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ABSTRACT: Due to the structural diversity and rapid iteration of
synthetic cannabinoids (SCs), their detection presents a
challenging issue. Here, based on the structure and physicochem-
ical property analysis of a typical SC, MDMB-CHMICA, four
fluorescent probes were designed by introducing the recognition
groups and fluorescence regulation groups on carbazole. It is found
that the electron-withdrawing and conjugation-extending effect of
the nitro group reduced the LUMO energy level and thereby
narrowed the HOMO−LUMO energy gap, resulting in a red-shift
of the fluorescence emission. As a result, the intramolecular charge
transfer mechanism of the probe helps to lead to stronger
fluorescence with a greater charge transfer distance. Two probes
with stronger fluorescence show multiple noncovalent interactions
with MDMB-CHMICA and efficient fluorescence quenching sensing through photoinduced electron transfer. This study is expected
to shed light on the exploration of fluorescent probes from the analytes’ physicochemical nature and would be helpful for new
psychoactive substance detection.

1. INTRODUCTION
Different from the natural first-generation and the chemo-
synthetic second-generation drugs, new psychoactive substances
(NPS) are the third-generation drugs characterized by species
diversity, simple synthesis, and rapid iterations.1 Synthetic
cannabinoids (SCs) containing indole, indazole, carbazole,
pyrazole, indazole-3-carboxamide, pyrrolo[2,3-b]pyridine, and
benzimidazole scaffolds are the largest class of NPSs.2,3 Despite
their structural diversity, SCs can function as type 1 cannabinoid
receptor (CB1R) agonists, thereby providing pain relief,
stimulating appetites, and modulating mood, akin to the effects
of Δ9-THC.4−6 Misuse or overdose of SCs would result in
mental euphoria, confusion, dizziness, nausea, vomiting,
respiratory depression, cardiovascular disease, acute kidney
injury, and potentially fatal outcomes.7−9 The mental euphoria
and addictive nature of SCs has positioned them among the
most abused NPS, which has increasingly endangered the health
of teenagers, young adults, and marginalized groups.10,11

Therefore, China and many other countries have enforced strict
legal controls over SCs.12 Meanwhile, SCs’ E-liquids are mixed
in tobacco, dried flowers, and spices, making it difficult to detect
in trace amounts.13,14 To realize trace detection, a series of
methods have been explored, including nuclear magnetic
resonance (NMR), liquid chromatography (LC), gas chroma-
tography (GC), GC−mass spectrometry (GC−MS), LC−MS,
chips, enzyme-linked immunosorbent assay, electrochemical
sensing, and aptamers,15−17 but most of them require large
instruments and/or complicated preprocessing. Visualizing

detection methods, such as colorimetric,18,19 fluorescence,20−23

or colorimetric-fluorescence dual-mode24,25 detection methods,
are highly promising in-field detection methods, while
exploration on the detection of SCs is still rare and demands
special effort.

Due to the fact that some NPS are chemically stable and the
reactivity of the active sites is rather low, noncovalent
interactions have been employed to design some visualizing
detection methods. A colorimetric and fluorescent dual-mode
probe based on a BODIPY−metal ion complex was developed
for synthetic cathinones and γ-hydroxybutyrate (GHB)
detection.26,27 A perylene bisimide-cyclometalated Au(III)-
based luminescent film has been designed and used for detecting
phenylethylamine sensitively (LOD, <4 ppb) and rapidly (<1
s).28 Our group also paid special attention to this issue and
designed naphthalimide probes for tryptamines and SC JWH-
01829,30 detection and 2-(2′-hydroxyphenyl)benzothiazole
probes for GHB detection,31 with superior fluorescence or
colorimetric-fluorescence dual-mode optical responses. Ac-
tually, noncovalent interactions comprise a lot of interactions,
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such as electrostatic interaction, hydrogen bond interaction,
π···π interaction, halogen bond interaction, and hydrophobic
interaction.32,33 It is well-known that noncovalent interactions
play an important role in molecular science34−36 and nature and
life processes; this is why most of the drugs interact with the
human body. For example, SCs bind with its target protein
CB1R by forming a π···π interaction with PHE-170, PHE-200,
or PHE-268, forming a hydrophobic interaction with LEU-359
or LEU-387, or forming a hydrogen bond interaction with SER-
383.37,38 Especially, MDMB-CHMICA, with a stronger CB1R
agonist (Ki = 0.95 nM, EC50 = 21.96 nM) than that of JWH-018
(Ki = 2.69 nM, EC50 = 102.8 nM),39 was reported to be
associated with hypoglycemia, recurrent vomiting, asystole, loss
of consciousness, seizure adverse effects, and some deaths.40

