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ABSTRACT: To achieve near-infrared (NIR) emitters with high
photoluminescence quantum yield, reduction of nonradiative decay is
necessary. There, the energy gap law dictates that as the emission
wavelength shifts to the red, the nonradiative decay of the excited state
becomes more rapid, unless the vibronic couplings can be
simultaneously suppressed. In this study, we apply density functional
theory to investigate vibronic coupling effects in a series of high-
efficiency square-planar Pt(II) emitters in both the monomeric and
dimeric forms. We reveal that the magnitude of internal reorganization
energy, which is a measure of the extent of intracomplex vibronic coupling between two electronic states, can be significantly
reduced in the dimers by the formation of metal−metal-to-ligand-charge-transfer excimeric states on the lowest triplet excited-
state potential energy surface, despite that in the monomer complexes the triplet state exhibits a mixed intraligand-charge-
transfer/metal-to-ligand-charge-transfer character that leads to large reorganization energies. Furthermore, we demonstrate that
the relative magnitudes of the reorganization energies and the ligand substituent effects can be fully rationalized using the
transition density between the excited state and the ground state as a theoretical tool that represents the spatial distribution of
excitations. Finally, we expand our calculations to 45 Pt(II) NIR emitters to show that internal reorganization energy is a key
factor affecting the photoluminescence quantum yield, in accordance with the energy gap law. Our findings clearly elucidate the
vibronic factors affecting nonradiative decays in molecular excited states and point to novel design principles for improved NIR
emitters by controlling vibronic couplings through metallophilic interactions in molecular aggregates.

■ INTRODUCTION

Near-infrared (NIR) luminescent materials have found
intensive research interest in many fields of science and
technology.1−5 In particular, phosphorescent transition-metal
complexes with strong NIR emission have attracted much
attention in recent years due to their long triplet lifetime and
tunability with heterocyclic ligands and electron-donating/
withdrawing substituent groups.6−9 Nevertheless, it is still very
challenging to develop complexes with high photolumines-
cence quantum yield (PLQY) in the NIR region because the
small energy gap between the excited state and the ground
state would accelerate the nonradiative decay of the excited
state, as dictated by the energy gap law.6 In this regard, Pt(II)
complexes with excimer formation properties in the triplet
excited state have become very promising NIR-emitting
materials.10−14 In aggregates or thin films, these square-planar
complexes with proper ligand design have shown strong NIR
emission from the lowest triplet excited state, which is assigned
as a triplet metal−metal-to-ligand-charge-transfer (3MMLCT)
state. The 3MMLCT character of dimeric Pt(II) complexes
and their applications in novel supermolecular light emitters
have been well documented.15−17 However, previous studies
mostly focused on the substituent effects on the electronic
properties, and the factors controlling the PLQY remain
unclear. In particular, the Pt(II) complexes with columnar-
stacked structure in thin films exhibit emission wavelength at

about 740 nm with PLQY as high as 81%.18 The external
quantum efficiency of up to 55% is also measured in organic
light-emitting diode devices with out-coupling structures. The
observed high PLQY in these NIR emitters indicates that the
relationship between emission energy and quantum yield is
highly nontrivial, and it is critical that the factors leading to the
high PLQY in these Pt(II) complexes could be clearly
elucidated.
According to the energy gap law,19 the nonradiative decay

process is controlled by the Franck−Condon overlap between
the vibrational wave functions of the excited and the ground
states. In the weak coupling limit, Fermi’s golden rule yields a
nonradiative vibronic transition rate as follows19,20
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where C is a coupling constant, ωM is the frequency of the
normal vibrations of maximum frequency, λM is the collective
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reorganization energy of the maximum frequency modes, and
ΔE is the energy gap between the two electronic states. The
ΔE in the exponent predicts that the transition rate will
increase exponentially as ΔE decreases, hence the energy gap
law. The energy gap law is anticipated to be the major
determinant in the efficiency of NIR emitters. Notably, the
formula also predicts that in addition to the energy gap the
nonradiative transition rate also depends on the mode
frequency and the strength of vibronic couplings represented
by the reorganization energy term. The lower the reorganiza-
tion energy, the slower the transition rate will be. Note that
this formula does not depend on the assumption of a single-
frequency model; it is derived from the general many mode
formula in the weak coupling limit because low-frequency
modes will not contribute significantly to the vibronic
transition rate due to their exponentially small Franck−
Condon factors when the energy gap ΔE is relatively large.19

Although general theoretical frameworks for full character-
ization of radiative and nonradiative decay processes in
organometallic phosphors have been developed,21−25 vibronic
coupling effects have nevertheless been mostly overlooked in
the rationales of efficient NIR emitter design in the past.15−17

Conventionally, factors such as the molecular rigidity and
delocalization length of the extended π-conjugated system have
been used to implicate the strength of vibronic couplings;26−30

however, these qualitative descriptors cannot provide a clear
understanding of vibronic effects in nonradiative decay of
molecular excited states. It is thus highly desirable to quantify
vibronic couplings and their influences in nonradiative decay
processes in NIR phosphors. In particular, it will be interesting
to know how the different types of electronic transitions in
square-planar Pt(II) complexes, such as the transformation
from the mixed triplet intraligand-charge-transfer/metal-to-
ligand-charge-transfer (3ILCT/3MLCT) state to the 3MMLCT
states by excimer formation, would have an impact on internal
reorganization energy.
In this paper, we apply density functional theory (DFT) to

investigate electronic properties and vibronic coupling effects
in eight Pt(II) square-planar complexes (Figure 1). These
complexes are chosen as our model systems because they have
been synthesized before and were shown to exhibit remarkable

