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A B S T R A C T

Ionic liquid cations (ILCs) have been utilized in hybrid organic-inorganic perovskites (HOIPs) to enhance their
photoluminescence performance. However, the high number of possible cations and anions needed to form ILCs
makes the experimental measurement time and cost consuming. Computational methods that could assist the
selection of ILCs for this task-specific application are highly desirable. Therefore, in this work, the photophysical
properties of various ILCs, including linear aliphatic, five-membered, and six-membered cyclic aliphatic, and
aromatic ILCs, were investigated using density functional theory (DFT) and time-dependent density functional
theory (TDDFT). Fluorescence and phosphorescence were analyzed using excited state dynamics (ESD) modules
on ORCA at the B3LYP/def2TZVP level theory. All the investigated cations show fluorescence spectra either the
UV or visible range. The cations with long-chain branches show fluorescence spectra in the visible range. Five
membered rings show the phosphorescence spectra in the visible range, while the six-membered rings show the
phosphorescence spectra in the near-infrared range.
1. Introduction

Photoluminescence is an emission process of light that follows a
photon absorption process. There are two kinds of photoluminescence,
fluorescence and phosphorescence. Phosphorescence requires an inter-
system crossing process before emission occurs. Through this process, the
singlet states of excited electrons change to triplet states. This phos-
phorescence process takes much more time compared than fluorescence
[1]. The application of photoluminescence covers many fields, including
device displays [2, 3], imaging [4, 5] biomarkers [6], information storage
[7], and sensor detectors [8]. Various potential materials have been
developed for these purposes, including all-inorganic compounds [4, 5,
8], all-organic compounds [9, 10], and organic-inorganic hybrid mate-
rials [2, 4, 6, 9]. In contrast to all-inorganic materials that require high
temperature for synthesis through the solid-state method,
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organic-inorganic hybrid materials can be synthesized via simpler
methods such as solvothermal [12, 13, 14], hydrothermal [15, 16], or
diffusion methods [17, 18]. Moreover, hybrid materials will have the
properties of their components simultaneously, either inorganic or
organic [11, 18, 19]. In the last five years, incorporating ionic liquid
cations (ILCs) into organic-inorganic hybrid perovskite materials has
shown the potential to increase the photoluminescent properties [19].

ILCs are the salts that exist in the liquid phase at a temperature below
100 �C. There are many reports of incorporating ionic liquid cations
(ILCs) into photoluminescent hybrid materials. ILCs couple either with
halometal [18, 19, 20] or hybrid organic inorganic perovskites (HOIPs)
[12, 21, 22]. The presence of ILCs influences the packing density in the
structure. The more compact structure will have a less nonradiative
transition and, consequently, a higher quantum yield [19]. Thus, the ILCs
structure will become an important consideration for applications as
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mentioned earlier. For example, Jin et al. have shown that using ILCs with
a longer alkyl chain length will result in a lower packing density and
decrease the phosphorescence quantum yield [22]. The presence of ionic
liquids can also induce the photoluminescence switching phenomenon.
This phenomenon appears because of the phase transition provoked by
the rotational isomer of the ILCs. For example, the different conforma-
tions of 1-butyl-2,3-dimethyl imidazolium (BMMIM) in the (2)-[BMMIM]
[BiCl4(2,20-bpy)] (2,20-bpy ¼ 2,20-bipyridyl) crystal polymorph give
photoluminescence switching from a cyan crystal to a greenish crystal
[12]. The photoluminescence ILCs of the hybrid material also contribute
to the photoluminescence spectrum, resulting in dual-band emission. For
example, π → π* propylammonium emission spectra of perovskite [1,
5-bis(1-methylimidazolium)pentane]- [PbBr3]2 [23]. The investigation
of ILC structure-photophysical property relationships is important in
designing or choosing molecules that fulfil the desired properties. Chen
et al. pointed out the following criteria should be addressed to obtain a
high quantum yield photoluminescence of ILCs, (1) Have a little struc-
tural change during the electronic transition process; (2) The frontier
orbitals (HOMO¼ The Highest Occupied Molecular Orbital and LUMO¼
The Lowest Unoccupied Molecular Orbital) located in the same entire
location and the positive-charge is centered; (3) having the electron-rich
system [9].

