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ARTICLE INFO ABSTRACT

Keywords: Due to their promising photoelectronic features, 2D-Germanane (2D-GeH) and their ligand-terminated de-
Chirality rivatives (2D-GeR) have garnered significant attention in the Materials Science community. To date, the syn-
Cyclodextrin thesis of 2D-GeR relies on a tedious topochemical reaction, a fact that not only limits the variety of R ligands that
Igz:;f:::z can be incorporated but also restricts their stability and applicability. Herein, a highly stable carbohydrate-based

2D germanane derivative with built-in stereodiscrimination ability has been synthesized via a direct covalent
immobilization of a cyclic oligosaccharide selector (viz. thiolated p-cyclodextrin, CD-SH) onto 2D-GeH. By
taking advantage of the CD affinity to accommodate different stereoisomers through supramolecular host—guest
interactions, the multitasking activity of the resulting 2D-GeCD has been explored for the selective discrimi-
nation of enantiomers and diastereomers. Overall, this chemical approach is general and opens up the devel-
opment of multitasking 2D-GeR derivatives by incorporating supramolecular features, which can be easily

2D materials

extended to a wide range of bio-molecules by tailoring the stereometric host-guest encapsulation.

1. Introduction

Carbohydrates are abundant biomolecules that play a crucial role in
supramolecular chemistry owing to their strong tendency to form dy-
namic host-guest interactions [1]. The appealing chemistry of carbo-
hydrates to form a large number of hydrogen bonds has led to the
development of a wide variety of carbohydrate-based nanomaterials for
well-distinguished applications [2-5], ranging from biosensing to drug
delivery and molecular switches [6-9]. In particular, cyclodextrins
(CDs) —cyclic oligosaccharides composed of glucose units— have been
widely explored as chiral selectors in the pharmaceutical industry due to
their ability to form stable supramolecular host-guest complexes in
aqueous media with a broad range of small guest targets [10]. From a
life science point of view, chiral discrimination is of essential importance
since the enantiomeric forms of chiral drugs usually show different
metabolic and pharmacological effects in biological systems. In addi-
tion, CDs are ideal cargo vehicles that can modulate delivery by taking
advantage of their different affinity towards isomeric forms, making
them very promising for diastereospecific drug transport and release
[11].

While graphene has long dominated the field of 2D materials, the
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Materials Science community is currently focused on exploring
emerging 2D monoelemental materials (known as 2D Xenes) exhibiting
enhanced and complementary properties by directly moving down
group IVA of the periodic table [12-16]. Among them, 2D-Germanane
(2D-GeH) and its ligand-terminated 2D-Germanane (2D-GeR) de-
rivatives have attracted increasing interest due to their semiconducting
behavior, tunable band gaps, and excellent optoelectronic properties
[17-19]. However, current approaches to synthesizing 2D-GeR de-
rivatives rely on tedious topochemical reactions involving the reactivity
of the CaGe, Zintl phase with organic halides (R-X) [20,21], which
significantly restricts the range of functional ligands that can be incor-
porated. Moreover, the resulting 2D-GeR derivatives are prone to
oxidation under ambient conditions owing to the chemical instability of
the Ge-C bonding. These limitations have hindered the integration of
supramolecular moieties onto 2D-GeH frameworks, thereby limiting
their application in chiral recognition and molecular discrimination.
Although different chiral 2D systems have been successfully engineered
and exploited so far [22-24], the direct covalent functionalization of
2D-GeH with a carbohydrate-based host ligand (e.g., R = CD) is nowa-
days an unexplored field.

Herein, a simple and general synthetic approach is reported to
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engineer a highly stable carbohydrate-functionalized 2D-Germanane
with built-in supramolecular stereodiscrimination capabilities. For this
goal, thiolated p-CD (CD-SH) was covalently anchored onto commer-
cially available 2D-GeH via Ge-S bond formation, yielding a 2D-GeCD
derivative with enhanced chemical stability (see Scheme 1 for illustra-
tion). As a proof-of-principle, the resulting carbohydrate-based 2D sys-
tem has been explored in two stereoselective molecular recognition
processes: (1) as a dual-mode (optical and electrochemical) system for
the discrimination of tryptophan (TRP) enantiomers, and (2) as a car-
go-release switching system for the electrochemical discrimination of
azobenzene (AZO) diastereomers. Interestingly, our findings revealed
that the devised 2D-GeCD exhibits a multitasking stereodiscrimination
ability to effectively distinguish between both enantiomers and di-
astereomers by taking advantage of its anchored supramolecular
macrocyclic host. This diastereoresponsive 2D system unlocks novel
applications in the field of 2D-GeR derivatives, otherwise unattainable
for the pristine 2D-GeH counterpart.

