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ABSTRACT

Radical-carrying organic molecules have received significant attention to bypass the issue related

to  harvesting of  triplet  excitons  in  current  light-emitting  materials.  While  the  computational

efforts conducted so far have treated these radical emitters as isolated entities, in actual devices,

they are embedded in a host matrix and subject to emitter-host interactions. Here, by combining

molecular  dynamics  simulations  and  density  functional  theory  calculations,  we  evaluate  the

impact  of  host  matrix  on  the  opto-electronic  performance  of  radical  emitters,  taking  as

representative  example  the  TTM-3NCz  ((4-N-carbazolyl-2,6-dichlorophenyl)bis(2,4,6-

trichlorophenyl)-methyl)  radical  emitter  dispersed  in  a  CBP  (4,4-bis(carbazol-9-yl)biphenyl)

host. A morphological analysis shows that steric effects around the radical centers, carried by the

TTM electron-poor moieties of the emitters, disfavor π-π interactions with the host molecules,

which  leads  to  random  intermolecular  orientations  around  the  TTM  moieties.  The  3NCz

electron-rich  moieties  of  the  emitters,  however,  have  much  lesser  spatial  hindrance  for

intermolecular  π-π  stacking,  which  modulates  the  structural  and  electronic  properties  of  the

emitters in the host matrix. We also investigate the influence of dynamic and static disorders on

the radiative and nonradiative recombination processes and find that the rates of nonradiative

recombination are  small,  which opens the  way to  100% internal  quantum efficiency for  the

doublet-based emission process. 

2



1. Introduction

Organic  light-emitting  diodes  (OLEDs)  have  penetrated  the  high-end  market  of  commercial

electronic devices, thanks to their lightweight, panel flexibility, low power consumption, high

brightness,  and  high  contrast.[1-3] In  purely  organic  emitters  with  a  closed-shell  electronic

structure, according to spin statistics, the recombination of the electrons and holes injected at

their respective electrodes generally produces singlet and triplet excitons in a ratio of 1:3. Since

the lowest triplet electronic state (T1) is normally located below the lowest singlet state (S1) in

fluorescent emitters, only 25% of generated excitons can be harvested. [4, 5] Thus, to avoid losing

75% of the input power, several strategies have been explored to harvest the triplet excitons.

Two proven approaches are based on the use of: (i) heavy metal-based phosphors (which are the

emitters  currently  used  in  commercial  OLEDs),  where  large  spin-orbit  couplings  facilitate

radiative  transitions  from  T1 to  the  ground  state  (S0);[6-10] and  (ii)  purely  organic  thermally

activated  delayed  fluorescence  (TADF)  emitters,  where  T1 excitons  can  up  convert  into  S1

excitons that subsequently decay radiatively.[11-19]

Very recently, in parallel to these efforts, a novel design paradigm has emerged based on neutral

organic radical-carrying emitters with an open-shell electronic structure.[20-28] We note that such

organic radicals are also gaining significant attention beyond the OLED area as they can prove

useful in fields such as spintronics, imaging, and quantum information technologies.[29-38] Among

the limited examples of luminescent radicals reported thus far,  derivatives of the chlorinated

triphenylmethyl  radical,  TTM  (tris(2,4,6-trichlorophenyl)methyl,  see  Figure  1),  represent  a
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promising class of open-shell emitters for OLEDs.[24, 25, 39-44] The first excited electronic state in

these radicals is a spin-doublet state (D1), which has the same spin configuration as the ground

state  (D0);  such  an  electronic  structure  naturally  offers  the  way  to  circumvent  the  triplet

harvesting problem present in closed-shell emitters. 

In  2015,  Peng  et  al. described  the  successful  use  of  the  neutral  TTM-1Cz  radical,  (4-N-

carbazolyl-2,6-dichlorophenyl)bis(2,4,6-trichlorophenyl)-methyl, as an active material for OLED

applications.[21] Although  the  initial  radical-based  OLEDs  displayed  only  modest  external

quantum efficiencies (EQEs) around 2.4 %, follow-up work led to new luminescent radicals that

resulted  in  devices  with  higher  efficiencies.[45-49] Recently,  Li  and  co-workers  reported  the

fabrication of radical-based OLEDs exploiting adducts between TTM and carbazole derivatives,

with EQEs as large as ca. 27%; such efficiencies point to ~100% internal electro-luminescence

quantum yield.[24]   

Despite the extensive efforts conducted to improve the luminescence efficiency of radical-based

optoelectronic devices, the details of how the excited states form remain elusive, a consequence

of the complexity of these systems. Also, there is a lack of in-depth investigations to unveil the

effect that the host matrix can have on the radical excited-state radiative and non-radiative decay

properties. Since these processes are critical in device operation, it appears highly desirable to

gain a much understanding of their characteristics in order to guide the development of radical-

based materials for OLEDs and other applications. 
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Here, we address this issue of emitter-host interactions from a theoretical perspective. We note

that  the  computational  efforts  conducted so  far  have  treated  the  radical  emitters  as  isolated

entities,[27, 50-52] even though intermolecular interactions within the host material can be expected

to have a significant impact. We have chosen to rely on a multi-tiered computational approach to

study the morphology and electronic properties of emissive layers containing radical emitters.

We consider as representative emitter the adduct of 3NCz (3-substituted-9-(naphthalen-2-yl)-9H-

carbazole) and TTM, which is  referred to as the TTM-3NCz radical  in the literature.[24] The

emitting radicals are embedded in a solid matrix film based on 4,4-bis(carbazol-9-yl)biphenyl

(CBP); this host-guest system is the one used by Li and co-workers to achieve the radical-based

OLED with the highest EQE reported to date.[24] 

2. Results and Discussion

By investigating the morphology of emissive layers consisting of TTM-3NCz radical emitters

embedded at very low concentration in a CBP host matrix, we aim to provide a fundamental

understanding  of  the  molecular  packing  configurations  within  the  guest–host  layer  and

specifically to describe how the donor and acceptor moieties of the emitters interact with the host

material. We are also interested in considering the evolution of the electronic structure of the

radical emitters going from isolated molecules to molecules embedded in the emissive layer.

