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Abstract
Four acridinium/acridine derivatives have been prepared by mechanochemical synthesis and their crystal structure, supramo-
lecular framework, interaction energy calculation, thermal analysis, and photophysical properties are studied and presented in 
this manuscript. In the crystal structure, the one- and two-dimensional supramolecular framework is constructed via various 
strong and weak intermolecular interactions such as N‒H…Cl, O‒H…N, O‒H…Cl, C‒H…Cl, C‒H…O, C‒H…π, and 
π…π, respectively. The contribution of intermolecular interaction in the three-dimensional molecular packing is studied by 
the Hirshfeld surface analysis. The calculated total energy value of intermolecular interaction/contacts observed between 
the molecular pairs in the acridine compound is stronger than the energy value of intermolecular interaction/contacts of 
acridinium derivatives. The energy value of π…π contacts exhibited between the molecular pairs is significantly stronger 
than other weak interactions. The thermogravimetric analysis reveals that the acridinium derivatives degrade in three steps 
whereas the acridine compound undergoes a single-step degradation. Studies show that the acridinium derivatives exhibit a 
better photoluminescence quantum yield when compared to the acridine compound, and the acridine compound experiences 
a photoluminescence quenching due to charge transfer interactions.
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Introduction

Acridines are a class of heterocyclic compounds with three 
fused six-membered rings exhibiting a planar aromatic sur-
face. Acridines are structurally analogous to anthracene 
with a N atom replacing the C atom in the 10th position. 
Acridine compound evolved as the byproduct of aniline dye 
manufacture and had been used in clinical medicine in the 
late nineteenth century. Over the years, acridine derivatives 
have been known to exhibit a series of bioactivities such as 
antimicrobial, anticancer, antimalarial, antidepressant, anti-
fungal, and antibacterial [1–6]. Recent research on acridine/
acridinium derivatives has been found mainly on their use 
as anticancer drugs, due to the planar ring structure that 
grants the ability to diffuse through the cell membrane and 

intercalate with the DNA [7]. It is reported that the photo-
cytotoxicity of propylacridine acts against leukemia with 
9-(2′-hydroxyethylamino)-4-methyl-1-nitroacridine acts as 
a promising antitumor drug against UDP-glucuronosyltrans-
ferases (UGTs) [8]. Interestingly, acridine derivatives are 
capable of displaying chemiluminescence properties, and 
acridinium cations with substitutions at the N10 atom and 
electron-attracting substituents at the C9 atom are capable of 
exhibiting good light emission or chemiluminescence prop-
erty [9, 10]. The efficiency towards the emission of light 
or chemiluminescence is greatly influenced by the nature 
of various substitutions such as nucleophilic species, oxi-
dizing agents, and other entities at the C9 atom [11, 12]. 
Acridinium derivatives with N-alkyl substituents are widely 
used in medical and biological analyses due to their ability to 
react with appropriate macromolecular fragments [13]. The 
chemiluminescence properties of cation or acridinium deriv-
atives are comparably efficient to neutral acridine deriva-
tives. Apart from medical importance, these types of acrid-
ine luminescence-efficient materials have received attention 
in the past few years due to their intriguing applications in 
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optoelectronic devices and biosensors [13–15]. Intermolecu-
lar hydrogen bonds such as N‒H…O, O‒H…O, N‒H…X 
(X = Cl, Br, I, S), halogen bonds, and other weak interac-
tions such as C‒H…π and π…π contacts are of fundamental 
importance in self-assembling the molecules in a crystal-
line solid [16, 17]. Understanding the supramolecular self-
assembly of molecules via intermolecular interaction tends 
to explain the relationship between the molecular structure 
and the properties of the crystalline material [18, 19]. Inter-
estingly in the case of acridinium/acridine derivative crys-
tals, the formation of π…π and C‒H…π interaction between 
the acridine planes significantly influences the luminescence 
property of the material [20, 21]. Owing to these interests, 
we intend to study the crystal structure, supramolecular 
features, photophysical properties, and thermal properties 
of three acridinium derivatives and one acridine compound 
which is presented in this paper.

In this present work, we adopted a mechanochemical syn-
thesis (liquid-assisted grinding) procedure in the prepara-
tion of new acridinium/acridine derivatives. In recent years, 
the concept of mechanochemical synthesis has attracted 
researchers to prepare simple organic compounds/deriva-
tives due to their various significance (higher yield, solvent-
free, environment friendly, etc.) over conventional chemi-
cal synthesis procedures [22–25]. The details of synthesis, 
structural studies, and other characterizations of 2-(acridin-
ium-9-yl oxy) phenol chloride (I), 4-(acridinium-9-yl oxy) 
chlorobenzene chloride (mono)chloroform solvate (II), 
4-(acridinium-9-yl) naphthalene-1,3-diol chloride (mono)
ethanol solvate (III), and 2-(acridin-9-yl) naphthalene 1,8-
diol (IV) derivatives are presented in the preceding section.

Experimental

Synthesis and crystallization

All acridine-based derivatives (I–IV) discussed in this paper 
were prepared by mechanochemical synthesis. The mixture 
of 9-chloroacridine or acridine and selected compounds was 
subjected to solvent-assisted grinding using an agate mortar 
and pestle. The ground powder was then dissolved in a suit-
able solvent for crystallization as illustrated in Fig. 1. The 
FT-IR spectra of the derivatives (I) to (IV) are given in the 
Supporting Information Figs. S1–S4.

I. 2‑(Acridinium‑9‑yl‑oxy) phenol chloride [C19H14NO2
+Cl−]

Initially, equimolar quantities of 9-chloroacridine (0.213 g/1.0 
mM) and 1,2-dihydroxybenzene (0.110 g/1.0 mM) were taken 
and ground using an agate mortar. CHCl3 solvent was added 
dropwise and ground to a fine paste, and the grinding was con-
tinued in three steps for 15 min until a change in color of the 
mixture was noticed. The resultant powder was then dissolved 
in a mixed solvent of dichloromethane and chloroform (50:50) 
followed by continuous stirring for 20 min until a clear solu-
tion was attained. Thus, a prepared clear solution of compound 
(I) was kept for slow evaporation without any atmospheric 
disturbance. Good diffraction quality yellow-colored crystals 
of (I) were obtained after 10 days. FT-IR studies: O‒H = 3332 
cm−1, 3198 cm−1, C‒H = 3050 cm−1, C=N = 1885 cm−1, 
N–H = 1637 cm−1, C=C = 1580 cm−1, C–H = 1408 cm−1, 
O‒H = 1367 cm−1, C‒N = 1270 cm−1, C‒O = 1112 cm−1, 
C=C = 945 cm−1, C‒H = 850 cm−1, 751 cm−1.
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Fig. 1   Illustrates the steps involved in the mechanochemical synthesis of compounds
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II. 4‑(Acridinium‑9‑yl‑oxy) chlorobenzene chloride (Mono)
chloroform solvate [C19H13NOCl+Cl−. CHCl3]

