framework [  55 –  57 ]. 
Fluorine incorporation effectively lowers the LUMO energy, 
reducing the HOMO–LUMO energy gap and inducing red-
shifted emission [  58 –  60 ]. Moreover, because fluorine lacks 
π-conjugation, it does not substantially alter the nature of the 
emissive states, helping to maintain a balanced contribution 
from TADF and PH. Thus, 4FTTPPCuI represents the first 
long-wavelength copper complex to exhibit dual emission com-
posed of ~80% TADF/~20% PH. FTTPPCuI exhibits a more 
balanced emission profile (~50% TADF/~50% PH), achieving 
an EQE of ~22% and a luminance of ~17,000 cd cm−2. The emis-
sion wavelengths of the nFTTPPCuI series can be finely tuned 
within a narrow range of 574 to 603 nm, confirming the effective-
ness of ligand engineering strategies in simultaneously regulating 
emission color and dual-emissive composition. These findings 
provide a viable pathway for the design of high-performance, 
long-wavelength dual-emissive copper complexes.   

Results

Coordination structures and theoretical simulation
  The tridentate phosphine ligands containing fluorine atoms form 
highly stable and rigid copper complexes, as confirmed by 

single-crystal structural analysis (Figs.  S23 ,  S35 , and  S36 ) 
[ 12 , 43 ,  61 –  64 ]. In the nFTTPPCuI series, the overall tetrahedral 
coordination framework of the P–Cu–I core remains largely 
unchanged (Fig.  1 C). However, stepwise fluorine substitution 
systematically modulates the local coordination environment and 
molecular geometry (Fig.  S24  and Tables  S1  to  S4 ). In FTTPPCuI, 
the introduction of a single fluorine atom at the R1 position of 
Ph2 (connected to the P2 atom) slightly reduces the electron-
donating ability of the ligand, resulting in a marginal shortening 
of the Cu–I bond. In contrast, 4FTTPPCuI, with 4 fluorine atoms 
positioned at R2 sites on Ph1 and Ph3, exhibits a stronger electron-
withdrawing effect. This leads to a marked elongation of the P–Cu 
bond, while the Cu–I bond continues to shorten, suggesting an 
enhancement of metal–iodine interactions. Further fluorination 
in 5FTTPPCuI, through the addition of a fifth fluorine atom, 
causes excessive electron withdrawal from the metal center. This 
markedly alters the metal–ligand interaction mode. Both the 
P–Cu and C–P bonds are further elongated, increasing steric hin-
drance around the Cu+ ion. As a result, the Cu–I bond is extended 
to 2.652 Å. Despite these changes, variation in bond angles is 
minimized, and the coordination geometry of 5FTTPPCuI closely 
approaches an ideal tetrahedral configuration. These observations 
confirm that fluorine substitution leads to distinct variations in 
coordination structures. Notably, no obvious intermolecular 
interactions are observed in 5FTTPPCuI due to its highly sym-
metrical ligand structure (Fig.  S27 ). In contrast, the more dis-
torted FTTPPCuI and 4FTTPPCuI exhibit weak hydrogen 
bonding interactions in the crystal lattice (Figs.  S25  and  S26 ).

  Thermogravimetric analysis and differential scanning calorim-
etry reveal excellent thermal stability for all 3 complexes. The 
melting temperatures (T m) exceed 310 °C, and decomposition 
temperatures (T d) are higher than 340 °C. This high thermal resil-
ience makes these complexes suitable candidates for vacuum-
evaporated device fabrication (Fig.  S28  and Table  S8 ) [  65 ].