Finally, we discuss how the radiative and non-radiative transitions are impacted by host-guest

interactions and evaluate the dynamic and static disorders related to the TTM-3NCz emitters in

the emissive layer.
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2.1. Morphology     

The nature of  inter-molecular interactions between the emitters and the host matrix can play a

substantial role in modulating the opto-electronic properties of the emissive layer and overall

OLED performance. To obtain the atomistic details of the packing configurations of TTM-3NCz

emitters  within  the  CBP  host,  we  performed  classical  molecular  dynamics  (MD)  over  100

simulation boxes with different initial configurations in order to ensure an adequate statistical

sampling, see the Experimental Section. The molar fraction of TTM-3NCz in each simulation

box is kept at 1% in order to avoid short-range radical-radical interactions and to be consistent

with the limited interactions among emitters reported experimentally.[24] 

The radial  distribution function (RDF) between the central  sp2 carbon of the radical  moiety,

hereafter denoted as R1, and the CBP hydrogen atoms is displayed in Figure 1b. We recall that

such an RDF corresponds to the probability of  finding a CBP hydrogen atom around the R1

center at a given distance r. A weak RDF peak appears around 5.9 Å, which indicates that the R1

center is buried inside the radical moiety and does not interact directly with any CBP hydrogen

atoms (see Figure 1b). The reason for this observation is that the TTM chlorine atoms (and the

TTM propeller shape, see below) effectively shield the R1 center from neighboring molecules, as

is clear from the shorter distance at which the RDF between the Cl and H atoms peaks (~3.2 Å,

Figure 1b). The intensity of the latter peak is, however, very low, which points to the lack of

well-structured interactions for the Cl:::H network around the radical centers of the emitters.  
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Figure 1. (a) Chemical structures of the TTM-3NCz emitter and CBP host. The former consists
of  an  electron-rich  moiety  (3NCz)  and  a  radical-carrying  electron-poor  moiety  (TTM).  The
center-of-mass (COM) of the aromatic rings in the host and emitter are denoted by R1, …, R7, C1,
C2, and C3. (b) and (c) Radial distribution functions between CBP and TTM-3NCz.   

In order to acquire a better understanding of the inter-molecular interactions within the emissive

film, we calculated the center-of-mass (COM) positions of the aromatic rings in TTM-3NCz

(denoted as R2, R3, …, R7) and CBP (denoted as C1, C2, and C3), see Figure 1a, and analyzed

their RDFs. The results show that the first RDF peaks for interactions between the emitter central

sp2 carbon (R1) and ring centers of CBP (C1, C2, and C3) locate at distances > 7.1 Å (Figure 1c),

which are at least 2.2 Å farther than the RDFR1—H peaks. This finding indicates that the relative

orientation of the radical center and CBP aromatic rings are mostly non-parallel (Figure 2a). In

addition, the propeller arrangement of the chlorophenyl rings of the TTM radical is found to

generally prevent  their  π-π  interactions with the CBP aromatic rings (Figure 2b).  To further
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evaluate this point, we analyzed the distribution of angles Ѳ1 between the planes of the TTM-

3NCz chlorophenyl rings and nearby CBP carbazole moieties, see Figure 2c. Figure 2d illustrates

that parallel configurations of  inter-molecular aromatic rings have a low contribution. As the

angle  between the  planes  increases  to  ~45°,  it  linearly  gains  a  higher  weight  in  the  overall

distribution, which reaches a plateau between ~55° and 90°. Given the weak RDF peak for R2

with the CBP centers, which appears at a long distance of ~5.5 Å (Figure 2e), the host molecules

are expected to show random packing configurations around the TTM radical  moiety of the

emitter.  

Figure 2. (a) and (b) Representative snapshots from the MD simulations, illustrating how the
steric  hindrance from the  chlorine atoms and the  propeller  arrangement  of  the  TTM moiety
prevent π-π interactions between CBP and the central  sp2 carbon or chlorophenyl rings of the
emitter. Color code: C, grey; H, white; N, blue; Cl, green. (c) Illustration of the angle Ѳ1 between
the  planes  of  the  emitter  chlorophenyl  rings  and  a  nearby  CBP  carbazole.  (d)  Normalized
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distribution of Ѳ1 obtained from the MD simulation trajectories. (e) RDFs between the CBP ring
centers and TTM R2 chlorophenyl ring.
We now turn to a discussion of the packing configurations of the emitter donor moiety (3NCz)

with the host molecules. The results highlight that the CBP molecules locate at shorter distances

from 3NCz moieties in comparison to TTM moieties. Figure 3a compares the RDFs between the

CBP C1 center and the  TTM-3NCz R1, R2, R5, and R7 centers; other RDF plots are shown in

Figure 4. We find that the RDF peaks involving 3NCz are shifted to shorter distances and are

more intense compared to those involving TTM. Thus, there occur stronger interactions of the

donor parts of the emitters with the CBP molecules and more ordered configuration patterns. We

also calculated the distributions of angles  Ѳ2 and Ѳ3 between the CBP  carbazole planes and

nearby TTM-3NCz naphthalene and carbazoles moieties, respectively (Figures 3b and 3c). The

normalized Ѳ2 and Ѳ3 distributions have maxima at ~56° and ~25°, respectively (Figures 3d and

3e), which indicates that the CBP carbazole has a higher probability to form π-π stacking with

the  naphthalene  moiety  than  the  carbazole  moiety  of  TTM-3NCz.  Taken all  together,  these

results  point  to  stronger  π-π  interactions  between  the  host  molecules and  the  emitter  donor

moieties (3NCz) than acceptor moieties (TTM).  
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Figure 3. (a) RDFs between the CBP C1 center and the aromatic centers of TTM-3NCz. (b) and
(c) Illustrations of angles Ѳ2 and Ѳ3 between the TTM-3NCz carbazole and naphthalene moieties
and nearby CBP carbazoles. (d) and (e) Normalized Ѳ2 and Ѳ3 distributions obtained from the
MD trajectories.
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Figure 4. RDFs between various centers of the CBP host and the radical emitter. 

It is also of interest to evaluate the intermolecular orientations of nearby TTM-3NCz and CBP

molecules in the emissive layer. We considered two vectors parallel to longitudinal axes of the

molecules (see Figure 5a) and evaluated the angle between these vectors (Ѳ4). To restrict our

sampling to TTM-3NCz and CBP molecules in close vicinity, we determined the centers-of-mass

(COMs) of the whole molecules and only took into account neighbors with inter-COM distances

within  ~6.7 Å (Figure  5a).  This  threshold  corresponds  to  the  averaged  distance  at  which  a

COMCBP can  be  found  in  vicinity  of  a  COMTTM-3NCz.  Figure  5b  displays  the  normalized  Ѳ4

distribution. It is interesting to note that parallel vectors have a very small weight in the overall
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distribution. In other words, a TTM-3NCz radical and its nearby CBP molecules prefer to adopt

a wide range of non-parallel intermolecular orientations, which highlights the amorphous nature

of the emissive layer.

Figure 5. (a) Illustration of angle Ѳ4 between two vectors that are parallel to longitudinal axes of
the  TTM-3NCz and CBP molecules.  (b)  Normalized Ѳ4 distribution obtained  from the  MD
trajectories.