Equimolar quantities of 9-chloroacridine (0.213 g/1.0 
mM) and 4-chlorophenol (0.110 g/1.0 mM) were mixed 
and ground using an agate mortar. CHCl3 solvent was 
added dropwise and ground to a fine paste, and the grind-
ing was continued in three steps for 10 min until a color 
change in the mixture occurred. The resultant powder was 
then dissolved in a mixed solvent of dichloromethane and 

dichloromethane and ethanol (50:50) and stirred continu-
ously for 20 min to attain a clear solution. Thus, a pre-
pared clear solution of compound (III) was kept for slow 
evaporation without any atmospheric disturbance. Good 
diffraction-quality purple-colored crystals of (III) were 
obtained after 10 days. FT-IR studies: O‒H = 3140 cm−1, 
C‒H = 3049 cm−1, C=N = 1844 cm−1, N–H = 1627 cm−1, 
C=C = 1574 cm−1, C–H = 1395 cm−1, O‒H = 1362 cm−1, 
C‒N = 1310 cm−1, C‒O = 1236 cm−1, C=C = 987 cm−1, 
O‒H = 929 cm−1, C‒H = 850 cm−1, 751 cm−1.
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chloroform (50:50) and stirred continuously for 15 min 
to attain a clear solution. Thus, a prepared clear solution 
of compound (II) was kept for slow evaporation without 
any atmospheric disturbance. Good diffraction-quality yel-
lowish orange crystals of (II) were obtained after 1 week. 
FT-IR studies: O‒H = 3175 cm−1, C‒H = 3081 cm−1, 
C=N = 1882 cm−1, N–H = 1628 cm−1, C=C = 1582 cm−1, 
C–H = 1364 cm−1, O‒H = 1364 cm−1, C‒N = 1314 cm−1, 
C‒O = 1086 cm−1, C=C = 959 cm−1, C‒Cl = 827 cm−1, 
C–H = 867 cm−1, 751 cm−1.

III. 4‑(Acridinium‑9‑yl) naphthalene‑1,3‑diol chloride 
(Mono)ethanol solvate [C23H22NO2

+Cl−. C2H5OH]

Equimolar quantities of 9-chloroacridine (0.213 g/1.0 mM) 
and 1,3-dihydroxynaphthalene (0.160 g/1.0 mM) were 
taken and ground using an agate mortar. Dichloromethane 
solvent was added dropwise and ground to a fine paste, 
and the grinding was continued in three steps for 10 min 
until a change in color of the mixture was noticed. The 
resultant powder was then dissolved in a mixed solvent of 
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IV. 2‑(Acridin‑9‑yl) naphthalene 1,8‑diol [C23H15NO2]

Initially, equimolar quantities of acridine (0.179 g/1.0 mM) 
and 1,8-dihydroxynaphthalene (0.160 g/1.0 mM) were ground 
using an agate mortar as followed in previous compounds. 
Dichloromethane solvent was added dropwise and ground to 
a fine paste, and the grinding was continued in three steps 
for 15 min until a color change in the mixture occurred. The 

resultant powder was then dissolved in a mixed solvent of 
dichloromethane and ethanol (50:50) followed by continuous 
stirring for about 25 min till a clear solution (dark blue) was 
attained. Thus, a prepared clear solution of compound (IV) 
was kept for slow evaporation without any atmospheric distur-
bance. Good diffraction-quality dark blue-colored crystals of 
(IV) were obtained after 2 weeks. FT-IR studies: O‒H = 3170 
cm−1, C‒H = 3049 cm−1, C=N = 1811 cm−1, C=C = 1599 
cm−1, O‒H = 1362 cm−1, C‒N = 1300 cm−1, C‒O = 1231 
cm−1, O‒H = 908 cm−1, C‒H = 843 cm−1, 678 cm−1.
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Table 1   Crystal structure refinement details of compounds (I)‒(IV) 

Parameters (I) (II) (III) (IV)

Empirical formula C19 H14 Cl N O2 C20 H14 Cl5 N O C25 H22 Cl N O3 C23 H15 N O2

Formula weight 323.76 461.57 419.88 337.36
Temperature (K) 302(2) 100(2) 300(2) 300(2)
Wavelength (Å) 0.71073 1.54178 0.71073 1.54178
Crystal system, space group Monoclinic, P21/n Monoclinic, P21/c Triclinic, P-1 Monoclinic, P21/n
Unit cell dimensions
    a(Å) 7.8200(2) 8.2106(5) 8.4188(2) 9.2123(3)
    b(Å) 9.4193(3) 10.0853(6) 11.2551(3) 13.3601(4)
    c(Å) 21.2919(6) 23.9547(12) 11.8888(3) 14.3128(4)
    α(˚) 90 90 87.1760(10) 90
    β(˚) 94.3020(10) 95.679(4) 73.4370(10) 106.696(2)
    γ(˚) 90 90 80.6560(10) 90
Volume (Å3) 1563.92(8) 1973.9(2) 1065.44(5) 1687.32(9)
Z, calculated density (Mg/m3) 4, 1.375 4, 1.553 2, 1.309 4, 1.328
Absorption coefficient (mm−1) 0.253 6.786 0.206 0.678
F(000) 672 936 440 704
Crystal size (mm) 0.200 × 0.075 × 0.075 0.05 × 0.04 × 0.02 0.25 × 0.20 × 0.20 0.07 × 0.05 × 0.02
Theta range for data collection (˚) 2.365 to 26.999 4.761 to 67.996 2.555 to 25.999 4.621 to 67.998
Limiting indices −9 < = h < = 9,

−12 < = k < = 12,
−27 < = l < = 27

−9 < = h < = 9,
−12 < = k < = 12,
−28 < = l < = 28

−10 < = h < = 10,
−13 < = k < = 13,
−14 < = l < = 14

−10 < = h < = 11,
−16 < = k < = 16,
−17 < = l < = 17

Reflections collected/unique 348,19/3404
[R(int) = 0.0391]

32,932/3593
[R(int) = 0.1491]

44,548/4183
[R(int) = 0.0387]

40,556/3071
[R(int) = 0.0776]

Completeness to theta = 25.242 99.90% 99.80% 99.90 100.00%
Max. and min. transmission 0.946 and 0.892 0.912 and 0.826 0.763 and 0.710 0.871 and 0.823
Data/restraints/parameters 3404/1/213 3593/1/248 4183/78/309 3071/0/237
Goodness-of-fit on F2 1.045 1.035 1.045 1.05
Final R indices [I > 2sigma(I)] R1 = 0.0359,

wR2 = 0.0871
R1 = 0.0505,
wR2 = 0.1188

R1 = 0.0548,
wR2 = 0.1690

R1 = 0.0515,
wR2 = 0.1467

R indices (all data) R1 = 0.0460,
wR2 = 0.0947

R1 = 0.0788,
wR2 = 0.1330

R1 = 0.0602,
wR2 = 0.1758

R1 = 0.0668,
wR2 = 0.1577

Largest diff. peak and hole (eÅ−3) 0.353 and −0.213 0.342 and −0.604 0.683 and −0.590 0.208 and −0.163

