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A R T I C L E  I N F O   

Keywords: 
Borophene 
DFT 
Drug delivery 
Glucose 

A B S T R A C T   

In view of the urgent need for developing new materials for biomedical applications, we report on multi-facet 
study of functionalized borophene as a possible sensor or transporter of glucose. The adsorption of a glucose 
molecule on [MB36]þ(M = Li, Na, K), [MB36]2þ (M = Be, Mg, Ca), and [MB36]3þ (M = B, Al, Ga) complexes 
were studied both in gas and in water phase, conforming that [MB36]þ, [MB36]2þ, [MB36]3þ are highly 
efficient as glucose adsorbers with the binding energies of − 34 to − 135 kcal/mol in the gas phase, and − 12 to 
− 111 kcal/mol in water as calculated with the PBE0-D3/def2-TZVP. Borophene adorned with beryllium have the 
highest adsorption energies, while the complexes with Li, Na and K are characterized with lower binding energy 
values. Thus, the systems with 1+ oxidation state are more promising for intelligent drug delivery, while 
[MB36]þ, [MB36]2þ, [MB36]3þ are more suitable for designing biosensors of glucose.   

1. Introduction 

The new two-dimensional material called borophene attracted much 
attention in the scientific circles. Borophene is a mono-element com
pound with large specific surface area. It behaves as anisotropic metal 
and features remarkable mechanical properties.[1–4] Several different 
allotropes of borophene exist. Among these, the borophene B36 is a 
stable quasi-planar compound with hexagonal symmetry.[5,6] Chemical 
and physical properties of borophene make it attractive for different 
types of applications, including energy storage,[7,8] electronics,[9] and 
biomedicine. [10–14] A fragment of borophene features a small central 
cavity, which can be useful for coordination with other atoms or mol
ecules. For example, the addition of metals modifies the structure of 
borophene, improving material stability and permitting careful tailoring 
of its physical and chemical properties. 

B36 is very promising for biomedical applications, including the 
timely and important tasks such as intelligent drug delivery. The surface 
area of borophene provides sufficient space for drug loading and enough 
anchor points for functional groups, which are the principal re
quirements for materials used in anti-cancer drug delivery; several 
research groups actively work in this direction.[10,15,16] Recently, an 
in vivo study of 2D borophene nanoflakes loaded with hemocytes of the 
beetle T. molitor revealed that no hemocytotoxicity was induced in short- 
term experiments for the doses of 0.5, 1 or 2 µg nanoflakes per insect. 
[17] In humans, the toxicological profile of borophene was studied using 

the cell viability analysis.[18] The viability of human macrophage cells 
was 84.2% and 88.5% after treatment with 100 μg/mL borophene 
nanosheets and borophene nanosheets − corona complexes. Impor
tantly, proteomics studies revealed that 46.5% of the proteins bound to 
borophene nanosheets (94 plasma proteins) are immune-relevant 
proteins. 

Borophene is also promising as a biosensor of gases: its large surface 
area offers considerable adsorption capacity of gas molecules. Bor
ophene has been studied as a possible sensor for ethanol[19] and 
ammonia.[20] This material has been also used for the adsorption of 
highly toxic gases such as formaldehyde, CO, and NO.[20,21]. 