2.2. Electronic Structure in the Emitter Excited States 

Isolated system. In order to shed light on the electronic structure of the emitter, we performed

density functional theory (DFT) calculations using the screened range-separated hybrid (SRSH)

functional LC-ωHPBE.[53-55] The geometry of TTM-3NCz was optimized in the ground state (D0)

and time-dependent DFT in the Tamm-Dancoff approximation (TDA-TDDFT) was employed to

perform the excited‐state calculations.[56]. The calculated  vertical transition energies, based on

the ground-state  geometry, of the three lowest doublet excited states (e.g., D1, D2, and D3) are

2.18, 2.68, and 2.77 eV, respectively. The natural transition orbitals (NTOs) for these states are
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shown in Figure 6. In the D1 state, the electron–NTO is mainly localized on the radical moiety

(TTM), while the hole–NTO is delocalized on both TTM and 3NCz moieties (Figure 6). Thus,

the  D1 state  has  a  hybrid  character,  mixing  charge‐transfer  (CT)  and  local-excitation  (LE)

features. Similarly, the NTOs for the D2 state also show a CT-LE hybrid character (Figure 6). In

contrast, in the D3 state, both hole–NTO and electron–NTO are localized on the radical core

(TTM), indicating that this state has a dominant LE character. Energy-wise, the D1 state is well

separated from the other excited states; this implies that the D1 state dominates the radiative

decay process, which is the reason why we focus on this state below. 

Figure 6. Natural transition orbitals in the lowest doublet excited states (D1, D2, and D3) of the
radical emitter based on the ground-sate optimized geometries. Atom color code: C, gray; H,
white; N, blue; Cl, green.

The TTM-3NCz optimized geometry in the D1 excited state exhibits only moderate changes in

dihedral angles (< 6°) in comparison to those in the D0  ground state, see Figure 7a, the main
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differences between the D1 and D0 emitter geometries being mostly related to bonds and angles.

The  TDDFT results indicate  that the intra-molecular reorganization energy  λ related to these

geometry differences is about 190 meV. The adiabatic energy of the D1 state is calculated to be

~1.92 eV, which is in excellent agreement with the 0-0 transition energy estimated from the

experimental spectra of the emitter in a toluene solution, ~1.91 eV.[24] The NTOs corresponding

to the D1 state computed at the D1 optimized geometry exhibit features similar to those derived at

the ground-state geometry, which underlines that the hybrid CT-LE character of the D1  state is

not affected by the geometry relaxations (Figure 7b).

Figure 7. (a) Differences in dihedral angles between the D0 and D1 optimized geometries of the
TTM-3NCz emitter.  (b) Natural transition orbitals in the D1 state of the radical emitter. Atom
color  code:  C,  gray;  H,  white;  N,  blue;  Cl,  green.  (c)  Representative  spin  configurations
illustrating doublet and quartet spin states.

Impact of the host matrix. To investigate how the emitter electronic transitions can be impacted

by host-guest interactions, we randomly extracted 1,000 structures from the MD simulations and
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carried out TDA-TDDFT calculations to estimate the energies of the three lowest excited states.

For all MD snapshots, the three lowest excited states of the emitters are determined to be doublet

states,  i.e., D1, D2, and D3.  Thus, the (higher-spin) quartet electronic states of the emitters are

located above the doublet states (see Figure 7c for an illustration of  doublet and quartet spin

configurations). The important implication is that the device quantum efficiency would not suffer

if non-emissive spin-quartet states are electrically generated, since these higher-energy electronic

states  would  internally  convert  to  lower-energy  D-type  excited  states.  Figure  8a  shows  the

energy distributions of the D1, D2, and D3 excited states; since the D1 energy distribution (“band”)

is found to be well separated from the other excited-state “bands”, we discuss it further below. 

The  D1 band  has  a  Gaussian-like  distribution,  centered  at  about  2.19  eV,  with  a  standard

deviation (σ T) of about 0.09 eV. Experimentally, the absorption band of the radical emitters in

the CBP host  is  observed to peak at  about  2 eV,[24] which is  slightly smaller  than the DFT

estimate. This slight discrepancy might originate in the fact that we used in our calculations a

dielectric constant ε equal to 3, a value based on previous experimental data on charge-carrier

mobility in neat CBP films.[57] However, the incorporation of TTM-3NCz into the CBP film is

expected to raise the dielectric constant. We note that earlier theoretical investigations have used

a  value  ε  =3.5  to  describe  the  energy  level  alignment  between  CBP  and  guest  emitters;[58]

switching to ε =3.5 in our calculations decreases the D1 state energies by about 0.1 eV. 

The calculated σ T value for the D1 band, 0.09 eV, is found to be in very good agreement with that

estimated from the experimental  electroluminescence spectrum of TTM-3NCz dispersed in a

CBP thin film, ~0.10 eV. As was shown recently,  σ T arises from contributions related to both
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dynamic  disorder  and static  disorder.[59-62] The  dynamic  disorder  is  associated with  electron-

vibration  interactions  that  results  in  a  time-dependent  variation  in  D1-state  energies  with  a

standard deviationσ D; the static disorder is related to the amorphous and glassy nature of the

TTM-3NCz/CBP film, which leads to a time-independent variation in the D1-state energy with a

standard deviationσ S. In the case of Gaussian distributions, the total standard deviation σ Tcan be

expressed asσ T=√σ D2 +σS2. 

To estimateσ D,  we randomly selected 10 simulation boxes, with each containing one emitter

surrounded by 99 CBP molecules and ran the MD simulations for 5 ps. The coordinates of the

TTM-3NCz emitters were extracted every 20 fs from the MD trajectories (2500 configurations).

Then, TDA-TDDFT calculations were performed to evaluate the D1-state energies and obtainσ D.

The  σ D average value is found to be 83 meV, which leads to a rather small static-disorder  σ S

value of 37 meV. It is interesting to recall that σ D in the semi-classical approximation is related

to  λ via  the  expression: σ D
2=2λk BT .[60] Based  on  this  relation,  the  reorganization  energy  is

estimated  to  beλ=134meV ;  this  value  is  about  30%  smaller  than  that  estimated  from  the

geometry optimizations of the isolated emitter. Thus, these results imply that the host matrix is

constraining the vibrational motions of the radical molecules in their ground and excited states

and effectively reduces the vibrational coupling and consequently the dynamic disorder.   

