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Abstract

Room-temperature phosphorescent (RTP) organic materials are at-

tracting increasing interest for applications in optoelectronics, sens-

ing, photomedicine, bioimaging, and OLED technologies. Metal-free

organic emitters are particularly appealing due to their low toxicity,

tunable photophysics, and reduced cost compared with organometallic

systems. Recent work by Abe et al. (Adv. Mater. 2024, 36, 2211160)

demonstrated that cocrystals composed of 1,4-diiodotetrafluorobenzene

(DITFB) and phenanthrene (Phen) exhibit efficient RTP, yet the mi-

croscopic mechanisms enabling this behaviour remain unclear. Here,

we investigate the radiative and non-radiative excited-state processes

in the Phen–DITFB system using an embedded multiscale approach

to elucidate the factors governing RTP in organic cocrystals. Our re-

sults show that cocrystallisation profoundly reshapes the excited-state

landscape relative to the isolated molecules. Aggregation increases

the density of triplet states near the lowest singlet excited state (S1),

creating multiple energetically accessible ISC channels (T4–T10). Spin–

orbit couplings are simultaneously enhanced through both intermolecu-

lar and, in specific cases, intramolecular charge-transfer contributions.

The resulting triplet manifold displays a diversity of electronic charac-

ters: several states are localised on the DITFB units, enabling inter-

molecular charge-transfer-assisted S1 → Tn transitions, while T9 shows

intramolecular electron reorganisation on Phen that further strength-

ens the SOC. This interplay between localisation, CT character, and or-

bital composition produces highly efficient ISC pathways, as confirmed

by the computed rate constants. Collectively, these findings provide

a detailed mechanistic picture of RTP in the Phen–DITFB cocrystal.
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Cocrystallisation enhances RTP by increasing the density of accessible

triplet states, strengthening SOC through CT-mediated interactions,

and suppressing competing non-radiative decay pathways. This study

highlights how molecular electronic structure and supramolecular or-

ganisation act synergistically to enable efficient RTP in purely organic

systems.
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1 Introduction

Room-temperature phosphorescence (RTP) materials emit light after the

excitation source is removed, even at ambient conditions.[1] Traditional RTP

systems often rely on organometallic compounds, but metal-free organic

molecules have emerged as a promising alternative.[2, 3] These organic phos-

phors offer advantages such as lower toxicity, greater molecular tunability,

and reduced production costs,[4] making them particularly appealing for ap-

plications in optoelectronics, sensing, photomedicine, bioimaging, OLEDs,

and solar cells.[5, 6]

The inherently low spin-orbit couplings (SOCs) in metal-free organic

materials, together with the prevalence of competitive nonradiative and ra-

diative pathways, result in small triplet populations and low phosphores-

cence rates. These factors have been identified as major limitations in im-

proving RTP efficiency. Strategies developed to overcome these challenges

include the incorporation of heteroatoms, particularly non-metals such as

iodine,[7, 8, 9] and Group 16 elements (S, Se),[10] to enhance SOCs,[7, 8, 11]

the promotion of aggregate-induced intersystem crossing (ISC),[12, 13, 14]

and the stabilisation of charge-transfer mechanisms.[15] Additionally, tuning

the environment can suppress competing deactivation pathways while also

limiting oxygen diffusion, thereby preventing oxygen quenching and other

nonradiative processes.[16]

Cocrystallisation has recently emerged as an effective strategy to create

a triplet manifold near the S1 excited state, enabling multiple ISC channels

and enhancing phosphorescence efficiency.[17, 18, 19] Different intermolec-

ular interactions, such as hydrogen bonding, halogen bonding, and electro-

static forces, can modulate ISC. During ISC, electron transfer can be facil-

itated through a charge-transfer (CT) state, which narrows the energy gap

4
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between the first singlet excited state and the triplet manifold (∆ES1Tn).

A recent study by Abe et al. explored these principles to enhance RTP

efficiency.[20] They investigated a series of cocrystals formed between 1,4-

diiodotetrafluorobenzene (DITFB) and polyaromatic hydrocarbons, includ-

ing phenanthrene (Phen), chrysene, and pyrene. Their work showed that

halogen bond interactions play a crucial role in determining the phospho-

rescence quantum yield (ΦP ). The 1:2 Phen-DITFB cocrystal, dominated

by σ–π intermolecular interactions, exhibits a significantly higher ΦP than

other binary cocrystals that rely on π–π stacking interactions.