Data collection and refinement

Good diffraction quality crystals of (I) to (IV) were obtained 
from the crystallization process, of which suitable sizes (see 
Table 1) of crystals were chosen for the X-ray diffraction 
experiment. Intensity data of the crystals were collected 

using Bruker D8 Venture Photon II Diffractometer equipped 
with a micro-focus dual source sealed tube. The intensity 
data for compounds (I) and (III) were collected using 
Mo-source (λ = 0.7103 Å) whereas the intensity data for 
compounds (II) and (IV) were collected using Cu source 
(λ = 1.54178 Å), respectively. Correct unit-cell parameters 
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were determined by collecting data from 60 frames in 
three different matrices followed by the data collection, the 
exposure time of 10 s per frame, and a scan width of 0.5˚. 
Data reduction, scaling, and multi-scan absorption correc-
tion were carried out using SAINT-plus and SADABS in 
APEX3 software [26]. The crystal structures were solved 
by direct methods procedure using SHELXS [27] program 
and refined by full-matrix least square procedure on F2 using 
the SHELXL-2018 [27] program. The intensity data was 
checked for missing symmetry elements and Twinng with 
PLATON program [28]. In the crystal structure of (III), the 
solvent ethanol molecule is positionally disordered over two 
positions with equal site occupancies of 0.5:0.5. Hydrogen 
atoms were placed in geometrically idealized positions and 
constrained to ride on their parent atoms with C‒H distances 
in the range 0.93‒0.97(Å). Isotropic thermal parameters 
(Ueq) were fixed such that Uiso(H) = 1.5Uequ(C) for methyl 
C‒H bond and Uiso(H) = 1.2Uequ(C) for methylene and aro-
matic C‒H bond, respectively. The hydroxyl hydrogen atoms 
were identified from the difference electron density map and 
allowed to ride on the parent oxygen atom. The molecular 
graphic images of the molecules were drawn using OLEX-2 
and Mercury 3.9 [29, 30] software. The crystal structure 
refinement details of (I) to (IV) are summarized in Table 1. 
The finalized structure refinement files are deposited in the 
Cambridge Crystallographic Data Centre (https://​ccdc.​cam.​
ac.​uk), and the data files of compounds (I)‒(IV) can be 
accessed using the Id CCDC2357373, 2357374, 2357375, 
and 2357376, respectively.

Result and discussion

Crystal structure and supramolecular features

The molecular structure of the acridinium and acridine com-
pounds (I) to (IV) showing the displacement ellipsoids is 
depicted in Fig. 2. These compounds exhibit different types 
of intermolecular interactions responsible for the formation 
of supramolecular frameworks. The details of the intermo-
lecular interaction geometry of hydrogen bonds and other 
weak interactions are given in Tables 2, 3, 4, and 5.

2‑(Acridinium‑9‑yl‑oxy) phenol chloride (I)

Compound (I) crystallizes in monoclinic spacegroup P21/n 
with one acridinium cation [2-(acridinium-9-yl oxy) phe-
nol] and one chloride anion in the asymmetric unit. In the 
molecular structure, the phenyl plane of the 1,2-dihydroxy-
benzene moiety deviates from the planar acridinium moi-
ety with a dihedral angle of 75.65(9)˚ The bridging oxygen 
atom between the phenol group and the acridinium moiety 
makes an angle of 120.19(12)˚, respectively. In the crystal 

structure, the inversion-related acridinium cation and its 
Cl− anions are interlinked through N‒H…Cl and O‒H…
Cl hydrogen bonds such as N1‒H1A…Cl1 and O2‒H2A…
Cl1ii, respectively, constitute the basic super-molecule. The 
adjacent super-molecules are further linked through a C19‒
H19…Cl1i interaction, thus generating a one-dimensional 
supramolecular tape extending infinitely along the crystal-
lographic [1 0 0] direction as shown in Fig. 3a. Interestingly 
in the one-dimensional tape, the Cl− anions act as a trifur-
cated acceptor for different types of interactions, resembling 
a knot which tides the acridinium cations in the supramo-
lecular framework. The [1 0 0] supramolecular tapes stacked 
along the b-axis are further interlinked through a C‒H…
Cl interaction such as C7‒H7…Cl1 resulting in the forma-
tion of a two-dimensional supramolecular sheet extending 
parallel to the (0 0 1) plane as depicted in Fig. 3b. A weak 
C‒H…O and C‒H…π interactions such as C2‒H2…O2 
and C3‒H3…π4

iii connect the adjacent two-dimensional 
supramolecular (0 0 1) sheet resulting in the formation of a 
three-dimensional network, which constitutes the molecular 
packing in the crystalline solid.

4‑(Acridinium‑9‑yl oxy) chlorobenzene chloride (Mono)
chloroform solvate (II)

The compound (II) crystallizes in monoclinic spacegroup 
P21/c with one acridinium cation [(4-(acridinium-9-yl 
oxy) chlorobenzene], one chloride anion, and a chloroform 
solvate in the asymmetric unit. In the molecular structure, 
the phenyl plane of the chlorophenol moiety deviates sig-
nificantly from the acridinium plane with a dihedral angle 
of 83.94(5)˚ while the bridging oxygen atom connecting 
the chlorophenyl moiety and the acridinium moiety makes 
a C‒O‒C angle of 118.7(3)˚, respectively. In the crystal 
structure, the inversion-related acridinium cation and the 
Cl− anions are interlinked through N‒H…Cl and C‒H…
Cl hydrogen bonds such as N1‒H1A…Cl1 and C15‒H15…
Cl1i, respectively, constitute the basic super-molecule. The 
adjacent super-molecules are interlinked through C6‒H6…
Cl1 interaction forming a one-dimensional supramolecular 
tape extending parallel to the crystallographic [1 0 0] direc-
tion as depicted in Fig. 4a. Parallel [1 0 0] supramolecular 
tapes are further bridged by the chloroform solvent molecule 
via. C‒H…Cl interactions generate a three-dimensional 
network in the crystal structure. The bridging chloroform 
solvent forms C20‒H20…Cl1i interaction with the chloride 
anion and C20‒H20…Cl2ii interaction with the chlorine 
atom of the acridinium cation, respectively. Interestingly, 
in the three-dimensional network, the chloroform solvent 
molecules are connected by Cl…Cl halogen bonds such as 
Cl3…Cl5iii and Cl4…Cl5iii forming a zig-zag solvate chain 
extending along the [0 1 0] direction (Fig. 4b). It resem-
bles that the chloroform solvent chain is trapped between 

https://ccdc.cam.ac.uk
https://ccdc.cam.ac.uk
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Fig. 2   Molecular structure of compounds (I)–(IV) showing the displacement ellipsoids drawn at a 50% probability level
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the acridinium, Cl− molecular network channels, mimics 
a host-guest type of architecture in the three-dimensional 
crystal structure as shown in Fig. 4b.

4‑(Acridinium‑9‑yl) naphthalene‑1,3‑diol chloride (Mono)
ethanol solvate (III)

The compound (III) crystallizes in triclinic spacegroup P-1 
with one acridinium cation [4-(acridinium-9-yl) naphtha-
lene-1,3-diol], one chloride anion, and an ethanol solvent 
molecule in the asymmetric unit. In the molecular structure, 
the naphthalene plane makes a deviation from the acrid-
inium plane with a dihedral angle of 69.53(8), the C‒C 
bond length which connects the naphthalene moiety, and 
the acridinium moiety is found to be a value of 1.484(3)Å. 
In the crystal structure, the adjacent acridinium cations are 

knotted by the chlorine atom via N‒H…Cl and O‒H…Cl 
hydrogen bonds such as N1‒H1B…Cl1 and O1‒H1A…Cl1 
forming a one-dimensional supramolecular chain extending 
parallel to the crystallographic [1 −1 0]. Interestingly, the 
inversion-related adjacent one-dimensional supramolecular 
chains are bridged by the lattice ethanol solvent molecule 
via O2‒H2A…O3 and O3‒H3A…Cl1ii hydrogen bonds 
resulting in the formation of one-dimensional supramolecu-
lar tape propagating along crystallographic [1 −1 0] direc-
tion [Fig. 5a]. The adjacent supramolecular tape of the type 
[1 −1 0] is further interlinked through a C‒H…O interaction 
such as C1‒H1…O1 which generates a two-dimensional 
supramolecular sheet spreading parallel to the (1 1 1) plane 
as depicted in Fig. 5b. These two-dimensional sheets are 
additionally stabilized by the presence of π…π interaction 
exhibited between the acridinium planes.