  The S0 and excited singlet and triplet states were investigated 
using density functional theory (DFT) and time-dependent DFT 
(TDDFT) methods (Fig.  2 A). The HOMOs of the 4 complexes 
are primarily localized on the CuI core and partially delocalized 
onto the nFTTPP segment, whereas the LUMOs are mainly dis-
tributed over the o-phenylene groups and the central phosphorus 
bridge of the nFTTPP ligands (Fig.  S29 ). This spatial separation 
between the HOMOs and the LUMOs indicates pronounced 
charge-transfer interactions between the ligands and the CuI core. 
This separation effectively reduces the ΔE ST, thereby creating 
favorable conditions for RISC from the T1 to the S1 excited state 
[  66 –  68 ]. With increasing fluorine substitution, the LUMO energy 
levels are progressively lowered from −1.5 eV in TTPPCuI to 
−2.1 eV in 5FTTPPCuI. Concurrently, the HOMO–LUMO energy 
gap decreases from 3.3 eV (TTPPCuI) to 3.1 eV (5FTTPPCuI), 
consistent with the observed red-shifted emissions. This trend 
arises from the electron-withdrawing inductive effect of fluorine 
atoms, which weakens the MLCT and enhances the LCT compo-
nent (Table  S5 ) [  69 ]. Experimental cyclic voltammetry (CV) mea-
surements show HOMO and LUMO energy levels of approximately 
5.5 and 2.9 eV, respectively, for the nFTTPPCuI complexes—well 
aligned with typical host and carrier-transporting materials (Fig. 
 S32  and Table  S8 ).        

  Natural transition orbital (NTO) analysis of the S0→S1 and 
the S0→T1 transitions reveals that the “holes” and “electrons” 
orbitals in both excited states are mainly localized on the CuI 
core and nFTTPP ligands, respectively, indicating that these 
excitations primarily correspond to HOMO→LUMO transitions 
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with mixed M/ILCT characteristics. Fluorine substitution redis-
tributes electron density within the ligands and enhances LCT 
characteristics (Fig.  S30  and Tables  S6  and  S7 ).

  In the S0→S1 transition of FTTPPCuI, the fluorine atom at 
the R1 position of Ph3 induces only a weak inductive effect, 
resulting in marginal increases in the electron contributions 
from P2 and Ph2 by 0.25% and 0.38%, respectively (Fig.  2 B and 
Fig.  S31 ). In contrast, 4FTTPPCuI features fluorine atoms at 
the R2 positions of Ph1 and Ph3, substantially enhancing the 
inductive effect. This modification drives electron density from 
the phenyl rings toward the central phosphorus atoms, increas-
ing the electron contributions from P1 and P3 by 0.41% and 
0.54%, respectively, while reducing that from Ph1 by 7.52%. 
The resulting excited-state reorganization strengthens the LCT 
character, lowers the LUMO energy level, narrows the HOMO–
LUMO gap, and contributes to a more pronounced red shift 
[  70 ]. In 5FTTPPCuI, an additional fluorine atom at the R2 posi-
tion of Ph2 works synergistically with the existing fluorine at 
the R1 position. This induces a notable increase in the electron 
contribution from P2 by 5.57% and a modest increase from 
Ph2. Simultaneously, the contributions from P1 and Ph1 decrease 
markedly, resulting in strongly localized excited-state orbitals 
in the P2–Ph2 region. This increased asymmetry reduces charge 
separation, elevates the LUMO energy, and limits further red 
shifting. Moreover, the greater contribution of iodine to the hole 
orbitals in 5FTTPPCuI enhances ILCT character and diminishes 

MLCT, thereby increasing SOC and improving PH efficiency 
(Fig.  2 C and Fig.  S31 ) [  71 ,  72 ].

  All 3 fluorinated complexes exhibit small ΔE ST of approxi-
mately 0.05 eV (Table  S8 ), which facilitate efficient intersystem 
crossing (ISC) and RISC between the S1 and the T1 states [  73 ]. 
This enables dual emission and enhances EUE. Thus, fluorine-
induced electron density redistribution not only alters excited-
state configurations but also finely tunes the LUMO energy and 
overall bandgap, providing a mechanism for precise control of 
both emission wavelength and dual-emissive ratio.   