In this paper, we investigate the mechanisms governing excited-state re-

laxation in the Phen-DITFB cocrystal, which serves as a representative

model for organic cocrystals exhibiting RTP. Our protocol examines the

excited states of both isolated molecules to rationalise the effects of ag-

gregation. Potential Energy Surfaces (PES), spin-orbit couplings (SOCs),

and the rates of various radiative and nonradiative pathways were com-

puted using an embedded approach to incorporate environmental effects.

Our calculations show that aggregation increases the density of states with

different spin multiplicities, directly influencing SOCs and ISC rates, while

the restricted molecular motions imposed by the crystal suppress competing

deactivation pathways. These insights contribute to a more comprehensive

understanding of RTP mechanisms in purely organic cocrystals.

2 Computational details

The structure of the Phen-DITFB cocrystal was obtained from the

Cambridge Structural Database (CCDC 2220369) as reported by Abe et

al.[20] This structure was refined using periodic DFT with a plane-wave basis

set, as implemented in the Vienna Ab initio Simulation Package (VASP) ver-
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sion 5.4.4.[21] The PBEsol functional,[22] including D3 dispersion correction,[23],

a plane-wave basis set kinetic energy cut-off to 400 eV and a 6 × 3 × 3 k-

point grid were employed.

Figure 1: Representative structure of the Phen-DITFB cocrystal. Pink,
purple, grey, and white represent I, F, C, and H atoms, respectively. The
shortest distances between monomers are shown in Å.

To study the excited-state mechanisms in this cocrystal, we employed

the electrostatic embedding ONIOM(QM:QM’) scheme implemented in the

fromage platform,[24, 25] following a protocol previously shown to accu-

rately describe solid-state photophysics.[2, 3, 26, 27, 28, 29, 30] A spherical

cluster of approximately 30 Å radius was constructed, and a trimer con-

sisting of two parallel DITFB molecules and one perpendicularly oriented

Phen molecule was chosen as the basic unit for the QM region (Figure 1).

This trimer was selected due to the short intermolecular distances and the

likelihood of relevant interactions contributing to the RTP mechanism. All

remaining molecules in the cluster were assigned to the QM’ region.

The QM region was treated using the ωB97X-D functional[31] and the

SVP basis set,[32] and the corresponding time-dependent version within the

Tamm–Dancoff approximation (TDA).[33] The QM’ region was described

using the semi-empirical DFT tight-binding approach (DFTB).[34] Geome-

try optimisations of the FC, S1, and T1 states were carried out using the

6
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QM/QM’ scheme to incorporate environmental effects.

Excited-state properties of the lowest singlet and triplet states were fur-

ther evaluated at the TDA-ωB97X-D/TZVP[35] and ADC(2)/SVP[36] levels

of theory. For comparison, calculations on isolated monomers were also per-

formed using TDA-ωB97X-D/SVP, TDA-ωB97X-D/TZVP, ADC(2)/SVP,

and Mixed-Reference Spin-Flip TD-DFT (MRSF-TDDFT), which accounts

for contributions from double excitations.[37] The MRSF-TDDFT calcula-

tions employed a Restricted Open-Shell (ROHF) triplet reference and were

carried out with the B3LYP [38, 39, 40] and ωB97X-D functionals in combi-

nation with the TZVP basis set. Solvent effects were examined using single-

point calculations at the TDA-B3LYP/TZVP and TDA-ωB97X-D/TZVP

levels within the polarizable continuum model (PCM),[41] using benzene

(ϵ = 2.27) and dichloromethane (ϵ = 8.93) as solvents. All calculations

were performed as single points on the FC-optimised geometries of Phen

and DITFB obtained at the ωB97X-D/SVP level. Geometry optimisations

and TDA calculations were carried out with Gaussian16 Revision A.03,[42]

MRSF-TDDFT calculations with Open-QP,[37, 43] and ADC(2) calculations

with Turbomole version 6.5.[44] The use of multiple levels of theory en-

sures the robustness and reliability of the results by reducing the likelihood

that the conclusions are biased by methodological artefacts. In particular,

ωB97X-D was selected for TDDFT calculations due to its reliable descrip-

tion of charge-transfer states and intermolecular interactions. Although the

dispersion correction in wB97X-D does not modify the electronic structure,

orbitals, or densities, it does influence the interaction energies of both ground

and excited states and therefore affects the optimised geometries of both.

