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ARTICLE INFO ABSTRACT

Keywords: In this study, a series of fluorescent composites based on the proflavine@metal-organic framework (PF@MOF)
Proflavine for the detection of a common “date-rape drug” was designed and complementarily characterized. The
Metal-organic frameworks (MOF) luminescence efficiency was examined in a y-hydroxybutyric acid (GHB)/ethanol (EtOH)/acetone (Ace) series

Fluorescent composites
y-hydroxybutyric acid (GHB) detection
DFT calculations

upon irradiation with 455 nm light. The characteristic green luminescence was noticeable for mixtures
containing GHB-Na, and the luminescent effect lasted up to 5 min for the concentrations as low as 6 mg mL™.
Additionally, to comprehensively characterize the obtained PF@MOF materials, the luminescence kinetics
experiments were performed, which showed the persistence of the effect after 4 min of analysis. A significant
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shift in the absorption maximum and an increase in intensity were found after adding the GHB-Na/EtOH/Ace
mixture. The wavelength shift occurs only in the presence of GHB-Na, proving the high selectivity of the
developed composites. To comprehensively understand the detection mechanisms, the developed materials
were characterized by several characterization and computational methods, including powder X-ray diffraction
(PXRD), Raman spectroscopy, Diffuse Reflectance IR Spectroscopy (DRIFTS), low-temperature N, sorption,
Density Functional Theory (DFT) modeling, and Scanning Electron Microscopy (SEM). Apart from confirmed
properties for detecting GHB-Na in alcoholic environments, the parent MOFs have proven to have high GHB-Na
adsorption properties. The highest GHB-Na adsorption capacity in water was obtained for defective UiO-
66%-25% HCI, reaching 2000 mg g~ MOF, whereas in 20% EtOH solution, 3000 mg g~! GHB-Na removal
was obtained for UiO-25% HCl and functionalized UiO-66-SO;H. The developed composited materials and
their parent counterparts have proven high potential as GHB-Na fluorescent detectors and efficient GHB-Na
adsorbents. The unprecedented properties of the obtained materials have revealed their great potential for
real-world applications, including the prevention of sexual assault with the use of GHB-Na.

1. Introduction

Over the years, drug abuse has become an increasingly serious
social problem, posing urgent challenges from both social and public
health perspectives. The effects of abused compounds are specific and
depend on their chemical structure as well as their target sites in the
body. Among many psychoactive substances, 4-methylmethcathinone
(mephedrone, 4-MMC), methylenedioxymethamphetamine (MDMA)
which produces similar to those of amphetamines [1,2], D-lysergic
acid diethylamide (LSD) which has hallucinogenic effect [3,4], opioids
(morphine, heroin, fentanyl), which posses a sedative impact [5-7],
y-hydroxybutyrate or y-hydroxybutyric acid (GHB), and the precursor
— y-butyrolactone (GBL), are commonly abused. Some of these drugs
are used for criminal purposes, such as sexual assault, rape, or abuse
in clubs, and are therefore referred to as “club drugs” or ‘“date-rape
drugs” [8], and the best known examples are GHB and GBL.

GHB is typically used to sedate the victim, increase libido, and
induce short-term amnesia and orientation problems, which has led
to it being referred to as a cheap and easily available ‘“date-rape
pill”, “liquid ecstasy”, or “liquid X” [9-11]. Besides, such properties
predestinate GHB also as a pharmaceutical [9] to treat depression and
sleep disorders and for voluntary, recreational purposes.

As an illegal drug used in a sexual context, it is very often dis-
solved in water or alcoholic beverages in clubs. The different effects
of GHB are related to the dose administered. Light doses of 0.5-1 g
are used recreationally, inducing euphoria. Doses in the 2.25-4 g
range cause loss of consciousness and are administered in sexual as-
saults [10,12]. Therefore, there is a strong demand for the development
of its quick and simple detection methods. Due to its small molecular
weight and simple chemical structure, GHB remains difficult to iden-
tify. Currently, many methods of identification of this party drug are
known and described in the literature [10,11,13-22]. Most methods
are based on instrumental analytical methods using professional equip-
ment such as gas chromatography-tandem with mass spectrometry
(GC-MS/MS) [17,18,23-25], high-performance liquid chromatography
combined with mass spectrometry (HPLC-MS/MS) [3,10,22,26,27], ion
exchange chromatography (IC) [18], Total Vaporization Solid-Phase
Microextraction (TV-SPME) [27], or nuclear magnetic resonance spec-
troscopy (NMR) [11]. Therefore, it is evident that these techniques
cannot be applied for rapid, on-site detection of GHB.

In the work by Elie et al. [21], an innovative method was pro-
posed using microscope glass plates with La(NO3)3:AgNO3, where the
presence of GHB induces the formation of “GHB right-angle crystals”.

Another way of GHB detection was the development of nail polish,
which changes color when the compound is present. The nail polish
has been shown to detect GHB, but its effectiveness has not yet been
confirmed in complex alcoholic beverage matrices [28]. The so-called
“second skin”, although potentially suitable for practical use in every-
day situations, is still in the early stages of testing. Despite several
publications and studies on GHB detection to the “naked eye”, several

gaps remain, showing that there is a lack of rapid, simple, inexpensive,
and effective methods for GHB detection in everyday life situations.

Among a diverse group of materials, metal-organic frameworks
(MOFs) have attracted growing attention from the scientific commu-
nity. These structures consist of metal centers coordinated to organic
linkers, forming highly porous frameworks with well-defined archi-
tecture. Features such as high chemical and thermal stability, large
specific surface areas, low toxicity, or high biocompatibility make MOF
suitable for a wide range of applications, from catalysis to medical
applications [29-39] .

In our previous studies, we proposed the use of zirconium-based
MOFs as novel materials for drug detoxification during the acute over-
dose [40,41]. The developed detoxification systems may act simulta-
neously as efficient drug adsorbents [41] and antidote carriers [42],
thereby acting as a drug antagonist at the same time. Moreover, MOFs
have also been used as adsorbents for a variety of drugs and have found
applications in water purification processes [43-46].

Apart from the use of MOF as drug adsorbents or cargos, MOF-based
fluorescent detectors have been reported as having great potential in
the detection of environmental pollutants and hazardous pharmaceuti-
cal drugs [47]. By varying MOF properties such as metal type, linkers,
and the presence of guest molecules, they can exhibit fluorescence,
making them promising luminescent materials. The primary sources
of luminescence in MOFs are the metal nodes, organic linkers, metal-
ligand charge transfer, and the incorporation of guest particles within
their pores. These unique MOF properties, together with a high possi-
bility of MOF modification at synthesis and post-synthesis stages, allow
for the development of sensing materials designed for the detection of
specific analytes.

Thus, in this manuscript, we present a novel GHB detection system
based on MOFs functionalized with proflavine (PF) fluorescent dye
(PF@MOF) as an efficient and fast detector of GHB in alcoholic bever-
ages. The presented research includes a description of the synthesis of
the materials, the incorporation of the PF dye as a fluorescent sensor
for detection, the process of GHB sorption on parent MOF materials,
and complementary physicochemical characterization of the obtained
MOFs, PF@MOFs, and composites after drug sorption, GHB@MOFs. In
addition, visual detection tests of GHB with PF@MOFs in a variety of
media, including alcoholic beverages, kinetics measurements of GHB
on PF@MOFs, and spectrofluorometric measurements were performed.
The developed composite materials offer a novel approach for detecting
GHB in beverages using MOFs functionalized with a fluorescent PF
probe.

2. Experimental
2.1. Material synthesis and characterization

In this article, a series of Zr-based MOFs were synthesized and
characterized, including UiO-66 obtained in modulated synthesis with
hydrochloric acid, denoted as UiO-66-25%HCI [42,48,49], and func-
tionalized with a sulfonic group -SO;H and referred to as UiO-66-
SO3H [50,51]. The third of the materials used was MOF-808 [42,
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52]. The UiO-66-25%HCI, UiO-66-SO3H, and MOF-808 were synthe-
sized by solvothermal methods following the procedures described
elsewhere [42,48,51]. The detailed synthesis procedures and activation
methods of the parent MOF are described in the Supporting Infor-
mation. The obtained MOFs were fractionated, and the fraction with
particle size in the 0.05-0.1 mm range was used in all studies. The
obtained materials were characterized by a series of physicochemical
studies, including X-ray diffractometry (PXRD), diffuse reflectance in-
frared Fourier transform spectroscopy (DRIFTS), yRaman spectroscopy,
scanning electron microscopy (SEM), and low-temperature adsorption
N,. A detailed description of characterization methods is provided in
the Supporting Information.

