
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
lis

to
pa

du
 2

02
2.

 D
ow

nl
oa

de
d 

on
 2

1.
06

.2
02

6 
23

:3
8:

54
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Highly sensitive d
Fig. 1 Schematic of the hydrolysis o

aKey Laboratory for Special Functional Aggre

School of Chemistry and Chemical Engineer

P. R. China. E-mail: sdulab601@163.com;

88361599
bCollege of Chemistry, Chemical Engineering

University, Jinan 250014, P. R. China

† Electronic supplementary infor
https://doi.org/10.1039/d2ra04514a

Cite this: RSC Adv., 2022, 12, 31168

Received 21st July 2022
Accepted 10th October 2022

DOI: 10.1039/d2ra04514a

rsc.li/rsc-advances

31168 | RSC Adv., 2022, 12, 31168–311
etection of polyborosiloxane
(PBS) hydrolysis with mannitol using
electrochemical methodology†

Baoliang Liu, a Xiaoyang Zhang,b Qikun Zhang,b Yucheng Suna and Zaijun Lu*a

The complexation of polyhydric alcohols, such as mannitol, with boric acid ion promotes the ionization of

boric acid. The hydrolysis performance of PBSs was determined using an electrochemical approach for the

first time. Compared with the traditional methods, this approach includes the advantages of high sensitivity,

continuity, and digitization.
Polyborosiloxanes (PBSs) have signicant and varied applica-
tions. The PBS material that was studied as an alternative to
natural rubber was previously called supramolecular elas-
tomer1,2 or bouncing putty.3 It is a well-known solid–liquid
material.4 Because of the excellent performance of PBSs,
researchers worldwide are studying them. Owing to the intrinsic
ame retardancy of boron, PBSs can be used as green ame
retardants.5,6 In addition, they are applied in numerous elds,
which include self-healing materials7–9 and advanced elec-
tronics industry10–12 (chemical sensors,13 thermal sensors,14

super capacitors,15 and lithium ion batteries).16 Electronic skin17

has also been extensively studied.
PBSs have excellent properties but are easy to hydrolyse.18

Leaving an empty p-orbital, the boron atoms in most boron
compounds are sp2 hybridized. This empty p-orbital is vulner-
able to the lone pair electron attack of water molecules and
shows the property of easy hydrolysis. The lone pair of water
molecules attacks the B atom to form a four-coordinated
intermediate of the B atom (Fig. 1). The four-coordinated
f PBSs.
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intermediate tends to form a three-coordinated intermediate19

and then onemolecule of alcohol is removed to form a hydroxyl-
borate. Finally, PBSs are hydrolysed to boric acid.

The current detection methods for PBSs mainly include the
following four methods: weighing, half-life, open observation,
and saturated steam. Most of the hydrolysis detection methods
have revolved around the above-mentioned methods. The
weighing method involves placing PBSs in water and weighing
the remaining mass aer a certain period of time. This method
is too simple to determine accurate hydrolysis performance.
Half life method is a titration method, which records PBSs
hydrolysis titration time from the beginning of to 50% progress.
However, one can only measure hydrolysis at a certain moment,
and there should be no organic impurities or nitrogen as they
will affect the titration results. The open observation20 method
make PBSs into a certain concentration of paraffin oil solution
and determines hydrolysis based on the time when turbidity
appears. Because of the presence of other organic impurities in
PBSs, there are several limitations that affect detection, and the
subjectivity of human observation also causes measurement
errors. The saturated steam method21 involves lling a dryer
with water vapour in its natural state. This condition should be
maintained, and the sample should be placed in the dryer. In
this case, there will be subjective errors similar to the exposure
observation method. Puneet et al.22 explored the coverage of
PBSs for the detection of uoride ions. If the hydrolysis char-
acterization of PBSs is added to the study, the test results would
be more convincing. In addition to subjective and pollutant
errors, all the above-mentioned methods have common limi-
tations with which they cannot obtain a curve of hydrolysis over
time and only ∼10−1 mol L−1 can be detected.

