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Abstract Accompanying
information

Lawsone and its derivatives have a variety of applications in the field of phar-
maceutical research: as drug candidates, reagents for the chelation and recog-
nition of metal cations (including those for catalytic applications), chemosen-
sors for anions, and materials for energy storage applications. Moreover, there
are some reports on the application of lawsone and its derivatives in the fo-
rensic science field. One of the most attractive features of lawsones is their
bright color and well-pronounced fluorescence, which can be altered due to co-
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valent or non-covalent interactions with various species. In this work, we en-
deavor to present our recent findings on the fluorescence response of lawsone
and its methyl ester to nitro compounds and explosives components, such as
2,4-dinitrotoluene (DNT), 2,4,6-trinitrotoluene (TNT), 2,4,6-trinitrophenole
(picric acid, PA), 2-nitromesitylene (2-NM), 4-nitrophenol (NP) as well as Fe3*
(FeCl;). In all the cases a dramatic fluorescence turn-off response was observed
with up to 10* M quenching constants. To explore the practical application of
lawsone derivatives a mechanochemical modification of polyvinyl chloride
(PVC) with lawsone residues was carried out, and thus obtained polymer was
found to exhibit a pronounced fluorescence turn-off response to the both nitro-
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compounds and Fe3* with as high as 10* M quenching constants.

O

Key findings
e Modification of PVC with lawsone residues under ball-milling conditions was carried out.
e Fluorescence response of lawsone, lawsone methyl ester and lawsone-appended PVC to-

wards DNT, TNT, PA, NP, 2-NM was studied and up to 104 M-1 quenching constants were
obtained.

e Fluorescence response of lawsone, lawsone methyl ester and lawsone-appended PVC to-
wards Fe3+ was studied and up to 104 M-1 quenching constants were obtained.

© 2026, the Authors. This article is published in open access under the terms and conditions of the Creative Com-
mons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted re-
use of the work in any medium provided the original work is properly cited.

2], as valuable synthon for organic synthesis [3], as well as
a material for energy storage applications [4-6]. According
to recent research, lawsone has great potential for the ap-
plication in the forensic science field. In particular, similar
to ninhydrin, the mostly used reagent for latent fingerprint

1. Introduction

Lawsone is a natural dye, which present in the leaves of the
henna plant (Lawsonia inermis). Lawsone and its deriva-
tives are known by their wide range biological activities [1-
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development, lawsone shows similar behavior in recogniz-
ing primary amino acids. Lawsone non-specifically targets
primary amino acids, and displays strong photolumines-
cence upon illumination with forensic light sources. [7].
Thus, according to a literature [77] lawsone exhibits a char-
acteristic purple/brown coloration as opposed to the pur-
ple/blue coloration developed upon interaction with ninhy-
drin. And the photoluminescence of lawsone is maximized
at 640 nm, which is high enough that it avoids background
interference common for ninhydrin [8]. Another applica-
tion of lawsone and its derivatives for the application in the
forensic science field is in the such fact as these 1,4-naph-
thoquinones are structurally related to naphthalene and its
derivative, which are commonly used for the photolumines-
cence-based explosives detection [9-12].

To the best of our knowledges no reports were published
so far on utilization of lawsone and its derivatives for the
photoluminescent explosives detection.

In this manuscript we wish to report our studies on the
using of lawsone, its methyl ester as well as lawsone-ap-
pended PVC as promising chemosensors for the fluores-
cence turn-off detection of nitrocompounds/explosives
components.

2. Experimental part
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ter (30 mL) was added to the reaction mixture and the prod-
uct was extracted by ethyl acetate (3 x 30 mL). The com-
bined organic phases were dried over anhydrous sodium
sulfate and concentrated under reduced pressure. The resi-
due was suspended in methanol (20 mL), and the precipi-
tate formed was filtered, washed with methanol (3x5 mL)
and air-dried for 24 hours to give target product.