2.2. Proflavine@MOFs (PF@MOFs) composites as GHB detect agents

To obtain a MOF-based fluorescent composite for the efficient de-
tection of GHB in alcoholic beverages, pristine MOFs were loaded with
a fluorescent dye, proflavine (PF). The composite PF@MOF materials
were obtained by weighing 300 mg of MOFs (UiO-66-25%HCI, UiO-
66-SO3H, and MOF-808) and 5 mg of PF, which was dissolved in
10 mL of acetone. Subsequently, MOF was placed in the resulting
dye solution, put on a magnetic stirrer, and stirred for 2 h at room
temperature. After this time, the resulting PF@MOF composites were
centrifuged at 6000 rpm for 10 min. The resulting precipitate was
our composite material PF@MOFs, specifically, PF@UiO-66-25%HCI,
PF@UiO-66-SO3H, and PF@MOF-808. The resulting filtrate was used
to determine the degree of PF loading in the MOF. For this purpose,
the UV-Vis spectrum of the solution was measured. The amount of dye,
C (mg mL™1), was determined from a previously prepared calibration
curve of PF in acetone using the same spectrophotometer. The following
formula was used to calculate the actual amount of dye loaded into the
MOF structure [39]:

mpp—C -V

Proflavine(wt.%) = | —8 | -
myior + mpg = C -V

100, (@]

where: mpr — PF amount used to prepare PF acetone solution for PF
loading procedure, 5 mg,

myor — MOF mass used for preparation of PF@MOF composite, 300
mg,

C - Proflavine concentration in the filtrate (mg mL™1),

V — volume of the solution, 10 mL.

2.3. Spectrofluorometric measurement

The spectrofluorometric measurement involved two experiments
and was carried out for the following materials: pristine MOFs, PF dye,
and PF@MOF composites. The first experiment consisted of exposing
the respective material to light at a wavelength of 580 nm to obtain
the sample’s excitation spectra and to determine the wavelength at
which it reaches a maximum. The excitation spectra were collected
in the range of 300-550 nm. The second measurement focused on
examining the material’s emission spectra. Consequently, the sample
was exposed to light at the wavelength at which excitation spectra
reach a maximum, i.e., 455 nm, and the spectrum was collected in
the range of 470-800 nm. The changes in wavelength and intensity
in the emission and excitation of the sample under the addition of the
following solvents were checked: EtOH, Ace, 48 mM GHB-Na sodium
solution, a mixture of ethanol with GHB-Na solution, a mixture of
acetone with GHB-Na solution, and a mixture of ethanol, acetone, and
GHB-Na solution. Fig. 1 illustrates a summary of the materials and
solvents used, along with the emission and excitation intensities of the
samples.

The sample matrix presented in Fig. 1 allowed for the determination
of the most efficient and selective GHB-Na detectors under various
conditions. The selectivity of the materials was evaluated. The measure-
ment was intended to illustrate the differences between the emission
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and excitation spectra of PF@MOFs composite materials under the in-
fluence of the addition of GHB-Na. Such an experiment highlighted the
possibilities of GHB-Na detection using spectrofluorimetric techniques.
Details of the type and parameters of the instrument are provided in
the Supporting Information file. The spectrofluorimetric measurements
procedure was based on measuring the spectrofluorimetric spectra
by subsequently adding dropwise reagents according to the sample
matrix (Fig. 1), i.e., 2.5 pL of a 48 mM GHB-Na solution and/or 5
uL of EtOH/Ace/EtOH+Ace solution to the 5 mg of material with a
size fraction of 0.05-0.1 mm particles. The maximum excitation was
observed at 455 nm.

2.4. Kinetics of luminescence for composites PF@MOFs study

A series of experiments on luminescence kinetics was conducted
to determine the kinetics of luminescence and, thus, the rate of lu-
minescence extinction in prepared PF@MOF composites. In brief, 5
mg of each PF@MOF (PF@UiO-66-25%HCI], PF@UiO-66-SO3H, and
PF@MOF-808) was weighed, then 5 pL of EtOH was added, and the
measurement was performed. The operation was repeated, after adding
2.5 pL of GHB-Na (48 mM) and 5 pL of EtOH sequentially, and for 2.5
pL of GHB-Na (48 mM), 5 pL of EtOH, and 5 pL of Ace. The spectra were
collected over approximately 4 min and at a wavelength of 365 nm.

2.5. Spectrofluorometric measurement of actual samples

The practical feasibility of prepared materials was tested via spec-
troscopic measurements on actual samples. The detailed list of bever-
ages tested in this study is presented in the Supporting Information file
(Table S1). In this experiment, eight model beverages were tested us-
ing the spectroscopic method described above (cf. Spectrofluorimetric
measurements subsection), with the difference that 2.5 pL. of GHB-Na
(48 mM) and 5 pL of Ace were added to the 5 pL of alcoholic beverage.

2.6. “Naked eye” GHB-Na detection

To demonstrate the possibility of detecting GHB-Na with the ob-
tained PF@MOFs composite materials without instrumental methods,
the following experiments were performed: 20 mg of each composite
material PF@MOFs with a size fraction of 0.05-0.1 mm particles were
weighed, and the sample was placed in a rubber ring in a dark chamber
in the presence of the 455 nm wavelength light of a 900 mW LED. A
48 mM GHB-Na solution of 10 pL and/or 20 pL of EtOH/Ace/EtOH+Ace
solvent was added next, analogously to the spectrofluorometric ex-
periment mentioned above and according to the heatmap shown in
Fig. 1. From the moment the specific solvent was spotted, the time
was measured, and the luminescence, or lack of it, in the material
was observed. Photographs were taken by NIKON D3300 camera at
intervals depending on the sample type and related to the extinction
of the material’s luminescence. The maximum measurement duration
was 5 min. The illumination was observed with the “naked eye”, and
the camera was used to catch the shot and provide evidence of the
execution of the experiment.

2.7. GHB-Na sorption process

To study the adsorption efficiency on prepared materials, the ad-
sorption tests were performed on previously activated UiO-66-25%HCI,
Ui0-66-SO3H, and MOF-808 samples, respectively. In adsorption ex-
periments, 25 mg of MOF was weighed after activation and placed
in plastic cups, and 15 mL of a 48 mM GHB-Na aqueous solution
was added. Three separate sorption tests were performed for each
adsorption experiment. The measurement was performed under ther-
mostatic conditions at 25 °C. Samples of 0.5 mL were taken at specific
time intervals: 5 min, 15 min, 30 min, 45 min, 1 h, 2 h, 4 h, 6 h,
and 24 h. Each sample was filtered through a 45 pm diameter nylon
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Fig. 1. Heatmap and correlation matrix during the spectrofluorimetric experiments; (A) excitation spectra collected at the range 300-550 nm (at 4
=455 nm); PF - proflavine, EtOH - ethanol, Ace - acetone.

(B) emission spectra measurement at 470-800 nm (at A,
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syringe filter and then analyzed using high-performance liquid chro-
matography (HPLC). The specifications of the instrument, along with
the methodology for measuring GHB-Na concentrations, are described
in the Supporting Information file. After the sorption process, the
solutions were centrifuged at 6000 rpm for 10 min. The obtained
precipitates were composite materials with GHB loaded into the MOF
structure, denoted as GHB@MOFs.

2.8. Computational simulations

The density functional theory (DFT) simulations utilized the VASP
code, and the initial structures were derived from classical forcefield-
based Monte Carlo (MC) simulations. The DFT simulations allowed for
the geometry optimization of the GHB-Na molecule in four locations
obtained via MC. The computational parameters of the optimization
methods and atomic charge and bond order simulations are given
elsewhere [40-42,53]. Besides the calculations mentioned above, in
this article the UV-Vis absorption spectra were simulated with the
use of Gaussian code [54] at the TDDFT [55-57] level of theory,
with the use of the hybrid B3LYP [58] correlation-exchange functional,
LanL2DZ [59,60] basis set, and with solvent PCM [61] approximation.

3. Results
3.1. Synthesis and characterization

In this work, three types of zirconium-based metal-organic frame-
works were synthesized and characterized in terms of their applicability
for “date-rape drug” detection and removal. Two materials originated
from the UiO-66 family, with varying synthesis methods using mod-
ulated synthesis with hydrochloric acid, denoted as UiO-66-25%HCI
and UiO-66 functionalized with -SO3H groups and denoted as UiO-66-
SO3H. The third MOF used for GHB detection and adsorption was MOF-
808, representing the Zr-based group; however, the ligand forming the
MOF framework contains an additional carboxyl group - benzene-1,3,5-
tricarboxylic acid (H3BTC, trimesic acid) than in the case of UiO-66
(H,BDC, terephthalic acid).