Based on the above-mentioned reasons, this study shows the
detection of the hydrolysis of PBSs using electrochemical
methods. Polyols can promote the ionization of boric acid that
is produced by PBS hydrolysis (Fig. 2). The change in ion
concentration in the solution is continuously output as an
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic for the detection of PBS hydrolysis.
Fig. 4 Boric acid of different concentrations with mannitol and
glycerin, in mol.
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electrical signal with a constant voltage.23 The constant voltage
test uses 3.0 V as the set value because the borate we prepared is
used in the electrolyte system of 3.0 V button batteries. This
method combines PBS hydrolysis and electrochemistry for the
rst time to obtain a method for detecting PBS hydrolysis with
the advantages of continuity, selectivity (for boric acid lipid
polymers), and digitality.

In order to study the inuence of polyols on the detection
error of boric acid by PBS hydrolysis, we used electrochemical
constant voltage to detect the current change of mannitol and
glycerin under the same conditions. The current change of
mannitol at various concentrations at a constant voltage was
tested and compared with that in secondary water (Fig. 3(a)). As
can be observed from the gure, the current of mannitol with
a concentration of four orders of magnitude difference was
almost the same. Further, compared with secondary water, it
was found that there was almost no difference in the current.
This shows that the concentration of mannitol during the
experiment did not cause false positive errors in the test results.

The same principle is shown in Fig. 3(b). We tested current of
glycerol at different concentrations, which illustrated that
glycerol concentration did not cause false positive errors in the
test results during the experiment. The current signal exhibited
by glycerol concentration is more difficult to distinguish from
that by mannitol. One of the reasons is that glycerol has fewer
hydroxyl groups compared to mannitol. Additionally, currents
with pure boric acid solutions at different concentrations were
investigated using the above constant voltage method (Fig. 4).
The current signals with various concentrations of pure boric
acid with pure glycerol (0.1 mol L−1) and pure mannitol (0.1 mol
Fig. 3 (a) Mannitol of different concentrations, in mol. (b) Glycerol of
different concentrations, in mol.

© 2022 The Author(s). Published by the Royal Society of Chemistry
L−1) are compared in this gure. It can be observed that the
changes in the current with four orders of magnitude of boric
acid concentration are that the electrical signal of polyol is
weaker than that of boric acid. This is similar to the current of
glycerol and mannitol solutions. There is almost no obvious
difference in the current change shown by the pure boric acid
solution at all concentrations. Moreover, currents of glycerol
and mannitol at the same concentration were compared, as
shown in Fig. S1 in ESI. It is observed that there is almost no
difference in the current magnitude between glycerol and
mannitol at the same concentration. Hence, it also indicates
that this will not cause a false positive test result in the detec-
tion of PBS hydrolysis with polyols.

From the above discussion, we understand that if the PBS
hydrolysis solution is directly electrochemically detected, it is
difficult to be applied when the concentration of the hydrolysed
boric acid is high. Therefore, we introduced the complex
mechanism of polyols and boric acid to detect PBS hydrolysis.
As we all know, generated by the hydrolysis of PBSs, boric acid
can be ionized by hydrogen ions and borate ions. There are
three hydrogen atoms in boric acid that can only generate one
hydrogen molecule, so boric acid is a weaker acid than carbonic
acid and hypochlorous acid. Its ionization constant pK is 9.25,
which is difficult to detect even under adequately concentrated
conditions. Fortunately, researchers have conducted studies on
the ionization of boric acid.24 Polyols can promote the ioniza-
tion of boric acid, which is generally represented by mannitol
and glycerol. Owing to the complexation of polyols, the ioniza-
tion constant, pK, of boric acid changed from 9.25 to 5.15,
which is almost equivalent to the acidity of acetic acid (pK =

4.74). The degree of ionization increased by at least four orders
of magnitude, which enhanced the detection precision.