M.P. = 183-185 °C (ref. [14] 183 °C. NMR 'H (400 MHz,
CDCl3, 6, ppm): 3.94 (s, 3H), 6.21 (s, 1H), 7.72-7.80 (m, 2H),
8.11 - 8.12 (m, 1H), 8.15-8.16 (m, 1H). NMR 3C (100 MHz,
CDCl;3, &, ppm) 184.8, 180.1, 160.4, 134.3, 134.2, 133.3,
132.0, 131.0, 126.8, 126.2, 109.8, 56.4. IR (KBr), v, cm™: IR
(KBr) cm™: 1680 (C = 0), 1645 (C = 0), 1605 (C = C, Ar),
1240 (C - 0). Found, C 70,01, H 4.33. Calculated for C1:HsOs3,
C 70.21, H 4.29.

2.2. Mechanochemical synthesis of lawsone-ap-
pended polymer (3)

All reagents were purchased from commercial sources and
used without further purification. NMR spectra were rec-
orded on a Bruker Avance-400 spectrometer, at 298 K, with
the digital resolution of +0.01 ppm, using TMS as an inter-
nal standard. Ball-milling experiments were carried out on
a Retsch PM 100 CM ball mill in 25 mL stainless still milling
jar loaded with 4 stainless still milling balls of 10 mm di-
ameter. FT-IR spectra were measured using a LUMOS-
Bruker IR-Fourier spectrometer in KBr pellets. GPC meas-
urements were carried out on an Agilent 1200 chro-
matograph with an evaporative light scattering detector
(ELSD) (Agilent technologies, USA). UV-Vis absorption,
emission and excitation spectra were obtained and titration
experiments were carried out on a Solar CM2203 spectro-
fluorometer (Belarus). The DFT calculations for lawsone
derivatives 1-2 and for nitrocompounds were carried out at
the Bg7-3c level of DFT theory using ORCA 6.1 QC package
[13]. As for all structures, positive vibrational frequencies
were exclusively obtained, all results shown in this manu-
script refer to true minimum energy geometries.

2.1. Synthesis of lawsone methyl ether (2-meth-
oxy-1,4-naphthoquinone) (2)

A 25 mL stainless steel milling jar with 4 g stainless still
milling balls (d =
(87 mg, 0.50 mmol), polyvinyl chloride (0.1 g), K2COs3
(0.14 g, 1 mmol), and 2 drops of cyclohexanone. The mix-

10 mm) was charged with lawsone

ture was stirred for 4 h at 500 rpm.

The resulting reaction mixture was suspended in a
methanol:water mixture = 2:1 (50 mL), the resulting sus-
pension was filtered, the precipitate was washed with wa-
ter (3 x 5 mL), and dried. Then the precipitate was sus-
pended in methanol (60 ml) containing KOH (0.18 g,
3 mmol) and boiled for 3 h.

The resulting precipitate was filtered, washed with wa-
ter (3 x 5 ml), methanol (3 x 5 ml), and dried for 24 h at
room temperature.

Polymer (3). Off-white solid. Yield 0.12 g (53%). NMR
'H (400 MHz, DMF-d;, §, ppm): 2.33-2.59 (m, 2H), 4.49-
4.65 (m, 1H), 5.54 (s, 1H), 7.45-7.48 (m, 1H), 7.62-7.65 (m,
1H), 7.93-7.96 (m, 1H), 8.02-8.06 (m, 1H). IR (KBr),
v, cm™: 1648 (C=0), 1251 (C-0). GPC (DMF), Mn = 197 kDa
(PDI= 1.4).

3. Results and discussion

Potassium carbonate (79.5 mg, 0.58 mmol) was added to a
solution of lawsone (100 mg, 0.58 mmol) in 4 mL N,N-di-
methyl formamide. The mixture was stirred at room tem-
perature for 15 min. After addition of methyl iodide (0,085
g, 0.58 mmol), the reaction mixture was further stirred for
additional 72 h. When the reaction completed, distilled wa-
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Naphthalene derivatives are well known to possess strong
fluorescence and these compounds [9-11] and materials
bearing naphthalene units [12] are widely used for the flu-
orescence turn-off detection of nitro-compounds. Lawsone
(2-hydroxy-1,4-naphaquinone) contains electron-donating
2-hydroxygroup and in theory it may interact with electron-
deficient species. Thus, lawsone-based complexes with
metal cations are widely reported [15-17]. And the for-
mation of stable lawsone anions upon interaction with
metal cations/ammonium salts was confirmed by X-ray
data [18].