NIR emission properties.15,18,31,32 Moreover, these complexes
can be regarded as derivatives of complex 1a either by CF3
substitution or by N-substitution, which provides an excellent
setting for the investigation of substituent effects. Note that
electronic properties and tunabilities of the S1 and T1
excitations in both the monomers and dimers of similar
types of compounds have been studied in detail.15,16 However,
the trends in the observed PLQY especially the anomalously
strong photoluminescence of the NIR emitters 1−3 in the
solid states have never been clearly elucidated for the model
compounds. Therefore, in this work, we focus on the vibronic
coupling effects by calculating and analyzing reorganization
energies of the triplet excitations of these Pt(II) complexes
both in the monomeric and dimeric forms. Furthermore, we
propose to use transition density as an effective theoretical tool
to conceptualize vibronic coupling effects in molecular systems,
and we adopt this tool to elucidate the key driver of
nonradiative decay in NIR phosphors and to propose a new
design principle for high-quantum-yield NIR emitters. This
systematic analysis of the Pt(II) complexes should elucidate
the molecular design principles that could be used to develop
novel NIR phosphors. Thus, the key questions we aim to
answer are as follows: (1) What are the factors leading to the
red-shifted NIR photoluminescence emission in solid films of
complexes 1b, 2b, and 3b? (2) How the aggregation
(dimerization) affects the electronic structures and vibronic
couplings for low-lying excitations in these model compounds?
(3) How can these systems achieve such high PLQYs despite
the predictions of the energy gap law? Although partial answers
to these questions have been presented in the literature, in this
work, we aim to elucidate the full consequences of these
intriguing questions.
Note that in previous theoretical investigations of blue

phosphorescent materials spin−orbit couplings have been
considered to be important for the efficiency of the light
emission.21,23,24 Nevertheless, for the NIR phosphorescent
systems studied in this work, nonradiative decay back to the
ground state should be the dominant deactivation process.
This is in contrast to the scenario in the blue phosphorescent
systems, where the excited states have higher energies such that
the relaxation back to the ground state is slower and might not
be the dominant deactivation process. As a result, multiple
decay channels could influence the excited-state dynamics and
therefore large spin−orbit couplings and rapid intersystem
crossing play important roles in the determination of the
quantum yield of blue phosphorescent systems. Given that the
spin−orbit couplings in platinum complexes should be
sufficiently large to yield rapid intersystem crossing and that
the vibronic couplings in dimer systems are rarely reported, we
choose to first ignore the spin−orbit coupling effects and focus
instead on the vibronic effects and the energy gap law in this
work. As far as we are aware of, the reorganization energy for
Pt(II) dimer systems and the different roles of intra- and
intercomplex modes have never been investigated previously.
The full characterization including the spin−orbit couplings
and radiative decay constants will be carried out in a future
study.

■ COMPUTATIONAL DETAILS
All calculations presented in this study were carried out using
the Gaussian 09 program.33 Here, the molecular geometries of
the ground state (S0) were optimized at the B3LYP-D3(BJ)
level34 because DFT methods with empirical dispersion

Figure 1. Chemical structures of the model Pt(II) complexes studied
in this work. The model systems include the Pt(II) pyridyl pyrazolate
complex (1a), N-substitution on pyridine ligands (2a and 3a), N-
substitution on pyrazole ligands (4 and 5), and the CF3-substitution
on the pyrazole ligands (1b, 2b, and 3b).
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correction have been shown to provide a better assessment of
the intermolecular metal−metal and π−π interactions.35 The
DFT methods have been shown to be reliable in obtaining the
electronic properties of Pt(II) complexes.13,16,36−39 The time-
dependent density functional theory (TDDFT) with the
Tamm−Dancoff approximation (TDA) and B3LYP-D3(BJ)
functional, i.e., TDA-B3LYP-D3(BJ), is employed in the
geometry optimization of the lowest singlet and triplet excited
states (S1 and T1). The triplet instabilities in TDDFT, which
would cause the underestimation of triplet excited state, can be
alleviated by the TDA.40,41 Furthermore, previous studies have
shown that the TDA-DFT calculation results are in good
agreement with the experimental phosphorescence emission
energy of Pt(II) complexes.38

For all of the calculations, the effective core potential (ECP)
LANL2DZ basis set for Pt atoms and the 6-31G(d,p) basis set
for other atoms were used to investigate the optimized
geometries and reorganization energies. Frequency analysis
was performed to confirm that there is no imaginary frequency
for all minimal geometries. Single-point calculations for the
electronic properties were carried out with the SDD/6-
311+G(d,p) basis set. In our study, the SDD ECP basis set
yields more accurate emission energies for 3MMLCT
transitions due to the increasing orbital overlap between Pt
atoms.
We note that M06-2X has been shown to yield better

geometries for similar Pt(II) complexes.25 Better geometries
should yield improved results, and a benchmark study would
be useful to determine the best functional and basis set for the
systems studied in this work. However, given the complexities
of the systems and their dependences on transition energy and
solvent environments, it would be very challenging to exactly
reproduce the experimental transition energies using DFT
calculations. Since in this work we focus on trends in
reorganization energies, which are calculated from relative
energies, we believe that the B3LYP-D3(BJ) functional should
yield adequate results.
The reorganization energy in the T1 excited state is

calculated on the adiabatic potential energy surface of the S0
state (ES0)