Radiative recombination processes.  Using the Einstein relation (see the Experimental Section),

the radiative decay rate (kr) for the electronic transition from D1 to D0 is estimated to be on the

order of 2.2 × 107 s-1. This value is in excellent agreement with the experimental value of 2.9 ×
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107 s-1.[24] As in the case of the D1 energy distribution, the kr values also closely follow a Gaussian

distribution, see Figure 8b. In addition, a cosine-type correlation is found between the kr values

and the dihedral angle (Φ) between the TTM and 3NCz moieties (Figure 8c). MD snapshots of

the emitter  with Φ  ~ 0° (coplanar conformations) present the largest  kr,  while  perpendicular

conformers (Φ  ~ 90°) have the lowest radiative decay rate (Figure 8d); the NTOs of the D1

transition corresponding to coplanar and perpendicular configurations are shown in Figures 8e

and 8f, respectively. A similar trend is obtained when the emitter geometry is DFT-optimized

with a fixed angle Φ (Figure 8d, dark solid line); the kr value for an isolated TTM-3NCz emitter

in the D1-state optimized geometry is shown by a red square in Figure 8d. Overall, the results in

Figure 8d can be rationalized within the semiclassical two-state Mulliken–Hush model applied to

a charge-transfer state.[63-65] According to this model, the radiative rate depends on the square of

electronic coupling between donor and acceptor units (TTM and 3NCz in the present case); this

coupling is indeed largest for coplanar conformers and smallest for perpendicular conformers. 
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Figure 8. (a) Normalized energy distributions in the three lowest excited states, D1, D2, and D3,
based  on  1,000  TTM-3NCz  molecules  extracted  from the  MD simulations.  (b)  Normalized
distributions  of  the  radiative  decay rates  (kr)  for  the  selected  emitters.  (c)  Definition  of  the
dihedral angle Φ between the TTM and 3NCz moieties of the emitter. (d) Relationship between
Φ and kr (see the main text for more detail). Natural transition orbitals (NTOs) in the D1 state of
the radical emitter with (e) coplanar and (f) perpendicular conformations between the TTM and
3NCz moieties. 
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Nonradiative recombination processes. The calculations of the knr rates were performed within

the  Marcus-Levich-Jortner  model  (see  the  Experimental  Section).  The  electronic  couplings

between the D1 and ground states were calculated by means of the fragment charge difference

method[66] (see  the  Experimental  Section)  for  1,000  structures  extracted  from  the  MD

simulations; an average value of 0.27 eV is obtained. 

The total reorganization energy (λT)  for the  nonradiative recombination processes has both an

intra-molecular contribution and an external contribution; for the former, we considered the 134

meV value discussed above; for the latter, we chose two representative values of 100 and 200

meV.  In  the  case  of  large  driving forces,  as  is  the  situation found here,  quantum tunneling

through  the  electron-transfer  barrier  competes  with  transition  over  the  barrier;  thus,  it  is

important that the electron transfer rate calculations take account quantum-mechanically of the

couplings with high-frequency vibrational modes.[67] As the exact proportions of classical (λc)

and quantum-mechanical (λqm) contributions to the overall reorganization energy λT (= λc + λqm)

are not known, we chose to plot  knr as a function of  λqm (Figure 9) while keeping the λT value

fixed to either (134 + 100 =) 234 or (134 + 200 =) 334 meV. The results highlight that with a

reasonable  value  for  λqm in  the  range  of  ~50-100  meV,  the  knr values,  ~10-1-105 s-1,  are

significantly smaller than the  kr values, ~107 s-1. The important implication is that the radical

emitter  can  have  an  internal  quantum efficiency  (IQE =
kr

kr+knr
)  reaching  100% even  in  an

amorphous film; this result is fully consistent with the experimental observations.[24]  
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Figure  9.  Nonradiative  recombination  rates  (knr)  as  a  function  of  the  quantum-mechanical
component of the reorganization energy (λqm) taken in the range 0.00–0.15 eV; the latter value is
close to the intramolecular reorganization energy (~ 0.134 eV). 

3. Conclusions  

We have performed molecular dynamics (MD) simulations to study the morphology of thin films

consisting of radical TTM-3NCz emitters embedded in a CBP host. We kept the molar fraction

of the emitter at  1% to avoid short-range emitter-emitter interactions. The radial  distribution

functions (RDFs) demonstrate that the radical center of the emitter is effectively shielded by the

chlorine atoms of the TTM moiety and the propeller shape of the rings around it. This allows the

central sp2 carbon of the radical moiety to avoid major interactions with CBP molecules. On the

contrary,  the  3NCz  moiety  of  the  emitter  is  found  to  form  π-π  interactions  with  the  host

molecules, which can modulate the structural and electronic features of the emitter. 
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In the case of both isolated emitter molecules and emitters embedded in the CBP matrix, the

three lowest excited states of the emitters are determined to be doublet states, with (higher-spin)

quartet electronic states located above the doublet states. Thus, the device quantum efficiency is

not expected to degrade when non-emissive spin-quartet states are electrically generated, since

these higher-energy electronic states would internally convert to lower-energy D-type excited

states.

Interestingly, our DFT calculations in combination with time and ensemble statistical analyses

indicate that emitter-host interactions reduce the vibrational couplings (dynamic disorder) in the

first excited state of the radicals by as much as 30% in comparison to the isolated molecule. This

reduction comes at the cost of only a moderate static disorder  (σ S = 37 meV) induced by the

guest-host interactions. Thus, these results underline that embedding such radical emitters in a

host matrix should not necessarily be expected to deteriorate the emitter properties. 

Our studies point to the significant impact of the dihedral angle between the TTM and 3NCz

moieties in the determination of the emissive properties of the D1 state. The results underline a

cosine-type correlation between the radiative decay rates and this dihedral angle. More coplanar

conformations  generally  exhibit  larger  transition  dipole  moments  due  to  an  increase  in  the

electronic  coupling between the TTM and 3NCz moieties.  Overall,  the DFT results  give an

average value for the radiative decay rate on the order of 2.2 × 107 s-1, while the non-radiative

rate is predicted to be lower than 105 s-1. Taken together, these values point thus to a 100% photo-

/ electro-luminescence internal quantum yield.  
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Results of this study suggest that host-emitter interactions could reduce the dynamic disorder of

the radical excited states. Therefore further studies on how to tune these interactions via selection

of host materials to achieve higher electro-luminescence properties of the emissive layers are

needed. Another major remaining point is to gain a better understanding of the way excitons

form on the radical emitters. To do so requires to add to the sides of the TTM-3NCz / CBP

emissive layer an electron transport  layer and a hole transport  layer. Such investigations are

currently in progress in our laboratory and will be reported elsewhere.   