The syntheses for both parent MOFs, PF@MOFs, and GHB@MOFs
composites were validated by powder X-ray diffractometry PXRD
(Fig. 2, Figure S1). Diffractograms of prepared MOFs [42,62-64], and
GHB-Na [20] are widely described and available in the literature [20,
42,62-64]. The comparison of the obtained results with those taken
from the literature confirms the high crystallinity of the prepared ma-
terials. In addition, PXRD results for PE@MOF composites have proven
the high crystallinity of the prepared materials after the introduction of
PF fluorescent dye. Additionally, the stability and crystalline character
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of the MOF frameworks were also preserved after the GHB-Na sorption
process for GHB@UiO-66-25%HCI and GHB@UiO-66-SO3H

However, the diffractogram of GHB@MOF-808 shows a slight loss
of stability of MOF-808 after the GHB-Na adsorption process. This is
visible as a change in the intensity of the reflections and may be due
to partial degradation and collapse of the material after 24 h of the
sorption process.

The porous structure of prepared materials was determined by the
low-temperature adsorption of nitrogen (Fig. 2B, C, Table 1).

The N, adsorption isotherms of UiO-66-25%HCI and MOF-808 were
determined as type I according to IUPAC [65]. In UiO-66-SOsH, a
type III isotherm was found for both the pristine material and after the
PF sorption. Theoretical models were used for N, adsorption points as
a function of pressure 0 < p/p0 < 0.996, and the parameters of the
pore surface structure were determined (Table 1). The highest values
were obtained here for the pristine UiO-66-25%HCI and MOF-808 sam-
ples. In Ui0-66-25%HCI, the multilayer (BET model) and monolayer
(Langmuir model) surface areas were 1057 m? g and 1709 m? g1,
respectively, which is consistent with the literature [42]. The use of
hydrochloric acid during the UiO-66 synthesis increased the available
pore space of the sample, and the total pore volume (DFT model) of
0.682 cm® g~! was obtained. In pristine MOF-808, the Sppr and S;,
surface areas were 1130 m? g~! and 1836 m? g™!, respectively, and
the pore volume was 0.615 cm® g!, which is also consistent with
the literature data [42,66]. During the PF adsorption process in both
MOFs, the initially open pore space was intensively filled by the PF dye.
The BET-specific surface area value in PF@UiO-66-25%HCI decreased
to 432 m2 g1, while the volume of pores decreased to 0.217 cm3
gL, Similarly, in PF@MOF-808, much lower parameter values were
obtained compared to pristine MOF-808. The specific surface area
parameter value and the shape of the sorption isotherm for pristine
UiO-66-SO3H indicate a predominant share of mesopores in its pore
structure. Here, Sper was determined to be 198 m? g™! and Vppr =
0.150 cm? g1, which is in agreement with the literature [67,68]. The
PF dye, a relatlvely large molecule compared to GHB-Na, partially filled
the open pores and reduced the pore size.

The pore size distribution (PSD) was determined based on the DFT
model (Fig. 2C). A bipolar pore distribution was measured in UiO-66-
25%HCIL. The pores with the largest volume had diameters of 0.5-1 nm,
while the second peak, indicating an increased volume, was in the
1.3-1.7 nm pore range. After PF sorption, the pore volume in both
ranges decreased. In MOF-808, the largest volume, measured in the
pores, was in the range of 1.5-2 nm and 0.5-0.8 nm. Here, too, PF
sorption decreased the open pore volume, although the PSD shape was
similar. In pristine UiO-66-SOsH, pores with a diameter of 1.2-1.8 nm
predominated in the structure, which was partially clogged with dye
molecules after the sorption process [65].
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Fig. 2. (A) PXRD diffractograms; (B) N, adsorption isotherms; (C) pore size distributions (DFT model). The analysis was performed for pristine MOFs and

PF@MOF composites.

Fig. 3. Figure 3 SEM images for (A) PF@UiO-66-25%HCI; (B)PF@UiO-66-SO;H; (C) PF@MOF-808.

Table 1

Sample characterization details. A, - sorption capacity at 0.1 MPa; Sggr, Sy, - surface area according to BET and Langmuir model,

respectively; Vppr - total pore volume according to DFT model.

Sample PF loading A, SgeT S, Vorr
(Wt.%) (cm® g1 STP) (m? g™ (m? g™ (cm® g1)

Ui0-66-25%HCI 4.02 602 1057 1709 0.682
(PF@Ui0-66-25%HCl) (214) (432) (678) (0.217)
Ui0-66-SO3H 4.04 244 198 366 0.150
(PF@Ui0-66-SO;H) (79) (45) (103) (0.017)
MOF-808 4.60 860 1130 1836 0.615
(PF@MOF-808) (357) (558) 912) (0.342)

To determine the amount of PF adsorbed on prepared MOFs, UV-Vis
experiments were performed (Fig. 1) and calculated by using Eq. (1). It
may be inferred that the amount of PF adsorbed by MOF samples varies
around ca. 4 wt% for PF@UiO-66-25%HCl and PF@UiO-66-SO3H,
whereas for PF@MOF-808 is slightly higher and equal to 4.60 wt%.
When comparing the obtained results for PF to those presented in the
literature, e.g., propranolol [42], it may be concluded that the PF may
be preferably located at the surface of MOF rather than adsorbed inside
the pores of MOF.

To characterize the morphology of prepared samples, the micropho-
tographs of prepared PFE@MOF samples and parent MOF samples were
taken by scanning electron microscopy (SEM, Fig. 3, Figure S2).

It may be observed that the addition of the modulator during
the synthesis of UiO-66-25%HCI affected both the size and shape of
the crystals, as detailed in the literature [48,69,70], emphasizing the
nanometer crystal sizes of UiO-66-25%HCI, as shown in Figure S2 A.

The SEM images for UiO-66-SO;H (Figure S2B) are significantly dif-
ferent from the UiO-66-25%HCI. The obtained crystals possess well-
defined round shapes of considerably increased sizes (Figure S2B). For
MOF-808, cubic shapes with grain sizes similar to UiO-66-25%HCI
were observed, as shown in Figure S2C. No significant differences were
observed when comparing the SEM images of pristine MOFs to those
obtained for PFE@MOF composites. The shape and size of the remaining
PF@MOF composites were well preserved in most considered cases
except PF@QUiO-66-SO3H, where a slight increase in the crystal size was
observed (cf., Fig. 3B and Figure S2B).

To comprehensively characterize the molecular nature of the pre-
pared materials, DRIFTS and pyRaman spectroscopy were performed.
The DRIFT spectroscopy results are presented in Fig. 4.

The DRIFT spectra for pristine MOFs are in good agreement with
the data widely available in the literature [41,42,70-72] (Fig. 4). The
bands in the range of 3500-2500 cm™!, especially visible in the UiO-66-
SO5H spectrum, originate from the -OH groups, most likely air mois-
ture [72]. The band at a wavenumber of about 1600 cm™! is associated
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of MOFs and composites by DRIFT and spectra of PF by ATR-FTIR.

with a carboxyl group, more precisely with the C-C bond of an aromatic
compound forming the organic linker of the MOF network [72]. Simi-
larly, the band at 1385 cm™! corresponds to C-O stretching vibrations
in the C-O group [72]. The band at 745 cm™, found on all spectra
of pristine MOFs, confirms the presence of Zr-O nodes [50,51]. The
band between 1750 cm™! and 1000 cm™! corresponds to C=C stretching
vibrations [72,73]. In addition, the Ui0-66-SO3;H spectrum shows an
additional band at 1085 cm™! corresponding to the S-O stretching
vibration [74,75]. Similarly, a band at 1245 cm™! is associated with
the O-S-O bond [74,75]. Bands characteristic for the pristine PF dye
were visible at 1600 cm™, 1510 cm™, and 1320 cm™, and were
associated with C=C stretching vibrations [76,77]. Moreover, the band
at 1555 cm™! corresponds to C-N stretching vibrations [77]. The band
at 1160 cm™ is responsible for C-H bending vibrations [77]. The

bands at 1380 cm™! and 1322 cm™ are associated with N-H bending
vibrations. The spectrum of pristine GHB-Na shows characteristic bands
at wave numbers 938 cm™! and 1010 cm™! originating from C-C vibra-
tions [78,79]. The band at 1066 cm™! is associated with C-O stretching
vibrations [80]. In addition, a weak band visible at 1382 cm™ cor-
responds to the wagging band -CH,-. For the sodium salt of GHB-Na
(Fig. 4D, E, F), characteristic bands are also present at 1531 cm™!
and 1415 cm™! and are associated with the carboxyl group [81].
A band at 1680 cm™! associated with the OH group is also clearly
visible [78,80]. High intensities of bands at 3365 cm™!, 2950 cm™,
and about 2872 cm™!, correspond to stretching O-H and stretching
CH, vibrations [80], respectively. On the spectra of GHB-Na@UiO-66-
25%HCI (Fig. 4D) and GHB-Na@MOF-808 (Fig. 4F) composites, the
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bands from the drug are visible, highlighting the efficiency of GHB-
Na sorption over MOFs. In both cases, the presence of GHB can be
confirmed by bands such as 938 cm™!, 1066 cm™, and — the most
intense — 2872 ecm™!, 2956 cm™!, and 3365 cm™!. On the spectrum of
the GHB-Na@UiO-66-SO5H (Fig. 4E) composite, only two bands can be
identified at 938 cm™! and 3365 cm™!. In the other cases, the bands are
not visible or are hidden by bands associated with the MOF structure.
However, this does not undermine the material sorption capacity, as
confirmed by other techniques, described later in the article.