However, up to now, no fluorescent probes have been reported
for the detection of MDMB-CHMICA (methyl (R)-2-(1-
(cyclohexylmethyl)-1H-indole-3-carboxamido)-3,3-dimethyl-
butanoate). Thus, whether one can explore a fluorescence
method by employing noncovalent interactions for this typical
SC structure, especially from the perspective of theoretical
calculation and prediction, remains a big challenge.

Herein, with a detailed investigation of the physicochemical
properties of MDMB-CHMICA, a series of carbazole-based
probes have been designed theoretically to realize fluorescence
detection. The carbazole fluorophore, which has ease of
modification and fluorescence tuning, was incorporated with
the recognition and fluorescence-modulating groups to optimize
the sensing performance. It is found that due to the electron-
withdrawing and conjugation extension effect of nitro, the
carbazole-nitro probes, CSN (2-(3-nitro-9H-carbazol-9-yl)-
ethan-1-amine) and CDN (2-(3,6-dinitro-9H-carbazol-9-yl)-
ethan-1-amine), could endow a lower HOMO−LUMO energy
gap, a red-shift fluorescence, and a stronger fluorescence
strength than the carbazole-amino probes. The carbazole-nitro
probes were proven to efficiently recognize MDMB-CHMICA
by forming hydrogen bond interaction, π···π interaction, or
hydrophobic interaction and sense it in the form of fluorescence

quenching through the photoinduced electron transfer (PET)
mechanism. This strategy is expected to pave a way for the
exploration of highly efficient fluorescent probes toward analytes
that are chemically stable and would help to accelerate the
development of fluorescence methods for drug inspection.

2. METHODS
Geometry structures of the carbazole-based probes, MDMB-
CHMICA, and their complexes were optimized with the
B3LYP/def2-svp method,41−46 and frequency analysis was
carried out with the same method on each optimized structure.
Excited state structure optimization and frequency analyses were
carried out with the TD-B3LYP/def2-svp method47,48 and SMD
solvation model49 based on the optimized ground state
structures. To compute the excitation energy more precisely,
single point energy was computed with the TD-PBE0/def2-tzvp
method.50−53

To obtain stable binding mode of the probe and MDMB-
CHMICA, 2000 conformations were equal-time interval
sampled from 10 ns molecular dynamics simulations at 400 K
with x-tb software.54 Subsequently, the 2000 conformations
were optimized with the GFN1 method55 in x-tb, which is
launched by Molclus software (Tian Lu, Molclus program,
Version 1.10, http://www.keinsci.com/research/molclus.html,
Oct. 15th, 2023). The top 10 conformations with the lowest
energy were then selected and further optimized with the
B3LYP/def2-svp method in Guassian09 software,56 which is
also launched via Molclus. The lowest energy conformation of
the probe/MDMB-CHMICA complex was used for further
study.

Average local ionization energy (ALIE), local electron affinity
energy (LEAE),57 electrostatic potential,58 and localized orbital
locator (LOL)-π59 analyses were carried out to study the
physicochemical properties of MDMB-CHMICA and carba-
zole-based probes. To study their recognition mechanism,
independent gradient model (IGM)60 analyses were carried out

Figure 1. Structure and physicochemical property analysis of MDMB-CHMICA. (a) Structure with (i) the head, (ii) the linker, the core, and (iii) the
tail structure, (b) electrostatic potential analysis with the first and second highest values, and (c) LOL-π analysis with the conjugation structure labeled
with the continuous green surface.