4. Experimental Section

MD Simulations: Experimentally,[24] the TTM-3NCz radicals are embedded in a CBP thin film at

a  low  concentration  level  of  3  wt%.  Thus,  the  radicals  are  essentially  surrounded  by  CBP

molecules and short-range emitter-emitter interactions are very limited. In order to be consistent

with the experimental conditions, we placed a single TTM-3NCz radical in a 140 × 140 × 140 Å3

simulation cell consisting of 99 CBP molecules. To ensure adequate sampling, 100 simulation

cells were prepared at the same 1% molar fraction but with different initial configurations. For

each cell, we first conducted an energy minimization and a 5-ns MD simulation using the NPT

ensemble at 1 atm and 300 K. The temperature was then increased at 50 K intervals for 1 ns to

reach 550 K. The resulting system was subjected to an MD simulation at 550 K for 20 ns to

explore the energy landscape. This was followed by cooling down the system from 550 K to 300

K through a 50-ns MD, and equilibration for 10 ns. Finally, an MD simulation was performed at

300 K for 20 ns to sample the structural characteristics of the system. 
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We used the NAMD package for all  simulations.[68] The temperature and pressure were kept

constant by using the Langevin dynamics and Nose-Hoover Langevin piston, respectively.[69] The

particle mesh Ewald (PME) algorithm was employed to calculate the long-range electrostatic

interactions.[70] The van der Waals forces were truncated using a cutoff of 12 Å and equations of

motion were integrated with a time step of 1 fs. We used the potential model based on OPLS-AA

to  describe  the  interactions  within  the  systems.[71] A  protocol  developed  in  our  group  was

employed to  calculate  the  dihedral  parameters,  equilibrium values  of  bonds and angles,  and

partial  atomic charges of  the force field for the TTM-3NCz and CBP molecules using DFT

calculations.[72] 

DFT Calculations: The Gaussian16 package was used to perform calculations using the screened

range-separated hybrid functional LC-ωHPBE with the 6-31G(d,p) basis set.[54] For individual

TTM-3NCz  and  CBP  molecules,  we  optimized  the  range-separation  parameter  ω  through

minimizing  J(ω), defined as  J(ω) = (EHOMO + IP)2 + (ELUMO + EA)2.[73] Here,  EHOMO and  ELUMO

denote  HOMO  and  LUMO  energies,  while  IP  and  EA  denote  the  vertical  first  ionization

potential and electron affinity of the molecule. Optimal ω  values of 0.1071 and 0.1485 were

obtained for TTM-3NCz and CBP, respectively. To account for the solid-state effects in the

emissive layer, the partition of the Coulomb interaction in the SRSH functional was modified by

employing a dielectric constant (ε) of 3.[53] Such a value for ε was chosen based on a previous

experimental  study  on  the  charge  carrier  mobility  in  CBP  films.[57] The  Tamm-Dancoff

approximation within time-dependent DFT (TDA-TDDFT) was used to estimate the excited-

state transition energies and optimize the molecular geometries in the excited states.[74]  

24



Radiative Decay Rates. We used the Einstein equation to estimate the radiative decay rate (kr):[75]

k r=
ES1

3

3ℇ ∘ π ℏ
4 c3

μ2(1)

where ε°, c,  ES1, and μ denote the vacuum permittivity, speed of light, energy of D1 relative to

D0, and transition dipole moment between the D0 and D1 states, respectively.

Calculations of the Nonradiative Recombination Rates. The Marcus-Levich-Jortner model were

used to estimate the nonradiative recombination rates from the D1 excited state to the D0 ground

state:[76] 

k nr=
2π
ℏ

∨V el¿
2 1

√2π σ T2
∑
n=0

∞ e−Sqm Sqm
n

n!
exp¿¿                        (2)

To consider the effect of disorder, we replaced the original 4kBTλc term with 2𝜎T
2.[77,  78] The

classical contribution to the reorganization energy is denoted λc and σT represents the standard

deviation of the D1 energy distribution due to dynamical  and static  disorder.  Vel denotes the

electronic coupling between the D1 and ground states. Sqm represents the Huang-Rhys parameter,

defined  as:  Sqm =  λqm/ħωqm,  where  λqm is  the  quantum-mechanical  contribution  to  the

reorganization energy. A typical ωqm value of 1200 cm-1 is considered.[61] 

We calculate Vel by using the expression:[66] 

V el=
μ12∆ E12

¿¿
                               (3)
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where μ12 and ∆E12 are the transition dipole moment and energy of the D1 state with respect to the

ground state. ∆μ12 is the difference in dipole moment of the radical emitter between the ground

and D1 states. 

Acknowledgements

This work was funded by the Department of Energy (Award DE-EE0008205) and the University

of Arizona. The authors thank Professor Feng Li (Jilin University) for stimulating discussions;

they  acknowledge  the  use  of  the  computing  facilities  of  the  Partnership  for  an  Advanced

Computing Environment (PACE) at the Georgia Institute of Technology and the support of the

PACE team.

References

[1] H. W. Chen, J. H. Lee, B. Y. Lin, S. Chen, S. T. Wu, Liquid crystal display and organic
light-emitting diode display: present status and future perspectives, Light-Sci. Appl. 2018,
7, 17168.

[2] J.-H. Lee, C.-H. Chen, P.-H. Lee, H.-Y. Lin, M.-k. Leung, T.-L. Chiu, C.-F. Lin, Blue
organic  light-emitting diodes:  current  status,  challenges,  and future  outlook,  J.  Mater.
Chem. C 2019, 7, 5874.

[3] H. E. Lee, J. H. Shin, J. H. Park, S. K. Hong, S. H. Park, S. H. Lee, J. H. Lee, I.-S. Kang,
K. J. Lee, Micro Light-emitting diodes for display and flexible biomedical applications,
Adv. Funct. Mater. 2019, 29, 1808075.

[4] J. H. Burroughes, D. D. C. Bradley, A. R. Brown, R. N. Marks, K. Mackay, R. H. Friend,
P. L. Burn, A. B. Holmes, Light-emitting diodes based on conjugated polymers,  Nature
1990, 347, 539.

[5] R. H. Friend, R. W. Gymer, A. B. Holmes, J. H. Burroughes, R. N. Marks, C. Taliani, D.
D.  C.  Bradley,  D.  A.  Dos  Santos,  J.  L.  Bredas,  M.  Logdlund,  W.  R.  Salaneck,
Electroluminescence in conjugated polymers, Nature 1999, 397, 121.

[6] S. Scholz, D. Kondakov, B. Lussem, K. Leo, Degradation mechanisms and reactions in
organic light-emitting devices, Chem. Rev. 2015, 115, 8449.

[7] D. Jacquemin, D. Escudero, The short device lifetimes of blue PhOLEDs: insights into the
photostability of blue Ir(III) complexes, Chem. Sci. 2017, 8, 7844.