2. Results and discussion
2.1. Synthesis and characterization of 2D-GeCD

As illustrated in Scheme 1la, 2D-GeCD was synthesized via direct
thiolation chemistry. Briefly, 20 mg of commercially available 2D-GeH
was suspended in 10 mL of deoxygenated acetonitrile (ACN) and
ultrasonicated under an Ar atmosphere for 1 h to promote material
delamination and dispersion. Subsequently, the dispersion was mixed
with 10 mL of a 2.5 mM CD-SH deoxygenated aqueous solution, and
aged for 12 h under stirring conditions to induce nucleophilic substi-
tution, leading to 2D-GeCD derivative. Then, the product was centri-
fuged, washed several times with both deionized water and ethanol, and
finally dried under vacuum conditions. Finally, the 2D-GeCD sample
was stored at -5 °C until further use.

The covalent functionalization of 2D-GeH with CD-SH via nucleo-
philic substitution was demonstrated using a set of characterization
techniques, such as transmission electron microscopy (TEM), X-ray
powder diffraction (XRD), Fourier-transform infrared spectroscopy
(FTIR), X-ray photoelectron spectroscopy (XPS), and UV-vis spectros-
copy. The characterization of pristine 2D-GeH was also run for
comparison.

TEM images from Fig. S1 show the typical layered structure of
pristine 2D-GeH, which remains almost unaltered after material func-
tionalization (Fig. S2), suggesting that the presence of the carbohydrate-
based supramolecular macrocycle (i.e., CD-SH) does not significantly
affect the 2D skeleton. The XRD analyses revealed three characteristic
peaks for both pristine 2D-GeH and functionalized 2D-GeCD, which
were assigned to [002], [011], and [110] planes (see Fig. S3) [20]. Since
the diffraction peak at low 20 is related to the inter-layer distance

o
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between Ge sheets by following the Bragg equation [25], a slight shift in
the [002] peak position from 16.3° to 16.0° was observed after the
nucleophilic substitution of the pristine 2D-GeH with the CD-SH, which
corresponds to a p-spacing distance of 5.4 A for pristine 2D-GeH and 5.5
A for 2D-GeCD. Next, FTIR analyses were performed using attenuated
total reflection (ATR). As shown in Fig. la, the pristine 2D-GeH
exhibited the characteristic stretching and wagging Ge-H modes located
at 1985 (vGeH), 462 and 506 cm™ (oGeH). Since pristine 2D-GeH is
prone to oxidation, an additional Ge-O stretching mode (vGeO) peaked
at 1019 cm’ was clearly identified. After functionalization, the
2D-GeCD derivative displayed the inherent fingerprint of the supra-
molecular moiety located at 2914, 2850, 1360, and 1162 em’, which
are attributed to the symmetric C-H, asymmetric C-H, C-H rocking, and
C-O stretching vibrational modes, respectively. Further, a new contri-
bution at 472 cm’! was observed, corresponding to the new Ge-S
wagging mode (0GeS) contribution [26]. This can be seen as the first
evidence of the covalent functionalization via Ge-S bond formation.
Remarkably, the vGeO band of pristine 2D-GeH located at 1019 cm’!
almost disappeared after material functionalization, pointing out the
passivation activity of the anchored thiol groups to preserve the chem-
ical structure of the 2D-GeCD derivative against air oxidation [27]. To
assess the long-term stability of 2D-GeCD against air oxidation, the FTIR
spectrum of the sample was recorded after 12 months. As shown in
Fig. S4, the FTIR spectra retained the characteristic peaks associated
with the carbohydrate-based selector, indicating that the Ge-S bond was
preserved. Nonetheless, a noticeable increase in the vGeO band was
observed after 12 months, suggesting partial oxidation of the material
over this extended period. Nevertheless, the intensity of the vGeO band
remains significantly lower than that observed in pristine 2D-GeH,
confirming the long-term passivation effect afforded by employing thi-
olation chemistry.