In this work, we investigate the mapping of ILC structure-
photophysical property relationships through a computational study.
Nine ILCs were observed in this study ethylammonium, propylammo-
nium, pyrrolidinium, piperidinium, imidazolium, 1-ethyl-3-methylimi-
dazolium (EMIM), 1- butyl-3-methylimidazolium (BMIM), pyridinium,
and phenylbutylammonium (PBA), are representative of linear struc-
tures, cyclic five- and six-membered-rings and aromatic five- and six-
membered-rings [Figure 1]. In addition, some of these ILCs have been
used in the HOIP perovskites such as EMIM [22], BMIM [24, 25],
piperidinium, pyridinium [20] and PBA [11]. The investigated properties
included (1) the optical properties; UV-Vis absorption, fluorescence, and
phosphorescence spectra; and (2) the electronic properties; frontier
molecular orbital visualization and charge distribution.

2. Computational methods

All calculations in this research were performed by using the ORCA
4.2.0 software package [26]. The Becke, 3-parameter, Lee–Yang–Parr
Figure 1. The observed ILCs in this research.

2

(B3LYP) hybrid functional [27, 28] coupled with the basis set polarized
triple-zeta valence (TZV) quality plus polarization function (def2-TZVP)
[29] was chosen for the calculation. The geometry optimization of the
ground state followed by the vibration analysis of the optimized geom-
etry was carried out by density functional theory (DFT). The optimization
geometry was conducted without any constraint on the bond, angle, or
symmetry. The electron excitation energy and the optimization of the
excitation state geometry (including singlet and triplet states) were car-
ried out using time-dependent density functional theory (TDDFT).
Fluorescence and phosphorescence spectrum analyses were conducted by
using the Excited State Dynamics (ESD) module of ORCA 4.2.0 [30].
Many studies have been performed using this module, and the results
show satisfactory data [31, 32, 33]. Visualization of the results including
frontier molecular orbital analysis was performed using Chemcraft mo-
lecular visualization programs [34]. All the calculations to investigate the
photoluminescence study were performed in the gas phase. However, the
calculation that considered the solvation effect for the ground state was
performed using the CPCM continuum model using acetonitrile as a
solvent [35]. Acetonitrile was chosen as a solvent because the literature
shows experimental results using this solvent [36].

3. Results and discussion

3.1. Ground state-, singlet excitation state- and triplet excitation state
optimized geometry

The optimized geometry of all observed molecules in their ground
states, singlet excitation states, and triplet excitation states are presented
in Tables S1–S9 (Supplementary Material). The singlet excited states and
the ground state structures of acyclic ethylammonium and propy-
lammonium show the largest difference among the others. Table S1
shows that the bond lengths of N11 and H9 increase from 1.023 Å in the
ground state to 1.897 Å in the singlet excited state. This phenomenon is
also observed for the cyclic aliphatic molecules, piperidinium, and pyr-
rolidinium. Both structures have the optimized geometry in a planar
structure in the ground states, as shown in Table S3–S4. The optimized
structure in singlet excited states shows that they are no longer in a
planar structure but in a chair conformation. As observed in the acyclic
molecules, the hydrogen atom attached to the nitrogen atom tends to be
far away in the excited states.

The difference in unoccupied molecular orbital (MO) energy in the
ground states and the singlet excitation states confirms the different
structures in these states. The calculated occupied MO As shown in
Table 1 aliphatic ions, either linear or cyclic such as ethylammonium,
propylammonium, piperidinium, and pyrrolidinium have different un-
occupied molecular orbital (MO) energies in the ground states and
excitation states in the range of 4.25–5.23 eV. This means that much
energy is allocated for the nonradiative process. This phenomenon
will result in a low quantum yield for the photoluminescence process
[37].