Figure 2. Noncovalent fluorescent probe design by introducing the H-bond donor, hydrophobic groups, or fluorescence modulators with a MDMB-
CHMICA-based probe design strategy.
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on the optimized probe/MDMB-CHMICA complex. To gain
insight into their luminescence mechanism, frontier molecular
orbital population analyses and electron−hole distribution
analyses were performed on the optimized probe and probe/
MDMB-CHMICA complex. All the quantum computations
were performed with Gaussian09 software, wavefunction
analyses were carried out with Multiwfn software,61,62 and
pictures were generated with VMD software.63

3. RESULTS AND DISCUSSION
3.1. Structure and Physicochemical Property Analyses

of MDMB-CHMICA. Before designing the probes, we

conducted a detailed computational study on the structure
and physicochemical properties of MDMB-CHMICA. Structure
analyses showed that MDMB-CHMICA consists of a 3,3-
dimethyl butanoic methyl ester head, an amide linker, an indole
core, and a cyclohexyl tail (Figure 1a). The hydrophobicity and
steric hindrance of the head and tail made MDMB-CHMICA
insoluble in water (lg P = 4.911).

Electrostatic potential analysis indicated that electrons mainly
distributed on the indole core and the oxygen atom of the amide
linker and ester head (Figure 1b). This is verified by the atomic
charge analyses (Figure S1a), in which the heavy atoms in the
indole and the oxygen atoms in both amide and ester groups
have negative atomic charge. The local electrostatic potential
values near the oxygen atoms in both ester and amide groups are
−29.10 and −51.08 kcal/mol, respectively, implying that they
can serve as hydrogen bond acceptors.

The LOL-π analysis indicated that the amide linker is
conjugated with the indole core (Figure 1c), in which the
electron-withdrawing effect of the amide carboxyl increased the

electron density on it, making the oxygen electrostatic potential
of the amide (−51.08 kcal/mol) significantly lower than that of
the ester (−29.10 kcal/mol). Frontier molecular orbital analyses
indicated that MDMB-CHIMICA has a HOMO−LUMO
energy gap of 5.24 eV (Figure S1b), suggesting that it is less
prone to excitation. ALIE and LEAE computational results
showed that the electrophilic and nucleophilic reaction sites are
located on the indole of MDMB-CHMICA (Figure S1c,d), for
which the reaction condition is harsh, requiring heating or a
catalyst.64 Therefore, it is hard to develop covalent probes for
the detection of MDMB-CHMICA.
3.2. Fluorescent Probe Design Based on the Structure

Analysis of MDMB-CHMICA. Guided by the physicochemical
property analyses of MDMB-CHMICA, some noncovalent
florescent probes were designed. Carbazole was employed as the
fluorophore moiety of the probes owing to its high fluorescence
quantum yield, ease of modification, and tunable fluorescence
color. Four carbazole-based fluorescent probes were designed by
incorporating hydrogen bond donor/acceptor functionalities,
hydrophobic groups, or electron-donating/withdrawing groups
into their structure (Figure 2). Just like the key residues in
CB1R, these groups were expected to form a hydrogen bond
interaction, π···π interaction, or hydrophobic interactions with
MDMB-CHMICA.

The 2-aminoethyl group on N9 (CEA, Figure S2a), one or
two dimethyl amino groups (CSD, CDD), or nitro groups
(CSN, CDN) on C3 and/or C6 of carbazole were introduced in
the design of these fluorescent probes, shown in the 2D and
optimized 3D structures (Figure 3a,b). With further electrostatic
potential analyses (Figure 3c), the maximum (35.88, 33.08 kcal/
mol) and minimum values (−33.24, −35.14 kcal/mol) of the
electrostatic potential located nearby the hydrogen and nitrogen
atoms of the amino group in CSD and CDD. However, in CSN
and CDN, the maximum (48.83, 46.01 kcal/mol) and minimum
values (−45.09, −40.33 kcal/mol) of the electrostatic potential
located nearby the hydrogen atom of the amino group and
oxygen atom of the nitro group. Compared with those of CSD
and CDD, the electron density on carbazole is reduced
significantly in CSN and CDN. To investigate the impact of
the substituent on electron distribution within probes, the
atomic charges were calculated with the Merz−Kollmann-based
RESP (Restrained Electrostatic Potential) method (Figure
S2b).65 The atomic charge computational analyses showed
that in CSD and CDD, the nitrogen atom in the amino group
exhibited the most negative charge, while the hydrogen atom in
the same group displayed the most positive charge (Figure
S3a,b). This result is different from those of CSN and CDN, in
which the oxygen atom in the nitro group exhibited the most
negative charge and the hydrogen atom in the amino group
displayed the most positive charge (Figure S3c,d). This atomic
charge computational result is consistent with that of the
electrostatic potential analysis. To investigate the effect of
substituents on the conjugation degree of the probes, LOL-π
analyses were carried out (Figure 3d). It is shown that compared
to CEA (Figure S4a), introducing the dimethylamino or nitro
groups extended the conjugation system. In CSD and CDD, the
nitrogen atom of dimethylamino conjugated with carbazole,
while in CSN and CDN, the nitro groups conjugated with
carbazole. Thus, the electron-withdrawing induction and
conjugation effects of the nitro group transformed the carbazole
moiety from an electron-rich (CEA, CSD, and CDD) group to
an electron-poor (CSN and CDN) group.