To study the possibility lawsone interaction with elec-
tron-deficient nitro-compounds, lawsone 1 isolated from
natural source was used and two lawsone derivatives were
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prepared. As a first step by means of O-alkylation of 2-hy-
droxygroup in 1 were carried out by means of reaction with
methyl iodide in DMF at room temperature to produce 2-
methoxy-1,4-naphthoquinone 2 in 79% yield (Scheme 1).

In addition, we have prepared a lawsone-appended
polyvinyl chloride (PVC) 3 by means of reaction between 1
and commercially available polyvinyl chloride under ball-
milling conditions at 500 rpm for 4 hours in the presence
of potassium carbonate, which was used both as a base and
as an additional abrasive. Structures of lawsone derivative
2 and lawsone-appended PVC 3 were confirmed by means
of set of physical methods. Thus, 'H NMR spectra of 2
(Figures S1-S2) and 3 (Figure S3) contain resonance signals
of the protons of the aromatic fragments of 1,4-
naphthoquinone as multiplets in the range of 7.46-
8.06 ppm, a resonance signal of the proton at the C3 atom
as a singlet in the region of 5.54 ppm and resonance signals
of the protons of methyl and PVC fragments, namely as
three proton singlet next to 3.50 ppm (in case of compound
2) or multiplets in the regions of 2.33-2.59 and 4.49-4.65
ppm (in case of polymer 3) (Figures S1-S3). According to
the 'H NMR data, the degree of modification of PVC with the
The IR
spectrum of polymer 3 contains absorption bands of the
C=0 (1648 cm™), C-O (1254 cm™), and C-H (2966 cm™)
groups, but no absorption band of the OH group (~3400 cm-
1). All this indicates O-alkylation of the phenolic group at
the C2 atom of naphthoquinone in the both cases. In
addition gel permeation chromatography experiments were
carried out, and the number-average mass of the polymer 3
equal to Mn = 197 kDa was calculated with polydispersity
index PDI = 1.4.

As a next step photophysical studies of lawsone
derivatives 1-3 were carried out. Thus, in DMF solutions in
absorption spectra of compound 1-3 three absorption bands
were detected (Figure 1A), but metyl-lawsone 2 lacks one
long wavelength broad band. In emission spectra (Figure
1B) in all the cases all lawsone derivatives are to show
similar trend with similar vibronic shape of emission peaks.
In DMF solutions all three compounds emit in a similar blue
region (high intensity emission bands at ~ 400-450 nm) as
well as in orange-red region (low intensity emission bands
at ~ 675 nm). Remarkable, that those of methylated
lawsone 2 is red-shifted relative to lawsone 1 and polymer
3 and has the most prominent vibronic structure with three
maxima. It worth to mention, that lawsone derivatives 1-3
in DMF emit in shorter wavelength region compared to
literature data registered in ethanol [19,20]. It should be
noted, that in case of polymer 3 the obtained results are to
confirm the introduction of lawsone moiety in PVC core.

As a next step, the fluorescence response of lawsone
derivatives 1-2 towards nitro-compounds, such as DNT,
TNT, PA, PETN (pentaerythritol tetranitrate), DMDNB (2,3-
dimethyl-2,3-dinitrobutane), NB (nitrobenzene), NP and 2-
NM was studied in solution. Based on the results of DFT
calculations the values of LUMO energy lewels of lawsone

lawsone fragment in polymer 3 reaches 8%.

30f7

ARTICLE

derivatives 1-2 are higher than LUMO energy levels of TNT
and PA (Table S1) to provide an efficient fluorescence
quenching via PET process. Upon addition of DNT, TNT, PA,
2-NM and NP a dramatic quenching of fluorescence took
place (Figures 2-3, Figures S5-S12, S14-S21 Table S2),
which confirms strong fluorescence “turn-off” response of
lawsone derivatives 1-2 towards nitro compounds. In
Sterm-Volmer plots a good linearity of graphs took place. It
worth to mention that no shifts of emission maxima were
observed, which suggests false static quenching
mechanism.