Another high-priority biomedical application concerns the moni
toring of blood glucose levels for diabetes control. A number of research 
teams developed different types of materials with acute glucose sensing 
abilities. Jadoon et al.[22] reported silver-graphene quantum dots as 
promising for glucose detection. They found that silver-coated coronene 
has better sensing ability in comparison to that of H2O2. Caglar and 
colleagues [19] studied theoretically the addition of Pd to N-doped 
graphene surface, promoting glucose electro-oxidation in alkaline media 
and its adsorption by Pd-G and Pd-3N graphene. These authors found 
that adsorption energies of glucose are higher in alkaline media 
compared to those in water.[23] Anota et al.[24] observed that the 
interaction between magnetic [BN-fullerene]− and [BN-fullerene:B6, 
pyramidal or triangular]− nanocomposites with a glucose molecule in 
gas and liquid media resulted in chemisorption. Another research 
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focused on core–shell nanoparticles synthesized by self-assembly of a 
block copolymer based on phenylboronic acid poly-(N-iso
propylacrylamide)-block-poly(3-acrylamidophenylboronic acid) (PNI
PAM136-b-PAPBA16) and a fluorescent complex of glucosamine-poly 
(N-isopropylacrylamide)/Eu(III) (GA-PNIPAM)/Eu(III) that have 
considerable potential for applications in the delivery of glucose- 
sensitive drugs for diabetes treatment.[25] González Fá and coworkers 
[26] performed a density functional study of a glucose molecule 
deposited onto Pt-decorated carbon nanotubes. Their results revealed 
development of strong short-range bonds between oxygen atoms in β-D- 
glucose and platinum, characterized with adsorption energy of − 1.07 
eV. The interaction of glucose with H2O and OH molecules on Pt- and 
Au-doped graphene surfaces was also studied, producing the binding 
energies for glucose-H2O on Pt-graphene surface as high as − 0.38 eV 
and − 0.62 eV, respectively. The interaction between glucose and Pt- 
adorned graphene surface was stronger than that estimated for Au- 
adorned graphene according to the calculated reaction energy.[27] It 
was found that D-glucose can be adsorbed by anatase (TiO2) surface. In 
this system, the presence of defects, such as surface and subsurface ox
ygen vacancies, causes stronger adsorption energies that favor binding 
of D-glucose to TiO2 surface.[28] Following the aforementioned ad
vances, Darwish et al.[29] studied interaction of a glucose molecule with 
hexagonal boron nitride sheets, finding that the resulting adsorption 
energy was about 2 eV. Recently, Yi Ma and workers used the bimetallic 
Ni–Co-based MOF attached to graphene oxide (GO) by a one-step hy
drothermal to use it as an electrochemical enzyme-free glucose sensor. 
[30]. 

This brief literature survey clearly illustrates extreme importance 
and timeliness of glucose adsorption problem. Moreover, it strongly 
stimulates biomedical device development and other promising appli
cations. Inspired by the outstanding properties of borophene and taking 
on the glucose sensing challenge, we performed a DFT study of glucose 
absorption on borophene [B36] functionalized with different metal 
atoms (Li-K, Be-Ca, and Al-Ga). The full material characterization toolkit 
included study of molecular orbitals, calculation of chemical molecular 
descriptors, NBO analysis, study of theoretical infrared spectra and 
calculation of glucose adsorption energy in gaseous or aquatic media. 
We aim on production of guidelines for design and improvement of 
functionalized borophene for the possible glucose sensor or glucose 
delivery applications. 

2. Computational details 

All structures were optimized and characterized by calculating their 
vibrational modes at the same theoretical level, using the Gaussian 09 
software package.[31]. 

The borophene and [MB36]þ(M = Li, Na, K), [MB36]2þ (M = Be, 
Mg, Ca), [MB36]3þ (M = B, Al, Ga) structures, were calculated with the 
Perdew-Burke-Ernzerhof (PBE0-D3) functional[32] and def2-TZVP basis 
set,[33] while the most stable configurations of glucose-[MB36]þ, 
[MB36]2þ, [MB36]3þ structures were optimized with the functional 
PBE0-D3/def2-SVP level of theory, using the Berny algorithm with the 
UltraFine grid (a 999,590 grid).[34] Glucose-[MB36]þ, [MB36]2þ, 
[MB36]3þ geometries corresponding to the local energy minimum were 
selected for the NBO analysis at the same level of theory.[35] The sta
bilization energy E(2) was calculated using the Equation (1). 