The yRaman spectroscopy analysis results for GHB-Na, parent MOF
samples, PF@MOF prepared composite samples, and PF@MOF compos-
ite samples upon GHB-Na addition are provided in Fig. 5 and Figure S3,
respectively. The yRaman spectra for pristine MOF materials agree well
with our previous results and are described in detail elsewhere [40-42,
82]. The yRaman spectra of PF (Fig. 5, Figure S3) reveal characteristic
bands in the region of 1500-1000 cm™!, with the most visible band
at 1414 cm™!, which are characteristic of G-C in-plane stretching and
C-C-C bending [83]. The PF characteristic band at 1414 cm™! was
detected for all PF@MOF composite samples (Fig. 5A-C), observed as a
considerable band intensity increase when compared with pristine MOF
samples (Figure S3). The GHB-Na yRaman spectrum is presented in Fig.
5A-C. The characteristic bands at 1430 cm™, 1295 cm™, 923 cm™, and
486 cm™! are associated with CH, bending, CH, waging, CH, rocking,
and CO, rocking, respectively. It must be pointed out that when adsorb-
ing GHB-Na over prepared PF@MOF samples, the characteristic bands
are weakly visible due to the overlap of the PF and MOF characteristic
bands. However, in the case of PF@UiO-66-25%HCI+GHB-Na, when
using a 785 nm laser line, a subtle band shoulder increase may be
observed (Fig. 5A). However, an interesting observation was made
when using a laser with a 488 nm line (Fig. 5D-F). In all considered
composite PF@MOF samples, sizable fluorescence was observed with
the maximum at 1890 cm~'; however, upon the addition of GHB-Na,
the band shifts towards 885 cm™'. The most considerable shift was
observed for PF@UiO-66-25%HCI and PF@UiO-66-SO3H samples (Fig.
5D, E), respectively. Apart from the significant shift, the spectacular
fluorescence was noticed in both yRaman and visual observations.

3.2. Spectrofluorometric measurements and DFT simulations

This study scrutinizes the applicability of fluorescent PF@MOF
probes for detecting sodium y-hydroxybutyrate (GHB-Na) using spec-
trofluorometric analysis. The emission and excitation spectra, particu-
larly the variations in band appearance and shifts in the wavelength of
maximum intensity, confirm the potential of these probes for detecting
illicit substances such as “date rape” drugs.

Before the spectrofluorimetric measurements, DFT simulations were
performed to determine the vibronic spectra of PF and GHB-PF adducts.
The vibronic spectra of PF in vacuum and in a polarizable environment
(water) are presented in Figure S4. The GHB-PF structures were opti-
mized at the DFT level of theory (B3LYP functional), then reoptimized
at the TD-DFT level with the same correlation-functional and basis set.
The obtained geometries are presented in Figures S5-S8. The TDDFT
UV-Vis modeled vibronic spectra for the PF molecule and the PF-
GHB adduct are presented in Figures S9-S11. It can be seen that the
introduction of the solvent increases the transition moments, induces
the appearance of the band at ca. 315 nm, and red-shifts the band at
ca. 420 nm to 465 nm and the band at ca. 495 nm to 510 nm. The
differences in spectra of structures 1 and 2 are negligible.

For the emission spectrum of the PF dye, excitation at 455 nm
results in a maximum emission at 560 nm in the absence of solvents.
Upon adding EtOH, Ace, and GHB-Na, however, the emission band
shifts to 522 nm, as depicted in Figure S12H (Supporting Information).
Similarly, in the excitation spectrum recorded at 580 nm, the maximum
is observed at 455 nm for pure PF. These spectral characteristics align
with emission and excitation profiles for PF in liquid form previously
reported [84-86].
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The emission spectra of pristine MOFs exhibit differences compared
to those of pure dye; however, no significant spectral variations were
observed for UiO-66-25%HCI, Ui0-66-SO3;H, and MOF-808. In all con-
sidered materials, the maximum emission occurs at 502 nm, regardless
of whether pristine MOFs or MOFs with solvents are analyzed. In
contrast, the excitation spectrum shows a maximum at 455 nm for
pristine MOFs and does not change significantly after adding solvents
(Figure S12-A-F). These findings demonstrate distinct spectral behavior
between PFs and MOFs and also confirm that solvent addition does not
influence the emission and excitation properties of pristine MOFs.

When examining the composite PF@MOF probes, distinct trends
emerge. For PF@UiO-66-25%HCI, the maximum emission occurs at
515 nm. Adding EtOH or Ace induces a slight shift towards lower
wavelengths, while the presence of GHB — alone or in combination
with EtOH and Ace - causes a minor shift towards higher wavelengths.
Specifically, the emission maximum shifts from 515 nm to 510 nm,
accompanied by a significant broadening of the emission band, partic-
ularly in the presence of GHB and the solvent mixture (EtOH and Ace),
as illustrated in Fig. 6A, B.

A comparable trend was observed for the PF@UiO-66-SO;H com-
posite. In its pristine form, the emission maximum occurs at 512 nm,
similar to that of PF@UiO-66-25%HCl. However, adding GHB/EtOH/
Ace results in a shift to 506 nm (Fig. 6C, D), though without pro-
nounced band broadening. In contrast, PFE@MOF-808 exhibits a maxi-
mum emission at 510 nm, which increases to 513 nm upon exposure
to GHB/EtOH/Ace, as shown in Figures 6E, F. Although the shift is
relatively minor, the emission band broadens significantly. Notably, the
PF@MOF-808 probe exhibits an increase in emission wavelength in the
presence of GHB and solvent mixtures, whereas PF@UiO-66-25%HCl
and PF@UiO-66-SO3H show a decrease in wavelength at the emission
maximum.

In each case, detectable changes in the emission spectrum highlight
the potential of these probes for assessing the presence of GHB-Na
in ethanol-based solutions following acetone addition. However, while
acetone is not essential for spectral shifts with PF@UiO-66-25%HCI
and PF@UiO-66-SO3H - since GHB and EtOH alone induce measurable
shifts — it is crucial for PF@MOF-808. No significant spectral shift
is observed without Ace, even in the presence of GHB and EtOH,
emphasizing its necessity for this specific probe.

The exact emission shifts induced by various solvents and solvent-
GHB mixtures, as summarized in Fig. 1, are depicted in Fig. 6A-F.
These figures also present excitation spectra, which reveal that the
excitation maximum in pristine PF@MOF occurs at 455 nm and is not
shifted upon addition of the GHB/EtOH/Ace mixture. Consequently,
excitation spectra do not provide useful information for GHB detection,
as they remain largely similar regardless of whether they are recorded
for MOFs or PE@MOF composites.

Overall, GHB detection relies primarily on emission spectra, which
demonstrate significant spectral variations. Moreover, the emission
spectra of PF dye in the presence of a GHB/EtOH/Ace mixture, pristine
MOFs with solvents, and PF@MOF composites exhibit distinct charac-
teristics. These findings underscore the high selectivity of the proposed
PF@MOF materials for GHB-Na detection. The observed wavelength
shifts and band broadening at the emission maxima serve as clear
indicators of GHB-Na presence, confirming the effectiveness of these
fluorescent probes for forensic and analytical applications.

To summarize and visualize the spectrofluorimetric measurements,
the heatmaps based on the spectra intensities were plotted for the
whole matrix of considered samples (Fig. 1). Initially, each sample was
irradiated with 580 nm light, and then the excitation of compounds was
measured. However, a lack of selectivity towards the GHB-Na molecule
was observed. High-intensity fluorescence (visible yellowish fluores-
cence) occurred even under the addition of solvents such as ethanol,
without the addition of the drug, as shown in Fig. 1A. Nevertheless,
the maximum of PF dye at 455 nm was observed. In the next step, the
samples were exposed to the mentioned wavelength, and the emission
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spectra were measured. The results showed very high intensities for
PF@MOF with the addition of the GHB/EtOH/Ace mixture, of which
the PF@MOF composite had the highest selectivity towards GHB-Na
(Fig. 1B). The emission and excitation spectra are described in detail
above and shown in Fig. 6 and S12. This approach allowed us to select
both a suitable analytical method and the most selective probe in the
form of PE@MOF for GHB-Na detection.

