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Abstract
The light-modulated isomerization and aggregation behavior of ionic liquids (ILs) in aqueous solutions holds 
fundamental and technological significance. Although several azobenzene-based photoresponsive ILs have been 
synthesized, there is still a lack of understanding regarding the aggregation mechanism, regularity of the alkyl chain 
length, and the position of the azobenzene (cis- and trans-) in these photoresponsive ILs. To elucidate the structure-
property relationship of photoresponsive ILs, four types of azobenzene groups photosensitive ILs ([AzoCnDMEA]Br, 
n = 2,4,6,10) in both trans- and cis- configurations were investigated by density functional theory (DFT) calculations. 
We investigated the geometric properties of cations, H-bonds interactions of ionic pairs, microstructures of clusters, 
and the interactions between ILs and water molecules. It was found that the molecular volume of cis- is smaller 
than that of trans- cation structures. Despite multiple H-bonds between the anions and the ammonium group 
of cations, longer alkyl chains weaken anion-cation interactions. The interaction energies of trans- n[AzoC2DMEA]
Br (1 ≤ n ≤ 4) clusters are stronger than those of cis-. Moreover, the interaction energy between trans-structures 
of photoresponsive ILs and water molecules is smaller than that of cis- structures based on the DFT calculations. 
The interaction energies per water molecule in the ILs-water clusters tend to saturation as the number of water 
molecules increases. The electrostatic interaction plays a crucial role in the stabilization of ILs and water systems. 
The structure-property relationship of photoresponsive ILs including the regularity of the alkyl chain length and 
the azobenzene position as well as the microscopic interaction mechanism of ILs and ILs-water clusters had been 
studied from theoretical calculation perspective. This work can contribute to an in-depth understanding of the 
microcosmic interactions of azobenzene-based photoresponsive ILs and aid in designing them in a “task-specific” 
way.
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Introduction
Stimulus-responsive materials, commonly termed smart 
materials, exhibit the capacity to detect external stimuli 
and reversibly return to their original state upon stimu-
lus removal [1]. These materials find broad applications 
in advanced fields including biomedicine [2], sensors [3], 
and electrochemistry [4]. Unlike conventional stimuli, 
such as electrical, thermal, or magnetic inputs, light irra-
diation offers distinct advantages as an energy source due 
to its signal stability and spatial precision, making it par-
ticularly effective for regulating the dynamic responses of 
smart materials [5–7].

Ionic liquids (ILs), recognized as environmentally 
benign alternatives, have gained extensive application in 
organic synthesis, biocatalysis, separation processes, and 
preparation of functional materials due to their unique 
physicochemical properties [8–12]. Compared with 
traditional organic solvents, ILs demonstrate superior 
characteristics including negligible volatility, exceptional 
thermal stability, and wide electrochemical windows. ILs 
can be regarded as adjustable and designable solvents by 
adjusting the combination of anions and cations or by 
changing functional groups [13]. Their structural tun-
ability through anion-cation combinations or functional 
group modifications enables rational design of photo-
sensitive ILs. The photoresponsive ILs can transform 
into another state under the illumination of a certain 
wavelength and can return to their initial state under the 
illumination of another wavelength or other conditions. 
For example, azobenzene (AZB) can undergo revers-
ible photo-induced cis- to trans- isomerization [14–16]. 
Diphenylethylene (DAEs) is prone to transitioning 
between two steady states under light conditions [17–
20]; Spiropyrans (SPs) undergo a structural transition 
between closed-loop and open-loop configurations under 
light stimulation [21–23]. Photoinduced isomerization 
of the molecules could trigger the rearrangement of the 
building blocks to generate morphological or size transi-
tions, which are essential for the functionality of photore-
sponsive materials.

As a widely employed photosensitive moiety, AZB 
serves as an exceptional molecular switch due to its envi-
ronmental responsiveness, synthetic accessibility, and 
excellent cycling stability [24]. Yuan et al. [8] have syn-
thesized 10 kinds of azobenzene-based ILs, and applied 
them as photosensitive surfactants to form micro lotion 
with water and various alcohols. Li et al. [25] studied the 
reversible phase transfer of six azobenzene-based ILs 
surfactants between organic and aqueous phases and 
explored in detail the factors affecting transfer. Notably, 
Ma et al. [26] found that under the bistable temperature, 
the photoinduced phase separation is completely revers-
ible, and the photoinduced expansion and contraction 
are also reversible. Azobenzene-based ILs gel can be used 

to realize an optical actuator at a suitable temperature. 
Most of the studies about photosensitive ILs are focused 
on the synthesis of photosensitive ILs, reversible reac-
tions of photoisomerization, and phase transfer cataly-
sis, but there is still a lack of fundamental research at the 
molecular level.