E(2) = ΔEij = qi
F(i, j)2

j − i
(1)  

where qi is the donor orbital occupancy; εi, εj are diagonal elements 
(orbital energies) and F(i,j) is the off-diagonal NBO Fock matrix element. 

First-principles simulations are currently used to investigate the gas 
sensing material. [36 37 38] We have chosen the functional hybrid PBE0 
because it is widely applicable and provides good results for various 
molecular systems containing both light and heavy atoms. The PBE0 

functional features good accuracy for atomic energies, structural ge
ometry, dissociation energies, and electronic and magnetic properties. 
[39 40]. 

The adsorption energy Eads was defined as a difference 

ΔEads = Egl− MB36 − (EMB36 + Egl) (2)  

where Egl-MB36 is the total energy of MB36 coordinated to a glucose 
molecule, EMB36 and Egl are the energies of a borophene fragment 
functionalized with a metal atom and a free glucose molecule, respec
tively. The energies of each compound were calculated for a single point 
using the PBE0-D3/def2-TZVP functional/basis set. 

The quantum molecular descriptors used to characterize the systems 
include ionization potential (I = − EHOMO), electron affinity (A = −

ELUMO), global hardness (η = (I – A) ∕ 2),[41] electronegativity (χ = I +
A ∕ 2), electron chemical potential (μ = − (I + A) ∕ 2),[42] electrophi
licity index (ω = –μ2∕2η)[43] and chemical softness (S = 1 ∕ 2η). 

3. Results and discussion 

3.1. The geometry and optimization of borophene fragment 

The borophene fragment optimized with PBE0-D3/def2-TZVP is not 
flat but rather slightly convex. It is described with the C6V point group 
symmetry. The distance between boron atoms in the central hexagonal- 
shaped cavity is 3.307 Å (Fig. 1). The lengths of B-B bonds vary in the 
range of 1.576–1.653 Å. These values agree well with the literature data. 
[10,44] The highest occupied molecular orbital (HOMO) and lowest 
unoccupied molecular orbital (LUMO) of borophene are characterized 
with the energies of − 6.12 and − 3.96 eV, respectively, producing the 
HOMO-LUMO energy gap Eg = 2.16 eV. 

3.2. Metal atom adsorption by borophene 

Calculated parameters of the optimized [MB36]þ, [MB36]2þ, 
[MB36]3þ systems are provided in Table S1. The most stable configu
ration adopted by [MB36]þ, [MB36]2þ, [MB36]3þ represents a non- 
planar structure with the C6V point group symmetry, which also ap
plies to unadorned borophene fragment (Fig. 2). Metal atoms were 
usually coordinated to the central cavity of the fragment, featuring 
stronger bonds with six surrounding boron atoms. The lengths of M− B 
bonds for M: Li-K, Be-Ca, and B-Ga were in the range of 1.711–3.339 Å. 
The B-Li bond with the length of 2.380 Å agrees well with the literature. 
[45,46] The computed B-Ca distance for [CaB36]2þ system was 2.747 
Å, which is slightly larger than that observed for the α-B sheet.[47] 
Listing B-M bond lengths in descending order, one obtains the following 
sequence of metallic elements: K > Ga > Na > Ca > Mg > Li > Al > Be >
B. 

The natural charge was calculated for explaining the type of inter
action between B36 and the metal atoms. The charge on M: Li-K, Be-Ca 
and B-Ga atoms varies in the range (+0.712)–(+1.968). The charges on 
boron atoms neighboring with metal inside the cavity are negative 
except for the case of [BB36]3þ. The electron density on the boron 
atoms reveals that they act as donors, while the metal atom behaves as 
an acceptor. The band gap values calculated with PBE0-D3/def2-TZVP 
illustrate higher reactivity for the complexes [AlB36]3þ (Eg) of 0.47 
eV and [GaB36]3þ (Eg) of 1.09 eV in comparison to that of [LiB36]þ (Eg) 
of 2.06 eV, [NaB36]þ (Eg) of 2.06 eV, [KB36]þ (Eg) of 2.07 eV, and 
unadorned borophene (Eg) of 2.16 eV. 