3.3. Kinetics of luminescence for composites PF@MOFs study

Kinetic measurements provided insights into the luminescence de-
cay rates of fluorescent PF@MOF probes, specifically PF@UiO-66-
25%HCI, PF@UiO-66-SO3;H, and PF@MOF-808. The longest and most
intense luminescence was observed upon the addition of GHB-Na,
EtOH, and Ace, indicating that this solvent mixture, combined with
GHB-Na, significantly enhances sample luminescence. This finding
suggests the potential applicability of these probes for the detection of
illicit substances, such as “date rape” drugs, in forensic and analytical
applications.

For PF@UiO-66-25%HCI with the GHB-Na/EtOH/Ace mixture, lu-
minescence kinetics were recorded for 4.15 min, after which a decrease
in luminescence intensity and a quenching of the sample were ob-
served. The absorption maximum was detected at 530 nm, with an
initial luminescence intensity exceeding 40,000 arb. u., which declined
to below 10,000 arb. u. within 4 min. Although a substantial reduc-
tion in luminescence was noted, complete extinction did not occur,
as illustrated in Fig. 7A. Similarly, the luminescence kinetics of the
PF@UiO-66-SO3H probe (Fig. 7B) were also recorded for 4.15 min.
The initial luminescence intensity of approximately 25,000 arb. u.
decreased to around 10,000 arb. u. after the set measurement time,
representing a comparatively smaller decline in intensity than that
observed for PF@UiO-66-25%HCI. The prolonged luminescence of this
probe suggests its practical applicability, as it facilitates the observation

of the luminescence phenomenon and strengthens the case for its
integration into real-world detection systems.

Additional kinetic measurements were performed for PF@MOFs
under different conditions: without GHB or solvents, with EtOH alone,
and with a combination of GHB and EtOH. The corresponding data are
presented in Figure S13 (Supporting Information). The results indicate
that PF@MOF composites exhibit intrinsic fluorescence due to the in-
corporation of the PF dye. The presence of EtOH consistently enhances
fluorescence intensity across all tested conditions, whereas the addition
of GHB-Na decreases the intensity of fluorescence. Notably, in the
absence of Ace, luminescence decay occurs more rapidly for PF@UiO-
66-25%HCI. In contrast, for PF@UiO-66-SO3H, luminescence intensity
remains significantly higher after 4 min when compared to samples
containing the GHB/EtOH/Ace mixture.

These findings suggest that to achieve complete luminescence ex-
tinction, an extended measurement duration would be required. The
persistence of luminescence, particularly in certain probe compositions,
underscores their potential for practical detection applications and
highlights their suitability for monitoring the presence of GHB-Na in
forensic investigations.

The PF dye adsorbed on metal-organic frameworks constitutes a
fluorophore. Thanks to it, the PF@MOF fluorescent probe exhibits
luminescence capabilities under certain conditions. In the case of the
experiment in question, the probe is selective and allows detection of
the rape pill in the form of GHB. This is related to the mechanism
described above for the formation of a hydrogen bond between the
negatively charged GHB molecule (after ionization) and the positively
charged amino groups in the PF@MOF composite. Although detection
is possible in water, the high polarity of H,O increases the competi-
tion for hydrogen bond formation, making luminescence less intense.
Therefore, adding ethanol, or acetone with lower polarity, not only
increases the intensity of the luminescence but also extends its duration,
up to 5 min (Fig. 7). This is due to the lower polarity of both solvents
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than water, reducing the competition. On the one hand, we observe a
visual effect in the form of glowing of the sample with green, intense
color, caused by the presence of GHB. On the other hand, however,
the resulting hydrogen bonding contributes to a shift in the band of
maximum emission intensity, as observed in Fig. 6. The emission in
the PF@MOF composite occurs at approximately 515 nm. The addition
of GHB, acetone, and ethanol shifts the spectrum by 3-6 nm. This
small change makes the probe highly sensitive to the presence of GHB
and thus enables the detection of the rape pill. The mechanism of
action is the formation of a new hydrogen bond between the PF@MOF
composite and GHB. In terms of instrumental analysis, it is observable
as a wavelength shift for the sample’s emission, and, with the “naked
eye”, we see a change in the color and luminous intensity of the
sample.[87]

3.4. Spectrofluorometric measurement of actual samples

To assess the practical feasibility of the prepared materials on real
samples, spectrofluorimetric measurements were performed, and the
results are presented in Figure S21. In this experiment, the presence
of GHB-Na was tested in eight popular beverages (Table S1). The
emission spectra of these beverages without added GHB-Na do not
display elevated fluorescence intensity. The average emission intensity
for PF@Ui0O-66-25%HCI, PF@UiO-66-SO3H, and PF@MOF-808 ranged
from approximately 1.25 x 10° to 3.75 x 10° for PE@UiO-66-25%HCl
and PF@UiO-66-SO3H, while the maximum values for PF@MOF-808

were around 6.25 x 10%. Upon the addition of GHB-Na to the tested
beverages, the fluorescence intensity increased by roughly one order of
magnitude compared to the samples without GHB. The most significant
luminescence enhancement was observed for PF@UiO-66-SO3H, where
the measured intensity reached up to 1.25 x 107 for six of the eight
beverages. Slightly lower increases were recorded for PF@UiO-66-
SO3H/GHB/Drink3/Ac and PF@UiO-66-SO3H/GHB/Drinkl/Ac, with
values of 5.00 x 10® and 2.50 x 10, respectively. It is worth noting that
although the enhancement in these two cases was not as pronounced as
for the other samples, the fluorescence intensity was still significantly
higher than that of the reference beverages without added GHB-Na.

3.5. “Naked eye” GHB-Na detection

To confirm the applicability of the designed PF@MOF fluorescent
probes in daily applications, the luminescence of the obtained materials
upon adding GHB-Na to appropriate solvents was studied. The tests
were performed in a dark room in a special chamber with a light-
emitting diode at a wavelength of 455 nm. It is also worth mentioning
that 455 nm wavelength used for “naked eye” GHB detection is safer for
humans than UV light, which was used during the spectrofluorimetric
measurements with wavelengths starting at 300 nm.