Recent advances in computational science have enabled 
researchers to investigate the microscopic characteris-
tics of ionic liquids (ILs) through sophisticated model-
ing techniques, including molecular dynamic simulations 
(MD), ab initio, and density functional theory (DFT) to 
study the microcosmic characteristics of ILs [27–29]. 
Many researchers have reported the inner mechanisms 
of ILs in terms of gas absorption mechanisms, lignocel-
lulose dissolution, and biomass-to-biofuel conversion by 
using DFT method [30–32]. Zheng et al. [33]explored 
the effects of different anionic alkyl chain lengths on 
the structure and interaction of choline-based ILs and 
found that the aggregation of anions in ILs was attrib-
uted to side chain interactions of anions. Hu et al. [34]
used the DFT calculations to study the effects of different 
alkyl chain lengths of imidazole cations on the stability 
of surface active ILs hydrates and found that increas-
ing alkyl chains is beneficial for improving stability. The 
aggregation behavior of ILs composed of 1-alkyl-3-me-
thylimidazolium cations, [Cnmim]+ (n = 8, 10, 12) and 
trans-cinnamic acid anion can be efficiently modulated 
by UV light in aqueous solution [35]. However, there is 
currently no research exploring the effects of different 
alkyl chain lengths and aggregation mechanisms of pho-
tosensitive ILs using DFT methods. To gain a deeper 
insight into the correlation between azobenzene position 
and the photoresponsive properties/aggregation behavior 
of azobenzene-based ionic liquids, it is essential to inves-
tigate this class of ionic liquids where the azobenzene 
group is located in different positions within the alkyl 
chain.

As a typical case of photosensitive ILs which had 
been successfully synthesized before by experi-
ment [36], four types azobenzene groups photo-
sensitive ILs ([AzoCnDMEA]Br, n = 2,4,6,10) were 
calculated to investigate the influence of alkyl chain 
length on the trend of microscopic interactions, 
including 2-hydroxyethyl-dimethyl-[2-(4-phenylazo-
phenoxy)-ethyl]-ammonium bromide [AzoC2DMEA]
Br, 2-hydroxyethyl-dimethyl-[4-(4-phenylazo-phenoxy)-
butyl]-ammonium bromide [AzoC4DMEA]Br, 
2-hydroxyethyl-dimethyl-[6-(4-phenylazo-phenoxy)-
ethyl]-ammonium bromide [AzoC6DMEA]Br and 
2-hydroxyethyl-dimethyl-[10-(4-phenylazo-phenoxy)-
ethyl]-ammonium bromide [AzoC10DMEA]Br (see Fig. 
1) by using DFT calculations. To study the H-bonds 
interactions of trans- and cis- azobenzene-based ILs 
([AzoCnDMEA]Br, n = 2,4,6,10), we investigated the 
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effects of trans- and cis- on the structural properties. The 
geometries of cations, ionic pairs, clusters of azoben-
zene-based ILs, and ILs/water systems have been studied. 
The roles of water have also been considered in photoi-
somerization and aggregation behavior modulation. The 
microcosmic interaction energies and H-bonds of azo-
benzene-based ILs have been further analyzed by some 
theoretical methods such as atoms in molecules (AIM) 
theory, independent gradient model based on Hirshfeld 
partition (IGMH), and symmetry-adapted perturba-
tion theory (SAPT). These analytical methods have been 
determined to provide useful information for the under-
standing of the structure-property relationship and the 
microscopic interaction of ILs. This fundamental study 
not only enhances our understanding of the microscopic 
H-bonding interactions in azobenzene-based photores-
ponsive ILs at the molecular level but also provides use-
ful insights for the design of microscale photo-control 
devices and sensors. 

Computational methods
Structures optimization
The optimization for all the structures of ILs was per-
formed using Gaussian 16 program [37] and the figures 
were generated by using the Visual Molecular Dynamics 
(VMD) software [38]. Considering the dispersion inter-
actions in the ILs system and enhancing its capability 
for noncovalent interactions, the method of dispersion 
correction (DFT-D) [39, 40] has been also considered in 
the structure optimization due to the higher accuracy 
and less empiricism. The hybrid Becke 3-Lee-Yang-Parr 
(B3LYP) exchange-correlation functional combined 
with D3 dispersion correction and with the 6–31 + G** 
basis set was employed for the structure optimization 
and frequency calculations. The same method (B3LYP-
D3/6–31 + G**) has been also studied and shown a good 
description of the interactions of ILs in the other DFT 
calculations [41, 42]. To find the most stable structure 
of the ionic clusters, 200 random initial configurations 
were generated using the Molclus program [43] (ver-
sion 1.9.9.9) and optimized by a semi-empirical method 
at the PM7 level. Soyemi et al. [44] reported that the 

semiempirical methods including B97-3c and PBEh-3c 
perform better against coupled-cluster for calculating 
the dipole moment of organic molecules than that of 
PM6, and PM7. Besides, PM6 and PM7 would change 
the geometry and electron density distribution rela-
tive to the high-level DFT and overpredicted the dipole 
moment of molecules, but the computational cost of 
PM6, and PM7 are shorter than that of B97-3c and 
PBEh-3c. Besides, some studies have reported the semi-
empirical method PM7 combined with dispersion has 
shown a good description of the non-covalent interac-
tions for macromolecular systems [45, 46]. Consider-
ing various aspects of semiempirical methods, PM7 was 
chosen for the optimization of the clusters of ILs. Then, 
the most stable structures were chosen and further calcu-
lated at the B3LYP-D3/6–31 + G** level of theory. All the 
obtained structures were confirmed by frequency analy-
sis to ensure the absence of imaginary frequencies.