Table S1 present quantum molecular descriptors for the plain B36 
system and for metal-adorned borophene [MB36]þ, [MB36]2þ, 
[MB36]3þ. Global hardness η and electrophilicity index ω can be used 
for describing the degree of chemical reactivity and stability (Fig. 3). 
[43] The global hardness of unadorned borophene fragment is higher 
than that of [AlB36]3+ and [GaB36]3þ, suggesting that Al and Ga are 
more reactive and less stable compared to non-modified B36. Electron 
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chemical potential (μ) and electrophilicity index (ω) for the plain bor
ophene are − 5.040 and − 13.684 eV, respectively. The value of μ be
comes strongly negative for higher oxidation degrees (Fig. 3), while the 
value of ω grows by about 76.8 eV, compared to non-modified bor
ophene. High electrophilicity index displays strong capacity of 
[MB36]þ, [MB36]2þ, [MB36]3þ systems to accept electrons. When 
borophene fragment absorbs M: Li-K, Be-Ca, and B-Ga, it results in less 
chemically-stable systems. The increase in the dipole moment for 
[KB36]þ, [CaB36]2þ, and [GaB36]3þ in comparison to that of the plain 
borophene (11.311, 11.167, and 3.953 debye versus 2.600 debye) sug
gests an increased solubility of the resulting complex in a polar solvent 
(Fig. 3). 

3.3. The adsorption of glucose on M-borophene 

Our simulations of glucose, interacting with [MB36]þ, [MB36]2þ, 
[MB36]3þ systems, showed that the former assumes a vertical position 
close to the metal atom, with which it coordinates oxygen atoms O1 
and/or O2. The glucose-[MB36]þ, glucose-[MB36]2þ, glucose- 
[MB36]3þ structure features C1 point group symmetry (Fig. 4). The 
interaction of glucose molecule with [GaB36]3þ is so strong that gal
lium atom is removed from borophene fragment. 

Table S2 list the principal parameters of the systems studied except 
for the case of Ga-adorned borophene due to the afore mentioned situ
ation. The calculated bond B-M lengths for M: Li-K, Be-Ca, and B-Ga 
increase upon coordination of glucose. For the case of [KB36]þ, this 
bond length increases up to 17%. The M− O distances in glucose- 
[MB36]þ, glucose-[MB36]2þ, glucose-[MB36]3þ are about 
1.484–2.659 Å. Sorting the M− O bond lengths in descending order, one 
obtains the following sequence: K-O > Ca-O > Na-O > Mg-O > Li-O >
Al-O > Be-O > B-O. When compared to the isolated glucose molecule 
with C1-O1 bond 1.397 Å long and C2-O2 bond 1.427 Å long, one can 
observe a slight increase of the corresponding inter-atomic distances. 

The observed charge on the M atoms (M: Li, Na, K, Be, Mg, Ca, B, Al) 
after glucose adsorption are + 0.663, +0.883, +0.883, +1.185, +1.599, 

+1.514, +0.705, and + 0.850, respectively. The [MB36]þ, [MB36]2þ, 
[MB36]3þ systems in general feature mild charge decrease, except for 
the case of boron. Natural charge analysis reveals that glucose de
localizes charges on metal atoms, and on oxygens atoms of the coordi
nated molecule itself. The oxygen atoms O1 and O2 feature the most 
negative charge in glucose-[MB36]þ, glucose-[MB36]2þ, glucose- 
[MB36]3þ systems. Due to this, they represent the best Lewis base with 
lone pairs, which tend to react with electron-deficient M site coordi
nated to the borophene fragment. 