In this experiment, PF@MOF fluorescent probes PF@UiO-66-
25%HCI, PF@UiO-66-SO3H, and PF@MOF-808, pristine MOFs includ-
ing Ui0-66-25%HCI, Ui0-66-SO3H, MOF-808, and PF dye were exam-
ined. This combination was intended to show the specific performance
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of PF@MOF probes in GHB detection and to demonstrate the lack
of performance for both dye and pristine MOFs. According to the
images in Figures S14-B, D, and F (Supporting Information file), it is
apparent that there is no change in luminescence, regardless of the
type of MOF. The addition of the solvent in the form of EtOH, Ace,
drug GHB-Na, and a mixture of drug and solvent, or a mixture of
solvents, does not cause any visible change. Under the LED light, MOFs
appear white to the “naked eye” and in the camera objective. These
results agree with the spectrofluorometric measurements presented
in Fig. 6 and Figure S12 and discussed in the “spectrofluorometric
measurement” subsection. The results indicate that the pristine MOF
does not exhibit GHB-Na detection capability and cannot be used for
this purpose. An expressive lack of change under the influence of the
drug is observable. A similar relationship was observed for PF dye
(Figure S14-G). The addition of the mentioned solvents and GHB-
Na did not affect the PF dye. We do not observe any changes in PF
luminescence; only wet spots from the added solvents and mixtures
are visible. With the addition of Ace, we observe a slight luminescence
of the material, but it is barely visible. This may be related to the
dissolution of the dye under the influence of added acetone. The same
relationship was observed for pristine MOFs (Figure S14-B,D,F). The
materials do not show luminescence but appear white and glowing
under the light of 455 nm wavelength. It is due to the reflection of
light by these materials. However, it is not luminescence caused by the
addition of solvents and/or GHB-Na. The luminescence effect itself is
different from that seen for PF@MOFs, making it easy to distinguish.
Interestingly, in the spectrofluorometric spectra, we observe a change
in wavelength for the band of maximum intensity upon the addition of
GHB-Na/EtOH/Ace. This means that by using instrumental methods,
we can document and confirm the addition of GHB-Na. However,
without specialized apparatus, the presence of GHB-Na cannot be
confirmed. The PF@UiO-66-25%HCI probe was selected as the most
effective and sensitive of all those tested. In this case, the leading one
is very slight and suppressed luminescence under Ace, and more intense
when EtOH alone or GHB-Na alone is added. Nevertheless, this is the
addition of GHB-Na/EtOH and GHB-Na/EtOH/Ace that significantly
changes the color and intensity of the sample’s luminescence. Especially
in the last case, it is extremely intense and takes on a fluorescent
green color. The visual effect is of a wider variety than for the other
cases, both without and after the addition of GHB-Na. This makes it
possible to confirm the presence of the added drug reliably or ensure its
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absolute absence. Luminescence is possible with the “naked eye”, and
the significant difference excludes the possibility of a mistake in GHB
addition (Figure S14-A). Moreover, the luminescence effect persists for
up to 5 min. Fig. 7D shows the attenuation of luminescence of PE@UiO-
66-25%HCl with GHB/EtOH/Ace addition at 5 min. We observe a
very pronounced luminescence of the sample and no weakening of
the luminescence effect for 2 min after the addition of the mixture.
Then, the luminescence is slightly dimmed and loses intensity, but
remains visible and noticeable. After 5 min, the luminescence gradually
extinguished. Such a long luminescence time, and thus a persistent
effect, further facilitates the detection of the presence or absence of
GHB-Na, given real, everyday situations, e.g., in nightclubs. These
results are consistent with spectrofluorometric measurements, where
a slight wavelength shift from 510 nm to 515 nm was observed.
The PF@UiO-66-SO;H probe showed less selective performance. In
this case, we observe luminescence already upon the addition of
solvents, like acetone or ethanol, and GHB-Na. The addition of the
GHB-Na/EtOH/Ace mixture also leads to a change in both color and
intensity, although the effect is not as pronounced as for PF@UiO-66-
25%HCI. Nevertheless, it is possible to confirm the presence of GHB-Na
with this composite as well (Figure S14-C). A similar relationship is
observable on the emission spectrum, where the wavelength change is
also smaller than for PF@UiO-66-25%HCI. For PF@MOF-808 (Figure
S14-E), the addition of ethanol or acetone causes weak luminescence,
but only upon the addition of GHB-Na/EtOH/Ace was the intense lumi-
nescence visible. In addition, a slight color change to an intense green,
as in the previously discussed cases, was also observed. However, the
changes are faintly visible here, and the intensity is not as significant
as in PF@UiO-66-25%HCI. This means that drug detection is possible
and the probe’s operation is reasonable, albeit it is not as specific as
the previous ones, as shown in Figure S14-A, C, E. Additionally, there
is no change in the emission spectrum, which emphasizes its weak
performance. The results obtained are significant and forward-looking.
The designed PF@MOFs probes can be potential detectors of GHB-
Na in solutions, including alcoholic solutions, where it is most often
added. The PF@UIO-66-25%HCI probe reveals the highest efficiency
and selectivity due to its marked luminescence, color change upon ad-
dition of GHB-Na/EtOH/Ace, and very long luminescence effect lasting
as long as more than 5 min. For PF@UiO-66-SOsH and PF@MOF-
808, the effect is less distinct, but luminescence under the influence
of the mixture mentioned above occurs, and changes were observable.
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However, they can be difficult to observe with the naked eye in a short
time.

To assess the practical applicability of the designed PF@MOF probes
for real-world detection, an experiment was conducted to evaluate their
luminescence response upon exposure to GHB-Na and relevant solvents.
The study was performed in a darkened chamber using a light-emitting
diode (LED) with an excitation wavelength of 455 nm. Both fluorescent
MOF probes (PF@QUiO-66-25%HCI], PF@UiO-66-SO3H, and PF@MOF-
808) and their respective pristine MOF counterparts (UiO-66-25%HCI,
Ui0-66-SO3H, and MOF-808), as well as PF dye, were examined. This
experimental design aimed to establish the specificity of PF@MOF
composites in GHB detection while simultaneously demonstrating that
neither the pristine MOFs nor the dye alone could facilitate such
detection. The results, illustrated in Figures S14-B, D, and F, reveal
that pristine MOFs exhibit no visible luminescence changes, regardless
of the solvent used. Adding EtOH, Ace, GHB-Na, or their mixtures
does not induce any observable alterations. Under LED illumination, all
MOFs appear white to the naked eye and in the camera images. These
findings align with the spectrofluorometric measurements (Figure S14)
and corroborate the conclusion that pristine MOFs do not possess the
capability to detect GHB-Na. The lack of luminescence response under
the influence of GHB-Na further confirms their ineffectiveness in this
application.

A similar trend was observed for PF dye (Figure S14-G). The in-
troduction of solvents or GHB-Na did not lead to any discernible
luminescence changes; only the formation of wet spots from the added
substances was apparent. The addition of acetone resulted in a slight in-
crease in luminescence intensity, though it remained faint and difficult
to detect. This phenomenon is likely attributable to the partial dissolu-
tion of the dye in acetone. Notably, while spectrofluorometric spectra
demonstrated a shift in the wavelength of maximum intensity upon the
addition of GHB-Na/EtOH/Ace, no such change was perceptible to the
naked eye. This underscores the necessity of instrumental analysis for
unequivocal confirmation of GHB-Na presence.

Among the tested probes, PF@UiO-66-25%HCI exhibited the highest
sensitivity and selectivity. The probe displayed weak but noticeable lu-
minescence in the presence of acetone, which intensified upon exposure
to EtOH or GHB-Na alone. However, the most significant luminescence
enhancement and color change occurred when GHB-Na/EtOH or GHB-
Na/EtOH/Ace was added. In the latter case, the sample exhibited
a striking fluorescent green hue, markedly different from all other
conditions, in either absence or presence of GHB-Na. This pronounced
visual effect enables reliable, unaided detection of the drug’s presence
or its definitive exclusion. Importantly, the luminescence was readily
observable with the naked eye, and the contrast was sufficiently dis-
tinct to minimize the risk of misinterpretation (Figure S14-A). More
importantly, the luminescence effect persisted for up to five minutes.
Fig. 7D illustrates the decay of PF@UiO-66-25%HCI luminescence fol-
lowing the addition of GHB/EtOH/Ace. The luminescence remained
intense for at least two minutes post-exposure, showing no imme-
diate weakening. Gradual dimming was observed thereafter, yet the
luminescence remained clearly visible even at the five-minute mark.
This extended luminescence duration enhances the practicality of the
probe for real-world applications, such as nightclubs, where rapid
and reliable detection is crucial from a safety point of view. The
PF@UiO-66-SO3H probe demonstrated lower selectivity compared to
PF@UiO-66-25%HCl. Luminescence was already apparent upon the
addition of solvents (acetone or ethanol), as well as GHB-Na. How-
ever, exposure to the GHB-Na/EtOH/Ace mixture still resulted in a
noticeable change in both luminescence intensity and color, albeit
less pronounced than for PF@UiO-66-25%HCI. Despite this reduced
selectivity, the probe remained capable of GHB-Na detection (Figure
S$14-C). A corresponding shift was observed in the emission spectrum,
although smaller than that recorded for PF@UiO-66-25%HCIL.

In the case of PF@MOF-808, weak luminescence was detected
upon addition of ethanol or acetone. However, significant lumines-
cence enhancement and a slight green color shift were only observed
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upon exposure to GHB-Na/EtOH/Ace. While this probe enables GHB-
Na detection, the luminescence effect is less intense and less distinct
compared to PF@UiO-66-25%HCI and PF@UiO-66-SOsH. Additionally,
no substantial shift in the emission spectrum was recorded, further
emphasizing its lower performance in selective drug detection.