Figure 3. Structure and physicochemical property analyses of newly
designed fluorescent probes: (i) CSD, (ii) CDD, (iii) CSN, and (iv)
CDN. (a) 2D structure, (b) the optimized 3D structure, (c)
electrostatic potential analysis with the highest and lowest values, and
(d) LOL-π analysis with conjugation structures labeled as the
continuous green surface.
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The frontier molecular orbital analyses indicated that in
probes CSD and CDD, the HOMO localized on the amino and
carbazole groups and the LUMO localized on the carbazole
moiety (Figure 4a,b). Meanwhile, in CSN and CDN, the
HOMO distributed on carbazole and 2-aminoethyl groups and
the LUMO distributed on carbazole and nitro groups (Figure
4c,d). The HOMO−LUMO energy gap for CSD, CDD, CSN,
and CDN were obtained with values of 3.67, 3.56, 3.30, and 3.27
eV, respectively. In contrast to CEA (4.55 eV in Figure S4b), the
introduction of the amino or nitro groups onto carbazole
resulted in a reduction of the HOMO−LUMO energy gap due
to the conjugation extending effect. Thus, the electron-
withdrawing and conjugation extending effect of the nitro
groups decreased the LUMO energy of probes CSN and CDN
further, thus reducing their HOMO−LUMO energy gap, which
is lower than those of CSD and CDD.

Figure 4. Frontier orbital analyses of the newly designed probes in the S1 state: (a) CSD, (b) CDD, (c) CSN, and (d) CDN.

Figure 5. Electron−hole analysis of the probes (a) CSD, (b) CDD, (c) CSN, and (d) CDN in the S1 state with electrons and holes denoted as green
and blue, respectively, (e) D index (the charge transfer distance), and (f) theoretical fluorescence spectrum comparison.

Figure 6. Simulated fluorescence of the probes and the probe/MDMB-
CHMICA complexes.
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Electron−hole distribution analyses indicated that in the
excited state of CSD and CDD, the hole is distributed on the
amino group and part of the carbazole and the electron is
distributed across the remaining part of the carbazole (Figure
5a,b). Thus, after excitation, electrons transfer from the electron-
donating amino group and part of the carbazole to the other part
of the carbazole. Meanwhile, in CSN and CDN, the electron is
distributed on nitro and part of carbazole, and the hole is
distributed on the other part of carbazole and the 2-aminoethyl
group. Therefore, after excitation, electrons transfer from the
part of carbazole and the 2-aminoethyl group to the other part of
carbazole and the nitro group (Figure 5c,d). Thus, it is clear that
all the luminescence mechanisms for CSD, CDD, CSN, and
CDN can be confirmed as intramolecular charge transfer.

Furthermore, it is observed that the charge transfer distances
(D index) of CDD, CSD, CSN, and CDN vary with values of
0.48, 2.22, 4.53, and 5.27 Å, respectively (Figure 5e). Through
further analyses of the oscillator strengths of CDD, CSD, CSN,
and CDN of 0.05, 0.08, 0.09, and 0.19, respectively (Table S1),
as well as the fluorescence strength (Figure 5f), it is found that
the larger the charge transfer distance, the stronger the
fluorescence, and the fluorescence of CSN and CDN is the
strongest.