In the ILs-nH2O system, the water molecules could 
form H-bonds with the Br− anion, oxygen, and azo posi-
tions of cations. Due to the high electronegativity and 
H-bonds acceptor of anion, the water molecules were 
put around the Br− anion, and then the water molecules 
around the oxygen and azo positions of cations were 
optimized at B3LYP-D3/6–31 + G** level. The interaction 
energy of the [AzoCnDMEA]Br (n = 2,4,6,10) and ILs-
nH2O complexes were defined as two kinds of methods 
(∆E1 and ∆E2):

	

∆E1 = E (ILs_nH2O)
− [E (cation) + E (anion) + nE (H2O)] � (1)

	∆E2 = E (ILs_nH2O) − [E (ILs) + nE (H2O)]� (2)

Where E (ILs_nH2O) is the electronic energy of ILs-
nH2O complexes, E (cation)and E (anion) are the elec-
tronic energies of isolated cation and anion, respectively. 
E (ILs)and E (H2O) are the electronic energies of ionic 
pairs and water molecules, respectively. For the interac-
tion energy of ∆E1, the interaction energies of ILs were 
included and the data of ∆E1 were stronger than that of 
∆E2.

Fig. 1  Chemical structure of azobenzene-based ionic liquids. ([AzoCn+1DMEA]Br, n = 1,3,5,9)
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Analytical methods
As useful methods to predict the reactive sites of the 
molecular surface, quantitative molecular surface analy-
sis of electronic potential (ESP) and natural popula-
tion analysis (NPA) charge have been widely used based 
on the electrochemical structure of reactants [47–49]. 
Zhang et al. [50] proposed an efficient evaluation of elec-
tronic potential with computerized optimized code in 
wavefunction analysis Multiwfn program [51, 52] which 
is freely available and become a useful tool for compu-
tational chemists. However, there is still potential to 
enhance evaluation efficiency through methods such 
as Schwarz screening, the utilization of explicit SIMD 
instructions, or the sharing of intermediates among vari-
ous points. The ESP could be expressed by the equation 
as follows:

	

Vtot (r) = Vnuc (r) + Vele (r)

=
∑

A
ZA

|r − RA|
−

∫
ρ (r′ )

|r − r′ |
dr′ � (3)

Where ZA is the charge on the nucleus A located at RA, 
and ρ(r) is the electronic density function of the mol-
ecule. ESP has been widely used for the prediction of 
nucleophilic and electrophilic sites as well as molecular 
recognition mode for a long time.

To generate an isodensity surface of volume in the 
computer graphics realm, the Marching Cubes (MC) 
approach [53] was the most popular, but there are some 
drawbacks to MC approach such as the ambiguity prob-
lem and lengthy looking-up tables. For the Van der Waals 
volume defined by Bader, Lu et al. proposed Marching 
Tetrahedra (MT) approach which is the extension of MC 
to accurately generate vertices and construct an electron 
density of 0.001 isosurface on the molecular surface [54].

The highest occupied orbital (HOMO), lowest unoc-
cupied orbital (LUMO), and their energy level difference 
are commonly utilized to assess electron transfer proper-
ties and chemical reactivity [55]. The brand gap energy is 
defined as the following:

	 Egap = ELUMO − EHOMO � (4)

Where the ELUMO and EHOMO are the HOMO and LUMO 
electronic energies, respectively.

Furthermore, the symmetry-adapted perturbation 
theory (SAPT) [56] was made to decompose the inter-
action energies of the [AzoC2DMEA]Br-nH2O (1 ≤ n ≤ 5) 
complexes at the SAPT2+/aug-cc-pVDZ level [57, 58] 
which had been verified an outstanding performance for 
the majority of non-covalent complexes by using Psi4 
program [59]. The interaction energies could be further 
separated into four components and defined as follows:

	 ∆E2 = Eels + Eex + Eind + Edisp, kcal/mol� (5)

Where the Eels, Eex, Eind, and Edisp are the classic electro-
static interaction, exchange repulsion term, induction 
term, and dispersion energy, respectively.

To better understand the nature of interactions in ILs 
and ILs-water clusters, the bond characteristics for the 
relevant configurations were also illustrated based on 
quantum theory of atoms in molecules (AIM) analysis 
[60, 61]. As a new method for visualizing the interac-
tions in chemical systems, independent gradient model 
based on Hirshfeld partition (IGMH) function combined 
with sign(λ2)ρ was used to distinguish H-bonds interac-
tions from other weak interactions [62]. The topological 
properties were analyzed with Multiwfn program with 
the wave functions generated from B3LYP-D3/6–31 + G** 
calculations. All three analysis methods have been preva-
lently and successfully used in ionic liquid systems [63, 
64].