The fluorescence response of all the compounds towards
common nitroaromatic quenchers was quantitatively eval-
uated by calculation of Stern-Volmer quenching constant
using the Stern-Volmer static quenching model according to
equation (1) and quenching efficiency was quantitatively
estimated as:

170= 1+ Kgy % [Q], D
where I, is the intensity of fluorescence in the absence of a
quencher, I is the intensity of fluorescence in the presence
of a quencher, Ksv is the Stern-Volmer quenching constant
for complex formation, and [Q] is the concentration of the

quencher.
o
DMF K2C03 K2C03
2 24h, 1t 3h, 500rpm T n m 3
Scheme 1
A. B.
1.5 °
: — Absorption of 1 | Emission of 1
— Absorption of 2 4 — Emission of 2
§ 10l Absorption of 3 S, Emission of 3
2 E2
205 =
N\ !
0.0

—0 & . . ; : )
600 300 400 500 600 700 800
Wavelength (nm)

300 400 500
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Figure 1 UV-Vis absorption (A) and emission (B) spectra of com-
pounds 1-3 in DMF
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Figure 2 Fluorescence quenching of lawsone 1 in the presence of
TNT. Insert shows Stern-Volmer graph.
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Figure 3 Fluorescence quenching of O-methyl-lawsone 2 in the
presence of PA. Insert shows Stern-Volmer graph.

The quenching constant (Ksv) was calculated as the
slope of the graph intensity ((Io/I)-1) versus the concentra-
tion of the quencher ([Q]).

Iy—1
Quenching ef ficiency (%) = % 100, (2)

where Io is the intensity of ﬂuorescence in the absence of a
quencher, I is the intensity of fluorescence in the presence
of a quencher.

The limit of detection (LOD) was determined based on
the data from fluorescence quenching experiments in ac-
cordance with the method published earlier [21]. To obtain
the equation of the regression curve, a calibration graph of
the sensor fluorescence intensity versus the analyte con-
centration was plotted. The limit of detection was calcu-

lated using the following equation:

LOD—BU 3
_k' ()

where o is the standard deviation of the fluorophore inten-
sity in the absence of the analyte obtained using the STEYX
function in Excel, k is the slope of the calibration curve.

To explore a possible practical application of lawasone
derivatives in in the forensic science field, fluorescence
titration studied were carried out for the polymer 3, and
again strong fluorescence turn-off response in case of all
above-mentioned nitrocompounds (DNT, TNT, PA, NP, 2-
NM) was observed (Figure 4, Figures S23-S30) due to the
involvement of lawsone units on the periphery of PVC into
the interaction with nitrocompounds. The calculated Stern-
Volmer quenching constants were calculated and as high as
10* M values were found with good linearity Stern-Volmer
grapths.

As a final step the fluorescence response of lawsone de-
rivatives 1-3 to cations, especially Fe3*, which is of wide im-
portance in terms of biological activity [22,23] and environ-
mental impact [24]. Thus, in DMF solutions upon addition
of cations to the solutions of 1-3 in DMF a dramatic fluores-
cence quenching took place in the presence of FeCl; (Fig-
ures 5,6, Figures S13, S22, S31-S33) with quenching con-
stants up to 10* M™%,
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Kgy = 1.03-10°
R?=0.99
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T T
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Figure 4 Fluorescence quenching of polymer 3 in the presence of
TNT. Insert shows Stern-Volmer graph

2] Cu2+ Cr3+ Hg2+ Niz+ Sn2+ zn2+Fe3+cd2+ pb2+A|3+

1 =N S0 . __|

IIIIIIIDIII

Cu?* Cr3* Hg?*Ni%*SnZ*Zn?*Fe3* Cd2* PbZ* A3+

Figure 5 Qualitative assessment of the presence of cations by com-
pounds 1-3 under 254 nm UV light.

Kgy = 1.14-10*
R?=0.97

10 15 20 25 30 35 1 6 . 39
Fe* (uM)

Emission intensity

T T T
400 500 600
Wavelength (nm)

Figure 6 Fluorescence quenching of polymer 3 in the presence of
FeCl;. Insert shows Stern-Volmer graph.

It is well known that fluorescence quenching in the pres-
ence of various analytes can be due, among other things as
Forster resonance energy transfer (FRET) and photo-in-
duced electron transfer (PET), to the inner filter effect
(IFE), if analytes absorb at excitation and emission wave-
lengths of chemosensors-fluorophores, which is what hap-
pens in our case (Figure 7). So, we assumed the possible
presence of IFE and decided to investigate this matter more
precise.