42,43

E Q E Q( ) ( )m S T S S0 1 0 0
λ = −

where QT1
and QS0 represent the equilibrium structure of the

T1 and S0 states, respectively. Therefore, ES0(QT1
) − ES0(QS0) is

the energy difference between the equilibrium T1 and S0
structures on the S0 state energy. For all of the Pt(II)
complexes, we calculate reorganization energies for both the
monomers (λm) and dimers (λd).
To further characterize the excimerization process, the

reorganization energy for a dimer (λd) is further decomposed
into the internal and intercomplex reorganization energies,
denoted λin and λic, respectively. We consider λin as the part of
the reorganization energy contributed by structure distortions
localized on a single monomeric subunit upon T1 excitation in
a dimeric complex. Therefore, we perform geometry
optimization for the dimeric complex in the T1 excited state
and then take the structure of one of the monomeric subunits
to calculate its S0 energy. This S0 energy is then compared to
the equilibrium S0 energy to obtain the internal reorganization
energy per monomer, λin. Once λin is obtained, the
intercomplex reorganization energy can be calculated using

2ic d inλ λ λ= −

Finally, the molecular reorganization energy can be partitioned
into contributions from each normal mode to map out mode-
specific vibronic couplings42−44
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ℏ
where Sj is the Huang−Rhys factor describing the vibronic
coupling between the T1 state and the S0 state for the jth
ground-state normal mode and dj is the displacement between
the equilibrium structure of the T1 and S0 states.

■ RESULTS AND DISCUSSION
Electronic and Emission Properties of Pt(II) Com-

plexes. To elucidate the electronic properties of the
monomeric Pt(II) complexes, we calculated the T1-optimized
geometries and electronic properties at the equilibrium
structures. Figure 2 shows the frontier orbitals of the model

complexes 3a and 5. The orbitals for all of the complexes
studied in this work are depicted in Figure S1. Generally
speaking, these complexes exhibit similar lowest unoccupied
molecular orbital (LUMO) patterns, whereas the highest
occupied molecular orbitals (HOMOs) are strongly dependent
on the molecular framework and substituents on the ligands.
All of the frontier orbitals are dominated by the ligand orbitals,
with the HOMOs showing more Pt contribution. Mulliken
population analysis reveals that the HOMO and LUMO
populations on the Pt atom are 10−32 and 3−4%, respectively.
To investigate the emission from the T1 excited state and the

substituent effects that might cause different electronic
emission properties, the calculated emission wavelengths and
characters of the Pt(II) monomer complexes in the T1 state are
listed in Table 1. The dominant T1 configuration is the
HOMO-to-LUMO transition. Since the HOMO contains
more Pt contribution, the excitation is consistent with the
triplet intraligand-charge-transfer/metal-to-ligand-charge-trans-
fer (3ILCT/3MLCT) character, in agreement with previous
studies. For the substituted pyrazolate Pt(II) complexes (1b,
2b, 3b, 4, and 5), the HOMO-to-LUMO transition accounts
for 75.5−84.9% of the total contribution, which is obviously
lower than that for the unsubstituted complexes. This
substitution effect is due to the interaction with the HOMO

Figure 2. (a) HOMO and (b) LUMO of Pt(II) complexes 3a and 5
in the T1 equilibrium geometry.
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− 1 orbital. According to the orbital-interaction theory,45 the
addition of electron-withdrawing groups stabilizes the orbital
energy, especially when the substitution is on the non-nodal
positions. The introduction of the N atom or CF3 group to the
pyrazolate unit thus lowers the HOMO energy significantly
because the HOMO has large amplitudes on the pyrazole ring.
This reduces the energy gap between HOMO and HOMO −
1, leading to mixing of the HOMO → LUMO and HOMO −
1 → LUMO configurations. Therefore, for the substituted
pyrazolate Pt(II) complexes, additional single-excitation
configurations are mixed into the T1 state and the electron
population on the Pt atom is decreased compared to the
complex 1a.
The emission energy is also tunable by the substituents in

these Pt(II) complexes. For example, from complex 1a to 2a
and to 3a, the emission energy undergoes a red shift from 540
to 622 and to 623 nm because N-substitution in the pyridyl
units stabilizes the energy of LUMO more than HOMO. This
is explained by the larger pyridyl contribution in the LUMO
(Figure 2). In contrast, the CF3 substitution on the pyrazolate
units more strongly stabilizes the HOMO energy because
HOMO has more amplitudes on the pyrazolate units
compared to the LUMO. As a result, CF3-substituted
complexes (1b, 2b, and 3b) exhibit blue-shifted emission
relative to the unsubstituted complexes. Note that although
these CF3-substituted complexes present blue-shifted emission,
the CF3 group provides more ordered aggregations in the solid
films,31,32 which is advantageous. Obviously, the ligand design
should take into account both tunable emission energy and
molecular packing in exploring high-efficiency NIR phosphors.
Reorganization Energies of Pt(II) Complexes. To

investigate vibronic effects, the reorganization energy of the
monomeric T1 state is also calculated and listed in Table 1.
The data indicate that although the molecular rigidity and size
of the π-conjugated system are similar among these Pt(II)
complexes, the value of the monomer reorganization energy
(λm) can vary significantly by up to 86 meV. Furthermore, λm is
decomposed into the contributions from specific normal
modes (Figures 3 and S2). For the Pt(II) complexes studied
in this paper, the vibration modes below 700 cm−1 are mostly
Pt−N vibrations and the C−C, C−N, and N−N vibrations in
the ligands occur at 700−1600 cm−1. This is in agreement with
experimental results indicating that metal−ligand vibrations in
transition-metal complexes are low-frequency modes.46,47