2‑(Acridin‑9‑yl) naphthalene‑1,8‑diol (IV)

The acridine compound (IV) crystallizes in monoclinic 
spacegroup P21/n with four molecules in the unit cell. 
In the molecular structure, the naphthalene plane and 
the acridine plane deviate significantly from each other 
with an observed dihedral angle of 76.28˚(9). The C‒C 
bond length which connects the naphthalene moiety and 

Table 2   Intermolecular interaction geometry in compound (I) 

Symmetry codes: (i) -x, 1-y,1-z; (ii) 1-x + 1, 1-y, 1-z; (iii) x, -1 + y, z
π1 = Cg(C9/C10/C11/N1/C12/C13); π2 = Cg(C1/C2/C3/C4/C11/C10);
π3 = Cg(C5/C6/C7/C8/C13/C12); π4 = Cg(C14/C15/C16/C17/C18/
C19)

D‒H…A D‒H (Å) H…A (Å) D…A (Å) D‒H…A (˚)

N1‒H1A…Cl1 0.908(9) 2.103(10) 3.0083(13) 174.8(16)
O2‒H2A…Cl1ii 0.82 2.39 3.1481(14) 155
C19‒H19…Cl1i 0.93 2.69 3.5765(17) 159.5
C7‒H7…Cl1 0.93 2.811 3.719(2) 165.52
C2‒H2…O2 0.93 2.73 3.541(2) 145.83
C3‒H3…π4

iii 0.93 2.79 3.656(2) 154.42
π1…π1

ii 3.808(8)
π2…π3

ii 3.8371(10)

Table 3   Intermolecular interaction geometry in compound (II) 

Symmetry codes: (i) 1-x, 2-y, 1-z; (ii) 2-x, 1/2 + y, 3/2-z; (iii) 1-x, 
1/2 + y, 3/2-z;
(iv) 1-x, 1-y, 1-z; (v) 1 + x, 3/2-y, 1/2 + z
π1 = Cg(C9/C10/C11/N1/C12/C13); π2 = Cg(C5/C6/C7/C8/C13/C12)

D‒H…A D‒H (Å) H…A (Å) D…A (Å) D‒H…A (˚)

N1‒H1A…Cl1 0.898(10) 2.119(11) 3.017(3) 178(5)
C4‒H4…Cl3i 0.95 2.98 3.833(4) 149.9
C15‒H15…Cl1i 0.95 2.82 3.749(4) 164.8
C20‒H20…Cl1i 0.98 2.62 3.472(4) 144.9
C16‒H16…Cl4 0.95 2.91 3.584(4) 128.7
C20‒H20…Cl2ii 0.98 2.72 3.449(4) 131.4
Cl1…Cl2v 3.4291(14)
Cl3…Cl5iii 3.3609(17)
Cl4…Cl5iii 3.3416(18)
O2…π1

iv 3.151(3)
Cl3…π2

v 3.3075(18)

Table 4   Intermolecular interaction geometry in compound (III) 

Symmetry codes: (i) x-1, y + 1, z; (ii) 1-x, 1-y, 1-z; (iii) 1-x, 2-y, -z
π1 = Cg(C5/C6/C7/C8/C13/C12)

D‒H…A D‒H (Å) H…A (Å) D…A (Å) D‒H…A (˚)

C15‒H15…Cl1i 0.93 2.95 3.670(2) 135.5
O1‒H1A…Cl1i 0.82 2.29 3.1066(19) 174
O2‒H2A…O3 0.82 1.73 2.531(12) 166.2
O3‒H3A…Cl1ii 0.82 2.28 3.071(16) 161.1
N1‒H1B…Cl1 0.91(3) 2.14(3) 3.0540(17) 178(2)
C1‒H1…O1iii 0.93 2.54 3.284(3) 137
π1…π1

ii 3.6466(13)

Table 5   Intermolecular interaction geometry in compound (IV) 

Symmetry codes: (i) x + 1/2, -y + 3/2, z-1/2; (ii) 1/2-x, 3/2-y, 1/2 + z;
(iii) -1 + x, y, z; (iv) 3/2-x, -1/2 + y, 1/2-z, (v) 1-x, 1-y, 1-z
π1 = Cg(C18/C19/C20/C21/C22/C23), π2 = Cg(C5/C6/C7/C8/C13/
C12)

D‒H…A D‒H (Å) H…A (Å) D…A (Å) D‒H…A (˚)

O2‒H2A…N1i 0.82 1.86 2.676(2) 171.1
C6‒H6…O1ii 0.93 2.654 3.387() 136.25
C2‒H2…π1

iii 0.93 2.758 3.559(3) 145
C18‒H18…π2

iv 0.93 2.78 3.664(3) 153
C16‒H16…N1v 0.93 2.90 3.676(8) 142
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the acridine moiety is found to be a value of 1.497(3)Å, 
which is slightly longer than that observed in the acri-
dinium cation of compound (III). It is observed that in 
the dihydroxynaphthalene moiety, one of the hydroxyl 
groups (O1‒H1A) forms an intramolecular O‒H…O 
hydrogen bond with the neighboring hydroxyl group 
(O2‒H2A) oxygen atom whereas the hydroxyl group 
O2‒H2A forms an intermolecular O‒H…N hydrogen 
bond with the neighboring molecule. In the crystal struc-
ture, the adjacent acridine molecules are linked through 
strong O2‒H2A…N1i hydrogen bonds which generate a 

one-dimensional supramolecular chain extending paral-
lel to the crystallographic [1 0 −2] direction as shown in 
Fig. 6a. The adjacent [1 0 −2] chains are further inter-
linked through C‒H…O and C‒H…π interactions such 
as C6‒H6…O1ii and C2‒H2…π1

iii, respectively, which 
results in the formation of two-dimensional supramolecu-
lar grid type architecture spreading parallel to the (0 1 0) 
plane and is depicted in Fig. 6b. In the two-dimensional 
supramolecular architecture, the adjacent one-dimensional 
[1 0 −2] chains are separated by a distance of 6.617 Å with 
respect to the naphthalene planes. Similarly, the adjacent 

)b()a(

Fig. 3   Part of the crystal structure of (I) showing a the formation of 
one-dimensional supramolecular tape extending parallel to crystal-
lographic [1 0 0] direction and b the formation of two-dimensional 

supramolecular sheet extending parallel to (0 0 1) plane. Hydrogen 
atoms not involved in intermolecular interactions are omitted for clar-
ity

(a)                                                                        (b)

Fig. 4   a The formation of one-dimensional supramolecular tape 
extending parallel to crystallographic [1 0 0] direction and b the for-
mation of a three-dimensional molecular network bridged via CHCl3 

solvent chain in the crystal structure of (II). Hydrogen atoms not 
involved in intermolecular interactions are omitted for clarity
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acridine planes in the two-dimensional grid are inclined 
to each other with a calculated dihedral angle of 65.43˚. 
The three-dimensional molecular packing in the crystal is 
further stabilized by the presence of weak C‒H…N and 
π…π interactions.