Infrared spectra of non-modified B36 and [MB36]þ, [MB36]2þ, 
[MB36]3þ systems are shown in Fig. 6a. The vibrational modes of M− B 
bonds appear in the low frequency region (80–500 cm− 1). The main 
peaks corresponding to the cases of Li, Na, Mg, and Ca-adorned bor
ophene reveal stretching vibrations of boron-metal bond with the cor
responding spectral peaks located at 319, 212, 295, and 252 cm− 1. Upon 
coordination of the glucose molecule, the system becomes less ordered 
(Fig. 6b). The peaks of B-O stretching vibrations can be seen in the range 
of 150 – 800 cm− 1. The peak corresponding to Li is located at 494 cm− 1, 
for Na: 212 cm− 1, for Be: 575 cm− 1, for Mg: 367 cm− 1, for Ca: 252 cm− 1, 
for A1: 587 cm− 1, and for B: 782 cm− 1. The spectral bands corre
sponding to the vibrations of glucose molecule appear in the range of 
3000–4000 cm− 1. The calculated infrared spectra offer useful data for 
future experimental work on borophene-based glucose sensors. 

The coordination of glucose molecule with [MB36]þ, [MB36]2þ, 
[MB36]3þ produces strong interactions characterized with adsorption 
energies of − 34.22 to − 135.24 kcal/mol. In the cases of mono-charged 
compounds [LiB36]þ, [NaB36]þ and [KB36]þ, the energy cost of 
glucose adsorption is equal to − 43.63, − 40.83 and − 34.22 kcal/mol, 
respectively, exceeding the values reported for single-walled carbon 
nanotubes with Pt (− 24.68 kcal/mol),[26] Pd-doped graphene (− 10.13 
kcal/mol),[23] Pt-graphene (− 8.76) and Au-graphene (− 16.37 kcal/ 
mol). See Table 1 [27] For compounds bearing larger charge [BeB36]þ2, 
[MgB36]þ2, [CaB36]þ2, [BB36]þ3, and [AlB36]þ3, the adsorption 
energy overcomes − 76 kcal/mol, indicating a very good adsorption 
similar to that reported for Pt-decorated single-walled carbon nanotubes 

Fig. 1. Optimized borophene fragment calculated with the PBE0-D3/def2-TZVP a) top and b) side views; c) space-filling representation of the model; d) glucose 
molecule visualized at the same scale. The principal dimensions of the B36 central cavity (bonding site) are expressed in Å. 
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(− 74.37 kcal/mol), which was calculated using PBE functional.[48] The 
adsorption energy corresponding to glucose-[AlB36]þ3 is − 135.24 
kcal/mol, being more than five times larger in comparison to the 
interaction intensity obtained for Al-doped boron nitride (− 26.29 kcal/ 
mol).[29] Such elevated Eads can be attributed to the higher positive 
charge predicted for the studied systems, which produces stronger 
interaction between glucose molecule and the coordinated metal atom. 

Thus, [MB36]þ, [MB36]2þ, [MB36]3þ structures feature excellent 
physisorption ease for glucose. 

The energies characterizing the highest occupied molecular orbital 
and lowest unoccupied molecular orbital were used to calculate HOMO- 
LUMO gap Eg for glucose-[MB36]þ, [MB36]2þ, [MB36]3þ systems 
(Table S2, Fig. 5). The value of Eg increases after successful adsorption. 
The most pronounced variation of 357% was observed for [AlB36]þ3, 

Fig. 2. Top and side views of the different [MB36]þ, [MB36]2þ, [MB36]3þ systems with the M− B bond lengths indicated for the central cavity. The numbers shown 
in the side view figures correspond to the natural charges located on the metal and boron atoms. 
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where the gap changed from 0.47 to 1.68 eV. Dipole moment in 
[MB36]þ, [MB36]2þ, [MB36]3þ systems are on the level of 
0.235–11.311 debye. The coordination of glucose rises DM to the levels 
of 5.070, 5.377, 1.871, 14.086, and 7.392 debye for [LiB36]þ, 
[NaB36]þ, [MgB36]2þ, [BB36]3þ, and [AlB36]3þ, respectively, which 
indicates increasing polarization degree. Chemical potential μ, global 
hardness η, and electrophilicity index ω were calculated to establish the 
reactivity level characterizing glucose –[MB36]þ, [MB36]2þ, 
[MB36]3þ interaction (Table S2). Global hardness for all systems de
creases for higher oxidation states. 