The presence of conjugated-π bonding in aromatic ILCs makes them
have a rigid structure. Table 1 shows that all aromatic ILCs have ground-
state-excited-state energy levels and singlet-excited-state-energy-level
differences that are smaller than those of aliphatic ILCs. These results
indicate that more energy is needed for stabilizing the excited singlet
state species.

Tables S1–S10 also present the optimized structure of the triplet
excited states. The optimized triplet excitation state structures show
different structures with singlet excited states. These results confirm that
there is a change after intersystem crossing. The triplet excited states of
acyclic aliphatic and cyclic aliphatic structures have many changes
compared to their ground state structures. The hydrogen atom attached
to the nitrogen atom in ethyl ammonium, piperidinium, and pyrrolidi-
nium is broken apart. However, triplet excited states and singlet excited
states of aromatic molecules almost no change. The presence of an alkyl
chain in the substituent provides a possibility for structural change. This



Table 1. The energy level of the occupied and unoccupied molecular orbital involved in the electronic transition.

ILCs Ground state Singlet excited state The ground states and singlet
exited state unoccupied MO
difference (eV)

Occupied MO (eV) Unoccupied MO (eV) Unoccupied MO (eV)

Ethylamonium (H-1–> L) -15.4679 -5.3512 -10.5799 5.2287

Prophylamonium (H-2–> L) -14.5043 -5.2502 -10.3355 5.0853

Pyrrolydinium (H-1–> L) -14.6831 -4.9343 -9.3597 4.4254

Piperidinium (H-2–> L) -13.6795 -4.9286 -9.1796 4.2510

Imidazole (H–> L) -12.5894 -5.8908 -6.3920 0.5012

EMIM (H–> Lþ1) -11.7957 -4.2311 -4.4439 0.2128

BMIM (H -> Lþ1) -11.6912 -4.1179 -4.3516 0.2337

Pyridinium (H–> L) -13.0931 -7.1324 -7.3093 0.1769

PBA (H–> Lþ1) -8.9605 -3.39247 -3.9351 0.542599
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process requires energy and causes the phosphorescence efficiency to
decrease [26].
3.2. Analysis of frontier molecular orbital and charge distribution

The calculated frontier orbital of the observed molecules is displayed
in Figure 2. The MOs involved in the electronic transitions are not always
fromHOMO and LUMO. Table 1 displays the frontier MOs involved in the
electronic transition for each of the ILCs, some of which occurred fromH-
1 or to Lþ1 to simplify we mention here as HOMO and LUMO. All
ammonium-aliphatic molecules have a HOMO area in the C–C bond,
whereas the LUMO is located in the nitrogen region. All the frontier
orbital molecules of aromatic compounds are well delocalized in the ring.
Chen et al. have shown that to obtain a high quantum yield in photo-
luminescence the HOMO and LUMO should be delocalized as well as the
positive charge [9]. The charge distribution in molecules is shown in
Figures 3, 4, and 5. All five-membered aromatic compounds (BMIM,
EMIM, and imidazolium) show a well-centered positive charge on the
carbon atom that is located between the nitrogens. The cyclic aliphatic
PBA also has a centered positive charge due to the presence of ammonia
Figure 2. The profile of frontier molecular orbitals involved in the electronic trans
idinium (e) imidazolium (f) EMIM (g) BMIM (h) pyridinium and (i) PBA.
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at the substituent edge. However, because the substituent chain length is
long (four carbon atoms), the LUMO position is separated from the
HOMO. Thus, attaching the ring with a short ammonia substituent will
direct positive charge delocalization.
3.3. The absorption, fluorescence, and phosphorescence spectra

The calculated absorption spectra of the observed molecules in the
gas phase and solvation effect are presented in Figure 6. All the observed
molecules absorb photons in the UV-C range except PBA, which absorbs
the photons in the UV-A range. Based on the literature [36], protonated
pyridine (pyridinium) has a UV absorption peak at 256 nm. The calcu-
lation used the same method but with the solvation condition in aceto-
nitrile, giving the absorption peak at 222 nm (Figure 6), which only
differs by approximately 5 nm compared to the result in the gas phase.
Overall, the calculation difference with the experiment for pyridinium is
approximately 15.2% compared to the gas phase and 13.2% compared
with the same solution.