Figure 3 shows that modes with significant vibronic couplings
are predominantly high-frequency ligand modes. Therefore,
mode-specific reorganization energy indicates that the
dominant contribution of vibronic effects comes from the

ligand vibrations and therefore the various ligand substituents
should have a significant impact on the vibronic couplings.
Our calculations also reveal that N-substitution in the

pyridyl unit (1a → 3a) and N-substitution in the pyrazolate
unit (e.g., 1a → 5) show drastic differences in the change of
λm. λm for 3a is not very different from that of 1a, whereas λm
of complex 5 is significantly higher. The strong substituent
effects on λm cannot be easily rationalized. To address this
issue and furthermore predictively determine the relative
strengths of vibronic couplings, we need to go beyond the
traditional molecular rigidity description of the molecular
reorganization energy. It is thus highly desirable to develop an
intuitive way to understand the various substituent effects on
molecular reorganization energy to explain the difference in λm
between the Pt(II) complexes 3b and 5. To this end, we
extend an orbital-interaction rule in the rationalization of
substituent effects on the reorganization energy of charge
transfer processes. In the charge transfer case, how substituents
affect the magnitude of reorganization energy can be estimated
from the pattern of the molecular frontier orbitals by regarding
the LUMO (HOMO) approximately as the electron (hole)
distribution.48,49 As a result, when an electron (hole) is added
into the molecule, the bond length strongly changes at the
locations where the two atoms exhibit strong bonding or
antibonding character in the LUMO (HOMO).50 Therefore,

Table 1. Emission Properties and Reorganization Energies in the T1 State of Pt(II) Complexes

Pt(II) complex λem
a (nm) transition configurationb λm

c (meV) ΔES1−T1

d (eV)

1a 540 HOMO(32%) → LUMO(3%) 94.8% 178 0.22
1b 513 HOMO(25%) → LUMO(4%) 75.5% 233 0.26
2a 622 HOMO(31%) → LUMO(4%) 94.1% 236 0.19
2b 565 HOMO(26%) → LUMO(4%) 77.5% 216 0.23
3a 623 HOMO(30%) → LUMO(3%) 95.7% 184 0.18
3b 569 HOMO(24%) → LUMO(3%) 79.9% 194 0.21
4 543 HOMO(26%) → LUMO(4%) 84.9% 228 0.31
5 504 HOMO(10%) → LUMO(4%) 78.7% 264 0.37

aEmission wavelength. bIn the parentheses are contributions of d orbitals of Pt atoms. cReorganization energy of the Pt(II) monomer complex.
dEnergy gap between the S1 and T1 states.

Figure 3. Mode-specific reorganization energy of Pt(II) complexes in
the T1 excited state. The stick diagram shows the single-mode
reorganization energy at different vibration frequencies.
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substitutions at the positions where the HOMO/LUMO has
strong bonding or antibonding characters would more
significantly affect the reorganization energy. In contrast,
substitutions at the positions with local nonbonding character
in frontier orbitals will not affect the reorganization
energy.51−53 This finding provides a powerful way to elucidate
the dependence of reorganization energy on the molecular
structure in charge transfer processes. However, a single
molecular orbital cannot characterize an electronic transition
from the ground state to the excited state. For molecular
excited states, the transition density between two electronic
states should provide a suitable description of the spatial
distribution of excitation.54

To explore the effectiveness of using transition density as a
theoretical tool to understand the vibronic couplings in
molecular excitations, we investigate the correlation between
the distribution of transition density and the structural
distortions in the T1 excited state of the model Pt(II)
complexes (Figures 4 and S4). In Figure 4a, we show the

transition density of three model compounds. Among these
Pt(II) complexes, the transition density between the T1 and S0
states is primarily the product of the HOMO and LUMO
orbital wave functions. The transition density of complex 3a is
distributed evenly on the four ligand units. In contrast, the
transition density of complex 5 is localized on one side, i.e., the
ligand units B and D. We expect that the drastically different
distributions of the transition densities will give rise to different
structural distortions for complexes 3a and 5. Indeed, the
bond-length differences between the T1 and S0 states as shown
in Figure 4b exhibit strong spatial correlation with the
distribution of transition densities. The four-ligand regions
show similar average absolute bond-length differences for
complex 3a, just like the evenly distributed transition density.

In contrast, the transition density of complex 5 is localized on
the ligand regions B and D, and it is not surprising that bond-
length differences in the T1 state appear only in these two
regions. It is also clear that neighboring atoms with bonding or
antibonding characters in the transition density show more
dramatic bond-length differences in the excited state, as
evidenced in the variations in the bond-length differences of
selected bonds shown in Figure 4b. Clearly, transition density
provides a map for structure distortions upon excitation into an
electronically excited state.
Furthermore, the strong correlation between the spatial

distribution of transition density and the bond-length differ-
ences suggests that the transition density could be employed as
a theoretical measure to determine substituent effects in the
vibronic couplings. We expect that substitution at a position
with strong bonding or antibonding character with its
neighbors in the transition density will strongly affect the
reorganization energy of the excitation, whereas substitution at
a position not interacting with its neighbors in the transition
density will have negligible effects on the reorganization
energy. To rationalize the different λm values for complexes 3a
and 5, we now consider the transition density of complex 1a
shown in Figure 4a. It is quite clear that the small
reorganization difference between complexes 1a and 3a can
be rationalized because the substitution on the pyridyl unit is
at a position with weak bonding/antibonding character in the
transition density, whereas from 1a to 5, the substitution on
the pyrazolate unit is at a position of strong bonding/
antibonding character in the transition density, leading to the
significant increase in the reorganization energy. In summary,
the substitution effects on the reorganization energies of
electronically excited states can be explained by the pattern of
the transition density. We believe that this is for the first time
that the structural distortions and substituent effects in tuning
the strengths of vibronic couplings in the excited states can be
fully rationalized. By inspecting the pattern of the transition
density, one can determine how substituents would affect the
magnitude of reorganization energy. Since it is advantageous to
avoid making significant increases in the reorganization energy
as the electronic excitation properties are tuned in developing
new materials for many optoelectronic applications, substitu-
tion at the nodal position of the transition density should be
considered an effective strategy to achieve this goal.