PF@MOF composite contains PF adsorbed in MOF. The surface
charge of this complex (PF@UiO-66-25%HCl and PF@MOF-808) is
positive. The dye itself contains two amine groups and a heterocyclic
nitrogen atom. GHB shows a negative charge due to the presence
of carboxyl groups. In aqueous solution, carboxyl and amine groups
are ionized. Two opposite charges emerged, attracting each other and
forming a hydrogen bond. This may affect the ability to detect GHB
with PF@MOF fluorescent probes. The addition of ethanol and ace-
tone increases the luminescence intensity of the sample due to the
dissolution of the dye, thus increasing the visual effect of detection.
In addition, both ethanol and acetone, although polar solvents, are less
polar than water. This causes them to be less competitive in forming
hydrogen bonds, unlike water. This favors the formation of a bond
between —-COOH in GHB and -NH, in PF. This enhances the probe’s
detection capabilities. Although this is not a requirement for GHB-
induced probe luminescence, it is helpful for identification, due to the
intensity of the luminescence and the persistent effect, up to 5 min (Fig.
7). Luminescence of the probe is also observable for GHB dissolved in
water, but it lasts no longer than 1 min. Ethanol and acetone alone can
cause the sample to exhibit luminescence, and the color and intensity of
the probe are different, as shown in Figure S14, and are related to the
dissolution of the PF dye. Moreover, the luminescence effect disappears
quickly and does not persist. There is an observable change in the color,
intensity, and luminescence elongation of the PF@MOF probe under
the influence of GHB and organic solvents. PF@UiO-66-SO3;H does not
show selectivity, which may be due to the negative surface charge
of the metal-organic framework. This underscores the validity of the
presented mechanism.[20]

Much higher detection capabilities were observed when the MOF
did not have a functionalized surface, i.e., for UiO-66-25%HCL and
MOF-808. These MOFs have a positive surface charge due to the
presence of metallic clusters. After attachment of the neutral PF dye,
the charge remains positive. The resulting PF@UiO-66-25%HCl and
PF@MOF-808 complexes have an adsorbed dye with an amine group
and a heterocyclic atom. Under the influence of solvents, the composite
shows a positive charge. Dissolved GHB has a negative charge. There is
an interaction between the dye and the composite, and the formation
of a hydrogen bond. On the other hand, functionalizing the MOF
surface with sulfone groups UiO-66-SO3H changes the surface charge
to negative. The attachment of the dye still does not change the charge
but only makes it more inert. The composite-GHB interaction is then
weakened, reducing the detection capability of the PF@UiO-66-SO;H
fluorescent probe. The characteristic luminescence of the sample upon
the addition of GHB and organic solvents does not occur, as shown in
Figure S14.

In conclusion, MOFs with no functional groups on the surface and
those with a positive surface charge are much more selective for rape
tablet detection.

3.6. GHB-Na sorption process

Besides the applicability of MOF structures as hosts for chemical
sensors to detect the presence of GHB-Na in a liquid environment,
they exhibit a high affinity for the adsorption of GHB-Na molecules.
To determine the sorption ability of the considered materials, Monte
Carlo classical force-field modeling was performed. The most stable
structures were reoptimized at the DFT level. The adsorption energies,
together with the charges (two population analyses: Bader and DDEC6)
and bond orders (DDEC6), are summarized in Table 2.

The strongest adsorption was found for the GHB@UiO-66 _str1 local-
ization, with the total bond order between the GHB molecule and the
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Table 2

Adsorption energies of GHB in the MOF UiO-66 and MOF-808 frameworks.
The total bond order, BO(GHB-MOF), between the adsorbed molecule and the
host MOF framework is determined using the DDEC6 bond analysis. The accu-
mulated charge on the adsorbate molecule, qpppc(GHB) and gg,4..(GHB), were
calculated via the DDEC6 and the Bader partial charge analyses, respectively.

Adsorbate molecule E.q/eV BO(GHB-MOF) qppec(GHB) Qpader (GHB)
GHB@UiO-66_strl —0.846 0.7059 0.0488 0.0426
GHB@UiO-66_str2 —-0.577 0.5354 0.0351 —0.0015
GHB@UiO-66_str3 —0.788 0.7711 0.0717 0.0538
GHB@MOF-808 _str1 -0.573 0.6305 —0.0355 —0.0079
GHB@MOF-808 _str2 —-0.777 0.7306 0.0744 0.0167
GHB@MOF-808 _str3 —-0.903 0.8953 0.0704 0.0228
GHB@MOF-808 str4 —0.389 0.3797 0.0224 —0.0029

MOF framework equal to ca. 0.7. The interaction is mostly covalent,
and the overall charge transfer between the adsorbate molecule and
the host structure is low, ca. 0.04. For the other geometry (GHB@UiO-
66_str3), the adsorption is only slightly weaker (by ca. 0.06 eV), and the
bond order is a little higher. The accumulated charge is also very low.
The third geometry (GHB@UiO-66_str2) corresponds to the weakest
interactions and also to the lowest bond order.

For the sorption in MOF-808, the energetic discrimination is much
more pronounced: for GHB@MOF-808_str3 the adsorption energy is
equal to —0.903 eV, while for GHB@MOF-808 str4 it is only —0.389
eV. The bond orders are 0.8953 and 0.3797, respectively. The charge
transfer is also very weak and does not exceed 0.075 |e|.

The most stable DFT-optimized structures of GHB@UiO-66 and
GHB@MOF-808 are presented in Fig. 8, while the other geometries of
local energy minima are presented in the Supporting Information file
(Figures S15-S19).

The equilibrium loading was estimated by the Monte-Carlo simula-
tions at a temperature of 298 K, with use of the Metropolis algorithm
and the Universal Force Field [84]. The isotherms were modeled for
the fugacity up to 100 kPa. The rigid host approximation was used,
which can rationalize the underestimation of the modeled loading for
the MOF structures with tight channels. Out of the structures predicted
by the MC simulations, those nonequivalent by symmetry were further
re-optimized at the DFT/DFTsol levels of theory (Table 3).

The adsorption energy in the polarizable continuum (mimicking the
presence of the solvent with a dielectric constant of 80) relative to
their adsorption energies in vacuum for the sequence of GHB@UiO-66
adsorbates is 0.349, 0.150, and 0.244.

For MOF-808, the diversification of the adsorption energies among
the studied geometries is twice as high (compared to sorption of GHB
in Ui0-66), up to ca. 0.5 eV (0.246, 0.226, 0.389, and 0.117 for the se-
quence of geometries). Again, the introduction of a polar environment
does not significantly change the order of energies.

Interestingly, the most stable structure in a vacuum is the strongest
destabilized by the solvent, but the resultant trend in the adsorption
energies in the solvent remains almost unchanged. This does not pre-
destine, however, the solubility in less polar solvent for the interaction
of the alkyl part of the GHB molecule with the non-polar part of the
solvent molecules also contributes to the solubility of GHB and, taking
into account also the competitive affinity of the solvent molecules to
the MOF framework, the elution of GHB by less polar solvents can be
more effective compared to water [85].

To determine GHB-Na sorption efficiency on prepared MOF samples,
the sorption experiments were performed in water and a 20% alcoholic
environment (Fig. 9). When deionized water was used as a liquid
environment medium, the UiO-66-25%HCI revealed the highest GHB-
Na sorption capacity, reaching 2430 mg of GHB per 1 g of MOF
adsorption after 24 h. In the case of UiO-66-SO3H and MOF-808, the
maximum sorption was also reached after 24 h and was equal to 1937
mg and 1398 mg per 1 g of MOF, respectively. The effect of EtOH on
the adsorption process was observed; however, it depended on the type
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of MOF used. Adsorption of GHB-Na in an alcoholic solution using UiO-
66-25%HCI is inhibited, resulting in a reduction in the amount of drug
removed from the solution. In the 20% EtOH solution, the maximum
adsorbed value of GHB-Na was 1910 mg per 1 g of MOF. For the other
MOF materials, the opposite relationship was observed. In the case of
UiO-66-SO3;H and MOF-808, higher adsorption values of GHB-Na were
achieved, reaching 3112 mg and 3003 mg of GHB-Na absorbed by 1 g
of the MOF used, respectively.

The influence of increased temperature and EtOH content on the
adsorption efficiency of MOFs was previously reported in the litera-
ture [86,88,89]. It is noteworthy that for low concentrations of ethanol,
the dielectric constant of the solvent is only slightly lower than for
water, e.g., for 20% EtOH solution in water, ¢ = 71.23 [85]. It has
been confirmed that temperature has a more significant effect on the
adsorption process than the addition of ethanol alone. Nevertheless, in-
creasing the percentage of ethanol in the medium reduces the material’s
sorption capacity. This is due to the possibility of the organic molecule
entering the pores of the MOF and, due to its small size, competing with
comparably small and polar GHB molecules, causing a reduction in the
amount of drug adsorption [88]. Electrostatic interaction between the
charges of the atoms in the medium can occur [86]. Such a situation
is observed for UiO-66-25%HCI. The sorption capacity is improved for
Ui0-66-SO3;H and MOF-808. We can surmise that there is an interaction
of ethanol with a sulfonic group, located on the surface of MOF in the
case of Ui0-66-SO3H, and an extensive ligand, containing three car-
boxyl groups, in the case of MOF-808. Then, ethanol interacts with the
elements mentioned above, which do not limit or inhibit the adsorption
process of GHB. In this case, we see that the molecule is absorbed
more efficiently. Thus, we can explain this effect by the interaction
of the medium with the MOF skeleton; water does not interact with
its pores but only with the network, so that the GHB molecule can be
more easily adsorbed and removed from the environment [86,88,89].
For sorption processes in both water and ethanol, the kinetics profiles
were determined. Each of the discussed cases fits pseudo-second-order
kinetics, as shown in Figure S20.