It is observed that the fluorescence emissions of CSD, CDD,
CSN, and CDN center at 425.13, 441.08, 467.61, and 453.92
nm, respectively, which resulted from the change of the
HOMO−LUMO energy gaps; the smaller the HOMO−
LUMO energy gap, the longer the fluorescence emission
wavelength.

3.3. Recognition and Sensing Mechanism for Detect-
ing MDMB-CHMICA. Compared with probes, the oscillator
strength of probe/MDMB-CHMICA complexes reduced
significantly, equal to or less than 0.01, which implies that all
of the probes could detect MDMB-CHMICA through the
fluorescence-quenching mode (Figure 6, Tables S1−S2). This
result has been evidenced by the experimental data, in which the
CSN probe showed an emission centered at 514 nm with a
fluorescence intensity of 6 × 104, while it red-shifted to 530 nm
with the intensity reduced to 9 × 103 after binding with MDMB-
CHMICA (Figure S5−8). It is clear that due to the intrinsically
strong fluorescence, CSN and CDN showed a much more
pronounced fluorescence quenching and are considered to be
more promising probes for detecting MDMB-CHMICA.

To investigate the recognizing and sensing mechanism of
these probes for detecting MDMB-CHMICA, the binding
interaction and electronic properties of probe/MDMB-
CHMICA complexes were investigated by using DFT and
TD-DFT methods.

IGM analyses indicated that CSD and CDD bound with
MDMB-CHMICA by forming a hydrogen bond interaction
with the oxygen of amide, forming a π···π interaction with the
indole-amide group, and a hydrophobic interaction with
cyclohexyl (Figure 7a,b). CSN and CDN formed a hydrogen
bond interaction with the oxygen of amide, formed a π···π
interaction with the indole-amide group, and formed a weak
hydrogen bond interaction between the oxygen of nitro and the
H−C of the cyclohexyl of MDMB-CHMICA. These multiple
noncovalent interactions drove probes to recognize and bind to

Figure 7. Binding interactions of the four probes ((i) CSD, (ii) CDD, (iii) CSN, and (iv) CDN) and MDMB-CHMICA (a) and (b) IGM analyses of
the probe/MDMB-CHMICA complex.
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MDMB-CHMICA with binding energies of CSD, CDD, CSN,
and CDN of −9.80, −10.76, −7.67, and −12.24 kcal/mol
(Table S3), respectively, and CDN/MDMB-CHMICA reveals

to be the most stable complex. This may be correlated to its high

fluorescence quenching efficacy.

Figure 8. Frontier molecular orbitals (a−d) and electron−hole (e−h) analyses of four probes (CSD (a, e), CDD (b, f), CSN (c, g), CDN (d, h)) and
MDMB-CHMICA complexes.

Figure 9. Frontier molecular orbital analyses of (a) CSD/MDMB-CHMICA and (b) CDN/MDMB-CHMICA complexes in ground (S0) and excited
states (S1). Schematic diagrams of the electron transfer mechanisms for the complexes of (c) carbazole-amino and (d) carbazole-nitro probes and
MDMB-CHMICA.
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Frontier molecular orbital analyses indicated that in the
complex of CSD, CDD and MDMB-CHMICA (Figure 8a,b),
the HOMO orbital located on the carbazole-amino group of the
probe and the LUMO orbital located on the indole-amide group
of MDMB-CHMICA. This result is different from the
complexes of CSN, CDN and MDMB-CHMICA (Figure
8c,d), in which the HOMO is mainly distributed on the
indole-amide group of MDMB-CHMICA and the LUMO is
distributed on the carbazole-nitro group. The HOMO−LUMO
energy gaps of the complexes of CDD, CSD, CSN, CDN and
MDMB-CHMICA were calculated to be 3.09, 2.92, 3.00, and
2.67 eV, respectively. Thus, by introducing the electron-
withdrawing group onto the carbazole of the probe decreased
the LUMO energy of the complex and thus decreased the
HOMO−LUMO energy gap, in which CDN possesses the
lowest HOMO−LUMO energy gap.