Optimized Geometries in the T1 and S0 States of
Dimeric Pt(II) Complexes. The calculations of electronic
properties and reorganization energies were also performed for
the dimeric Pt(II) complexes of the model compounds. Here,
we first examine the optimized structure of dimers, which
should have significant impacts on the electronic structures and
emission properties. The equilibrium geometries of the dimeric
Pt(II) complexes at the S0 and T1 states are summarized in
Table 2. For the dimers in the ground state, the Pt−Pt (3.19−
3.31 Å) and ligand−ligand (3.08−3.25 Å) distances are slightly
smaller than the sum of the van der Waals radii of Pt atoms
(3.50 Å) as well as the common π−π distance (3.40 Å).
Therefore, the intercomplex binding energy in the dimers
contains both metallophilic and interligand interactions. The
analysis of the composition of dispersion energy for π-stacked
d8 metal complexes has demonstrated that the ligand−ligand
interactions are the dominant contribution to the binding
energy in S0.

17,55 For the model dimeric Pt(II) complexes
studied in this work, the dimer formation in the S0 state is
affected by the substituents on the ligands. The molecular

Figure 4. (a) Transition density and (b) absolute bond-length
alterations between the T1 and S0 states of Pt(II) complexes 3a and 5.
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frameworks with C2h symmetry, where the center of mass is
located on the Pt atom, tend to balance each interligand
interactions and then constrain the movement on the xy-plane.
Therefore, the metals are readily oriented along the z axis in
the optimized structures. On the other hand, when the
negative charge of the π-cloud is strongly induced on the
ligands [e.g., (5)2], the electrostatic interactions make the Pt
atom to be slightly shifted away from the z axis (Figure S6).
For dimers in the T1 state, the Pt−Pt distances are

significantly shortened to 2.83−2.84 Å, which are in agreement
with similar Pt(II) complexes observed in experiments.56−60

On the other hand, the π−π interactions in the excited state
slightly reduce the average ligand−ligand distances to 3.04−
3.20 Å. For the dimers in the excited state, the Pt−Pt distance
is smaller than the ligand−ligand distances. As a result, we
identify the key driving force of dimerization as the Pt dz

2−dz2
interactions in the excited state, which is clearly demonstrated
in the excimer structures. Moreover, as shown in Figure 5, π−π

interactions between monomers in the excited state have a
stronger impact on relative rotational angle θ, especially for the
Pt(II) complexes without CF3 substituents. Overall, our
calculations confirm effective excimer formation in the T1
excited state.15−17 It is worth noting that the Pt(II) complexes
(1b)2, (2b)2, and (3b)2 exhibit high PLQY in experiments and
their equilibrium structures in the solid state for the T1 and S0
states are very similar. Therefore, efficient formation of triplet
excimers in solids should play a crucial role in this kind of NIR
materials.
Electronic and Emission Properties of Dimeric Pt(II)

Complexes. In Figure 6, the frontier orbitals of the
representative dimeric Pt(II) complexes are shown (also see

Figure S4). The HOMOs of the dimer are drastically different
from those of the monomers (Figures 2 and S1). Because of
the short intercomplex distance due to the strong metallophilic
interactions between the two Pt atoms, the strong dz2−dz2
interactions raise the energy of the occupied σdz

2* orbital,
making it become the HOMO in the dimers. On the other
hand, the LUMO of the dimeric complexes is formed by the
π−π bonding interaction between the individual LUMOs of
the two monomers. Therefore, the electronic distributions of
HOMO and LUMO are mainly located on the two Pt atoms
and the ligands, respectively. The electronic distribution of the
frontier orbitals also indicates that the electron-withdrawing
groups on the ligands play a more significant role in tuning the
energy level of the LUMO rather than that of the HOMO.
The emission properties of the dimeric Pt(II) complexes in

the T1 state are presented in Table 3. The dimeric emission
wavelengths are strongly red-shifted with respect to those of
the monomers. This is expected as the triplet excimer
formation in the dimeric Pt(II) complexes would significantly
lower the energy of the T1 state. Furthermore, we confirm that
the T1 state exhibits HOMO-to-LUMO transition up to 99%
and thus can be assigned as a 3MMLCT state. Upon excitation,
depopulation from the HOMO, which has the σdz

2*
antibonding character, would significantly enhance the
attractive interaction between the Pt atoms, resulting in the
formation of an excimeric state and shortened Pt−Pt distance.
Excimer formation in 3MMLCT excited states was quite well
recognized in the literature.16

Considering the substituent effects, the emission wave-
lengths in excimers exhibit the same trend as the one found in
the monomers, except for the (4)2 complex. We found that this

Table 2. Optimized Geometries in the T1 and S0 States of Dimeric Pt(II) Complexes

S0 T1

dimeric Pt(II) complex dM
a (Å) dL

b (Å) dxy
c (Å) θd (deg) dM (Å) dL (Å) dxy (Å) θ (deg)

(1a)2 3.22 3.18 0.00 50.8 2.83 3.14 0.01 31.0
(1b)2 3.28 3.13 0.15 23.7 2.84 3.06 0.08 25.6
(2a)2 3.20 3.18 0.09 52.9 2.83 3.13 0.09 30.9
(2b)2 3.30 3.12 0.03 21.8 2.84 3.06 0.03 24.4
(3a)2 3.19 3.17 0.00 54.7 2.83 3.11 0.00 31.0
(3b)2 3.31 3.12 0.04 21.4 2.84 3.04 0.02 23.5
(4)2 3.23 3.25 0.01 103.2 2.84 3.20 0.00 97.9
(5)2 3.27 3.08 0.27 42.6 2.83 3.07 0.00 29.3

aPt−Pt distance. bAverage ligand−ligand distance. cProjected distance between the two Pt atoms in the xy-plane dDihedral angle between two
monomer complexes as shown in Figure 5.