The specific surface area of UiO-66-SO3H is the lowest among the
MOFs discussed and is equal to 198 m? g~!. However, this MOF shows
high sorption capacity for GHB-Na adsorption, much higher than MOF-
808, whose Sppr is 1130 m? g™! (adsorption in H,0), and higher than
for UiO-66-25%HCI for adsorption in 20% EtOH, whose specific surface
area reaches 1057 m? g™!. The exceptional sorption capacity of UiO-66-
SO;H is related to the presence of the -SO;H group on the surface of the
metal-organic framework. The sulfonic group can indeed get ionized
(forming -SO37) in aqueous solutions and act as additional adsorption
sites. Changing the surface charge of the metal-organic framework to
negative can result in more efficient adsorption of molecules. Although
the specific surface area of the structure decreases, it is enriched with
additional groups generating adsorption sites. Adsorption is also easier
due to the presence of groups on the surface. The —-SO3;H group has
a high affinity for positively charged molecules, such as the GHB-Na
discussed in the experiment.[90,91]

3.7. Detection mechanism

The article of Y. Zhang et al. [47] discusses possible modes of
fluorescence in MOF structures loaded with guest molecules and sum-
marizes that the luminescence in such systems primarily originates
from metal nodes, organic linkers, and guest molecules adsorbed in the
pores. Additionally, LMCT - ligand-to-metal charge transfer; MLCT -
metal-to-ligand charge, and LLCT-ligand-to-ligand transfer processes
may occur. The possible mechanisms of the fluorescence processes
observed in MOFs are summarized in Fig. 10A.

It must also be emphasized that in the case of PF@MOF samples,
the fluorescence mechanism must also consider additional fluorescence
from the PF molecule, which includes additional MLCT, LMCT, and
LLCT processes.
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Fig. 8. DFT optimized structure of GHB@UiO-66_strl (panels A, B) and GHB@MOF-808 str3 (panels C, D) with GHB molecule marked with ellipsoid; (A, C):
general model, (B, D): zoomed channel with adsorbed GHB; coloring: green — Zr, red — O, gray — C, white — H. Additional structures are provided in the
Supplementary Information File.
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Fig. 9. GHB-Na removal in different media (A) distilled water; (B) 20% EtOH solution.
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Table 3
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Energetics of GHB sorption in studied MOF structures in dry (DFT) and aqueous (DFTsol,
polarizable continuum with € = 80) environments. The calculated loading n,,ccues Was estimated

per 1 unit cell of MOF.

Adsorbates E.4 (vac.) E,q (water) Mnolecles' Motecules
/ eV / eV (calc.) (exp.)
GHB@Ui0-66_1 ~0.846 —0.497
- 12.0 (3.0); 1.

GHB@Ui0-66_2 -0.577 —0.427 ) 12 Stg)’ 21 Z/ PPIP.
GHB@Ui0-66_3 -0.788 —0.544 - ’ o WL
GHB@MOF-8081  —0.573 -0.327
GHB@MOF-8082  —0.777 —0.551 32 (8.0);

29.8 Wt%
GHB@MOF-808.3  —0.903 -0.514 37.9 wt%
GHB@MOF-808 4  —0.389 -0.272

* calculated by MC within the rigid host approximation (in parentheses: per a single Zry cluster); after
semicolon, the weight percentage of GHB in MOF framework is given.

* values calculated from the experimental wt.%.

**% Experimental results were obtained for UiO-66-25%HCI, hence, they should not be compared to the

results of modeling.

MLCT

Metal emission

B.O.(GHB-PL) = 0.901

B.O.(GHB-PL) = 0.896

Fig. 10. (A) Representation of possible emission modes in MOFs. GHB molecule marked with ellipsoid; LMCT — ligand-to-metal charge transfer; MLCT —
metal-to-ligand charge transfer; coloring: green — Zr, red — O, gray — C. Hydrogens omitted for clarity. (B) Ground state DFTsol/B3LYP optimized geometries
of the GHB-PL structure 1 (top) and 2 (bottom). The total bond order between the two molecules is denoted B.O.(GHB-PL). Distances shorter than 3.0 Aare shown

as arrows.

As shown in the emission spectra (Fig. S21), the perturbation of
the PF electronic structure by GHB, assisted by the MOF framework,
increases the intensity of emission several-fold. While the charge trans-
fer between the GHB molecule and the MOF frameworks (Table 2)
is very low (0.02-0.07 |e|), the bond order is relatively high, in the
range of 0.4-0.9 at. u. The closest contacts between the GHB and PL
molecules are shown in Fig. 10B. Thus, the increase in fluorescence
process can be attributed to the interaction of the electronic structures
of all counterparts. The overlap, and hence interaction, between the
electronic structures of PF, MOF, and GHB-Na increases the transition
moment for fluorescence, and, consequently, its intensity, and shifts the
wavelength.

Another factor intensifying the fluorescence is the increase in the
concentration of GHB-Na adsorbed in MOFs in alcoholic environments
(shown here both computationally and experimentally).

As already discussed in Y. Zhang et al. [47], four different types of
fluorescence, including turn-on-emission enhancement, turn-off-
emission decrease, emission shift, and a combination of the first two
mechanisms with the third one, are postulated. Since the first two
mechanisms are evident and already confirmed by the experiments in
this study, the third type was partially confirmed via yRaman spec-
troscopy (cf. Fig. 5D) for PF@UiO-66-25%HC] and PF@UiO-66-SO3H
samples.

14

Since the fluorescence mechanisms observed in this study are com-
plex, the direct determination of the detection mechanism in PF@MOF
samples would require a much detailed study which goes far beyond
the scope of this manuscript.

4. Conclusions

This paper presents a series of fluorescent probes based on
zirconium-based metal-organic frameworks (MOFs) and proflavine
(PF) dye for the detection of GHB-Na, commonly referred to as the
“date-rape pill”.

The differences in detection efficiency were assessed by varying
the molecular and structural properties of the synthesized samples. To
obtain the fluorescent probes, the fluorescent PF dye was incorporated
into various Zr-MOF frameworks from the UiO-66 family, including
UiO-66-25%HCI, functionalized UiO-66-SO3H, and MOF-808. The effi-
ciency of GHB-Na detection was evaluated through spectrofluorimetric
measurements and “naked eye” detection. Spectrofluorometric anal-
ysis allowed for the observation of emission and excitation spectra,
highlighting significant differences upon the addition of solvents, GHB-
Na, and a mixture of GHB-Na with solvents. A particularly notable
difference was observed when a mixture of GHB/EtOH/Ace was added
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to the probe, where the addition of acetone increased the intensity
of the emission band. Furthermore, the simultaneous addition of ace-
tone and ethanol resulted in a considerable wavelength shift of the
maximum intensity band in the presence of GHB-Na. This shift was
absent when GHB-Na was not present. The PF@UiO-66-25%HCI] com-
posite exhibited the largest shift and change in the band intensity,
while no shift was observed for PF@MOF-808. Luminescence kinetics
revealed a relatively long luminescence life for the examined samples,
with the highest luminescence intensities observed for PF@UiO-66-
25%HCI, almost double that of PF@UiO-66-SO3H. While luminescence
persisted for up to 4 min, it gradually diminished and exhibited weaker
intensities. For PE@MOF-808, no significant reduction in luminescence
was noticed after 4 min. In the “naked eye” detection, upon adding
the GHB/EtOH/Ace mixture, a bright fluorescent-green luminescence
was observed for PF@UiO-66-25%HCI] composite. Under the influence
of solvent addition alone, luminescence was not detected, while GHB
alone resulted in a less distinct luminescence. In addition to the re-
markable fluorescent properties of the prepared PF@MOF composites,
their enhanced GHB-Na sorption capabilities were also confirmed. An
increase in GHB-Na sorption efficiency in an ethanolic solution was
observed for UiO-66-SO3H and MOF-808, while a slight decrease was
noted for UiO-66-25%HCI sample. This may be attributed to the in-
teraction of ethanol and water with the lattice backbone, which may
inhibit molecules from penetrating the MOFs, thereby affecting the
accessibility of GHB-Na to the pores. The UiO-66-25%HCI exhibited
the highest sorption efficiency in distilled water, whereas UiO-66-
SO5;H demonstrated superior efficiency in ethanol. The feasibility and
effectiveness were also confirmed on the actual beverages. The research
presented a route to quickly confirm the addition of GHB-Na, both
from the chemical side, through the analysis of emission and excitation
spectra, as well as a simple evaluation of the sample’s luminescence,
making the method accessible to everyone and requiring no specialized
knowledge.
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