Ionization potential of [LiB36]þ, [NaB36]þ, and [KB36]þ is lower 
than that of [BeB36]þ2, [MgB36]þ2, [CaB36]þ2, [BB36]þ3, and 
[AlB36]þ3, which signifies higher stability of M: Li, Na, and K systems 
(employing the elements from the groups (2) and (3). Increasing 
oxidation state of [MB36]þ, [MB36]2þ, [MB36]3þ leads to higher 
electrophilicity, which is synonymous to stronger reactivity. Upon 
adsorption of the glucose molecule by [NaB36]þ, [KB36]þ, 
[MgB36]2+, [CaB36]2þ, [BB36]3þ, and [AlB36]3þ, global hardness η 
increases from 1.031, 1.036, 0.873, 0.876, 0.854, and 0.235 eV to 1.047, 
1.047, 0.965, 0.929, 0.950, and 0.717 eV, correspondingly. These re
sults indicate that interaction of a molecule with [MB36]þ, [MB36]2þ, 
[MB36]3þ increases stability of the material. Adsorption process pro
duces a slight reduction in electrophilicity ω between the [MB36]þ, 
[MB36]2þ, [MB36]3þ systems and glucose-[MB36]þ, [MB36]2þ, 
[MB36]3þ complex, except for the case of [AlB36]3þ. The HOMO- 

LUMO gap for [AlB36]3þ become larger after adsorption of glucose. 
The addition of the glucose molecule to the [BB36]3þ system the 

value of electrophilicity decreases a little, but dipole moment changes 
drastically increasing the solubility. For the [LiB36]þ and [NaB36]þ

systems, after coordination with the glucose molecule, the solubility 
increases slightly while for [KB36]þ and [CaB36]2þ, it decreases. The 
variation of the dipole moment for Ca-adorned borophene is more than 
two times larger than that observed for [KB36]2þ. At the same time, 
properties of compounds formed with [BeB36]2þ and [MgB36]2þ do 
not change notably upon adsorption of a glucose molecule (Fig. 5). 

Donor/acceptor interactions between the glucose molecule and 
metal atoms coordinated to the borophene fragment were analyzed with 
NBO technique. Fig. 7 illustrates charge transfer from glucose towards 
the metal atom. These results identify the oxygen atoms O1 and O6 in 
glucose molecule as those taking on donor function; metal atom in 
[MB36]þ, [MB36]2þ, [MB36]3þ becomes an acceptor. The [BB36]3þ

systems show the larges stabilization energy E(2) of 78.65 kcal/mol in 
gaseous medium. The values of E(2) for all systems studied correspond 
to a moderate donor–acceptor interaction. 

The biomedical samples frequently come in a liquid form. Therefore, 
it is important to address the efficiency of metal-adorned borophene 
adsorber in the most biologically-common liquid: the aqueous solution. 
We studied the behavior of dissolved glucose-[MB36]þ, glucose- 
[MB36]2þ, glucose-[MB36]3þ systems using the PBE0-D3/def2-TZVP 
method in conjunction with polarizable continuum model (PCM).[49] 