Figure 5. Optimized geometries of dimeric Pt(II) complexes (3a)2
and (5)2 in the (a) T1 and (b) S0 states.

Figure 6. (a) HOMO and (b) LUMO of Pt(II) dimeric complexes
(3a)2 and (5)2 in the T1 state.
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is due to its significantly different molecular packing in the T1
state (Figure S5). The weak π−π bonding interaction between
the LUMOs of the two monomers slightly lowers the LUMO
energy of the dimer and causes the emission wavelength of the
dimeric Pt(II) complex (4)2 to be strongly blue-shifted
compared to other dimers. The collective data indicate that
to have efficient and deep-red NIR emission from the
3MMLCT state the proper ligand design should also consider
the control of the molecular packing so that the intercomplex
interactions can be adjusted properly.61

Reorganization Energies of Dimeric Pt(II) Complexes.
Now, we shift our focus to vibronic effects in the dimeric
Pt(II) complexes. Considering the excimeric character of the
3MMLCT excited state of the dimeric Pt(II) complexes, the
vibronic couplings as well as the reorganization process are
expected to be drastically different from those in the
monomers. This is consistent with the experimental observa-
tion that the emission properties of the Pt(II) complexes in the
solution (monomer) and the aggregates/solids (dimer) are
markedly different.15−17,31,59 Note that the term excimer is
loosely applied to describe strongly enhanced intercomplex
interactions in the excited states. We expect that upon
photoexcitation into the allowed S1 excited state and the
subsequent rapid intersystem crossing to the T1 state the Pt−
Pt distance would shorten to stabilize the T1 state and
destabilize the S0 state. Thus, this excimerization process
would lead to significantly red-shifted photoluminescence
emission. Although the excimer formation is expected to
contribute to a major part of the reorganization energy in the
T1 state, the intercomplex motions involve extremely low
frequency modes. According to the energy gap law, non-
radiative decay mediated by these modes would be very
inefficient because of the large number of vibrational quanta
involved in the process (i.e., small Franck−Condon factor). It
is thus a good approximation to assume that the intercomplex
modes do not contribute to the nonradiative decay and the
decay of the excited state is driven mainly by the high-
frequency intracomplex vibrations. We use the term internal
reorganization energy to refer to the sum of the reorganization
energies contributed by the intracomplex vibrations, and we
suggest that the internal reorganization energy makes a proper
measure of the extent of vibronic couplings relevant to
nonradiative decay in these dimeric complexes.
In Table 3, we show the dimer reorganization energy (λd) as

well as its division into the internal (λin) and intercomplex (λic)
components. The results indicate that although the dimeric
complexes exhibit a large overall reorganization energy λd the
internal reorganization energy λin is significantly reduced in

comparison to the monomer values. The striking difference in
the magnitudes of λin and λic in the dimeric Pt(II) complexes
can be rationalized by the spatial distribution of the transition
density of the 3MMLCT excited state (Figures 8a and S7).
Note that the substitutions on the ligands only slightly perturb
the electronic distribution in the HOMO and LUMO, so the
transition density of the 3MMLCT excited state shows the
similar spatial distribution for all of the dimeric Pt(II)
complexes studied in this work. The 3MMLCT transition
density is mainly localized on the two Pt atoms, and hence λd is
dominated by the intermolecular vibrations modulating the
Pt−Pt distance. The large λic is clearly dominated by the
excimer formation process. Note that λic includes the
contributions from both the translational and rotational
modes between the monomers, which are coupled to each
other and difficult to separate. Nevertheless, we found that the
substituent effects in λic are correlated with the rotational angle
θ between the optimized structures in the T1 and S0 states. We
suspect that the translational contributions to λic among these
dimeric Pt(II) complexes are very similar. Therefore, as the
rotational motion on the xy-plane is constrained in the excited
state, such as the Pt(II) complexes (1b)2−(3b)2 and (4)2, the
λic could be significantly reduced. Note that our dimer model is
minimal and does not include spatial confinement effects due
to steric/packing in molecular aggregates. Hence, the
calculated λic might not be representative of the intercomplex
reorganizations in the real materials. Therefore, controlling the
crystal packing of the Pt(II) complexes in the ground state is
also an important issue.
On the other hand, the 3MMLCT transition density shows

only minor contributions from the ligand orbitals. Hence, λin is
much smaller than λic. The decomposition of λin into mode-
specific contributions provides further evidence that high-
frequency intraligand vibrations give rise to only a small
fraction of λin and that the frequencies of the modes strongly
coupled to the dimeric 3MMLCT excitation are below 700
cm−1 (Figure 7), which should correspond to Pt−N bond
stretching and bending modes. Moreover, the bond-length
differences between the T1 and S0 states are negligible on the
ligands (Figure 8). Therefore, the internal reorganization
energy is significantly reduced in the 3MMLCT excimeric state
because of the small transition density distribution on the
ligands. For the dimeric Pt(II) complexes studied in this work,
the values of λin are below 60 meV, which are at least 3 times
smaller than λm of the corresponding monomer. This is
expected as the transition density of the 3ILCT/3MLCT state
is mainly contributed by the ligands (Figure S3); the emission
originating from the monomer generally leads to much higher