[8] G. Sarada, W. Cho, A. Maheshwaran, V. G. Sree, H.-Y. Park, Y.-S. Gal, M. Song, S.-H.
Jin, Deep-blue phosphorescent Ir(III) complexes with light-harvesting functional moieties
for efficient blue and white PhOLEDs in solution-process,  Adv. Funct. Mater. 2017,  27,
1701002.

26



[9] H. Shin, Y. H. Ha, H.-G. Kim, R. Kim, S.-K. Kwon, Y.-H. Kim, J.-J. Kim, Controlling
horizontal dipole orientation and emission spectrum of Ir complexes by chemical design
of  ancillary  ligands  for  efficient  deep-blue  organic  light-emitting  diodes,  Adv.  Mater.
2019, 31, 1808102.

[10] J. Zhang, L. Wang, A. Zhong, G. Huang, F. Wu, D. Li, M. Teng, J. Wang, D. Han, Deep
red PhOLED from dimeric salophen Platinum(II) complexes,  Dyes Pigments 2019,  162,
590.

[11] H. Uoyama, K. Goushi, K. Shizu, H. Nomura, C. Adachi, Highly efficient organic light-
emitting diodes from delayed fluorescence, Nature 2012, 492, 234.

[12] F. B. Dias, K. N. Bourdakos, V. Jankus, K. C. Moss, K. T. Kamtekar, V. Bhalla, J. Santos,
M.  R.  Bryce,  A.  P.  Monkman,  Triplet  harvesting  with  100%  efficiency  by  way  of
thermally activated delayed fluorescence in charge transfer OLED emitters,  Adv. Mater.
2013, 25, 3707.

[13] Y. Tao, K. Yuan, T. Chen, P. Xu, H. H. Li, R. F. Chen, C. Zheng, L. Zhang, W. Huang,
Thermally  activated  delayed  fluorescence  materials  towards  the  breakthrough  of
organoelectronics, Adv. Mater. 2014, 26, 7931.

[14] H. Wang, L. Xie, Q. Peng, L. Meng, Y. Wang, Y. Yi, P. Wang, Novel thermally activated
delayed fluorescence materials–thioxanthone derivatives and their applications for highly
efficient OLEDs, Adv. Mater. 2014, 26, 5198.

[15] T.-A. Lin, T. Chatterjee, W.-L. Tsai, W.-K. Lee, M.-J. Wu, M. Jiao, K.-C. Pan, C.-L. Yi,
C.-L. Chung, K.-T. Wong, C.-C. Wu, Sky-blue organic light emitting diode with 37%
external  quantum  efficiency  using  thermally  activated  Delayed  Fluorescence  from
Spiroacridine-Triazine Hybrid, Adv. Mater. 2016, 28, 6976.

[16] S.  Schott,  E.  R.  McNellis,  C.  B.  Nielsen,  H.  Y.  Chen,  S.  Watanabe,  H.  Tanaka,  I.
McCulloch,  K.  Takimiya,  J.  Sinova,  H.  Sirringhaus,  Tuning  the  effective  spin-orbit
coupling in molecular semiconductors, Nat. Commun. 2017, 8, 15200.

[17] P. K. Samanta, D. Kim, V. Coropceanu, J.-L. Brédas, Up-conversion intersystem crossing
rates in organic emitters for thermally activated delayed fluorescence: impact of the nature
of singlet vs triplet excited states, J. Am. Chem. Soc. 2017, 139, 4042.

[18] X. K. Chen, D. Kim, J. L. Bredas, Thermally activated delayed fluorescence (TADF) path
toward efficient electroluminescence in purely organic materials: molecular level insight,
Acc. Chem. Res. 2018, 51, 2215.

[19] H.  Abroshan,  E.  Cho,  V.  Coropceanu,  J.-L.  Brédas,  Suppression  of  concentration
quenching in  ortho-substituted  thermally  activated  delayed fluorescence  emitters,  Adv.
Theory Simul. 2020, 3, 1900185.

[20] E. P. Tomlinson, M. E. Hay, B. W. Boudouris, Radical polymers and their application to
organic electronic devices, Macromolecules 2014, 47, 6145.

[21] Q. Peng, A. Obolda, M. Zhang, F. Li, Organic light-emitting diodes using a neutral π 
radical as emitter: the emission from a doublet, Angew. Chem. Int. Ed.  2015, 54, 7091.

[22] D. Blasi, D. M. Nikolaidou, F. Terenziani, I. Ratera, J. Veciana, Excimers from stable and
persistent  supramolecular  radical-pairs  in  red/NIR-emitting  organic  nanoparticles  and
polymeric films, Phys. Chem. Chem. Phys. 2017, 19, 9313.

[23] S.  Kimura,  T.  Kusamoto,  S.  Kimura,  K.  Kato,  Y.  Teki,  H.  Nishihara,
Magnetoluminescence in a photostable,  brightly luminescent organic radical  in a  rigid
environment, Angew. Chem. Int. Ed. 2018, 57, 12711.

27



[24] X. Ai, E. W. Evans, S. Z. Dong, A. J. Gillett, H. Q. Guo, Y. X. Chen, T. J. H. Hele, R. H.
Friend, F. Li, Efficient radical-based light-emitting diodes with doublet emission, Nature
2018, 563, 536.

[25] X.  Ai,  Y.  X.  Chen,  Y.  T.  Feng,  F.  Li,  A  stable  room-temperature  luminescent
biphenylmethyl radical, Angew. Chem. Int. Ed. 2018, 57, 2869.

[26] K. Kato, S. Kimura, T. Kusamoto, H. Nishihara, Y. Teki, Luminescent radical-excimer:
excited-state dynamics of luminescent radicals in doped host crystals, Angew. Chem. Int.
Ed. 2019, 58, 2606.

[27] H. Guo, Q. Peng, X.-K. Chen, Q. Gu, S. Dong, E. W. Evans, A. J. Gillett, X. Ai, M.
Zhang, D. Credgington, V. Coropceanu, R. H. Friend, J.-L. Brédas, F. Li, High stability
and luminescence efficiency in donor–acceptor neutral radicals not following the Aufbau
principle, Nat. Mater. 2019, 18, 977.

[28] S.-J.  Zou,  Y.  Shen,  F.-M. Xie,  J.-D.  Chen,  Y.-Q.  Li,  J.-X.  Tang,  Recent  advances in
organic light-emitting diodes: toward smart lighting and displays,  Mater. Chem. Front.
2020, 4, 788.