Fig. 3. Quantum molecular descriptors (HOMO-LUMO gap Eg, global hardness η, chemical potential μ, and global electrophilicity index ω vs Dipole moment Dm) for 
the plain borophene and [MB36]þ, [MB36]2þ, [MB36]3þ systems calculated with PBE0-D3/def2-TZVP method. 
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The adsorption energies in water appear to be smaller than those 
observed under gas-phase operation (Table 2). Although adsorption 
energy Eads for glucose-[MB36]þ systems decreases from 72% to 66% 
when the process is carried out in water, the resulting value is still high 
enough. In the particular case of glucose-[CaB36]2þ system, adsorption 

energy in water drops by 82% of the corresponding gas-phase value. In 
general, Eads for glucose-[MB36]þ, glucose-[MB36]2þ systems vary 
between –11.5 and –55.5 kcal/mol in water, making drug release more 
efficient than that possible in the gaseous medium. 

The recovery time τ for a sensor is an important parameter to 
determine if the material can be reused. For gas and water phase 
[MB36]þ, [MB36]2þ, [MB36]3þ systems, the recovery time was 
calculated using the equation: 

T = υ− 1e− E
ads

/KT (3)  

where K represents the Boltzmann constant (8.62 × 10− 5 eV K− 1), T 
stands for temperature of the system, and υ represents the attempt fre
quency. The recovery time values show that [MB36]þ, [MB36]2þ, 
[MB36]3þ systems in the gas phase present high times to desorb the 
glucose molecule, however when the [MB36]þ systems are in water it 
presents 9.3 × 10− 5 to 1.7 × 10− 4 s. 

The absorption spectra for [MB36]þ, [MB36]2þ, [MB36]3þ and 
glucose-[MB36]þ, glucose-[MB36]þ2, glucose-[MB36]þ3 systems in 
gaseous and aquatic media were calculated with PBE0-D3/def2-TZVP 
method augmented with PCM. As one can see from Fig. 8a, the wave
lengths corresponding to absorption peaks in water follow the order 

Fig. 4. Side views of glucose-[MB36]þ, glucose-[MB36]2þ, glucose-[MB36]3þ structures. The numbers correspond to the bond length M− O (Å). Adsorption 
energy Eads is given in kcal/mol. Individual atoms are marked with colors: pink (B), black (C), red (O), gray (H), purple (Li), light purple (Na), dark purple (K), yellow 
(Be), light green (Mg), green (Ca), orange (Al), and brown (Ga). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Table 1 
Literature data on glucose adsorption energy in different systems.  

System Eads (kcal/ 
mol) 

Calculation method Ref. 

[BN-Fullerene B6]  59.04 M06 [20] 
Single-walled carbon nanotubes- 

Pt  
24.68 PBE [21] 

Pd-graphene  10.13 B3LYP/6-31 g(d,p) [19] 
Pd-N-graphene  14.76 B3LYP/6-31 g(d,p) [19] 
Pt-graphene  8.76 B3LYP/6-31 g(d,p) [22] 
Au-graphene  16.37 B3LYP/6-31 g(d,p) [22] 
Al-doped boron nitride  26.29 PBE [24] 
Ga-doped boron nitride  14.76 PBE [24] 
Pt single-walled carbon nanotubes  74.37 PBE [38] 
Anatase TiO2  34.8 PBE-D3BJ [23] 
Ag6-decorated coronene  39.9 M06-2X/LANL2DZ [18]  
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[LiB36]þ > [NaB36]þ > [KB36]þ, which remains the same after 
adsorption of glucose. The presence of water leads to an increase of 
absorption wavelengths by 12 to 16 nm. The [CaB36]þ2 and [BB36]þ3 

systems coordinated with glucose molecule show a greater displacement 
of 53 to 115 nm respectively (Fig. 8b,c). The coordinated glucose 

molecule causes a bathochromic displacement, which can be attributed 
to the interaction between the O–H group of glucose with the metal 
atom. 