Table 3. Emission Properties and Reorganization Energies in the T1 State of Dimeric Pt(II) Complexes

dimeric Pt(II) complex λem
a (nm) transition configurationb λd

c (meV) λin
d (meV) λic

e (meV) ΔES1−T1

f (eV)

(1a)2 692 HOMO(83%) → LUMO(5%) 99.1% 371 39 294 0.18
(1b)2 664 HOMO(84%) → LUMO(5%) 99.1% 329 37 256 0.18
(2a)2 766 HOMO(82%) → LUMO(5%) 99.2% 424 45 333 0.17
(2b)2 724 HOMO(83%) → LUMO(5%) 99.1% 333 31 271 0.18
(3a)2 794 HOMO(81%) → LUMO(4%) 99.2% 446 43 361 0.18
(3b)2 759 HOMO(83%) → LUMO(5%) 99.2% 327 25 278 0.18
(4)2 632 HOMO(85%) → LUMO(5%) 99.0% 325 56 213 0.19
(5)2 652 HOMO(85%) → LUMO(6%) 99.0% 366 38 291 0.19

aEmission wavelength. bContributions of d orbitals of Pt atoms in parentheses were calculated by natural bonding orbital analysis. cReorganization
energy of the Pt(II) dimeric complex. dInternal reorganization energy of the Pt(II) dimeric complex. eExternal reorganization energy of the Pt(II)
dimeric complex. fEnergy gap between the S1 and T1 states.
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λm. As a result, the diminishing contribution of the vibronic
couplings from the high-frequency ligand modes in the dimeric
complexes is facilitated by the MMLCT character of the
excited state. Therefore, the extent of vibronic couplings
relevant to nonradiative decay is strongly suppressed in the
dimers, leading to the high PLQY even when the emission is in
the NIR region.
Internal Reorganization Energy and PLQY. The overall

data presented in this work indicate that the internal
reorganization energy for aggregates and monomers (for a

single complex, λin = λm) is a useful measure for the strength of
vibronic couplings driving nonradiative decay in the excited
state. To verify this observation, we have identified 45 Pt(II)
complexes with emission wavelength >625 nm in two review
articles6,17 and calculated λin for these systems. In Figure 9, we

plot the emission wavelength and PLQY of these complexes
while using colormap to present the calculated internal
reorganization energy. We use the same level of theory in all
calculations shown in Figure 9, and the full data set is given in
Table S1. Clearly, the results show a strong correlation
between the experimental PLQY value and the calculated λin.
λin values for many complexes are above 200 meV, and they all
exhibit negligible PLQY in the NIR region. Among them are
Pt(II) complexes with mixed 3ILCT/3MLCT character in the
T1 state. On the other hand, strong emitters in the NIR region
(>750 nm) all exhibit a λin that is below 100 meV. These
results indicate that suppression of internal reorganization
energy is necessary to achieve high-efficiency emitters in the
NIR region, in accordance with the energy gap law. In
particular, the porphyrinoid systems, which are well known for
their small reorganization energies, exhibit high PLQY in the
NIR region. Together with the 3MMLCT dimer complexes
studied in this work, these systems with small λin show a
general trend in good agreement with the energy gap law: as
the emission energy decreases, the PLQY decreases almost
linearly. The results indicate that the energy gap and internal
vibronic couplings are the two major determinants of the
PLQY of NIR emitters. In the end, the energy gap law still
holds; however, it is necessary to consider the microscopic
details of the vibronic couplings. Note that although the energy
gaps and reorganization energies generally explain the trends in
the correlation between the PLQY and the emission energy
shown in Figure 9 the dependence is only qualitative. It is also
clear that future studies should include additional calculations
such as spin−orbit couplings and radiative decay rates to
achieve a full quantitative understanding of the quantum yields
of these NIR emitters.

Molecular Alignment and Delocalization Effect. It is
worth to note that since the transition density of the 3MMLCT
state in the dimeric Pt(II) complexes studied in this work
mainly originates from the dz2 orbitals the excited-state

Figure 7. Mode-specific reorganization energy of dimeric Pt(II)
complexes in the T1 excited state. The stick diagram shows the single-
mode reorganization energy at different vibration frequencies.

Figure 8. (a) Transition density and (b) absolute bond-length
alterations between the T1 and S0 states of dimeric Pt(II) complexes
(3a)2 and (5)2.

Figure 9. Experimental emission wavelength, photoluminescence
quantum yield, and calculated internal reorganization energy of a
collection of 45 Pt(II) complexes. Different symbols indicate different
T1 characters: the T1 state with

3MLCT/3ILCT character (◊), the T1
state with 3MMLCT character (□), and complexes with porphyrinoid
ligands (○).
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properties should strongly depend on the relative orientation
and positions of the two Pt atoms. An intercomplex
displacement in the xy-plane would very effectively decrease
the overlap between the two Pt dz2 orbitals; hence, the energy
level of the σdz2* molecular orbital and the electronic transition
character of the T1 state could be easily affected by the
molecular misalignments. We expect that a displacement in the
xy-plane would result in mixing of dxz and dyz as well as the
ligand orbitals in the HOMO, therefore leading to larger λin
arising from the ligand vibrations.
In this work, we emphasize the drastic effect of dimerization

on the electronic structures and vibronic couplings of the
3MMLCT Pt(II) complexes and the dimerization as an
effective means to significantly shift the emission to red
while still keeping the nonradiative decay rate small by
simultaneously suppressing the vibronic couplings of the
internal vibrational modes. Another important point to be
noted is that our dimer calculations represent only the minimal
model to describe the electronic properties of the aggregates.
In solid crystals or thin films, the intermolecular geometry is
not determined simply by the pairwise interactions and the
interacting molecular units could be much more extended
(often extended over many molecules along a pseudo-1D
direction). For the Pt(II) complexes studied here, the
molecular alignment along the z axis would lead to strong
excitonic coupling between complexes and thereby the
photoexcitation is expected to be effectively delocalized
among more than two molecules, forming an exciton. As the
exciton delocalization length exceeds two molecules, λin can be
significantly reduced.62 Moreover, the energy gap between the
T1 and S1 states, ΔES1−T1