Further, XPS analyses were run in order to verify the covalent nature
of molecular immobilization. Fig. S5 displays the XPS survey spectra of
pristine 2D-GeH and functionalized 2D-GeCD. While both materials
exhibited two main contributions, peaked at 30 and 533 eV —assigned
to Ge 3d and O 1 s, respectively—, a new peak centered at 164 eV was
observed after molecular functionalization, which is attributed to the S
2p signal of CD-SH moieties. In addition, the high-resolution Ge 3d core
level spectrum of pristine 2D-GeH also revealed the three fingerprint
peaks at 29.2, 30.7, and 32.0 eV ascribed to the Ge-Ge, Ge-H, and Ge-O
(see Fig. $6). Importantly, the Ge 3d core-level spectrum of 2D-GeCD
(Fig. 1b) exhibited an additional binding energy contribution peaked at
27.6 eV after the CD-SH anchoring via thiolation chemistry, which
further verifies the Ge-S bond formation. Interestingly, the ligand-
exchange quantification was calculated by the total area under the
curve (Auc) of the Ge-S contribution (see Table S1), leading to a 23 %
for 2D-GeCD. Consequently, a H:S substitution ratio around 4:1 was
yielded, demonstrating an efficient ligand-exchange substitution.

Scheme 1. Schematic illustration displaying (a) the synthetic procedure for the direct functionalization of 2D-GeH with CD-SH via thiolation chemistry. The
multitasking ability of the resulting 2D-GeCD derivative was then exploited for (b) the enantioselectivity of TRP, and (c) the diastereoselectivity of AZO.
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Fig. 1. Material characterization of pristine 2D-GeH and 2D-GeCD. (a) FTIR spectra (inset: enlarged region within 420-520 nm for highlighting the covalent
Ge-S binding. (b) High-resolution core-level XPS spectrum for Ge 3d in 2D-GeCD. (*) Deconvolution peaks of Sn 4d from the fluorine-doped tin oxide (FTO)

substrate. (c¢) Tauc plots with the resulting optical band gaps.

Considering that the covalent functionalization of 2D Xenes is known
to modulate their optical properties, the optical bandgap of pristine
2D-GeH and functionalized 2D-GeCD was also explored. Fig. 1c displays
the Tauc plots extracted from their respective UV-vis spectra (Fig. §7).
Interestingly, a red-shift in the maximum adsorption band of pristine
2D-GeH from 603 to 623 nm was promoted after molecular function-
alization, leading to a notable bandgap change from 1.66 eV for pristine
2D-GeH to 1.62 eV for 2D-GeCD. This trend is in line with our previous
observations when employing alternative thiolated molecules [22]. As
shown in Fig. S8a, the fluorescent properties were also altered after
molecular functionalization, observing a significant shift in the excita-
tion wavelength from Aex = 354 nm for pristine 2D-GeH to Aex = 339 nm
for 2D-GeCD, in line with the bandgap change observed in Fig. 1c. In
addition, the fluorescence intensity of pristine 2D-GeH was slightly
quenched after the anchoring since thiol groups can act as hole trap
states (see Fig. $8b).6!

According to this accurate material characterization, it is safe to
conclude at this stage that pristine 2D-GeH was successfully function-
alized with the CD-SH host macrocycle via a ligand-exchange process,
resulting in a carbohydrate-based 2D germanane derivative.

2.2. Multitasking diastereodiscrimination ability of 2D-GeCD

Having verified the successful synthesis of the 2D-GeCD derivatives,
their multitasking diastereodiscrimination ability was evaluated by
means of enantioselectivity and diastereoselectivity approaches.

Discrimination studies of TRP enantiomers with dual-mode
readouts

Firstly, 2D-GeCD was explored as an unconventional chiral probe for
enantioselectivity approaches, using TRP as a model chiral target (see
Scheme 1b). TRP is one of many important chiral amino acids (the
building blocks in protein biosynthesis), which play a pivotal role in the
physiological and pharmaceutical metabolisms of biological systems
[28]. For example, i-tryptophan (L-TRP) is an essential metabolite
whose imbalance or deficiency may cause several chronic diseases,
whereas p-tryptophan (D-TRP) is a non-protein amino acid used as an
intermediate to generate synthetic peptide antibiotics and immuno-
suppressive agents in the pharmaceutical industry [29,30]. Conse-
quently, the development of simple, rapid, and effective analytical
methods for chiral separation and screening of active pharmaceutical
ingredients (APIs) and pharmaceutical intermediates is a must. As a first
demonstration of applicability, the feasibility of 2D-GeCD for the chiral
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discrimination of TRP has been considered by devising a straightforward
and generic dual fluorescence and electrochemical method that exploits
the different host-guest binding affinity of p-CD with TRP enantiomers
[31].