Results and discussion
Cations
Quantitative molecular surface analysis of electronic 
potential analysis
The ESP surfaces of different alkyl chain lengths of 
[AzoCnDMEA]+ cations were collected in Fig. 2 and area 
percentages in each ESP range had been listed in Figure 
S1-2. As shown in Fig.  2, the maximum and minimum 
ESP of [AzoCnDMEA]+ cations are mainly located around 
the ammonium and azo groups, respectively. The mini-
mum and maximum electronic potentials of trans and cis 
structures of [AzoCnDMEA]+ cations are listed in Fig. 3, 
the minimum electronic potentials of trans- structures 
of [AzoCnDMEA]+ (n = 2,4,6,10) are 17.56, 9.27, 3.64 and 
− 3.24 kcal/mol, respectively. With the increasing lengths 
of alkyl chain, the minimum and maximum ESP decrease. 
But the maximum of ESP will not change so obvious than 
that of minimum, due to the maximum electronic poten-
tials of trans- structures of [AzoCnDMEA]+ (n = 2,4,6,10) 
are 115.26, 115.10, 114.37, and 113.44 kcal/mol, respec-
tively. Compared with minimum/maximum ESP of trans- 
and cis- structures of [AzoCnDMEA]+ cations, taking the 
[AzoC2DMEA]+ for an example, the minimum ESP of 
trans and cis- structures are 17.56 and − 2.38  kcal/mol, 
respectively. The maximum ESP of trans- and cis-struc-
tures are 115.26 and 116.25 kcal/mol, respectively. There-
fore, the minimum ESP of cis-structures is smaller than 
that of trans-, and the maximum ESP of cis-structures is 
larger than that of trans-. These differences could render 
different properties of azobenzene-based ionic liquids.

Molecular volume of cations
Li et al. reported the smaller-sized aggregates of 
trans-isomer azobenzene-based ILs will grow up into 
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cis-isomer with larger-sized aggregates after UV irra-
diation as determined by small-angle X-ray scatter-
ing measurements [36]. Therefore, it’s also necessary to 
investigate the molecular size of the azobenzene-based 

ILs. Taking the trans-[AzoC2DMEA]+ cation for an 
example, the molecular volume was shown in Figure S3, 
the units of the molecular volume analyzed by Multiwfn 
program were Angstrom and Bohr (1 Bohr = 0.52918 
Angstrom). The molecular size information of cations 
can be output directly by Multiwfn program. As shown in 
Table 1, we collected the molecular volume of [AzoCnD-
MEA]+ (n = 2,4,6,10) cations. Taking the trans- [AzoCnD-
MEA]+ (n = 2,4,6,10) cations as examples, the length of 

Table 1  The molecular dimension [azocndmea]+f [Azo
C[azocndmea]+[azocndmea]+]+ ([azocndmea]+ = 2,4,6,10) cations 
based [azocndmea]+ [azocndmea]+T approach (unit Å)

Length Width Hight Volume 
(Å3)

Surface 
Area (Å2)

trans-AzoC2DMEA 21.77 8.39 6.69 414.21 379.01
trans-AzoC4DMEA 24.24 8.77 6.78 461.37 421.52
trans-AzoC6DMEA 26.73 9.06 6.79 508.71 464.06
trans-AzoC10DMEA 31.72 9.45 6.79 603.66 549.14
cis-AzoC2DMEA 18.43 9.24 6.86 413.19 372.41
cis-AzoC4DMEA 20.96 9.40 6.88 460.32 414.82
cis-AzoC6DMEA 23.51 9.50 6.91 507.64 457.30
cis-AzoC10DMEA 28.62 9.61 6.93 602.57 542.33

Fig. 3  The minimum/maximum electronic potentials of trans- and cis- 
structures of [AzoCnDMEA]+ cations. (n = 2,4,6,10)

 

Fig. 2  The electrostatic potential on the van der Waals surfaces of (a) trans-[AzoC2DMEA]+ (b) trans-[AzoC4DMEA]+ (c) trans-[AzoC6DMEA]+ (d) trans-
[AzoC10DMEA]+ and (e) cis-[AzoC2DMEA]+ (f) cis-[AzoC4DMEA]+ (g) cis-[AzoC6DMEA]+ (h) cis-[AzoC10DMEA]+ structures of [AzoCnDMEA]+ cations. 
(n = 2,4,6,10). The orange and cyan spheres represent the position of maximum and minimum points of ESP on the surface, respectively. (The units are 
kcal/mol)
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cations is 21.77, 24.24, 26.73, and 31.72 Å, respectively. 
The length of [AzoCnDMEA]+ (n = 2,4,6,10) cations will 
elongate with the increasing numbers of alkyl chains. 
The width and height changes of cations are not so obvi-
ous as those of length. The volume and surface area of 
the cations is also elongated with the increase of alkyl 
chain length. Taking the [AzoC2DMEA]+ structure for 
an example, the volumes of trans- and cis- are 414.21 and 
413.19 Å3, respectively. And the surface areas of trans- 
and cis- are 379.01 and 372.41 Å2, respectively. Compara-
tive analysis of structural dimensions between trans- and 
cis- [AzoCnDMEA]+ (n = 2,4,6,10) cations, the volume 
and surface area of the trans- is larger than that of cis-. 
From the microscopic perspective, the molecular vol-
ume of cis- is smaller, while the macroscopic aggregates 
are larger. This observation suggests that the aggregation 
mechanisms of ILs are not primarily governed by molec-
ular-scale dimensions but rather by emergent macro-
scopic interaction complexities.