The results obtained in this study confirm the usefulness of 
[MB36]þ, [MB36]2þ, [MB36]3þ for biomedical applications centered 

Fig. 5. Quantum molecular descriptors: a) HOMO-LUMO gap Eg, b) global electrophilicity index ω, c) global hardness η and d) chemical potential μ, for the plain 
[MB36]þ, [MB36]2þ, [MB36]3þ systems and glucose-[MB36]þ, glucose-[MB36]2þ, glucose-[MB36]3þ calculated with PBE0-D3/def2-TZVP method. The original 
state (×, plain [MB36]þ, [MB36]2þ, [MB36]3þ) and the final state (marked with an arrow) with glucose molecule coordinated. 

Fig. 6. Calculated IR spectra for a) [MB36]þ, [MB36]2þ, [MB36]3þ and b) glucose-[MB36]þ, glucose-[MB36]2þ, glucose-[MB36]3þ systems.  
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on glucose molecule adsorption. The systems with 1 + oxidation state, 
are more promising for this purpose, featuring the glucose adsorption 
energies from –34.22 to –43.63 kcal/mol in the gaseous medium and 
from –11.54 to –12.61 kcal/mol in water. 

4. Conclusions 

Metal-adorned borophene has a remarkable capacity for coordi
nating glucose, as it was shown by the analysis of several quantum 
molecular descriptors. All metals studied in this project (Li-K, Be-Ca, and 
B-Al) facilitate the adsorption of a glucose molecule. The obtained 
values of Eads (-111 to − 12 kcal/mol in water solvent) suggest glucose 
physisorption to [MB36]þ, [MB36]2þ, [MB36]3þ systems. Such 
reduction of physisorption energy favors biological applications, 
including the intelligent drug delivery, because the resulting bonds with 
a glucose molecule in water are weaker interactions, in comparison with 
the gas phase adsorption. The NBO analysis identifies glucose molecule 
as a donor binding one or two of its oxygen atoms to a metal atom co
ordinated to borophene. [MB36]þ systems after adsorbing the glucose 
molecule do not generate a change in energy gaps, moreover, the re
covery time in water is very short (1.7 × 10− 4 to 9.3 × 10− 5 s). This 
result is considerably promising and stimulating for development of 
glucose sensors based on metal-adorned borophene. The principal 

Fig. 7. NBO representation of donor and acceptor orbitals responsible for inter-molecular interactions in glucose-[MB36]þ, glucose-[MB36]2þ, glucose-[MB36]3þ

calculated with the PBE0-D3/def2-SVP method. Donor orbitals are shown in red, acceptor orbitals – in blue. E(2) is the energy of hyper-conjugative interaction 
(stabilization energy). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 2 
Glucose adsorption energies for different [MB36]þ, [MB36]2þ, [MB36]3þ

systems set in gas or in water.  

System Eads in gas 
(kcal/mol) 

τ in gas 
(s) 

Eads in water 
(kcal/mol) 

τ in water 
(s) 

Glucose- 
[LiB36]+

− 43.63 9.3 ×
1018  

− 12.24 9.3 ×
10− 5 

Glucose- 
[NaB36]+

− 40.83 8.3 ×
1016  

− 12.61 1.7 ×
10− 4 

Glucose- 
[KB36]+

− 34.22 1.2 ×
1012  

− 11.54 2.8 ×
10− 5 

Glucose- 
[BeB36]2+

− 96.03 2.3 ×
1057  

− 55.53 4.9 × 1027 

Glucose- 
[MgB36]2+

− 92.90 1.2 ×
1055  

− 26.61 3.1 × 106 

Glucose- 
[CaB36]2+

− 75.89 4.05 ×
1042  

− 13.79 1.3 × 103 

Glucose- 
[BB36]3+

− 120.04 9.2 ×
1074  

− 89.11 2.0 × 1052 

Glucose- 
[AlB36]3+

− 135.24 1.3 ×
1086  

− 110.87 1.8 × 1068  
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advantages of the systems studied concern the ease of structural modi
fications that can be used for further fine-tuning of material properties, 
such as degree of solubility in water. 
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