Photophysical properties
  The electronic absorption spectra of neat nFTTPPCuI films 
exhibit 4 absorption bands within the 200 to 500 nm range (Fig. 
 3 A and Table  S8 ). A strong absorption peak appears at ~240 nm, 
and a weaker band centered around 350 nm corresponds to 
π→π* and n→π* transitions, respectively. The absorption fea-
tures near 370 nm are attributed to LCT, while the extended 
absorption tails from 400 to 500 nm are assigned to M/ILCT, 
similar to TTPPCuI (Fig.  S33 ) [ 12 ]. Excitation spectra indicate 
multiple transition types—including LCT, MLCT, and ILCT—
whose relative intensities vary among the complexes (Fig.  3 A). 
Notably, 4FTTPPCuI displays the strongest excitation intensity 
at ~370 nm, indicating an enhanced LCT character. In contrast, 
LCT transitions in 5FTTPPCuI are reduced, while the excita-
tion intensity near 400 nm is enhanced, pointing to an increased 
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ILCT contribution. These trends are consistent with the excited-
state compositions revealed by NTO analysis.        

  Compared with TTPPCuI, the photoluminescence (PL) 
spectra of neat nFTTPPCuI films show red-shifted emission 
by ~67 nm, with emission maxima near 590 nm at room tem-
perature, and exhibit excellent photostability (Fig.  3 A and Figs. 
 S33  and  S37 ) [  25 ]. This red shift is attributed to fluorine-
induced lowering of the LUMO energy, narrowing the HOMO–
LUMO gap [ 60 ]. In solution, the PL spectra exhibit pronounced 
blue shifts in the emission wavelength, transitioning from 
approximately 590 nm in neat films to 410 nm. This notable 
blue shift can be attributed to a marked reduction in intermo-
lecular interactions within the solution, which contrasts with 
the stronger interactions present in the films (Fig.  S38 ). In 
doped films, PL emission peaks are observed at 555 nm for 
1,3-bis(carbazol-9-yl)benzene (mCP):20% FTTPPCuI, 575 nm 
for 4,4′-bis(9H-carbazol-9-yl)biphenyl (CBP):20% 4FTTPPCuI, 
and 563 nm for mCP:20% 5FTTPPCuI (Fig.  3 A and Fig.  S44 ). 
These emissions show negligible temperature dependence, indi-
cating a dual-emissive origin (Fig.  S46 ) [  74 ]. Furthermore, the 

prompt fluorescence (PF), delayed fluorescence (DF), and PH 
spectra of the doped films are nearly identical (Fig.  3 A), sug-
gesting similar electronic distributions and emission pathways 
for the S1 and the T1 states. From the PH and FL spectra of the 
neat films, the ΔE ST for the nFTTPPCuI complexes are esti-
mated to be ~0.04 eV, in agreement with theoretical values (Fig. 
 S43 ). This small ΔE ST facilitates efficient ISC and RISC, sup-
porting the occurrence of dual emission.

  Time decay curves of doped nFTTPPCuI films are bi-
exponential, reflecting microsecond-scale lifetimes (Fig.  3 B). 
At room temperature, these films exhibit shorter lifetimes (~20 μs) 
compared to their neat films (Figs.  S34  and  S45 ). In solution, 
lifetimes are further reduced due to increased nonradiative 
relaxation (Fig.  S39 ). Furthermore, all 3 complexes exhibit high 
RISC rate constants (k RISC), up to 105 s−1, with quantum effi-
ciencies of RISC (ϕ RISC) reaching as high as 90% (Fig.  S45  and 
Table  S9 ). These findings suggest a transition from the T1 to 
the S1 excited state, thereby confirming the TADF behavior. 
Therefore, at 20 K, the excited state is predominantly confined 
to the T1 state, resulting in PH emission characterized by a 
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relatively extended lifetime. As the temperature rises to 300 K, 
the excited state undergoes a thermally activated RISC process, 
transitioning from the long-lived T1 state to the short-lived S1 
state, therefore decreasing the emission lifetime (Fig.  3 B) 
[ 43 ,  62 ,  75 ].