The calculated fluorescence spectra show that all molecules show
fluorescence spectra in either UV or visible light (Figures S1 – S9 in
ition of (a) ethylammonium (b) propylammonium (c) pyrrolidinium (d) piper-



Figure 3. The calculated Mulliken charge of (a) ethylammonium (b) propylammonium and (c) pyrrolidinium.

Figure 4. The calculated Mulliken charge of (a) piperidinium (b) imidazolium and (c) EMIM.
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Supplementary Material). The following molecules show fluorescence
spectra in the visible range: BMIM, piperidinium, and PBA. The
remaining molecules show fluorescence spectra in the UV range, either
UV-A, UV-B, or UV-C.

The calculated phosphorescence spectra show that only EMIM, pyr-
rolidinium, and imidazolium show phosphorescence spectra in the
visible range. Piperidinium and pyridinium have phosphorescence
spectra in the near-infrared range. This result shows that all five-
membered ring compounds show phosphorescence spectra in the
visible region, except BMIM, which does not show phosphorescence
spectra. The long-chain substituent in the ring seems to hinder the
intersystem crossing process. This is also observed in the PBA and mol-
ecules with linear structures (ethylamonium, propylamonium, and PBA).

The ability for intersystem crossing in ILC molecules is also promising
for phosphorescence if they combine with metal halides to form HOIPs.
Table 2 shows summary of the calculated fluorescence and phosphores-
cence ILC molecules that have been used in HOIPs. The photo-
luminescence properties of [BMIM]2SBCl5 are initiated by BMIM through
the intra ligand charge transfer (ILCT) process [24]. On the other hand,
4

the existence of another organic species in the anion will make a differ-
ence in photoluminescence. Shen et al. confirmed that [BMIM][BiCl4(2,
20-bpy)] (2,20-bpy ¼ 2,20-bipyridine) shows a phosphorescence spectrum
at 524–530 nm. The ligand 2,20-bpy is more responsible for the phos-
phorescence properties [25] Jin et al also showed through DFT study that
2,20-bipyridyl-1,10-dioxide (bp2do) is responsible for the photo-
luminescence property of [EMIM]BiCl4(bp2do), EMIM ¼ 1-ethyl-3-me-
thylimidazolium [22]. However, ILCs have a role in compound packing
that finally increases the quantum yield [22, 34].

The fluorescence and phosphorescence rate constants of the mole-
cules were extracted from the calculation and are presented in Table 3.
The fluorescence and phosphorescence lifetimes were then calculated
using Eq. (1). Both calculated lifetimes only indicate the radiative life-
time and do not include the non-radiative lifetime.

τav ¼ 1
kav

(1)

where τav is the average radiative lifetime (s) and kav (s�1) is the average
fluorescence of the phosphorescence rate constant.



Figure 6. UV–Vis absorption spectra in the gas phase and acetonitrile of (a) ethylammonium (b) propylammonium (c) pyrrolidinium (d) piperidinium (e) imidazolium
(f) EMIM (g) BMIM (h) pyridinium and (i) PBA.

Figure 5. The calculated Mulliken charge of (a) BMIM (b) pyridinium and (c) PBA.
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Table 3 shows that the fluorescence lifetimes are shorter than the
phosphorescence lifetimes as expected. Propylammonium has a longer
radiative fluorescence and phosphorescence lifetime than the ethyl-
ammonium. Thus, an increase in the alkyl chain number increases the
radiative lifetime. Aromatic six-membered ring ILCs have longer radiative
5

fluorescence and phosphorescence lifetimes than the five-membered ring
ILCs. The cyclic aliphatics give different radiative lifetimes. The fluores-
cence radiative lifetime of piperidinium is longer than that of pyrrolidi-
nium, while the phosphorescence lifetime is shorter. The shorter the
lifetime is, the higher the quantum yield obtained. The nonradiative



Table 2. The calculated fluorescence and phosphorescence ILCs and the other HOIPs related to the ILCs and their photoluminescence properties.