[29] Y. Wang, H. Wang, Y. Liu, C.-a. Di, Y. Sun, W. Wu, G. Yu, D. Zhang, D. Zhu, 1-Imino
nitroxide pyrene for high performance organic field-effect transistors with low operating
voltage, J. Am. Chem. Soc. 2006, 128, 13058.

[30] I. Dhimitruka, M. Velayutham, A. A. Bobko, V. V. Khramtsov, F. A. Villamena, C. M.
Hadad,  J.  L.  Zweier,  Large-scale  synthesis  of  a  persistent  trityl  radical  for  use  in
biomedical EPR applications and imaging, Bioorg. Med. Chem. Lett. 2007, 17, 6801.

[31] M. Mas-Torrent,  N. Crivillers,  V. Mugnaini,  I.  Ratera, C. Rovira, J.  Veciana, Organic
radicals on surfaces: towards molecular spintronics, J. Mater. Chem. 2009, 19, 1691.

[32] S. Sanvito, Molecular spintronics, Chem. Soc. Rev. 2011, 40, 3336.
[33] I.  Ratera,  J.  Veciana,  Playing  with  organic  radicals  as  building  blocks  for  functional

molecular materials, Chem. Soc. Rev. 2012, 41, 303.
[34] E. Neier, R. Arias Ugarte, N. Rady, S. Venkatesan, T. W. Hudnall, A. Zakhidov, Solution-

processed  organic  light-emitting  diodes  with  emission  from  a  doublet  exciton;  using
(2,4,6-trichlorophenyl)methyl as emitter, Org. Electron. 2017, 44, 126.

[35] D.  Gutiérrez,  S.  Riera-Galindo,  M.  R.  Ajayakumar,  J.  Veciana,  C.  Rovira,  M.  Mas-
Torrent,  N.  Crivillers,  Self-assembly  of  an  organic  radical  thin  film  and  its  memory
function investigated using a liquid-metal electrode, J. Phys. Chem. C 2018, 122, 17784.

[36] V. Diez-Cabanes,  G.  Seber,  C. Franco, F.  Bejarano, N.  Crivillers,  M. Mas-Torrent,  J.
Veciana, C. Rovira, J. Cornil, Design of perchlorotriphenylmethyl (PTM) radical-based
compounds for optoelectronic applications: the role of orbital delocalization,  ChemPhys
Chem 2018, 19, 2572.

[37] A. Gaita-Ariño, F. Luis, S. Hill, E. Coronado, Molecular spins for quantum computation,
Nat. Chem. 2019, 11, 301.

[38] V. Diez-Cabanes, D. C. Morales, M. Souto, M. Paradinas, F. Delchiaro, A. Painelli, C.
Ocal, D. Cornil, J. Cornil, J. Veciana, I. Ratera, Effect of the molecular polarizability of
SAMs  on  the  work  function  modification  of  gold:  closed-  versus  open-shell  donor–
acceptor SAMs, Adv. Mater. Technol. 2019, 4, 1800152.

[39] D.  Velasco,  S.  Castellanos,  M.  López,  F.  López-Calahorra,  E.  Brillas,  L.  Juliá,  Red
organic light-emitting radical adducts of carbazole and tris(2,4,6-trichlorotriphenyl)methyl
radical  that  exhibit  high  thermal  stability  and  electrochemical  amphotericity,  J.  Org.
Chem. 2007, 72, 7523.

28



[40] Y. Hattori, T. Kusamoto, H. Nishihara, Luminescence, stability, and proton response of an
open-shell  (3,5-dichloro-4-pyridyl)bis(2,4,6-trichlorophenyl)methyl  radical,  Angew.
Chem. Int. Ed. 2014, 53, 11845.

[41] L. Fajarí, R. Papoular, M. Reig, E. Brillas, J. L. Jorda, O. Vallcorba, J. Rius, D. Velasco,
L.  Juliá,  Charge  transfer  states  in  stable  neutral  and  oxidized  radical  adducts  from
carbazole derivatives, J. Org. Chem. 2014, 79, 1771.

[42] Y. Hattori, T. Kusamoto, T. Sato, H. Nishihara, Synergistic luminescence enhancement of
a pyridyl-substituted triarylmethyl radical based on fluorine substitution and coordination
to gold, Chem. Commun. 2016, 52, 13393.

[43] S. Dong, A. Obolda, Q. Peng, Y. Zhang, S. Marder, F. Li, Multicarbazolyl substituted
TTM radicals: red-shift of fluorescence emission with enhanced luminescence efficiency,
Mater. Chem. Front. 2017, 1, 2132.

[44] P. Mayorga-Burrezo, V. G. Jiménez, D. Blasi, T. Parella, I. Ratera, A. G. Campaña, J.
Veciana, An enantiopure propeller-like trityl-brominated radical: bringing together a high
racemization barrier and an efficient circularly polarized luminescent magnetic emitter,
Chem. Eur. J. 2020, 26, 3776.

[45] Q. Jin, S. Chen, Y. Sang, H. Guo, S. Dong, J. Han, W. Chen, X. Yang, F. Li, P. Duan,
Circularly polarized luminescence of achiral open-shell π-radicals, Chem. Commun. 2019,
55, 6583.

[46] A. Abdurahman, Q. Peng, O. Ablikim, X. Ai, F. Li, A radical polymer with efficient deep-
red luminescence in the condensed state, Mater. Horiz. 2019, 6, 1265.

[47] P.  Mayorga Burrezo,  V.  G.  Jiménez, D.  Blasi,  I.  Ratera,  A.  G. Campaña, J.  Veciana,
Organic free radicals as circularly polarized luminescence emitters, Angew. Chem. Int. Ed.
2019, 58, 16282.

[48] Y.  Hattori,  E.  Michail,  A.  Schmiedel,  M.  Moos,  M. Holzapfel,  I.  Krummenacher,  H.
Braunschweig, U. Müller, J. Pflaum, C. Lambert, Luminescent mono-, di-, and triradicals:
bridging polychlorinated triarylmethyl radicals by triarylamines and triarylboranes, Chem.
Eur. J. 2019, 25, 15463.

[49] Y. Teki, Excited-state dynamics of non-luminescent and luminescent π-radicals,  Chem.
Eur. J.  2020, 26, 980.

[50] Z. Li, W. Liu, Critical assessment of TD-DFT for excited states of open-shell systems: I.
doublet–doublet transitions, J. Chem. Theory Comput. 2016, 12, 238.

[51] A.  Tanushi,  S.  Kimura,  T.  Kusamoto,  M.  Tominaga,  Y.  Kitagawa,  M.  Nakano,  H.
Nishihara, NIR emission and acid-induced intramolecular electron transfer derived from a
SOMO–HOMO converted non-aufbau electronic structure,  J. Phys. Chem. C 2019,  123,
4417.