DOI: 10.15826/chimtech.9789
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Figure 7 An overlay of absorption of DNT, TNT, PA, PETN, DMDNB,
NB, NP, 2-NM andFeCl;, emission of compounds 1-3 and excitation
of compounds 1-3

600 650

Table 1 Stern-Volmer constants of lawsone derivatives 1-3 in the
presence of various quenchers.

Compound 1 2 3
DNT, M* 0.58-10° - 2.24-10°3
TNT, M* 0.43-10° - 1.03-10°

PA, M 8.91-103 1.11-10% -
PETN, M - - -
DMDNB, M* - - -
NB, M™* - - -
NP, M* - - 1.23-104
2-NM, M 0.24-103 - 0.86-103
FeCl;, M* 1.11-10% - 1.14-10%

aAfter inner filter effect (IFE) correction.

There are a large number of methods described in the
literature for the IFE correction [25]; one among them is
Parker’s method improved by Lakowicz (4) [26] that we
chose as it frequently used in the field of chemosens-
ing [27,28]:

Foprr = Fops X antilog (%) 4
were Feorr M Fobs are the corrected and observed fluores-
cence intensities, ODex 1 ODem are the absorption at the ex-
citation and emission wavelengths, respectively.

Corrected fluorescence intensities were used to recalcu-
late Stern-Volmer constant, quenching efficiency values
and limit of detection according to Equations (1)-(3) re-
spectively. The obtained corrected data are summarized in
the Table 1 and full data are presented in a Tables S2 and
S3.

Indeed, all lawsone derivatives 1-3 showed fluorescence
turn-off response to the presence of both nitro-containing
analytes and Fe3*, but mechanism differs. Both Stern-
Volmer constant and quenching efficiency values just de-
creased after IFE correction but were not eliminated com-
pletely in the case of compound Lawsone for all analytes
and in the case of polymer 3 for all analytes except PA, in-
sisting the occurrence of other fluorescence quenching
mechanisms. As for compound 2, it showed non-IFE at-
tributed response only to PA, whereas response of polymer

5o0f 7
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3 to the same analyte, on the contrary, was attributed
purely to IFE.

4. Limitations

Due to low solubility of polymer 3 GPC experiments in THF
are failed. Therefore, these studies were carried out in
DMF. In the presence of various analytes, fluorescence
quenching can be due to the inner filter effect (IFE) if the
analytes absorb at the excitation and emission wavelengths
of the chemosensor-fluorophores, as is the case here. To ex-
clude the influence of IFE, all of the obtained quenching
constants were recalculated.

5. Conclusions

In summary, for a first time the possibility of using lawsone
and its O-methyl-substituted derivative as chemosensors
for the fluorescence detection of nitro-compounds, such as
2,4-dinitrotoluene, 2,4,6-trinitrotoluene, picric acid and 2-
nitromesitylene in solution was demonstrated. The herein
reported lawsone derivatives in the presence of above-men-
tioned nitro-compounds exhibited dramatic fluorescence
turn-off response with up to 10* M™ quenching constants.
To explore practical applications the lawsone-appended
PVC was prepared by means of mechanosynthesis under
ball-milling conditions. This polymer also exhibited a pro-
nounced fluorescence turn-off response in the presence of
nitro-compounds with up to 10* M™ quenching constants. In
addition, a fluorescence turn-off response of lawsone deriv-
atives 1-3 towards Fe3* cation was studied and as high as
10* M quenching constants was observed. The herein ob-
tained results are to explore the application of lawsone de-
rivatives in the forensic science field.