While ADC(2) and MRSF-TDDFT were employed to validate excited-state

properties and assess the role of electron correlation effects and double ex-

7
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citations. For all DFT calculations, the default numerical integration grids

implemented in Gaussian and ORCA were used. Similarly, SCF convergence

was achieved using the standard criteria in each code.

To investigate the ISC mechanism, spin–orbit coupling (SOC) values

were computed at the TDA–ωB97X-D/SVP level of theory using the Breit–Pauli

(BP) approximation, as implemented in PySOC.[45] The nature of the exci-

tations and the interactions among the three chromophores in the QM re-

gion were analysed using the TheoDore code,[46] following a fragment-based

analysis of the one-electron transition density matrix (1TDM), in which each

molecule was defined as a fragment (DITFB1, DITFB2, and Phen).

The fluorescence rate was calculated using the Einstein spontaneous

emission expression (Equation 1):

kF =
η2f∆E2

ij

1.499
(1)

where ∆Eij is the vertical emission from the initial (i) to the final (j) state,

specifically from S1 to S0 (in cm−1), computed at the equilibrium geometry

of S1, and f is the oscillator strength. η is the refractive index of the crystal;

here, the refractive index of pure phenanthrene (1.59) was used due to the

absence of experimental data for the cocrystal.[47]

The ISC rate (kISC) was modelled by considering SOC(S1/Tn). Using

the Born-Oppenheimer and Condon approximations derived from Fermi’s

Golden Rule (FGR), the ISC rate is expressed as (Equation 2):[48]

kISC =
2π

ℏ
(SOC(S1/Tn))

2

√
1

4πλkBT
exp

(
−(∆Eij + λ)2

4λkBT

)
, (2)

where ∆Eij is the adiabatic energy difference between the initial state (S1

at its minimum-energy geometry) and the final state (Tn evaluated at the T1

minimum). ℏ is the reduced Planck constant, kB is the Boltzmann constant,

T is the temperature, and λ is the reorganisation energy.
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The internal conversion (IC) rate was computed using the adiabatic

model in its time-dependent formulation as implemented in FCclasses3:[49,

50]

kIC =
2π

ℏ
∑
νiνf

Piνi(T ) |⟨vi|Λif∇Q|vf ⟩|2 δ(Eiνi − Efνf ) (3)

where Eν corresponds to the vibrational energies of the initial and final

states, Λif are the nonadiabatic coupling elements, and ∇Q =
∑Nvib

k=1
δ

δQk
ek

is the vibrational displacement operator. A vibrational analysis at the equi-

librium structures of both states is required.

The phosphorescence rate (kP ) was computed under the zero-field split-

ting (ZFS) approximation. For each T1 sublevel (a = 1−3), a corresponding

kPa value was obtained using Equation 4:[51]

kPa =
1

τPa

=
4η2∆E3

ij(a)

3c3

∑
b∈{x,y,z}

|µij(a)|2b (4)

where b denotes the component of the transition dipole moment, and SOC-

corrected excited-state properties were computed using Orca version 5.0.4.[52]

∆Eij(a) is the vertical T1 − S0 energy gap at the T1 geometry, and c is the

speed of light in atomic units.[53]

The global phosphorescence lifetime (τP ) was then obtained from the

Boltzmann-weighted contributions of the three substates of the SOC-corrected

triplets (ms = −1, 0, 1), as shown in Equation 5:[51]

τP =

(
1 + e−∆E1,2/kBT + e−∆E1,3/kBT

kP1 + kP2e
−∆E1,2/kBT + kP3e

−∆E1,3/kBT

)
(5)

3 Results and Discussion

3.1 Isolated molecules

Excited state energies: To establish a reference and evaluate the

effect of crystallisation, we computed the gas-phase monomers at the TDA-

9
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Figure 2: Vertical excitation energy of isolated DITFB at FC, S1, and
T1 geometries. The energy of S1 is connected by pink dashed lines at the
different minima. Computed at the TDA-ωB97X-D/TZVP, TDA-ωB97X-
D/SVP, and ADC(2)/SVP levels of theory. The nonzero SOC values (cm−1)
are shown at the bottom, approximated at the S1 geometry with the TDA-
ωB97X-D/SVP level of theory.

ωB97X-D/SVP, TDA-ωB97X-D/TZVP, and ADC(2)/SVP levels of theory.