, is expected to decrease as the exciton
delocalization length increases because the exchange inter-
actions in the more delocalized state will be diminished.
Therefore, delocalized excitons in transition-metal aggregates
could also be advantageous for enhancing radiative decays. In
this regard, we must be cautious about comparing the results
obtained from dimer calculations with experimental data and
avoid overstating the impact of the dimer model. Nevertheless,
we believe that we still gain valuable insights by investigating
simplified dimer models.

■ CONCLUSIONS

In this paper, we apply density functional theory to investigate
vibronic coupling effects in a series of square-planar Pt(II)
complexes that showed promising NIR emission properties in
the solid state. We show that the monomeric form of these
transition-metal complexes shows mixed 3ILCT/3MLCT
character in the T1 state, which exhibits molecular reorganiza-
tion energy ranging from 178 to 264 meV. To rationalize the
substituent effects in the reorganization energies, we
introduced the transition density between two electronic states
as a theoretical tool to describe the spatial distribution of
excitations and demonstrated that the structural distortion of
the excited state relative to the ground state is strongly
correlated with the spatial distribution of the transition density.
Hence, the significant reorganization energy of the
3ILCT/3MLCT excited state is attributed to the large
contribution of the ligand orbitals in the transition density,
which causes strong vibronic couplings to the stretching modes
in the ligand skeleton.
Furthermore, we calculated emission properties and

reorganization energies for dimers of the model Pt(II)

complexes. We confirmed excimer formation and the
3MMLCT character of the T1 excited state for the dimeric
Pt(II) complexes. The strongly red-shifted emission is thus
explained by the excimerization process and the destabilization
of the metal−metal σdz2* HOMO energy. To rationalize the
high PLQY in the dimeric states, we follow the guidance of the
energy gap law to divide the overall reorganization energy into
a low-frequency intercomplex part and a high-frequency
internal part. Although the low-frequency intercomplex
reorganization energy due to the excimer formation contrib-
utes to a significant portion of the red shift in the triplet
emission, it should play a negligible role in the nonradiative
decay process. The internal reorganization energies for the
dimers, however, are significantly reduced with respect to the
monomer values. This result clearly explains the high PLQY of
the dimeric 3MMLCT excitations. The small internal
reorganization energy in the excimeric state is also explained
by the almost vanishing transition density on the heterocyclic
ligands in the 3MMLCT state. Because the transition density of
the 3MMLCT state is mainly localized on the two Pt atoms,
the bond-length differences on the ligands become negligible.
To confirm the effectiveness of using the internal

reorganization energy to quantify the strength of vibronic
couplings driving nonradiative decay of excited states, we
demonstrated a strong correlation between the experimental
PLQY value and the calculated internal reorganization energy
for 45 Pt(II) complexes found in the literature. This result
strongly indicates that the reduction of the internal
reorganization energy should be considered as a critical factor
for improving the performance of NIR emitters.
In summary, this study not only clearly elucidated the factors

leading to the red-shifted NIR photoluminescence emission in
solid films of Pt(II) complexes studied here but also provided a
rationale to understand the high PLQY found in some
3MMLCT excited states. Furthermore, we emphasize that the
spatial distribution of the transition density of the excited state
could be utilized to design functionalized molecules with
minimal λin. Our results suggest several additional key design
principles besides the reduction of internal reorganization
energy. In particular, transition-metal complexes preferentially
aligned along the dz2-direction in crystal packing would be
beneficial for light-emitting applications because in this case
the internal reorganization energy can be greatly reduced due
to the lowest-energy excited state associated with the electronic
transition from metal σdz2* to ligand π orbitals. It is worth
mentioning that the σ* interaction between dz2 orbitals of
transition metals strongly depends on the intercomplex
distance, so the ligand design for controlling the molecular
packing would be a critical challenge to lower internal
reorganization energy. Note that regarding the ligand design
and modification it is important that the ligand structure is
easy to synthesize and obtain. Our proposal of using transition
density as useful theoretical guidance to rationalize substituent
effects for reorganization energy would allow one to identify all
of the positions suitable for substitutions with minimal impacts
on λin and deactivation rate to provide useful guidelines for the
choice of more easily synthesizable ligands.
In addition, Pt(II) complexes with C2h symmetry are

expected to preferentially attain face-to-face stacking due to
the strong π−π interaction between ligands. In this study, the
platinum atoms are located on the z axis both in the ground
and excited states. However, as the dimer structure deviates
from the fully aligned geometry, the overlap of the dz

2 orbitals
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would be decreased and the pz orbitals of ligands will
contribute to σ* orbitals. Therefore, the transition density
also provides information to examine the contribution of ILCT
character, which leads to strong vibronic couplings. Further
theoretical interpretation of this analytic method, including the
impact of the neighboring atoms with bonding and
antibonding characters in the transition density and the
illustration of porphyrinoids with small internal reorganization
energy, is currently under investigation and will be published
later.
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