Supplementary materials
Figure S1:'"H NMR of lawsone methyl ether 2 in CDCl;; Figure S2: 'H
NMR of lawsone methyl ether 2 in DMF; Figure S3: 'H NMR of polymer
3 in DMF; Table S1: HOMO and LUMO energy levels of nitro-compounds
and lawsone derivatives 1-2; Figure S4: Excitation spectra of com-
pounds 1,2 and polymer 3 in DMF; Table S2: Summary of photophysical
data for compounds 1-3; Table S3: Summary of Stern-Volmer quenching
constants (Ksv), quenching efficiency (QE) of compounds 1,2 and poly-
mer 3 before and after IFE correction; Table S4: Summary of limit of
detection (LOD) of compounds 1,2 and polymer 3 after IFE correction;
Table S5: Excitation and emission wavelengths of compounds 1-3 in flu-
orescence titration experiments and Ksv values and IFE correction calcu-
lations; Figure S5: Overlayed spectra of fluorescence quenching of 1
upon addition of DNT in DMF; insert — Stern-Volmer plot of the fluores-
cence “turn-off” response of 1 to DNT after inner filter effect (IFE) cor-
rection; Figure S6: Overlayed spectra of fluorescence quenching of 1
upon addition of TNT in DMF; insert — Stern-Volmer plot of the fluores-
cence “turn-off” response of 1 to TNT after inner filter effect (IFE) cor-
rection; Figure S7: Overlayed spectra of fluorescence quenching of 1
upon addition of PA in DMF; insert — Stern-Volmer plot of the fluores-
cence “turn-off” response of 1 to PA after inner filter effect (IFE) correc-
tion; Figure S8: Overlayed spectra of fluorescence titration of 1 upon ad-
dition of PETN in DMF; Figure S9: Overlayed spectra of fluorescence ti-
tration of 1 upon addition of DMDNB in DMF; Figure S10: Overlayed
spectra of fluorescence titration of 1 upon addition of NB in DMF; Fig-
ure S11: Overlayed spectra of fluorescence quenching of 1 upon addition
of NP in DMF; Figure S12: Overlayed spectra of fluorescence quenching
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of 1 upon addition of 2-NM in DMF; insert - Stern-Volmer plot of the
fluorescence “turn-off” response of 1 to 2-NM after inner filter effect
(IFE) correction; Figure S13: Overlayed spectra of fluorescence quench-
ing of 1 upon addition of Fe3* in DMF; insert - Stern-Volmer plot of the
fluorescence “turn-off” response of 1 to Fe3* after inner filter effect (IFE)
correction; Figure S14: Overlayed spectra of fluorescence quenching of
2 upon addition of DNT in DMF; Figure S15: Overlayed spectra of fluo-
rescence quenching of 2 upon addition of TNT in DMF; Figure S16: Over-
layed spectra of fluorescence quenching of 2 upon addition of PA in DMF;
insert - Stern-Volmer plot of the fluorescence “turn-off” response of 2 to
PA after inner filter effect (IFE) correction; Figure S17: Overlayed spec-
tra of fluorescence titration of 2 upon addition of PETN in DMF; Figure
S18: Overlayed spectra of fluorescence titration of 2 upon addition of
DMDNB in DMF; Figure S19: Overlayed spectra of fluorescence titration
of 2 upon addition of NB in DMF; Figure S20: Overlayed spectra of flu-
orescence quenching of 2 upon addition of NP in DMF; Figure S21: Over-
layed spectra of fluorescence quenching of 2 upon addition of 2-NM in
DMF; Figure S22: Overlayed spectra of fluorescence quenching of 2
upon addition of Fe3* in DMF; Figure S23: Overlayed spectra of fluores-
cence quenching of polymer 3 upon addition of DNT in DMF; insert -
Stern-Volmer plot of the fluorescence “turm-off” response of polymer 3
to DNT after inner filter effect (IFE) correction; Figure S24: Overlayed
spectra of fluorescence quenching of polymer 3 upon addition of TNT in
DMF; insert - Stern-Volmer plot of the fluorescence “turm-off” response
of polymer 3 to TNT after inner filter effect (IFE) correction; Figure S25:
Overlayed spectra of fluorescence quenching of polymer 3 upon addition
of PA in DMF; Figure S26: Overlayed spectra of fluorescence titration of
3 upon addition of PETN in DMF; Figure S27: Overlayed spectra of fluo-
rescence titration of 3 upon addition of DMDNB in DMF; Figure S28:
Overlayed spectra of fluorescence titration of 3 upon addition of NB in
DMF; Figure S29: Overlayed spectra of fluorescence quenching of 3
upon addition of NP in DMF; insert - Stern-Volmer plot of the fluores-
cence “turn-off” response of polymer 3 to NP after inner filter effect
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of polymer 3 in the presence of different cations (each cation was added
as 100 mKL of 32 M solution); Figure S34: Overlayed emission spectra
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