Ionic pairs
Geometry and interaction energy
To investigate the microscopic interactions of ionic pairs, 
the structures of azobenzene-based ILs were optimized 
at the B3LYP-D3/6–31 + G** level. According to the 
anions were more easily to attack the most positive area 
of the cations, the Br− was initially put around the ammo-
nium group of the [AzoCnDMEA]+ cations. To assess the 
impact of alkyl chain length on these interactions, simi-
lar initial positions for Br− and cations in [AzoCnDMEA]
Br ILs were optimized at B3LYP-D3/6–31 + G** level. 
The trans- and cis- [AzoC2DMEA]Br geometries and the 
interaction energies of [AzoCnDMEA]Br (n = 2,4,6,10) 
are shown in Fig.  4. Additionally, the coordinates of 
trans- and cis- [AzoCnDMEA]Br are collected in Table 
S1. Upon examining the structures of [AzoCnDMEA]Br 

ILs, it is evident that multiple H-bonds can be formed 
between the Br− anion and [AzoCnDMEA]+ cations. The 
interaction energies of trans-structures of [AzoCnD-
MEA]Br (n = 2,4,6,10) are − 100.12, -100.23, -99.68, and 
− 98.93  kcal/mol, respectively. Therefore, the interac-
tion energy will decrease with the increasing number of 
alkyl chains. Taking the [AzoC2DMEA]Br for an exam-
ple, the interaction energy of trans- is -100.12  kcal/mol 
which is weaker than that of cis- (-100.81 kcal/mol) in the 
similar position geometry, due to the maximum ESP of 
cis- structure (116.25 kcal/mol) larger than that of trans- 
(115.26 kcal/mol) as discussed above.

Atom in molecules analysis
To investigate the interactions between cations and 
anions, topological analysis of the ILs was performed by 
the Bader’s “atom in molecules” theory which has been 
widely and successfully used in many DFT calculations 
[60, 61]. A set of criteria for ρBCP and ▽2ρBCP criteria are 
proposed for conventional H-bonds at the critical point 
(BCPs). The closed-shell interaction is positive in the 
range 0.002–0.035 a.u. for ρBCP and 0.024–0.139 a.u. for 
▽2ρBCP [65]. For the observed conformer, the ρBCP and 
▽2ρBCP values for of H-bonds fall within 0.0103–0.0205 
a.u. and 0.0269–0.0564 a.u., respectively. The values of 
electron density (ρBCP), Laplacian of the electron density 
(▽2ρBCP), energy density (HBCP), and potential energy 
density (V(r)) for the intermolecular H-bonds in trans- 
and cis- structures of [AzoCnDMEA]Br (n = 2,4,6,10) 
ILs were summarized in Table  2 and the corresponding 
bonds labels could be found when the coordinates (Table 
S1) were imported into visualization software such as 
VMD, Avogadro and GaussView, etc. From the geom-
etry of ILs, plenty of H-bonds could be formed between 
the Br- and the ammonium group of cations. Taking the 
trans- [AzoC2DMEA]Br for an example, the ρBCP of Br…
H34-C33 and Br…H46-O45 are 0.0202 and 0.0128 a.u., 
respectively. The strength of Br…H34-C33 bond is stron-
ger than that of Br…H46-O45. The multiple H-bonds 
formed between the [AzoCnDMEA]+ cations and the 
Br− anion can stabilize the ILs structures. The ρBCP of 
Br…H29-C27 in trans- [AzoCnDMEA]+ (n = 2,4,6,10) cat-
ions are 0.0113, 0.0114, 0.0107 and 0.0103 a.u., respec-
tively. As the alkyl chain length increases, the strength of 
H-bonds would be decreased. It could be also confirmed 
by the interaction energies of ILs calculated above. 
Therefore, it could be concluded that multiple H-bonds 
can be formed between the cations and Br−. Besides, the 
strength of H-bonds formed between the cations and 
Br− would be decreased as the increasing number of the 
length of the alkyl chain.

Fig. 4  The interaction energies (kcal/mol) of trans- and cis- structures of 
[AzoCnDMEA]Br (n = 2,4,6,10)
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Frontier molecular orbital analysis
To investigate the chain length and trans-/cis- struc-
tures on the electronic properties of [AzoCnDMEA]Br 
(n = 2,4,6,10), the frontier molecular orbital analysis of 
the ILs was conducted for these ILs in this section. The 
distribution maps of HOMO and LUMO energies pro-
jected on the van der Waals surface for trans- and cis- 
[AzoCnDMEA]Br (n = 2,4,6,10) are shown in Figure S4, 
where the positive and negative phases of the orbital 
wave functions are color-coded in red and blue, respec-
tively. The orbital distribution at the HOMO level is pre-
dominantly delocalized across the N = N bonds and the 
cyclobenzene ring of the azobenzene moiety, whereas 
the orbital distribution at the LUMO level is primar-
ily localized within the Br⁻ ion. The distribution centers 
of the HOMO and LUMO orbitals remain unchanged 
as the length of the alkyl chain increases. The EHOMO, 
ELUMO, and gap are collected in Fig. 5. Taking the trans-
[AzoCnDMEA]Br (n = 2,4,6,10) as an example, the EHOMO 