The excitation energies of the lowest seven singlet and triplet states at the

FC, S1, and T1 geometries of DITFB and Phen are shown in Figures 2 and

3, with numerical values reported in Table S3. Additional TDA-ωB97X-

D/TZVP calculations using the PCM model with benzene and CH2Cl2 were

performed to assess solvent effects. To probe possible multireference char-

acter and contributions from double excitations, we also carried out MRSF-

TDDFT calculations with the ωB97X-D and B3LYP functionals and the

TZVP basis set. The corresponding excitation energies, including those ob-

tained with implicit solvation, are listed in Tables S1 and S2.

For DITFB, the brightest excited state at the FC geometry is consis-
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Figure 3: Vertical excitation energy of isolated Phen at FC, S1, and T1

geometries. The energy of S1 is connected by pink dashed lines at the
different minima. Computed at the TDA-ωB97X-D/TZVP, TDA-ωB97X-
D/SVP, and ADC(2)/SVP levels of theory. The nonzero SOC values (cm−1)
are shown at the bottom, approximated at the S1 geometry with the TDA-
ωB97X-D/SVP level of theory.
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tently S7 (around 5.6 eV) across the TDA-ωB97X-D and ADC(2) methods

(Figure S1). Overall, the energetic ordering and state character are well re-

produced at all geometries. Calculations with TDA-ωB97X-D using the two

basis sets show only small variations, with standard deviations of approxi-

mately 0.10 eV. The agreement between TDA-ωB97X-D and ADC(2) for the

same basis set is similarly good, with standard deviations around 0.14 eV.

The largest deviation between TDA-ωB97X-D and ADC(2) occurs for the

T5 state (about 0.3 eV), while the largest difference within TDA-ωB97X-D

appears for S5 at the T1 geometry (0.22 eV). These comparisons confirm

that all levels of theory employed provide consistent excitation energies.

For DITFB, the calculated absorption energies in different solvents, in-

cluding hexane and CH2Cl2, show only minimal changes (less than 0.10 eV at

the ωB97X-D level), indicating weak solvent effects. The predicted absorp-

tion peak in CH2Cl2 agrees reasonably well with experiment: the measured

value is 5.12 eV [54], while the ωB97X-D calculations yield 5.44 eV in CH2Cl2

and 5.52 eV in benzene. The small differences between MRSF-TD-ωB97X-D

and TDA excitation energies further indicate that contributions from double

excitations are minor for the low-lying states, supporting a predominantly

single-reference description (Table S2).

For isolated Phen, comparison of the excited-state energies obtained with

TDA-ωB97X-D/TZVP relative to TDA-ωB97X-D/SVP yields standard de-

viations of 0.05 eV and 0.23 eV for the singlet and triplet manifolds, respec-

tively. Although the deviations obtained with ADC(2) are larger than those

observed for DITFB, all levels of theory still provide a consistent qualita-

tive description of the photophysical behaviour of Phen. As in the case

of DITFB, the excitation energies display only weak solvent dependence.

MRSF-TD-ωB97X-D predicts the S1 state at 4.44 eV, in good agreement
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with the TDA-based results and without any reordering of the low-lying

states. At the ωB97X-D level, the S1 state is found at 4.36 eV in both

benzene and CH2Cl2, while S2 is computed at 4.72 eV and 4.68 eV, differ-

ing by only 0.04 eV. Even for higher states, the variations remain modest;

for example, S3 shifts from 5.35 eV in benzene to 5.18 eV in CH2Cl2, cor-

responding to a maximum deviation of 0.17 eV. When compared with the

experimental S1 peak, which ranges from 3.58 eV in hexane [55] to 4.20 eV in

cyclohexane [56], the calculated S1 energies (3.80–4.44 eV) are overestimated

by approximately 0.22–0.24 eV (Table S1).

Single–triplet transitions:

Near the S1 minimum, only a few triplet states lie energetically close

(Figures 2 and 3). Because relaxation to S1 is expected to be fast, we focus

our analysis on the SOCs relevant for ISC between S1 and the triplet man-

ifold. Owing to the heavy-atom effect introduced by iodine, the spin-orbit

couplings (SOCs) in DITFB are significantly larger than those in Phen. At

the TDA-ωB97X-D/SVP level, the Phen monomer exhibits only two non-

zero SOC values among the S1/T1−5 manifold, namely S1/T1 (1.3 cm
−1) and

S1/T3 (0.4 cm−1). In contrast, DITFB shows non-zero SOCs for all corre-

sponding transitions, with the largest value reaching 2073 cm−1 for S1/T2

(Table S4).