π–π Interaction between acridinium/acridine 
moieties

The significant feature as far as the acridinium/acridine 
molecules are concerned is their antiparallel π…π stack-
ing interactions with the neighboring molecules, which 
helps to understand various properties of the compound in 
the solid-state [20]. We intend to understand the acridine-
acridine stacking via π-contacts in the three-dimensional 
crystal structure. The geometries of π-contacts for com-
pounds (I)‒(IV) are given in Tables 2, 3, 4, and 5. In the 
crystal structure of (I), the adjacent acridine moieties are 
stacked in a parallel-displaced manner through π1…π1

ii 
and π2…π3

ii contact as shown in Fig. 7a with a distance 
of 3.8300(6)Å between the acridine planes. The adjacent 
acridinium moieties are as follows slipped to a distance of 
1.567 Å with a deviation angle of 24.5˚, respectively. In 
the crystal structure of (II), the adjacent acridine moieties 
deviate away from the expected π…π contact geometry 
with a centroid-to-centroid distance of 4.561(2)Å, and this 
deviation is mainly attributed to the formation of an O…π 
contact between the oxygen atom O2 and the phenyl plane 
Cg(C9/C10/C11/N1/C12/C13) with an observed distance 
of O2…π1

iv = 3.151(3) Å (Fig. 7b). Moreover, a Cl…π con-
tact is observed between the perchlorate chlorine atom 

Cl3 and the centroid of the benzene plane Cg(C5/C6/C7/
C8/C13/C12), [Cl3…π2

v = 3.308(3) Å]. These O…π and 
Cl…π contact geometry are in agreement with the previ-
ously reported structures [31]. The inversion-related acri-
dine moieties in the crystal structure of (III) deviate from 
each other such that a π…π contact is observed between 
the phenyl planes C5/C6/C7/C8/C13/C12 with a separa-
tion distance of π1…π1

ii = 3.647(3) Å as shown in Fig. 6c. 
This slip in the acridine dimer is attributed to the presence 
of solvent methanol molecule in the lattice, which poten-
tially forms strong interaction between the acridinium 
cation and Cl− anion, respectively. In the crystal structure 
of (IV), as observed in (II), the adjacent acridine moie-
ties deviate away from the expected π…π contact distance 
with a centroid-to-centroid distance of 4.001(9)Å, and 
this deviation can be justified by the formation of a weak 
C‒H…N interaction (C16‒H16…N1v) formed between 
the inversion related molecules and is shown in Fig. 7d. 
In general, from the crystal structures of (I) to (IV), the 
antiparallel π…π stacking interactions between acridinium 
or acridine moieties deviates from the expected geometry 
because of the steric hindrance induced by the substituents 
and the intermolecular interaction formed with the solvent 
molecule in the lattice.

Hirshfeld surface analysis

To gain a better understanding of the non-covalent interac-
tions and their percentage contribution to the crystal, the 
Hirshfeld surface analysis was performed for all crystal 
structures using Crystal Explorer 21.5 software [32]. The 

(a)                                                                         (b)

Fig. 5   Part of the crystal structure of (III) showing a the formation 
of one-dimensional supramolecular tape bridged by CH3OH solvent 
extending along the crystallographic [1 − 1 0] direction and b the for-

mation of two-dimensional supramolecular sheet extending parallel to 
(1 1 1) plane. Hydrogen atoms not involved in intermolecular interac-
tions are omitted for clarity
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normalized contact distance (dnorm) based on the inter-
nal (di) and external (de) distances to the nearest nucleus 
and van der-Waals radii of atoms is given by dnorm = (di-
ri

vdw/ri
vdw)⁄(de-re

vdw/re
vdw), where ri

vdw and re
vdw are the van 

der Waals radii of the appropriate atoms internal and exter-
nal to the surface [33]. This enables the identification of 
regions of particular importance to intermolecular interac-
tions. Moreover, the combination of di and de represented 
in the form of a Fingerprint plot provides a summary of 
intermolecular interaction in the crystal.

2‑(Acridinium‑9‑yl oxy) phenol chloride (I)

The Hirshfeld Surface (HS) and the corresponding two-
dimensional fingerprint (FP) plot of (I) have been mapped 
over the dnorm of −0.6075 to 1.5282 and are depicted in 
Fig. 8a. The HS shows that the intense red spots are due to 
the presence of strong N‒H…Cl and O‒H…Cl hydrogen 

bonds. The faint red spots around the C‒H atom are due to 
the presence of C‒H…Cl interaction whereas the intense 
white region around the C3 atom is attributed to the for-
mation of C‒H…π interaction observed in the crystal 
structure. Similarly, the HS over the acridine moiety shows 
uniformly scattered white regions corresponding to the 
presence of π…π interaction between the acridine planes. 
The two-dimensional fingerprint plot delineates into 
H…H, H…C/C…H, H…O/O…H, H…Cl/Cl…H, C…C, 
N…C/C…N contacts, and their relative contributions are 
illustrated in Fig. S5 (supporting information). To the overall 
packing the most important contact originates from H…H 
interaction with a contribution of 44.1% as widely scattered 
points in the fingerprint plot with the tip at de + di ≈ 2.2 Å. 
The H…C/C…H contact representing the C‒H…π interac-
tion contributes 28.1% showing a pair of broad spikes at 
de + di ≈ 2.8 Å. A pair of characteristic wings in the FP plot 
delineate into H…O/O…H contact represents the presence 

Fig. 6   Part of the crystal 
structure of (IV) showing a the 
formation of a one-dimensional 
supramolecular chain linked 
via O–H…N hydrogen bond 
extending along the crystal-
lographic [1 − 1 0] direction 
and b the formation of a two-
dimensional supramolecular 
sheet extending parallel to (1 1 
1) plane. Hydrogen atoms not 
involved in intermolecular inter-
actions are omitted for clarity

(a)

(b)
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of C‒H…O interaction, viewed as a pair of spikes termi-
nating at de + di ≈ 2.55 Å with a contribution of 9.5%. A 
sharp spike with the tip at de + di ≈ 2.0 Å is attributed to the 
presence of H…Cl/Cl…H contact contributes 8.2% to the 
molecular packing. The sharp green spots over the sharp 
blue spike represent the presence of N‒H…Cl hydrogen 
bonds in the crystal structure. The C…C contacts represent-
ing the π…π interaction between the acridinium moieties 
contribute 6.1% showing bullet-shaped distributed points 
with concentrated green spots terminating at de + di ≈ 3.4 
Å. Other weak contacts C…N, C…Cl and H…N together 
contribute 3.2% to the overall molecular packing.

4‑(Acridinium‑9‑yl oxy) chlorobenzene chloride (Mono)
chloroform solvate (II)

For the compound (II), the HS analysis and two-dimensional 
fingerprint plot have been mapped over dnorm of −0.6042 

to 1.1079 and is shown in Fig. 8b. In the HS map of (II), 
the intense red spot is attributed to the presence of N‒H…
Cl hydrogen bond whereas the faint red spots over the sur-
face are due to the presence of C‒H…Cl interaction was 
observed in the crystal structure. The HS over the acridinium 
moiety shows some intense blue region is attributed to the 
absence of C…C contacts or any significant π…π interac-
tion between the acridine fragment and is clear from the 
crystal structure description. The two-dimensional finger-
print plot of (II) is delineated into H…Cl/Cl…H, H…H, 
H…C/C…H, Cl…C/C…Cl, C…O/O…C, H…N/N…H, 
Cl…Cl, and C…C is shown in Fig. S6. The most important 
contact originates from H…Cl/Cl…H contacts contribute 
31.4% to the overall packing of the crystal representing the 
presence of N‒H…Cl and C‒H…Cl interactions. In the 
two-dimensional fingerprint plot, the intense green spots 
over the blue spike with the tip at de + di ≈ 2.0 Å are due 
to the presence of N‒H…Cl hydrogen bond whereas the 