are − 125.99, -125.33, -124.40, and − 123.37  kcal/mol, 
respectively. The ELUMO are − 61.60, -57.88, -56.16, and 
− 54.56  kcal/mol, respectively. Besides, the gap energies 
are 64.39, 67.45, 68.24, and 68.82 kcal/mol, respectively. 
Therefore, as the alkyl chain lengthens, the activity of 
[AzoCnDMEA]Br (n = 2,4,6,10) will decrease due to the 
increasing gap energies. Compared with the trans- and 
cis- structures of [AzoCnDMEA]Br (n = 2,4,6,10), the gap 
energies of trans- and cis-[AzoC2DMEA]Br are 64.39 and 
69.85 kcal/mol. The trans-structures of [AzoCnDMEA]Br 
(n = 2,4,6,10) are more prone to excitation than their cor-
responding cis- structures.

Ionic clusters (nILs, 1 ≤ n ≤ 4)
Geometry and interaction energy
Ion clusters formed by the interconnection of multiple 
ions can provide insights into the arrangement of ions 
within the bulk phase of ILs [66, 67]. The ionic pair is 
the threshold to investigate the ionic clusters and the ion 

Table 2  The electron density (ρBCP), laplacian of the electron density (▽2ρBCP), energy density (HBCP), and potential energy density 
(V(r)) for trans- and cis- structures of [AzoCnDMEA]Br (n = 2,4,6,10) ILs (a.u.)
Structure H-Bond ρBCP ▽2ρBCP HBCP(10− 3) V(r)
trans- [AzoC2DMEA]Br Br…H29-C27 0.0113 0.0295 0.9310 -0.0055

Br…H44-C39 0.0185 0.0461 0.5710 -0.0104
Br…H34-C33 0.0202 0.0562 0.8939 -0.0123
Br…H46-O45 0.0128 0.0325 0.7275 -0.0067

trans- [AzoC4DMEA]Br Br…H51-C50 0.0114 0.0295 0.9050 -0.0056
Br…H44-C39 0.0181 0.0454 0.6218 -0.0101
Br…H34-C33 0.0203 0.0562 0.8631 -0.0123
Br…H46-O45 0.0126 0.0321 0.7338 -0.0065

trans- [AzoC6DMEA]Br Br…H58-C57 0.0107 0.0279 0.8963 -0.0052
Br…H44-C39 0.0180 0.0451 0.6308 -0.0100
Br…H34-C33 0.0204 0.0563 0.8367 -0.0124
Br…H46-O45 0.0128 0.0324 0.7141 -0.0067

trans- [AzoC10DMEA]Br Br…H71-C69 0.0103 0.0269 0.8890 -0.0049
Br…H44-C39 0.0179 0.0449 0.6374 -0.0099
Br…H34-C33 0.0205 0.0563 0.8213 -0.0124
Br…H46-O45 0.0130 0.0327 0.6985 -0.0068

cis- [AzoC2DMEA]Br Br…H29-C27 0.0112 0.0293 0.9289 -0.0055
Br…H42-C39 0.0186 0.0462 0.5628 -0.0104
Br…H34-C33 0.0204 0.0564 0.8695 -0.0124
Br…H46-O45 0.0128 0.0324 0.7292 -0.0066

cis- [AzoC4DMEA]Br Br…H52-C51 0.0114 0.0295 0.9033 -0.0056
Br…H42-C39 0.0181 0.0454 0.6180 -0.0101
Br…H34-C33 0.0204 0.0563 0.8562 -0.0124
Br…H46-O45 0.0126 0.0319 0.7385 -0.0065

cis- [AzoC6DMEA]Br Br…H58-C57 0.0108 0.0282 0.8977 -0.0053
Br…H42-C39 0.0179 0.0450 0.6362 -0.0100
Br…H34-C33 0.0204 0.0563 0.8404 -0.0124
Br…H46-O45 0.0127 0.0321 0.7254 -0.0066