  Analysis of the dual-emissive components at 300 K shows 
that FTTPPCuI displays a balanced contribution from 56% 
TADF/44% PH (Fig.  3 C). In contrast, 4FTTPPCuI exhibits a 
markedly enhanced TADF contribution (83%) due to its stronger 
LCT characteristics. In comparison, 5FTTPPCuI, owing to its 
more pronounced ILCT characteristics, shows an increased PH 
contribution, decreasing the TADF ratio to 75%. Consistent with 
these observations, the TADF/PH ratios measured in neat films 
exhibit the same trend as those in doped films (Figs.  S40  and 
 S41 ). This consistency confirms that the variations in TADF/PH 
ratios originate from the intrinsic excited-state compositions of 
the complexes rather than host–matrix effects. It is noteworthy 
that 4FTTPPCuI exhibits a relatively low k RISC and the ratio of 
the singlet radiative to nonradiative rate constant ( kS

r
∕kS

nr
   ), 

resulting in a prolonged decay process and longer lifetime (Table 
 S9 ). In comparison, 5FTTPPCuI shows a slight increase in the 
﻿kS
r
∕kS

nr
    ratio, resulting in a modest reduction in its lifetime 

[ 20 , 65 , 72 ,  76 ,  77 ]. Additionally, temperature-dependent time-
resolved emission spectra (TRES) show that, compared with neat 
films, the lifetimes in doped films are slightly prolonged due to 
suppression of nonradiative quenching by the host matrix (Fig. 
 3 D and Figs.  S42  and  S47 ).   

Electroluminescence properties
  Vacuum-evaporated light-emitting devices with the configu-
ration ITO|MoO3 (6 nm)|TAPC (50 nm)|Host:x% nFTTPP-
CuI (n = 0, 1, 4, and 5) (20 nm)|TPBi (50 nm)|LiF (1 nm)|Al 
(100 nm) were fabricated. TAPC (di-[4-(N,N-ditolylamino)
phenyl]cyclohexane) and TPBi (1,3,5-tris(N-phenylbenzimidazol-
2-yl)benzene) served as the hole- and electron-transporting layers, 
respectively. mCP and CBP were used as the host materials 
(Fig.  4 A and Fig.  S51 ).        

  At optimized doping levels, the electroluminescent (EL) emis-
sion wavelengths were precisely tuned by varying the number of 
fluorine atoms in the ligand framework—from 572 nm (TTPPCuI) 
to 574 nm (FTTPPCuI), 584 nm (5FTTPPCuI), and 603 nm 
(4FTTPPCuI) (Fig.  4 B). FTTPPCuI and 5FTTPPCuI both exhib-
ited yellow EL emission, whereas 4FTTPPCuI exhibited a marked 
red shift (~30 nm), with corresponding Commission Internationale 
de l’Eclairage (CIE) coordinates of (0.58, 0.35) (Fig.  4 C). Fluorine 
substitution also markedly improved electrical properties, reduc-
ing the turn-on voltage from 3.5 to 2.8 V (Figs.  S52  to  S61  and 
Tables  S10  and  S11 ), indicating enhanced carrier injection and 
recombination of 4FTTPPCuI [  78 ]. Furthermore, the current–
voltage characteristics of these devices were consistent with those 
of single-carrier transport devices based on nFTTPPCuI, confirm-
ing the important contribution of Cu(I) dopants to carrier trans-
port (Fig.  S62 ).

  FTTPPCuI demonstrated the excellent device performance, 
achieving a peak EQE of ~22%, a current efficiency (CE) of 
~64 cd A−1, a power efficiency (PE) of ~63 lm W−1, and a maximum 
luminance of ~17,000 cd m−2 (Fig.  4 D and E). These values 
represent a ~6% improvement in EQE over TTPPCuI (Fig.  S52 ) 
[ 12 ]. 5FTTPPCuI achieved an EQE of 14% and a peak lumi-
nance of ~7,000 cd m−2 (Fig.  S55 ). Notably, 4FTTPPCuI pro-
duced red-shifted emission while retaining favorable device 