The electron density differences between the excited and ground states

for each transition are shown in Figure 4. For DITFB, the S1 ← S0 ex-

citation corresponds to an electron redistribution from the in-plane region

of the I atom to the out-of-plane region, consistent with a σ–π∗ transition.

The T1 state is characterised by a similar redistribution, while in T2 ← S0

the electron density remains localised in the molecular plane. For T4 ← S0,

the density is mainly localised on the σ C–I bond, whereas in T3 and T5 the
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Figure 4: Electronic density differences of S1–S0 and T1−5–S0 transitions
of DITFB (top) and Phen (bottom) in the gas phase at the S1 geometry.
Computed at the TDA-ωB97X-D/SVP level of theory. Yellow and pink
represent negative and positive isovalues, respectively.

electron density shifts from the σ C–I bond toward the π∗ C–C bonds in the

aromatic ring.

Electronic transitions S1 ← S0, T2 ← S0, and T4 ← S0 give rise to dis-

tinct electron density distributions which, according to El-Sayed’s rule,[57]

favour efficient ISC from S1 to T2 and T4. The corresponding SOC values

for the S1/T2 and S1/T4 couplings are 2.1×103 and 1.4×103 cm−1, respec-

tively. A similar analysis for Phen shows that most relevant transitions

retain π–π∗ character, as expected for an unsubstituted polyaromatic hy-

drocarbon, resulting in minimal changes in electron density between states.

The S1–Tn energy gaps in DITFB are also considerably larger than those in

Phen (Figures 2 and 3), further contributing to their distinct photophysical

behaviour.

Notably, efficient RTP cocrystals incorporating DITFB have been re-

ported when paired with carbazole,[58] naphthalene,[59] and in piezochromic

DITFB crystals, where high pressure enhances SOC(S1/T1) and SOC(T1/S0),
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simultaneously promoting ISC and radiative decay.[60] In contrast, Phen ex-

hibits only weak phosphorescence in solution, with low intensities and short

lifetimes.[61, 62] In the next sections, we discuss how interactions between

these molecules in the solid state govern RTP in the cocrystal.

3.2 RTP in the cocrystal

We aim to elucidate how the monomers interact within thePhen–DITFB

cocrystal and how these interactions shape the excited-state mechanisms

underlying RTP. To this end, we analyse the vertical excitations, excited-

state characters, SOC(S1/S0) values, and photophysical rates (IC, ISC,

fluorescence, and phosphorescence) in the crystalline environment of the

Phen–DITFB cocrystal.

3.2.1 Excited state mechanisms

Figure 5 shows the energy landscape of the Phen–DITFB cocrystal,

displaying the five lowest singlet and ten lowest triplet states at the FC,

S1, and T1 geometries computed with TDA-ωB97X-D/SVP, TDA-ωB97X-

D/TZVP, and ADC(2)/SVP. These results allow direct comparison with

the gas-phase monomers and highlight the effects of aggregation. As noted

earlier, methodological differences lead to only minor deviations and do

not alter the overall excitation-energy trends (Tables S5, S6). For clar-

ity, the discussion here focuses on the TDA-ωB97X-D/SVP data. At this

level of theory, the weak intermolecular interactions in the cocrystal ap-

pear as small shifts relative to the monomer excitation energies in the gas

phase (<0.07 eV), and as pairs of quasi-degenerate states that remain nearly

isoenergetic with the DITFB excitations (Tables S5 and S6).

Following Kasha’s rule,[63] photoexcitation is followed by ultrafast IC to

S1, from which several deactivation pathways become accessible, including
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Figure 5: Vertical excitation energies of the Phen–DITFB cocrystal at
FC, S1, and T1 geometries. Computed at the TDA-ωB97X-D/SVP, TDA-
ωB97X-D/TZVP, and ADC(2)/SVP levels of theory.
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non-radiative IC to S0, ISC to the triplet manifold, and radiative decay via

fluorescence. Upon relaxation to the S1 geometry, the electronic density

localises on the Phen fragment (Figure 6), accompanied by a slight contrac-

tion of the trimer due to shortened intermolecular distances. As shown in

Figure 5, the number of triplet states that are (quasi-)degenerate with S1 is

larger in the cocrystal than in the isolated monomers at the same point on

the PES.