ILCs Result in this study (nm) Experiment/Computational study (nm) Ref.

λabs (nm) λfluor (nm) λphos (nm) Compound(s) Photoluminescence properties

EMIM 159.7 223.7 755.5 [EMIM]BiCl4(bp2do) bp2do¼ 2,20- bipyridyl-1,10-dioxide Phosphorescence at 450 nm [22]

BMIM 172.5 465.4 - [BMIM]2SbCl5 Fluorescence at 460 nm [24]

[BMIM][BiCl4(2,20-bpy)] (2,20-bpy ¼ 2,20-bipyridine) Phosphorescence at 524–530 nm [25]

Piperidinium 365.6 486.7 911.2 PipPbBr3 (Pip ¼ Piperidinium) Fluorescence at 630 nm (77K) [20]

Pyridinium 217 238.4 947.3 PyPbBr3(Py ¼ pyridinium) Fluorescence at 650 nm (77K)

PBA 240.3 474.4 - PBABr2 (Cs0.7FA0.3PbBr3) Cs0.7FA0.3PbBr3 Fluorescence at 439 nm and 462 nm (room temperature) [11]

Table 3. The calculated fluorescence rate constant, fluorescence radiative lifetime, phosphorescence rate constant and phosphorescence radiative lifetime.

ILC Fluorosence rate
constant (s�1)

Fluorsence
radiative
lifetime (s)

Phosphorsence rate constant (s�1) Avarage
phosphoresence rate
constant (s�1)

Phosphoresence
radiative lifetime (s)

1 2 3

Ethylamonium 1.58 x 107 6.33 x 10�8 2.53 x 10�2 3.77 x 101 8.61 x 101 4.13 x 101 2.42 x 10�2

Propilaminium 6.02 x 106 1.66 x 10�7 2.71 x 10�4 3.83 x 10�2 4.94 x 10�2 2.93 x 10�2 3.41 x 101

BMIM 3.23 x 107 3.10 x 10�8 1.17 x 10�2 4.53 x 10�2 1.47 x 10�3 1.95 x 10�2 5.14 x 101

EMIM 1.43 x 108 7.01 x 10�9 3.99 x 10�3 5.08 x 10�1 1.36 x 10�1 2.16 x 10�1 4.63

Piperidinium 6.72 x 105 1.49 x 10�6 5.84 x 10�3 4.25 x 103 4.29 x 103 2.85 x 103 3.51 x 10�4

Pyrolidinium 5.61 x 106 1.78 x 10�7 1.26 x 10�1 2.36 x 101 2.46 x 101 1.61 x 101 6.20 x 10�2

Pyridinium 8.47 x 107 1.18 x 10�8 6.15 x 10�3 1.85 x 10�4 1.39 x 10�3 2.57 x 10�3 3.89 x 102

PBA 2.02 x 106 4.95E x 10�7 5.34 x 10�4 2.32 x 10�4 1.70 x 10�4 3.12 x 10�4 3.20 x 103

Imidazolium 2.38 x 108 4.19 x 10�9 1.53 x 10�2 1.01 x 10�3 6.20 x 10�2 2.61 x 10�2 3.83 x 101
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process due to the flexibility of molecules and the environment must be
considered as it will decrease the quantum yield. For rigid environments
such as solid crystals, the radiative lifetime will determine the quantum
yield due to the restriction of the nonradiative process [38, 39].

4. Conclusions

The investigation of the photoluminescence properties in relation to
the structure and electronic properties was performed. The longer alkyl
chain in the substituent provoked more energy needed for structure
stabilization in the excitation state except for PBA which has an ammo-
nium moiety at the substituent edge. The five-membered rings show
phosphorescence spectra in the visible range while the six-membered
rings show phosphorescence spectra in the near-infrared region. The
radiative lifetime of aromatic five-membered rings is shorter than the
radiative lifetime of six-membered rings. The study of the five-membered
ring endowed with a short ammonium moiety will be of interest. The
study also needs to be expanded by considering the anion interaction to
consider the effect of a flexible environment.
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