On the one hand, the optical enantiodiscrimination of TRP was
performed using fluorescence measurements (Fig. 2). For this goal, a
fixed amount of 2D-GeCD (0.025 mg mL™) in ACN was incubated with
different concentrations of either .-TRP or p-TRP for 5 min under stirring
conditions to induce the supramolecular host-guest complex formation.
Importantly, a control experiment was also conducted with pristine
2D-GeH (see Fig. §9), demonstrating that no interaction between pris-
tine 2D-GeH and chiral TRP molecules can occur in the absence of the
supramolecular host component. Fig. 2a-b displays the emission spec-
trum (Aem: 448 nm) of 2D-GeCD after incubation with increasing con-
centrations of L-TRP and b-TRP, respectively. Both TRP enantiomers
quenched the fluorescence of 2D-GeCD since the indole group of the
amino acid acts as an electron donor [32], leading to a detection limit as
low as 10 nM for both chiral targets. However, as shown in the cali-
bration curves from Fig. 2c, this quenching was found to be highly
enantioselective since the photosensitivity was highly increased (50 %)
for the 1-TRP [note the different slope (S) values; S;/Sp = 2.0].
Remarkably, this 50 % increase in photosensitivity is well in line with
the divergent inclusion binding strength of the host p-CD with the
different guest enantiomers (tabulated stability constants (log K): 2.33
for L.-TRP vs. 1.11 for o-TRP) [32].

On the other hand, the electrochemical performance of 2D-GeCD
towards the electrochemical oxidation of TRP enantiomers was also
investigated using Linear Sweep Voltammetry (LSV). Experiments were
carried out in a three-electrode configuration cell filled with a phosphate
buffer solution (PBS) at pH 7.2. The enantiodiscrimination event was
based on incubating the working electrode cast with 2D-GeCD with 1.0
uM TRP enantiomers for 5 min to promote supramolecular host-guest
interactions, followed by its electrochemical oxidation. As shown in
Fig. 3a, pristine 2D-GeH (control experiment) overlapped the voltam-
mograms since no enantioselective recognition can occur without the
presence of the chiral host. Fig. 3b presents a clear electrochemical
discrimination of TRP enantiomers by means of redox potential (E,) and
peak current (I,) when employing the carbohydrate-based 2D germa-
nane derivative. Recognition efficiencies of 60 mV for peak-to-peak
separation (AE; p) and 1.55 pA for peak current ratio (I./Ip) were esti-
mated by LSV, which was extracted from specific E, values at 0.93 V (I,
green line) and 0.86 V (Ip, orange line), respectively. The difference in
these pivotal electrochemical parameters implies that the 2D-GeCD can
interact with 1-TRP and p-TRP in different ways, as was expected from
the fluorometric assay (see Fig. 2), demonstrating again that the
2D-GeCD preferentially recognizes 1-TRP. This fact can be mainly
attributed to a more favorable affinity of the secondary hydroxyl groups
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from the p—CD rims to form hydrogen bonds (H-bonds) with the amino
groups of .-TRP (rather than p-TRP) when the indole group of TRP iso-
mers inserts into the p-CD cavity [33]. Further, the ability of the
2D-GeCD to determine the enantiomeric purity of TRP was examined
employing different mole fractions of .-TRP (Xi trp). As displayed in
Fig. 3¢, the E, significantly shifted when the solution contained varying
amounts of p-TRP, exhibiting a notable linear correlation curve (r? =
0.99, see Fig. 3d). This result demonstrates the ability of 2D-GeCD to
discriminate whether the mixture is pure in L-TRP (the desired API
compound) or not.

Finally, the enantioselective performance of the dual-mode
2D-GeCD system towards TRP enantiomers was compared with that of
previously reported chiral 2D systems using either optical or electro-
chemical readouts, as summarized in Table $2. Remarkably, 2D-GeCD
enables the possibility of not only discriminating between TRP enan-
tiomers via a dual (optical and electrochemical) method but also sensing
voltamperometrically the excess of p-TRP in enantiomeric mixtures.
From a pharmacological point of view, this is especially appealing since
2D-GeCD might be further exploited as a rapid screening system of the
pure API compound among contaminated mixtures of p-TRP.

Discrimination studies of AZO diastereomers with electrochemical
readouts

Secondly, the ability of 2D-GeCD for diasteroselectivity approaches
was explored. Large biomacromolecules are involved in the regulation
of physiological processes and are of special interest as cargo in delivery
systems [34]. In this regard, the light-driven catch and release of AZO
diastereomers in B-CD has been widely exploited as a drug-delivery
vehicle approach [35]. Thus, this target may serve as a suitable model
molecule in the investigation of non-covalent interactions between
chemical or biological species and the described 2D-GeCD [36].