Fig. 7   a‒d The probable π…π 
contacts observed between the 
acridinium/acridine moieties 
in the crystal structures of (I) 
to (IV). Hydrogen atoms not 
involved in interactions are 
omitted for clarity

(a), (I)                                                             (b), (II)

(c), (III)                                                         (d), (IV)



	 Structural Chemistry

(a)

(b)

(c)

(d)

Fig. 8   a–d Hirshfeld surface mapping and the corresponding two-dimensional fingerprint plot of compounds (I) to (IV) 
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broad spike with scattered blue points at de + di ≈ 2.61 Å is 
due to the presence of C‒H…Cl interactions in the crystal 
structure. The widely scattered points in the fingerprint plot 
due to the H…H contact contribute 29.1% to the molecular 
packing showing a spike at de + di ≈ 2.36 Å. In the absence 
of significant C‒H…π interactions in the crystal structure, 
the H…C/C…H contact shows a pair of broad spikes with 
the tip at de + di ≈ 2.8 Å contributing about 22.9% in the 
molecular packing. The Cl…C/C…Cl contact represent-
ing the Cl…π interaction in the crystal structure contrib-
utes 7.6% showing a bullet-shaped distribution of points 
in the fingerprint plot terminates at de + di ≈ 3.28 Å. The 
O…C/C…O contact representing the O…π interaction in the 
crystal structure contributes 3.3% showing some scattered 
points in the center of the fingerprint plot. Other contacts 
such as H…N/N…H, Cl…Cl, and C…C together contribute 
5.0% to the overall molecular packing of the crystal.

4‑(Acridinium‑9‑yl) naphthalene‑1,3‑diol chloride (Mono)
ethanol solvate (III)

The HS and two-dimensional fingerprint plot for compound 
(III) has been mapped over the dnorm of −0.7505 to 1.2937 
and is depicted in Fig. 8c. The HS map of (III) shows that 
the intense red spots are attributed to the presence of strong 
N‒H…Cl, O‒H…Cl and O‒H…O hydrogen bonds. The 
faint red spots observed on the surface are due to the pres-
ence of weak C–H…O interaction in the crystal structure. 
The uniform white surface over the phenyl plane C5/C6/
C7/C8/C13/C12 (of acridine fragment) is due to the pres-
ence of π1…π1 interaction observed in the crystal structure. 
The two-dimensional fingerprint plot of (III) delineated into 
H…H, H…C/C…H, H…O/O…H, C…C, H…Cl/Cl…H, 
H…N/N…H, C…O/O…C, and N…C/C…N is depicted in 
Fig. S7. The major contribution to the overall packing of 
the crystal is from H…H contact showing 47.9% observed 
as widely scattered points over the fingerprint plot with the 
tip at de + di ≈ 2.07 Å. The H…C/C…H contact contributes 
26.5% to the overall packing representing C‒H…π interac-
tion in the crystal structure showing a pair of characteristic 
spikes terminating at de + di ≈ 2.60 Å and 2.73 Å, respec-
tively. It is observed that the C…C contact representing the 
π…π interaction contributes 6.8% to the molecular packing 
corresponds to concentrated green spots over blue points in 
the center of the two-dimensional plot at de + di ≈ 3.4 Å. The 
scattered points that terminate with a sharp spike at de + di 
≈ 3.4 Å are due to the presence of H…Cl/Cl…H contact 
contributing 5.8% to the overall packing. The green dotted 
spots over the blue spike are attributed to the formation of 
N‒H…Cl hydrogen bonds in the crystal structure. Other 
weak contacts H…N/N…H, C…O/O…C, and N…C/C…N 
together contribute 2.8% to the overall molecular packing 
in the crystal.

2‑(Acridin‑9‑yl) naphthalene 1,8‑diol (IV)

The HS and two-dimensional fingerprint plot for compound 
(IV) has been mapped over the dnorm of −0.7219 to 1.6117 
and is depicted in Fig. 8d. As observed in other structures, 
the intense red spot on the HS is attributed to the formation 
of a strong O‒H…N hydrogen bond whereas the faint red 
spot is due to the presence of C‒H…O and C‒H…π interac-
tions in the crystal structure. The two-dimensional finger-
print plot delineated into H…H, H…C/C…H, H…O/O…
H, C…C, H…N/N…H, and N…C/C…N contacts, and 
their relative contributions are illustrated in Fig. S6. The 
most important contact in the overall packing originates 
from H…H interaction with a contribution of 47.6% as 
widely scattered points in the fingerprint plot with the tip 
at de + di ≈ 2.02 Å. The H…C/C…H contact representing 
the C‒H…π interaction contributes 27.9% and is depicted 
as a pair of broad spikes terminating at de + di ≈ 2.52 Å. 
A pair of characteristic wings in the FP plot delineate into 
H…O/O…H contact represents the presence of C‒H…O 
interaction viewed as a pair of spikes with the tip at de + di 
≈ 2.51 Å with a contribution of 9.2%. to the molecular 
packing. Though there is no significant strong π…π inter-
action observed between the acridine moieties in the crystal 
structure, the fingerprint plot shows that the C…C contacts 
contribute 8.9% represented as bullet-shaped points with 
concentrated green spots terminating at de + di ≈.

3.7 Å. A pair of sharp spikes with the tip at de + di ≈ 2.0 
Å is attributed to the presence of H…N/N…H contact rep-
resenting the O‒H…N hydrogen bond contributes 6.1% to 
the overall molecular packing in the crystal structure.

Molecular electrostatic potential

The molecular electrostatic potential (ESP) for the com-
pounds (I) to (IV) were calculated by adopting HF/STO-3G 
wavefunction using Crystal Explorer 21.5 software. The cor-
responding electrostatic potential over the molecular surface 
has been calculated in the energy range of −0.05 to 0.05 
a.u. and is illustrated in Fig. 9, and the blue region around 
the atom corresponds to the positive potential whereas the 
red region corresponds to the negative potential. From the 
electrostatic potential map, it is observed that the formation 
of strong negative potential around the Cl− anion enlarged 
over a certain region for the acridinium molecules (I) to 
(III) indicates that the Cl− atom acts as a potential accep-
tor moiety in crystal packing. This can be justified from 
the crystal structure by the formation of various Cl− anion-
assisted hydrogen bonds (N‒H…Cl and O‒H…Cl), weak 
interactions (C‒H…Cl), and halogen bonds (Cl…Cl) (see 
Tables 2, 3, 4, and 5). In the molecular structure of (I) and 
(II), the negative electrostatic potential of bridging oxygen 
atom O1 looks diminished compared to the hydroxyl oxygen 
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atom O2 (I). This is due to the situation that the bridging 
oxygen atom O1 does not participate in any strong interac-
tion compared to the hydroxyl oxygen atom O2.

In the ESP map of (IV), it is observed that there exists a 
significant negative potential over the acridine nitrogen atom 
(N1), which acts as an acceptor atom for the formation of a 
strong O‒H…N hydrogen bond in the crystal structure. It 
is evident that a negative potential surface exists around the 
oxygen atom O1 whereas a positive potential forms around 
the oxygen atom O2. This can be attributed to the fact that 
the oxygen atom O1 acts as an acceptor atom in the forma-
tion of C6‒H6…O1 interaction whereas the oxygen atom 
O2 acts as a donor atom in the formation of strong O2‒
H2A…N1 hydrogen bond, respectively.