cis- [AzoC10DMEA]Br Br…H70-C69 0.0103 0.0269 0.8892 -0.0049
Br…H42-C39 0.0179 0.0449 0.6363 -0.0100
Br…H34-C33 0.0205 0.0564 0.8202 -0.0125
Br…H46-O45 0.0130 0.0326 0.7011 -0.0068
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clusters can describe the structures of bulk ionic liquids 
and aqueous solutions [68]. Due to the repetitive calcu-
lations and wide use of [AzoC2DMEA]Br, we take the 
[AzoC2DMEA]Br as an example, different numbers of 
trans- and cis- n[AzoC2DMEA]Br (1 ≤ n ≤ 4) ionic clus-
ters were explored in this part. The optimized struc-
tures and the relative energies of different trans- and 
cis- n[AzoC2DMEA]Br (1 ≤ n ≤ 4) ionic clusters at the 
PM7 level are listed in Figure S5-S6. The interaction ener-
gies of the most stable trans- and cis- n[AzoC2DMEA]Br 
(1 ≤ n ≤ 4) clusters were collected in Table  3. Taking the 
interaction energies of trans- and cis- 4[AzoC2DMEA]Br 
for example, the △E1 of trans- and cis- are − 551.84 and 
− 501.30  kcal/mol, respectively. The interaction energies 
of trans- clusters are stronger than those of cis- clusters 
based on the DFT calculations. It can be also speculated 
that the interaction energies of △E2 are smaller than those 
of △E1 because the interaction energies of anions-cations 
have been excluded. The interaction energies of per ion 
pair of trans- n[AzoC2DMEA]Br are − 27.07, -35.21, and 
− 44.00 kcal/mol, when n = 2, 3, and 4. Per ion pair of cat-
ion-anion interaction energy has a decreasing trend with 
the increasing numbers of water molecules, but the ener-
gies of clusters with the number of ion pairs displayed 
a trend to saturation for ethylammonium hydrogen 

sulfate protic ILs [69] and -SO3H functionalized ILs [70] 
reported before.

Independent gradient model based on Hirshfeld partition 
(IGMH) analysis
As a practical tool for investigating non-covalent inter-
actions, independent gradient model based on Hirshfeld 
partition has been widely used in the visual analysis of 
intramolecular and intermolecular interactions [62]. To 
gain a more detailed understanding of the interactions, 
taking the 2[AzoC2DMEA]Br clusters as an example, the 
visualization of these inter-molecular interactions of the 
most stable structures explored by the Molclus program 
of the trans- and cis- 2[AzoC2DMEA]Br clusters were 
shown in Fig.  6. The interaction energy (∆E1) of trans- 
2[AzoC2DMEA]Br cluster is -242.05  kcal/mol, which is 
stronger than that of cis- structure (-210.14  kcal/mol). 
From Fig.  6, it could be found that multiple H-bonds 
could be formed between the anions and cations, the 
Br- mainly interacts with the ammonium group and the 
hydroxyl groups of the cations. Additionally, π-stacking 
interactions among the azobenzene moieties constitutes 
the primary interaction mode among the cations. The 
quasi-3D H-bonds network is formed in the ILs clusters 
to modulate the trans- and cis-isomerism of the photore-
sponsive ILs.

Interactions between ILs and nH2O (1 ≤ n ≤ 5)
Geometry and interaction energy
The aggregation behavior of the azobenzene-based ionic 
liquids would be formed in water and the concentra-
tion-dependent conductivity of aqueous ILs changes 
before and after UV irradiation [36]. We have studied the 
impact of different numbers of water molecules on cis- 
and trans-structures of ILs by using the same approach. 
Figure  7 shows the optimized structures of the two 
binary complex systems (trans- and cis-[AzoC2DMEA]
Br with water). To compare the roles of water molecules, 
the water molecules were added to the ionic pairs one by 
one based on the previously optimized structures. Their 
interaction energies (Eint) of ILs and water molecules 
([AzoC2DMEA]Br-nH2O complexes) are listed in Table 4. 
Taking the trans-[AzoC2DMEA]Br-H2O structure for 
an example, the ∆E1 and ∆E2 values are − 116.85 and 
− 16.73 kcal /mol, respectively. The ∆E1 was stronger than 
that of ∆E2, due to the interaction energies of ionic liq-
uids were included. Furthermore, the interaction energies 

Fig. 5  Energy level diagram (HOMO and LUMO energies and HOMO-
LUMO energy gaps) of trans- and cis- structures of [AzoCnDMEA]Br 
(n = 2,4,6,10)

 

Table 3  Interaction energy (kcal/mol) of trans- and cis- n[AzoC2DMEA]Br (1 ≤ n ≤ 4) optimized at B3LYP-D3/6–31 + G**//PM7 level
∆E1,trans ∆E1,cis ∆E2,trans ∆E2,cis ∆E2,trans/n ∆E2,cis/n

[AzoC2DMEA]Br -93.96 -81.30 0 0 - -
2[AzoC2DMEA]Br -242.05 -210.14 -54.14 -47.54 -27.07 -23.77
3[AzoC2DMEA]Br -387.51 -344.43 -105.64 -100.52 -35.21 -50.26
4[AzoC2DMEA]Br -551.84 -501.30 -176.01 -176.08 -44.00 -88.04
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(∆E2) of cis- and trans -[AzoC2DMEA]Br-H2O are − 16.75 
and − 16.73  kcal/mol, respectively. The calculated inter-
action energy of the cis-[AzoC2DMEA]Br-nH2O is stron-
ger than that of trans-[AzoC2DMEA]Br-nH2O (1 ≤ n ≤ 5) 
which is consistent with the other photoresponsive 

ILs reported research [71, 72]. The interaction ener-
gies (E2,trans) of [AzoC2DMEA]Br with nH2O (1 ≤ n ≤ 5) 
are − 16.73, -29.96, -47.18, -55.45 and − 65.34  kcal/mol, 
respectively. As the number of water molecules increases, 
the interaction energies rise accordingly. The values of 