The S1–Tn (n = 4–10) energy gaps range from 0.00 to 0.20 eV. These

triplet states are mainly localised on the DITFB fragment or partially delo-

calised onto the Phen unit (Figure 6), increasing the likelihood of ISC. Once

in the triplet manifold, IC proceeds and the excitation relaxes to T1, from

which radiative decay (phosphorescence) can occur. In the next section, we

assess the feasibility of ISC in Phen–DITFB by analysing the SOC values,

the nature of the involved states, and the resulting non-radiative rates.

3.2.2 ISC: SOCs and CT characters

The transition between electronic states of different multiplicities, such

as ISC from S1 to the triplet manifold, is formally forbidden by spin conservation.[64]

When treated as a perturbation, however, the SOC operator couples spin

and orbital angular momenta, enabling the redistribution of angular mo-

mentum required for a singlet–triplet crossover. This interaction relaxes the

spin-selection rule,[64] allowing ISC to occur as expressed in Eq. 2. Transi-

tions involving a change in orbital type (e.g., π → n∗ or n→ π∗) or between

orbitals of similar type but different orientations further promote ISC by en-

hancing this redistribution.[57] The SOC values, ∆ES1Tn gaps, and electron

localisations of the relevant Tn states in Phen–DITFB are summarised in

Table 1. The discussion below focuses on the TDA-ωB97X-D/SVP results,

which show good agreement with the other levels of theory.
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Table 1: SOC values (cm−1), energy gaps (∆ES1Tn , in eV), and character of
the S1–Tn transitions of the Phen–DITFB cocrystal at the S1 geometry.
Triplet states shown satisfy ∆ES1Tn ≤ 0.20 eV. Computed at the TDA-
ωB97X-D/SVP level. CharT n denotes the classification of each Tn state
based on its main contributions in Figure 7.

S1/T4 S1/T5 S1/T6 S1/T7 S1/T8 S1/T9 S1/T10

SOC 4.1 0.9 1.0 5.2 2.1 15.6 8.7

∆ES1Tn
0.18 0.17 0.16 0.03 0.00 -0.11 -0.13

CharT n LC-DITFB2 LC-DITFB1 LC-Phen LC-DITFB1 LC-DITFB2 LC-Phen LC-DITFB1

In this system, the short intermolecular contacts within the cocrystal

could favour the emergence of charge-transfer (CT) states, which may con-

tribute to ISC through a mechanism analogous to Spin–Orbit Charge-Transfer

Intersystem Crossing.[65, 66] Since the S1 state is largely localised on Phen,

the nature of each Tn state determines whether the S1 → Tn transition

corresponds to an intermolecular or intramolecular charge redistribution.

Multiple ISC channels become accessible from T4 onward due to the small

energy gaps (below 0.20 eV) combined with nonzero SOC values. The ef-

fect of cocrystallisation is particularly evident when comparing the SOCs of

Phen–DITFB with those of isolated Phen. The latter exhibits only two

S1/Tn transitions with nonzero SOCs (maximum 1.3 cm−1), whereas the

cocrystal displays ten such transitions, including a pronounced 15.6 cm−1

SOC for S1/T9.

To clarify the origin of these couplings, Figure 6 shows the electron

density differences for the S1–S0 and Tn–S0 transitions, while Figure 7 pro-

vides a quantitative fragment-based analysis based on the three monomers

(DITFB1, DITFB2, and Phen).[67] The five lowest singlet and triplet ex-

cited states are dominated by local (LC) excitations confined to individual

molecules (Figures 6 and 7). S1, S2, T1, T2, and T3 are mainly localised

on Phen, while S3, S5, and T5 are centred on DITFB1, and S4 and T4 on
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Figure 6: Electron density differences of S1–S0 and T1−10–S0 transitions of
the Phen–DITFB cocrystal at the S1 geometry. Computed at the TDA-
ωB97X-D/SVP level. Yellow and pink denote negative and positive isoval-
ues, respectively.

DITFB2. All triplets localised on the DITFB units resemble the T1 density

of isolated DITFB. In isolated DITFB, T1 shows the smallest SOC with S1

(0.5 cm−1). The larger SOCs observed here reflect the influence of aggrega-

tion.

In Phen–DITFB, T4 lies 0.18 eV below S1 (3.88 eV vs. 4.06 eV) with

a SOC of 4.1 cm−1. Its excitation is predominantly localised on DITFB2

(89.32%) with a smaller contribution from DITFB1 (9.13%). T5 has a more

mixed character (70.94% LC–DITFB1, 7.92% LC–DITFB2, and 19.55%

LC–Phen) but exhibits a relatively small SOC (< 1 cm−1).