Interaction energy studies

To understand the stability of the crystal, we intend to cal-
culate the interaction energy between the molecular pairs 

for the cocrystals (I) to (IV) using the program, Crystal 
Explorer 21.5. The interaction energy between the molecu-
lar pairs has been calculated using dispersion-corrected 
HF-31G (d, p) quantum level theory. The calculated total 
energy (Etot) is the sum of other energy components such as 
electrostatic energy (Eele), polarization energy (Epol), dis-
persive energy (Edis), and exchange-repulsion energy (Erep), 
respectively [34, 35]. The details of scale factors used for 
calculation and the interaction energy values for cocrystals 
(I) to (IV) are given in the program output Tables S1 to S4 
(supporting information).

The intermolecular interaction energy calculation 
between the molecular pairs in compound (I) shows that the 
total energy of charge-assisted hydrogen bonds N1‒H1A…
Cl1/O2‒H2A…Cl1 is observed to be −29.8 kJmol−1. The 
total energy between the molecular pair for C3–H3…π4 
interaction is calculated to be −14.4 kJmol−1, which is 
slightly stronger than other weak interactions such as C9‒
H9…Cl1 [−7.6 kJmol−1], C7‒H7…Cl1 [−11.8 kJmol−1] 

)II()I(

)VI()III(

Fig. 9   Electrostatic potential isosurface calculated at 0.05 a.u. of compounds (I) to (IV). The electrostatic potential calculated for compounds (I) 
to (III) without Cl− anion is shown in Fig. S9
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and C2‒H2…O2 [−8.9 kJmol−1], respectively. Interestingly, 
the C‒C contact exhibited between the acridinium moieties 
representing the formation of π1…π1

ii and π2…π3
ii interac-

tions show a calculated total energy value of −36.8 kJmol−1, 
which is stronger compared to other intermolecular interac-
tions (Fig. 10a).

In the molecular structure of (II), from the interaction 
energy calculation, it is observed that the total energy of 
charge-assisted hydrogen bonds N1‒H1A…Cl1/C15‒
H15…Cl1 is observed to be −27.6 kJmol−1. The energy 
value of C‒H…Cl interaction formed with respect to the 

Cl− anion is observed to be −16.9 kJmol−1 (C6–H6…Cl1) 
and −11.6 kJmol−1 (C20‒H20…Cl1) which is slightly 
stronger than the C20‒H20…Cl2 (−9.1 kJmol−1) and C16‒
H16…Cl4 (−9.1 kJmol−1) interactions formed between the 
CHCl3 solvate and the substituted Cl atom. Interestingly, 
the strength of O2…π1/π…π contact exhibited between the 
inversion-related acridinium molecular pairs is significantly 
dominant over other interactions with a total energy value 
of −36.6 kJmol−1 (Figs. 7b and 10b).

The interaction energy between the molecular pairs 
in compound (III) shows that the total energy associated 

)II(–b)I(–a

)VI(–d)III(–c

Fig. 10   a–d Calculated total interaction energy values exhibited between the molecular pairs in the crystal structure of compounds (I) to (IV) 
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with the Cl− acceptor atom signifying the hydrogen bonds 
N1‒H1B…Cl1, O1‒H1A…Cl1 is observed to be −27.9 
kJmol−1. It is of interest to note that the total energy cal-
culated between the molecular pairs forming O2‒H2A…
O3 and O3‒H3A…Cl1 hydrogen bonds show a value 
of −45.2kJmol−1 which is comparatively stronger than all 
other interactions (Fig. 10c). This strong energy value can 
be due to the nature of hydrogen bonds formed between 
strong electronegative O and Cl− atoms (Table 4). The total 
energy calculated for π…π interaction between the acrid-
inium molecular planes shows a value of −25.9 kJmol−1, 
which is weaker compared to the energy value of π…π inter-
action observed in compounds (I) and (II). It is clear that in 
(III), the π…π stacking of acridinium moieties shows that 
the C…C contact is exhibited between only one terminal 
phenyl plane (see Fig. 7c).

From the interaction energy calculation of compound 
(IV), it is observed that the O2‒H2A…N1 hydrogen bond 
is the strongest with a total energy value of −72.3 kJmol−1 
(Fig. 10d). The calculated energy value of C‒H…π inter-
actions exhibited between the molecular pairs is found to 
be −25.3 kJmol−1 (C2‒H2…π1) and −31.3 kJmol−1 (C18‒
H18…π2), whereas the total energy value of the C6–H6…
O1 is calculated to be −18.9 kJmol−1 which is comparatively 
weaker than the C‒H…π interactions. As observed in other 
structures, the energy value between the acridine molecular 
pairs representing the π…π contact along with C16‒H16…
N1 interaction is calculated to be −42.7 kJmol−1, which is 
significantly stronger than other weak interactions.

Photophysical properties

UV–visible and P L studies

To gain an understanding of the photophysical properties 
of the molecules, we conducted UV-visible absorption and 
photoluminescence spectroscopy under highly dilute condi-
tions (~12 µM) to mitigate the impact of self-association. 
The absorption and emission spectra of acridinium deriva-
tives (I), (II), and (III) were recorded in chloroform sol-
vent, whereas for acridine compound (IV), the spectra were 
recorded on ethanol solvent and are shown in Figs. 11 and 
12. The absorption spectra illustrate that all four molecules 
exhibit a characteristic broad absorption band in the range 
of 320 to 420 nm, reminiscent of acridine, with discernible 
peaks indicating electronic transitions. Remarkably, the UV-
visible spectra displayed prominent peaks corresponding to 
π–π* transitions within acridine’s tricyclic aromatic struc-
ture, providing crucial insights into the energy levels associ-
ated with electronic excitations and contributing to a com-
prehension of acridine moiety’s absorption behavior [36]. 
These broad, structureless features for (I), (II), and (III) 

well resemble previously reported acridinium salt absorp-
tion features [37], whereas (IV), which does have a neutral 
acridine chromophore, is quite different from others [38]. It 
is also worth mentioning that the additional broad feature 
between 360 and 400 nm seen in the case of (I) and (II) is 
due to the presence of the ether linkage, which allows the 
molecules to have more degrees of freedom and more pertur-
bation. Moreover, ethers may not exhibit strong absorption 
in the UV range, but they can affect the electronic transitions 
of adjacent chromophores (acridine here), influencing the 
overall electronic structure of the molecules, and potentially 
leading to a hypochromic shift in absorption maxima. Nota-
bly, for (III) and (IV), an additional structured absorption 
band can be seen with characteristic peaks at 380, 360, and 
340 nm, well-documented as the naphthalene absorption 
band in the literature [39].

Fig. 11   Absorption spectra of compounds (I) to (IV) 

Fig. 12   Emission spectra of compounds (I) to (IV) 
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Subsequently, we analyzed the photoluminescence (PL) 
spectra to elucidate the fluorescence properties of acridine 
upon excitation at the corresponding absorption maxima (I 
at 380 nm, II at 370 nm, III at 395 nm, and IV at 388 nm). 
The PL spectra exhibited characteristic emission peaks fall-
ing within the 400 to 500 nm range, with structural features 
mirroring the acridine absorption bands. Each emission peak 
corresponds to specific electronic transitions identified in 
the absorption spectra. The visible range fluorescence emis-
sion not only demonstrated the efficient relaxation of excited 
states but also provided valuable insights into the photo-
physical behavior of acridinium/acridine chromophores.