Table 4  Interaction energy (kcal/mol) of trans- and cis- [AzoC2DMEA]Br with nH2O (0 ≤ n ≤ 5)
∆E1,trans ∆E1,cis ∆E2,trans ∆E2,cis ∆E2,trans/n ∆E2,cis/n

[AzoC2DMEA]Br -100.12 -100.81 0 0 - -
[AzoC2DMEA]Br-H2O -116.85 -117.56 -16.73 -16.75 -16.73 -16.75
[AzoC2DMEA]Br-2H2O -130.08 -130.78 -29.96 -29.97 -14.98 -14.99
[AzoC2DMEA]Br-3H2O -147.30 -148.05 -47.18 -47.24 -15.73 -15.75
[AzoC2DMEA]Br-4H2O -155.56 -156.94 -55.45 -56.13 -13.86 -14.03
[AzoC2DMEA]Br-5H2O -165.45 -166.57 -65.34 -65.76 -13.07 -13.15

Fig. 7  The optimized (a-f) trans- and (e-l) cis- structures of [AzoC2DMEA]Br-nH2O (0 ≤ n ≤ 5) at B3LYP-D3/6–31 + G** level. H-bonds are indicated by 
dashed lines

 

Fig. 6  Intermolecular interaction isosurface (s = 0.007 a.u.) of (a) trans- 2[AzoC2DMEA]Br and (b) cis- 2[AzoC2DMEA]Br. Blue indicates strong attractive 
interaction, green indicates the van der Walls interaction and red indicates the steric effect
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∆E2,trans /n, and ∆E2, cis/n will decrease with the increas-
ing numbers of water molecules and then do not change 
so obviously at n = 4 and n = 5 around 13  kcal/mol. The 
energy contribution per water molecule within the ILs-
water clusters tends towards saturation as the number of 
water molecules continues to grow.

Symmetry-adapted perturbation theory analysis
The energy decomposition analyses of cis/trans struc-
tures of [AzoC2DMEA]Br-nH2O (1 ≤ n ≤ 5) are shown 
in Fig.  8. Taking the cis- [AzoC2DMEA]Br-H2O for an 
example, the electrostatic interaction, exchange repulsion 
term, induction term, and dispersion energy are − 20.34, 
16.95, -5.84, and − 4.84  kcal/mol, respectively. The 
electrostatic interaction and exchange repulsion term 
account for a large proportion of the total interaction 
energy, approximately 42.40% and 35.33%, respectively. 
Therefore, the electrostatic interaction plays a critical role 
in the stabilization of ILs and water structures. With the 
increasing numbers of water molecules, the electrostatic 
interaction of cis- [AzoC2DMEA]Br-nH2O (1 ≤ n ≤ 5) 
are − 20.34, -32.42, -56.89, -69.63, and − 80.05  kcal/mol, 
respectively. Both the electrostatic interaction, exchange 
repulsion term, induction term, and dispersion energy 
had an increasing tendency. However, the occupation of 
different interaction terms maintains the stability with 
the sequence: electrostatic interaction > exchange repul-
sion > induction > dispersion energy. The difference in 
energy decomposition of trans- and cis-[AzoC2DMEA]

Br-nH2O (1 ≤ n ≤ 5) was not so obvious, due to the small 
differences in their total interaction energies.

Conclusion
Density functional theory (DFT) calculations have been 
employed to investigate the geometries and proper-
ties of cations, ionic pairs, ionic clusters, as well as ILs/
water clusters. As the length of the alkyl chain increases, 
both the minimum and maximum electrostatic poten-
tial (ESP) will decrease. The active site of the cations is 
predominantly situated around the ammonium group. 
The volume and surface area of the cis- [AzoCnDMEA]+ 
(n = 2,4,6,10) cations are smaller compared to those of 
their trans- structures. Multiple H-bonds can be formed 
between the Br− anion and [AzoCnDMEA]+ cations 
to stabilize the ILs structures and the anion primarily 
interacting with the ammonium group of cations. With 
the increase of alkyl chain length, the interaction ener-
gies have a decreasing trend. The interaction energies of 
trans- n[AzoC2DMEA]Br (1 ≤ n ≤ 4) clusters are stronger 
than that of cis-. From the interaction of ILs/water sys-
tems, the interaction energy between trans- structures 
of photoresponsive ILs and water molecules is lesser 
than that of cis-. The energies of per water molecules of 
the ILs-waters clusters would tend to saturation with 
the increasing number of water molecules. Electrostatic 
interactions play a pivotal role in stabilizing the struc-
tures of ILs and water, thereby modulating their aggrega-
tion behavior. This work provides new insights into the 

Fig. 8  Energy decomposition of interaction energies (in kcal/mol) for the (a) trans- and (b) cis- [AzoC2DMEA]Br-nH2O (1 ≤ n ≤ 5)
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molecular level structure and photoresponsive character-
istics/aggregation behavior of the azobenzene-based ILs 
and may be useful for the design of more novel photosen-
sitive ILs.
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