T6 is dominated by LC–Phen (78.83%), with minor DITFB contributions

and negligible CT components (below 0.40%). Its SOC is below 1 cm−1. T7,

nearly isoenergetic with S1 (∆E ≈ 0.03 eV), has a moderate SOC of 5.2 cm−1

and is mainly localised on DITFB1 (95.7%) with small CT contributions

(1.20% from DITFB2 → DITFB1, 0.72% from DITFB1 → Phen).
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Figure 7: Fragment-based analysis of the excited-state character of the
Phen–DITFB cocrystal at the TDA-ωB97X-D/SVP level. The trimer is
decomposed into three fragments: DITFB1, DITFB2, and Phen.
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T8 is nearly isoenergetic with S1 and has an SOC of 2.1 cm−1. It is

strongly localised on DITFB1 (95.85%) with smaller contributions from

DITFB2 (1.76%) and minor CT components. The S1–T9 gap is small

(−0.11 eV), and T9 is mostly localised on Phen (96.63%). The SOC of

15.6 cm−1, the largest in this series, is consistent with both intermolecu-

lar CT contributions and pronounced intramolecular charge redistribution

within Phen. In the S1 → T9 transition, electron density shifts from the cen-

tral aromatic ring to the outer rings. Mulliken charge analysis of T9 reveals

a slight positive charge on the central ring (approximately 0.1 e), supporting

this interpretation. T10 lies 0.13 eV below S1 and exhibits the second-largest

SOC (8.7 cm−1). It is primarily localised on DITFB1 (93.6%), with minor

contributions from DITFB2 (1.55%) and Phen (0.16%) and small CT com-

ponents.

Overall, the triplet manifold near S1 displays a diverse range of electronic

characters. Several states are primarily localised on the DITFB units (T4,

T5, T7, T8, T10), and therefore the corresponding S1 → Tn transitions in-

volve intermolecular CT. By contrast, T6 and T9 are largely Phen-centered.

In the case of T9, both intermolecular CT and intramolecular reorganisation

contribute to its enhanced SOC. This diversity illustrates how the interplay

between localisation, charge-transfer components, and orbital character gov-

erns the intersystem crossing behaviour in the Phen–DITFB cocrystal. To

fully understand the RTP mechanism, ISC rates between S1 and the T4–T10

manifold must therefore be evaluated and compared with the competing

radiative and non-radiative decay pathways.

3.2.3 Calculation of rates

To clarify the balance between radiative and non-radiative pathways, we

computed the rates of the most relevant decay mechanisms inPhen–DITFB.
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Table 2: Rates of competitive pathways in Phen–DITFB cocrystals, in-
cluding radiative processes via fluorescence (kF ) and phosphorescence (kP ),
as well as non-radiative processes such as internal conversion (kIC) and
intersystem crossing (kISC), all reported in s−1. Radiative lifetimes, i.e.,
fluorescence (τF ) and phosphorescence (τP ) are reported in s.

kF (s−1) kISC (s−1) kIC (s−1) kP (s−1) τF (s) τP (s)

5.5×106 2.8×109 (S1/T4) 3.1×103 (S1/S0) 2.15 .8×10−7 .6×10−1

1.6×108 (S1/T5)
1.6×108 (S1/T6)
1.2×1010 (S1/T7)
1.7×109 (S1/T8)
7.4×1010 (S1/T9)
8.4×109 (S1/T10)

9.9×1010 (global kISC)

Following the analysis of the previous section, particular attention was given

to the ISC rates between S1 and the Tn states, as these transitions govern

the population of the triplet manifold in RTP. The corresponding rates in

the crystalline environment are summarised in Table 2. Both fluorescence

and S1 → S0 internal conversion reduce the fraction of the S1 population

available for ISC.

The predicted fluorescence energy is 4.07 eV (305 nm), slightly blue-

shifted relative to the Phen monomer (4.06 eV). The fluorescence rate kF =

5.45×106 s−1 was obtained using Eq. 1. To describe the ISC process from S1

to the triplet manifold, we evaluated the contributions of individual S1 → Tn

(n = 4–10) transitions. All of them exhibit large ISC rates in the range of

108–1010 s−1 (Table 2). The highest ISC rate is 7.42×1010 s−1 for the S1/T9

transition, consistent with its large SOC value as discussed in the previous

section.