The molecular basis of the photo-responsive supramolecular nano-
architecture is the Z-E isomerization of the AZO molecule (see Scheme
1c for illustration). While the non-polar and straight E-AZO isomer forms
a stable inclusion complex with $-CD, the more polar and bent Z—form
obtained after irradiation with UV light is sterically hindered from
complexation [37]. Fig. 4a—b shows the electrochemical performance of
pristine 2D-GeH and 2D-GeCD loaded with 1.0 uM of AZO before and
after illumination with UV light for 10 min to induce photo-
isomerization. Electrochemical experiments were recorded by means of
cyclic voltammetry (CV) using [Fe(CN)gl3 ™ 4~ as a benchmark redox
marker. The control experiment of Fig. 4a demonstrated that the elec-
trochemical behavior of pristine 2D-GeH was not affected after inducing
photo-isomerization, suggesting that no physisorption of AZO occurs on
the 2D-GeH surface. On the contrary, Fig. 4b revealed two distin-
guishable electrochemical states on 2D-GeCD, depending on the
isomeric nature of the photo-responsive AZO moiety, which was dis-
cerned by means of Ip (AIp = 80.5 pA). Such voltammetric outcomes can
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Fig. 2. Optical discrimination of TRP enantiomers. Fluorescence spectra of 2D-GeCD before and after increasing concentrations of (a) .-TRP and (b) b-TRP
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be accounted by changes in the interfacial electron transfer reaction at
the 2D-GeCD/electrolyte interface promoted by the applied optical
inputs.

On the one hand, the encapsulation of E-AZO onto 2D-GeCD blocks
the electrode surface, thereby hindering the electron transfer reaction of
the redox marker. From an electrochemical point of view, this can be
translated as lower I, (710.6 pA). Otherwise, after UV illumination, the
release of the Z-AZO from the 2D-GeCD leads to an increase in the I,
value (791.1 pA) since the [Fe(CN)G]S_/ 4= can penetrate easily, a fact
that facilitates its interfacial electron transfer. Hence, the changes in
electrochemical signal readouts must be attributed to the catch and
release properties of 2D-GeCD with different AZO diastereomers.
Finally, the reversibility and stability of the supramolecular switch after
different UV/vis irradiation cycles were also interrogated (Fig. 4c). An
ON/OFF signal ratio of 4 + 2 % (calculated as %AI,) was obtained by
manipulating the light source for several cycles, demonstrating a
consistent reversibility.

Lastly, to elucidate the key role of the 2D Xene platform, a control
experiment was performed to evaluate the discrimination ability of
isolated CD-SH toward AZO diastereomers. As shown in the CV plot from
Fig. 4d, the isolated CD-SH was also capable of differentiating between
the AZO isomers, yielding a %AI, of 2.6 %. However, this value is
notably lower than the 4 % obtained with 2D-GeCD. This reduced ON/
OFF ratio might be ascribed to the random spatial orientation of the
isolated CD-SH through the electrode surface, which likely limits the
accessibility of its cavities for effective supramolecular host-guest in-
teractions with the AZO target. These findings demonstrate the pivotal
role of the 2D Xene scaffold in aligning the supramolecular selector to
enhance supramolecular recognition efficiency.

The above results demonstrate not only the suitability of 2D-GeCD to
discriminate between AZO diastereomers, but also envision its ability to
act as a cargo vehicle for drug delivery.

3. Conclusions

In summary, an unprecedented carbohydrate-based 2D germanane
derivative with built-in stereodiscrimination ability has been success-
fully synthesized through the direct functionalization of pristine
2D-GeH with CD-SH via thiolation chemistry. After an accurate material
characterization, the implanted supramolecular features of the
carbohydrate-based host selector have been shown to be retained in the
resulting 2D-GeCD structure, while demonstrating the enhanced
chemical stability of the 2D system via Ge-S bond formation. By
employing supramolecular host-guest chemistry, the multitasking
ability of 2D-GeCD derivatives has been exploited not only for the
discrimination of TRP enantiomers but also AZO diastereomers. In
addition, the output signals of the stereorecognition system have been
read out by means of optical and/or electrochemical analyses, pointing
out the versatility of the approach.

Consequently, the reported methodology, which might be simply
customized by tailoring the host-guest system, demonstrates the suit-
ability of combining 2D-GeH with carbohydrate-based host selectors to
expand the family, functionality, stability, and implementation of
emerging 2D Xenes in yet unexplored fields, otherwise unattained for
the pristine counterparts.

The Supporting Information is available free of charge and contains
details of experiments and methods, additional characterization tech-
niques (TEM images, additional spectroscopic techniques, and control
tests), and supplementary figures and tables.
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