[52] C. He, Z. Li, Y. Lei, W. Zou, B. Suo, Unraveling the emission mechanism of radical-
based organic light-emitting diodes, J. Phys. Chem. Lett. 2019, 10, 574.

[53] S. Refaely-Abramson, S. Sharifzadeh, M. Jain, R. Baer, J. B. Neaton, L. Kronik, Gap
renormalization of molecular crystals from density-functional theory, Phys. Rev. B 2013,
88, 081204.

[54] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman,
G.  Scalmani,  V.  Barone,  G.  A.  Petersson,  H.  Nakatsuji,  X.  Li,  M.  Caricato,  A.  V.
Marenich, J. Bloino, B. G. Janesko, R. Gomperts, B. Mennucci, H. P. Hratchian, J. V.
Ortiz,  A.  F. Izmaylov, J.  L.  Sonnenberg, Williams,  F. Ding, F.  Lipparini,  F. Egidi,  J.

29



Goings, B. Peng, A. Petrone, T. Henderson, D. Ranasinghe, et al.,Gaussian 16, Revision
A.03, Gaussian, Inc., Wallingford, CT 2016.

[55] Z.  Zheng,  D.  A.  Egger,  J.-L.  Brédas,  L.  Kronik,  V.  Coropceanu,  Effect  of  solid-state
polarization on charge-transfer excitations and transport levels at organic interfaces from a
screened range-separated hybrid functional, J. Phys. Chem. Lett. 2017, 8, 3277.

[56] S. Hirata, M. Head-Gordon, Time-dependent density functional theory for radicals - an
improved description of excited states with substantial double excitation character, Chem.
Phys. Lett. 1999, 302, 375.

[57] M. Parshin,  J.  Ollevier,  M. Van der  Auweraer,  Charge  carrier  mobility  in  CBP films
doped with Ir(ppy)3, Proc. SPIE 2006, 6192, 61922A.

[58] P. Li, G. Ingram, J.-J. Lee, Y. Zhao, Z.-H. Lu, Energy disorder and energy level alignment
between host and dopant in organic semiconductors, Commun. Phys. 2019, 2, 2.

[59] N. R. Tummala, Z. Zheng, S. G. Aziz, V. Coropceanu, J.-L. Brédas, Static and dynamic
energetic disorders in the C60, PC61BM, C70, and PC71BM fullerenes, J. Phys. Chem. Lett.
2015, 6, 3657.

[60] Z. Zheng, N. R. Tummala, T. Wang, V. Coropceanu, J.-L. Brédas, Charge-transfer states
at organic–organic interfaces: impact of static and dynamic disorders, Adv. Energy Mater.
2019, 9, 1803926.

[61] T. Wang, V. Coropceanu, J.-L. Brédas, All-polymer solar cells: impact of the length of the
branched  alkyl  side  chains  on  the  polymer  acceptors  on  the  interchain  packing  and
electronic properties in amorphous blends, Chem. Mater. 2019, 31, 6239.

[62] V. Coropceanu, X.-K. Chen, T. Wang, Z. Zheng, J.-L. Brédas, Charge-transfer electronic
states in organic solar cells, Nat. Rev. Mater. 2019, 4, 689.

[63] R. S. Mulliken, Molecular compounds and their spectra. II, J. Am. Chem. Soc.  1952,  74,
811.

[64] N.  S.  Hush,  Homogeneous  and  heterogeneous  optical  and  thermal  electron  transfer,
Electrochim. Acta 1968, 13, 1005.

[65] N. S. Hush, In Progress in Inorganic Chemistry, Vol. 8 (Ed: F. A. Cotton), John Wiley &
Sons, 1967, pp. 391–444.

[66] A.  A.  Voityuk,  N.  Rösch,  Fragment  charge  difference  method  for  estimating  donor–
acceptor electronic coupling: application to DNA π-stacks,  J.  Chem. Phys. 2002,  117,
5607.

[67] M. Bixon, J. Jortner, J. W. Verhoeven, Lifetimes for radiative charge recombination in
donor-acceptor molecules, J. Am. Chem. Soc. 1994, 116, 7349.

[68] J. C. Phillips, R. Braun, W. Wang, J. Gumbart, E. Tajkhorshid, E. Villa, C. Chipot, R. D.
Skeel, L. Kale, K. Schulten, Scalable molecular dynamics with NAMD, J. Comput. Chem.
2005, 26, 1781.

[69] S.  E.  Feller,  Y.  H.  Zhang,  R.  W.  Pastor,  B.  R.  Brooks,  Constant-pressure  molecular
dynamics simulation the langevin piston method, J. Chem. Phys. 1995, 103, 4613.

[70] T. Darden, D. York, L. Pedersen, Particle mesh Ewald: an N.Log(N) method for Ewald
sums in large systems, J. Chem. Phys. 1993, 98, 10089.

[71] W. L. Jorgensen, D. S. Maxwell, J. Tirado-Rives, Development and testing of the OPLS
all-atom force field on conformational energetics and properties of organic liquids, J. Am.
Chem. Soc. 1996, 118, 11225.

30



[72] K.  Do,  M.  K.  Ravva,  T.  H.  Wang,  J.  L.  Bredas,  Computational  methodologies  for
developing  structure-morphology-performance  relationships  in  organic  solar  cells:  a
protocol review, Chem. Mater. 2017, 29, 346.

[73] L. Kronik, T. Stein, S. Refaely-Abramson, R. Baer, Excitation gaps of finite-sized systems
from optimally tuned range-separated hybrid functionals, J. Chem. Theory Comput. 2012,
8, 1515.

[74] S. Hirata, M. Head-Gordon,Time-dependent density functional theory within the Tamm-
Dancoff approximation, Chem. Phys. Lett. 1999, 314, 291.

[75] R. C. Hilborn, Einstein coefficients, cross-sections, F values, dipole-moments, and all that,
Am. J. Phys. 1982, 50, 982.

[76] J.  Jortner,Temperature  dependent  activation  energy  for  electron  transfer  between
biological molecules, J. Chem. Phys. 1976, 64, 4860.

[77] T. Unger, S. Wedler, F.-J. Kahle, U. Scherf, H. Bässler, A. Köhler, The impact of driving
force and temperature on the electron transfer in donor–acceptor blend systems, J. Phys.
Chem. C 2017, 121, 22739.

[78] F.-J.  Kahle,  A.  Rudnick,  H.  Bässler,  A.  Köhler,  How  to  interpret  absorption  and
fluorescence spectra of charge transfer states in an organic solar cell, Mater. Horiz. 2018,
5, 837.

31