Unlike acridinium derivatives (I, II, and III), the acridine 
compound (IV) exhibited considerable fluorescence quench-
ing, which is attributed to donor-acceptor charge transfer 
interactions where the lone pairs of nitrogen in the acridine 
moiety increase the donating capacity of acridine donor to 
the naphthalene acceptor [40]. This charge transfer transition 
is utterly absent in (I) and (II) due to the unavailability of 
donating lone pairs, resulting in higher PL emissions. How-
ever, a moderate lowering in PL emission is observed in the 
case of (III), where although N lone pair is not available, the 
protonated acridine moiety can still act as a donor moiety, 
similar to anthracene donor and operate a D-A transition to 
the high electron deficiency of naphthalene acceptor unit 
[41]. To support our findings from PL emissions, we have 
calculated the PL quantum yield for all these emissions, 

taking Rhodamine-B as a reference. The quantum yield for 
(I) is 0.47, and for (II) is 0.44, which faces a huge drop to 
0.07 for (IV) as the result of PL quenching due to charge 
transfer interactions. Meanwhile, the acridinium compound 
(III) exhibits a lower PL quantum yield of 0.13, support-
ing the partial quenching due to charge transfer experienced 
within the molecule. The correlation between absorption 
and PL spectra offers a comprehensive perspective on the 
electronic structure and photoluminescent characteristics 
of acridine moiety, opening avenues for its application in 
diverse fields, ranging from materials science to fluores-
cence probing in biological systems.

Thermogravimetric analysis

Thermogravimetric analysis (TGA) was carried out using 
the TA instrument Q500 model. The samples were equili-
brated and kept in isotherm at 30 °C for 2 min. The thermo-
gravimetric analysis of compounds (I)‒(IV) was carried out 
from room temperature to 500 °C for compounds (I)‒(III) 
and up to 1000 °C for compound (IV). Compounds (I)‒(III) 
degrade in three steps whereas compound (IV) undergoes a 
single-step degradation and is depicted in Fig. 13.

In compound (I), the first step of thermal degrada-
tion that occurs in the temperature range of 100‒200 °C 
is attributed to the loss of chlorine ions from the lattice. 
The second step of degradation observed in the temperature 

Fig. 13   TGA plot of compound 
(I) to (IV) 
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range of 200‒300 °C is due to the loss (or break up) of the 
1,2-dihydroxyphenol fragment. The third step of degrada-
tion is observed in the temperature range of 360‒450 °C is 
attributed to the loss of acridine fragment or disintegration 
of a complete molecule. The degradation plot of temperature 
vs weight loss for compound (I) is shown in Fig. 5(I).

From the TGA plot of compound (II), the thermal deg-
radation observed in the temperature range of 50‒100 °C 
is attributed to the loss of solvent molecule CHCl3 in the 
lattice. The second step of thermal degradation observed 
between the temperature range 100‒190 °C is due to the 
loss of the chlorine atom in the crystal. The third stage of 
degradation is attributed to the loss (or breakup) of the 
4-chlorophenol fragment of the molecule, observed in the 
temperature range of 190‒300 °C. The final stage of deg-
radation observed in the temperature range 300‒350 °C is 
due to the breakdown of the acridine moiety of the molecule, 
20% of the molecular fragment or carbon atom is left as resi-
due beyond 350 °C. The degradation plot of temperature vs 
weight loss for compound (I) is shown in Fig. 5(II).

Compound (III) undergoes the first step of thermal deg-
radation in the temperature range of 110–190 °C is attrib-
uted to the loss of methanol solvent and chlorine ion in the 
lattice. Interestingly, no expected weight loss is observed in 
the temperature range 190‒265 °C, followed by the second 
stage thermal degradation of the compound was observed in 
the temperature range 265–390 °C is attributed to the loss 
(or breakdown) of the 1,3-dihydroxynaphthalene fragment 
in the molecule. The final stage of degradation takes place in 
the temperature range of 390‒450 °C and is expected to the 
breakdown of the acridine moiety of the molecule. The plot 
shows that 20% of the molecular fragment or carbon atoms 
are left as residue beyond 450 °C. The degradation plot of 
temperature vs weight loss for compound (III) is shown in 
Fig. 5(III).

Unlike the three acridinium compounds, the acridine 
compound (IV) undergoes a single-stage degradation. At 
450 °C, the compound starts degrading (or losing the weight 
percentage) expected with the breakdown of 1,8-dihydrox-
ynaphthalene fragment and the weight loss continues up to 
1000 °C. The compound degrades completely at 1000 °C 
leaving 20% of the molecular fragment or carbon atoms as 
residue beyond 1000 °C. The temperature vs weight loss 
plot for compound (IV) is shown in Fig. 5(IV). The ther-
mal stability of compound (IV) compared to other acrid-
inium compounds can be justified by the interaction energy 
calculation discussed in the above section. The calculated 
total energy value of intermolecular interaction (O‒H…N, 
O‒H…O, C‒H…O, C‒H…N) between the molecular pairs 
observed in compound (IV) is stronger compared to other 
three acridinium compounds (see Fig. 10).

Conclusion

In conclusion, it is understood that a significant relationship 
has been observed between the intermolecular in the crystal 
structure and the calculated interaction energies, photophysi-
cal property, and thermal property of acridinium/acridine 
compounds (I) to (IV). The crystal structure of compounds 
(I) to (IV) exhibits one- and two-dimensional supramolecu-
lar frameworks built through various types of intermolecu-
lar interactions. In the acridinium derivatives (I) to (III), the 
supramolecular framework is mainly stabilized by the for-
mation of Cl-assisted hydrogen bonds and weak interactions 
such as N‒H…Cl, O‒H…Cl, C‒H…Cl, π…Cl, and Cl…
Cl, respectively, whereas in acridine compound (IV), the 
supramolecular framework is due to the O‒H…N hydrogen 
bond and C‒H…N, C‒H…O, and C‒H…π interactions. 
The nature and geometry of π-contacts exhibited between the 
acridine moieties are influenced by the formation of other 
strong intermolecular interactions. The presence of various 
intermolecular interactions in the crystal structure and the per-
centage contribution in the molecular packing is understood 
from the Hirshfeld surface analysis and molecular electrostatic 
potential calculation. In addition to these, the strength/stability 
of the crystal is understood from the calculated interaction 
energy values exhibited between the molecular pairs in the 
crystal. In the above discussion, it is observed that the calcu-
lated total energy value of intermolecular interaction/contacts 
observed between the molecular pairs in the acridine com-
pound (IV) is stronger than the energy value of intermolecular 
interaction/contacts of acridinium derivatives (I to III). This 
can be related to the experimental degradation temperature 
observed in the thermogravimetric analysis of compounds (I) 
to (IV). The total energy value of the intermolecular interac-
tion associated with the Cl− (acceptor) atom shows a signifi-
cantly stronger value. However, the calculated total energy 
value of π-contact (π…π, O…π, N…π) is stronger compared 
to other weak interactions (C‒H…O, C‒H…Cl, C‒H…π). 
In addition to these, the photophysical characterization of 
compounds (I) to (IV) has been carried out in this research. 
All compounds exhibit a characteristic broad absorption 
band in the range of 320‒420 nm attributed to the absorp-
tion behavior of the acridine moiety. The emission spectra 
show characteristic peaks between the range of 400‒500 nm. 
From the photophysical analysis, it is to be concluded that the 
acridinium derivatives (I to III) exhibit good photophysical 
behavior when compared with the acridine compound. The 
photoluminescence quantum yield for the acridinium deriva-
tives (I) and (II) show a significant value when compared to 
the acridinium derivative (III), whereas the quantum yield for 
the acridine compound (IV) experiences a photoluminescence 
quenching resulting in very low quantum yield.
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