performance, with an EQE of 9%, a CE of ~20 cd A−1, a PE of 
~22 lm W−1, and a maximum luminance of ~4,700 cd m−2 (Fig. 
 S58 ). Moreover, 4FTTPPCuI was the first red-emitting copper 
complex to exhibit dual-emissive behavior and delivered better 
device performance in the red region with a CIE x-coordinate 
exceeding 0.56 (Fig.  4 F), compared with other types of materi-
als, such as perovskite emitters, highlighting its potential for 
red OLED applications [  79 ,  80 ]. Meanwhile, the PL quantum 
yield of 4FTTPPCuI (53%) was markedly lower than that of 
FTTPPCuI (88%) and 5FTTPPCuI (71%), consistent with its 
lower device EQE (Figs.  S48  to  S50 ). This suggests that the 
reduced efficiency arises from intrinsic emitter rather than 
device structure, highlighting the key role of emissive proper-
ties in device performance.

  The exciton conversion dynamics in EL differ from those in 
PL. PL primarily excites the S1 state, with the T1 states generated 
through ISC, resulting in a limited population of triplet states. 
By contrast, EL directly forms approximately 75% T1 excitons 
through carrier injection and recombination, serving as a more 
abundant source of triplets for the TADF process [  81 ]. Although 
the EL spectra were temperature-independent, the emission life-
times of nFTTPPCuI-based devices decreased by increasing 
temperature (Fig.  5 A and Figs.  S63  to  S65 ). Among them, 
4FTTPPCuI devices exhibited minimal temperature dependence 
in time-resolved decay, indicating a more efficient RISC process 
at low temperatures and a greater contribution from TADF.        

  Time-resolved electroluminescence emission spectra (TREES) 
showed that emissions from FTTPPCuI and 5FTTPPCuI devices 
were more temporally concentrated, whereas 4FTTPPCuI devices 
exhibited extended tails due to slower radiative decay (Fig.  5 B). 
This behavior was attributed to stronger LCT character in 
4FTTPPCuI, which reduced its T1 energy level (2.50 eV) com-
pared to FTTPPCuI (2.57 eV) and moved it further away from 
the triplet level of the mCP host (~2.9 eV) [  82 ]. This alignment 
prolonged exciton lifetimes and extended the TREES tail. Sliced 
TREES further revealed that exciton confinement and recom-
bination in 4FTTPPCuI were delayed by ~1 μs compared to 
FTTPPCuI. Unlike in PL, excited-state formation in the EL pro-
cess is driven by charge injection, which further enhances charge-
transfer characteristics [  83 ]. FTTPPCuI-based devices exhibit 
lower TADF contributions and narrower emission bandwidths 
(~136 nm), while 4FTTPPCuI and 5FTTPPCuI devices show 
broader emission bands (~145 and ~140 nm, respectively) due to 
higher TADF components. These results underscore the impor-
tance of excited-state engineering in controlling EL behavior.    

Discussion
  “Ligand fluorination” strategy is adopted to rationally optimize 
the excited-state characteristics of CuI complexes for realizing 
efficient red dual emission. The feature of fluorine atom with 
only electron-withdrawing inductive effect is utilized to continu-
ously adjust the emission wavelengths of nFTTPPCuI complexes 
in a range from 574 to 603 nm by changing the substitution 
position and number of fluorine atoms. Simultaneously, the 
modulated MLCT by fluorination makes TADF/PH ratios varied 
from 56/44 to 83/17. FTTPPCuI with a balanced TADF/PH ratio 
of ~50/50 endowed its device with the EQE up to ~22%, while 
4FTTPPCuI-based devices achieved the desired red emission 
purity with CIE x  beyond 0.56, demonstrating the first red dual-
emissive OLED. This work demonstrates not only the feasibility 
of controllable excited-state optimization by single electronic 
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effects, but also the potential of dual-emissive systems for practi-
cal display and lighting applications.   

Materials and Methods
  Experimental details, thermal properties, DFT simulation, elec-
trochemical and photophysical properties, and device perfor-
mance are included in the Supplementary Materials.   
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