Another notable contribution is S1/T7, with a rate of 1.18 × 1010 s−1,

where an intermolecular ISC mechanism (Phen→DITFB) is plausible. Al-

though T10 shows a larger SOC (8.7 cm−1), the slightly larger energy gap

(∼0.13 eV) yields a slower ISC rate of 8.43 × 109 s−1. This comparison il-

lustrates the balance between SOC magnitude and energy-gap factors in
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determining ISC efficiency.

To compare the contributions of all accessible pathways, we consider a

global ISC rate constant:

kISC =
∑
i

kS1Tn(i) (6)

where the summation includes all energetically accessible triplet states close

to S1 at the S1 geometry, namely T4–T10. For Phen–DITFB, the global

ISC rate constant is kISC = 9.93 × 1010 s−1. This rate is several orders of

magnitude larger than kF . Although the predicted internal conversion rate

kIC for the S1 → S0 transition is based on the harmonic approximation and

may underestimate the complexity of the process, its value remains much

smaller (kIC = 3.07× 103 s−1). Together, these results indicate that popula-

tion of the triplet manifold from S1 is highly efficient in the Phen–DITFB

cocrystal.

Once in the triplet manifold, rapid IC between triplet states and relax-

ation to the T1 geometry are expected. Deactivation from T1 to the ground

state can proceed via radiative (phosphorescence) or non-radiative channels.

The predicted phosphorescence emission energy is 2.45 eV, in reasonable

agreement with the experimental value of 2.16 eV.[20] The predicted phos-

phorescence rate constant, kP = 2.15 s−1, is around one order of magnitude

smaller than the experimental value of 35 s−1. Given the approximations in

the treatment of spin–orbit coupling, excitation energies, and the simplified

representation of the solid-state environment, the level of agreement can be

considered satisfactory. The experimental nonradiative decay rate for the

T1 → S0 transition is 0.59 × 103 s−1, confirming that nonradiative decay is

the dominant, and most detrimental pathway, limiting the phosphorescence

quantum yield to 6%.[20]

Overall, our simulations demonstrate that cocrystallisation has a marked
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effect on the excited states of Phen–DITFB, reshaping the competition

between radiative and non-radiative decay pathways, facilitating population

of the triplet states, and enabling phosphorescence.

4 Conclusions

In this work, we investigated the light-driven mechanisms governing the

photophysics of the Phen–DITFB cocrystal by analysing a representative

trimeric unit with a 2:1 DITFB:Phen ratio. By first examining the isolated

molecules and benchmarking several levels of theory, we established a con-

sistent qualitative description of their excited-state landscapes, providing

a reference for assessing how aggregation reshapes the electronic structure.

Upon crystallisation, the system undergoes a marked increase in the den-

sity of triplet states near S1, together with a substantial enhancement of

spin–orbit couplings relative to the isolated Phen molecule. These effects

arise from the emergence of both intermolecular and, in some cases, in-

tramolecular charge-transfer contributions.

The resulting triplet manifold exhibits a diverse range of electronic char-

acters. Several states (e.g., T4, T5, T7, T8, T10) are predominantly localised

on the DITFB units, such that transitions from a Phen-centred S1 involve

intermolecular charge transfer. Others, including T6 and T9, are largely

Phen-centred; in the specific case of T9, intramolecular reorganisation of

the electron density further strengthens the SOC. This interplay between

localisation, CT character, and orbital composition dictates the intersystem

crossing behaviour in the cocrystal. To capture this complexity, ISC rates

between S1 and the T4–T10 manifold were computed and compared with the

competing radiative and non-radiative decay channels. The results reveal

that the total ISC rate (9.9× 1010 s−1) overwhelmingly dominates over flu-
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orescence (5.5 × 106 s−1), demonstrating that population transfer from S1

to the triplet manifold is highly efficient.

Once in the triplet manifold, deactivation proceeds primarily through

phosphorescence or non-radiative decay. The predicted phosphorescence

rate constant (2.15 s−1), while underestimated relative to experiment, cor-

responds to a lifetime consistent with the long-lived emission observed exper-

imentally. Likewise, the computed phosphorescence energy (2.45 eV) shows

good agreement with the experimental value of 2.16 eV. Overall, these find-

ings present a comprehensive mechanistic description of RTP in Phen–

DITFB: aggregation increases the density of accessible triplet states, en-

hances SOC through CT-mediated interactions, and promotes highly effi-

cient ISC, while the crystalline environment suppresses detrimental relax-

ation pathways. This synergy between molecular electronic structure and

solid-state organisation underpins the observed room-temperature phospho-

rescence of the Phen–DITFB cocrystal.
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