Furthermore, the electron−hole distribution analyses showed
that in the complexes of CSD, CDD and MDMB-CHMICA
(Figure 8e,f), electrons mainly distributed on the indole-amide
group of MDMB-CHMICA and holes distributed on the
carbazole-amino group of the probe. Thus, in the excited state of
the carbazole-amino probe/MDMB-CHMICA complex, an
electron transferred from the probe to MDMB-CHMICA.
This result is different from that of the carbazole-nitro probe/
MDMB-CHMICA complexes (Figure 8g,h), in which electrons
distributed on the carbazole-nitro group of the probe (CSN,
CDN), holes distributed on the indole-amide group of MDMB-
CHMICA, and, in the excited state, electrons transfer from
MDMB-CHMICA to the carbazole-nitro probe. Therefore,
these fluorescent probes detected MDMB-CHMICA through
PET-facilitated fluorescence quenching.

Further frontier molecular orbital analyses indicated that in
the ground state (S0, Figure 9a), the HOMO and LUMO of the
CSD/MDMB-CHMICA complex are mainly located on the
probe. Meanwhile, in the excited state (S1), the LUMO energy
of MDMB-CHMICA (−1.40 eV) decreased, which is lower
than that of the probe (−0.71 eV), while in the S0 of the CDN/
MDMB-CMICA complex (Figure 9b), the HOMO−LUMO
energy gap of CDN (3.84 eV) is lower than that of MDMB-
CHMICA (3.88 eV). Due to the intramolecular electron
excitation prior to intermolecular excitation, the electrons
would be excited from the HOMO of the probe to its LUMO.
Meanwhile, in the S1 state, the HOMO energy of the probe
(−6.39 eV) is lower than the HOMO energy of MDMB-
CHMICA (−5.66 eV).

Thus, for the probes with carbazole-amino groups, the excited
electrons would transfer from the probe LUMO to the MDMB-
CHMICA LUMO and form a relatively stable S1 state, resulting
in electrons transferring from the probe to MDMB-CHMICA
(Figure 9c). For the probes with carbazole-nitro groups, the
electrons would transfer from the HOMO of MDMB-CHMICA
to the HOMO of the probe, forming a relatively stable S1 state,
leading to electrons transferring from MDMB-CHMICA to the
probe (Figure 9d).

The PET mechanism and the molecular orbital energy
analyses indicate that the electron transfer driving force of
MDMB-CHMICA in complex with CSD or CDD could be the
LUMO−LUMO + 1 energy gap with a value of 0.69 or 0.45 eV,
while that of MDMB-CHMICA in complex with CSN or CDN
could be attributed to the HOMO − 1−HOMO energy gap with
a value of 0.41 or 0.73 eV (Table S4). Thus, the complex CDN/
MDMB-CHMICA, which has the largest electron transfer

driving force, is expected to have the highest fluorescence
quenching efficiency.

Therefore, it is clearly demonstrated that the carbazole-based
probes detected MDMB-CHMICA through PET-facilitated
fluorescence quenching. Due to the strongest binding
interaction with MDMB-CHMICA and the largest electron
transfer driving force of the CDN/MDMB-CHMICA complex
with the PET process, the CDN probe with the highest
fluorescence intensity is predicted to have the highest
fluorescence quenching efficiency.

■ CONCLUSIONS
In summary, facing with the challenging issue of how to
effectively utilize the noncovalent interactions for fluorescence
sensing of chemically stable analytes, we proposed an efficient
probe design strategy based on the theoretical analysis of the
physicochemical properties of the target molecules. Four
carbazole-based probes have been designed for fluorescence
sensing of MDMB-CHMICA. It is found that the electron-
withdrawing and conjugation extending effect of the nitro group
would decrease the LUMO energy level and thereby narrow the
HOMO−LUMO energy gap of probes and thus lead to the red-
shift of the fluorescence emission. Driven by the multiple
noncovalent interactions, these probes could recognize MDMB-
CHMICA and sense it through PET-facilitated fluorescence
quenching. CSN and CDN were theoretically predicted to
exhibit strong fluorescence, and on binding with MDMB-
CHMICA, they could manifest a remarkable fluorescence
emission change. We hope that the present fluorescent probe
design strategy considering the physicochemical properties of
the targets and the theoretical perspective would greatly advance
the experimental development of functional probes.
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