We conducted electrochemical detection for the same
concentration of mannitol and boric acid using different
gradients, as shown in Fig. S2(a).† Moreover, the electro-
chemical detection of the same concentration of glycerol and
boric acid with different gradients is shown in Fig. S2(b).† The
results showed that the two polyols increased the sensitivity for
the detection of boric acid. Moreover, it can be observed that the
difference in currents between the four solutions of mannitol
with different concentrations is more obvious than the current
RSC Adv., 2022, 12, 31168–31172 | 31169
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Fig. 6 (a) FT-IR spectrum of three PBSs. (b) Detection of PBS hydro-
lysis with mannitol. (c) Detection of PBS hydrolysis with glycerol.
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signals presented by the four different concentrations of glyc-
erol. The above illustration shows that the complexing ability of
mannitol and boric acid is better than that of glycerol and boric
acid, and the difference in the concentration gradient is also
more evident. The current signal presented by the pure boric
acid solution and that presented by the pure mannitol are
signicantly smaller than the current signal of the complex of
boric acid and mannitol, as shown in Fig. 5. For the combined
solution, the higher the concentration, the stronger is the
current signal, which is considerably more evident than that of
pure boric acid. The cumulative value of the current signal
presented by mannitol and boric acid is much smaller than the
current signal aer mannitol and boric acid are complexed. The
reason for the above phenomenon is that mannitol can promote
the ionization of boric acid. Hence, the concentration of ions in
the solution increases such that the current in the mixed system
is higher than that in the pure boric acid andmannitol solution.

The same situation, as shown in Fig. S3,† also demonstrates
an enhanced detection sensitivity of boric acid using polyols.
This shows that mannitol can greatly improve the sensitivity of
the detection of boric acid in the solution. Sudden changes in
the concentration of boric acid result in changes in the elec-
trical signal, which also conrms the potential of this method
for detecting the hydrolytic stability of PBSs.

In view of the above analysis, we prepared three kinds of
PBSs to verify the effectiveness of this method for detecting
PBSs from an experimental point of view. The preparation
methods for the three PBS materials are illustrated in ESI.† It
can be observed from Fig. 6(a) that the FT-IR spectrum shows
that PBSs have been successfully prepared. Then, we tested the
hydrolysis performance of PBS. In Fig. 6(b), the blue line is the
current signal of pure mannitol, the other three lines (red, green
and black) are the three types of PBSs placed in the mannitol
solution, and the three PBSs hydrolysis performance of current
under constant voltage. It can be observed from the gure that
the initial current of PBSs in the solution is larger than that of
pure mannitol, and the slope of the time period of 0–10 000 s is
steeper than that aer 10 000 s, which shows that the current
Fig. 5 (a) Comparison of a pure glycerol solution, pure boric acid, and
mannitol combined boric acid of the same concentration in 10−1 mol
L−1, (b) 10−2 mol L−1, (c) 10−3 mol L−1, and (d) 10−4 mol L−1.

31170 | RSC Adv., 2022, 12, 31168–31172
changes faster because of the total ion concentration in the
solution. The increase is relatively fast; the hydrolysed boric
acid rapidly ionizes positive and negative ions under the
complexation of mannitol, and the concentration change is
relatively large. Further, changes in the current are relatively
large, which illustrates that the three PBS powders are placed in
the mannitol aqueous solution. Further, PBSs hydrolyse quickly
at the beginning. The slope aer 10 000 s was milder than
before 0–10 000 s, predominantly because the concentration of
ions remained unchanged. The same explanation applies to the
hydrolysis rate, which is slower than that of 0–10 000 s. More-
over, it can be clearly seen from Fig. 6(b) that the hydrolysis of
the PBS-C is faster than the other two PBSs. This is because the
content of Si–O–B bonds in PBS-C is high, as shown in Fig. S8,†
and there are obvious changes that are evident when compared
with the other PBSs.

Moreover, to detect the three kinds of PBS hydrolysis, we
further prepared a complex of glycerol and boric acid, as shown
in Fig. 6(c). It can be observed from the gure that glycerol can
enhance the sensitivity of detection, and the three lines of
electrical signal changes exhibited by the three hydrolysis
conditions of PBSs are almost folded together, making it diffi-
cult to distinguish.

A comparison of Fig. 6(b) and (c) shows that mannitol can
promote the detection of PBS hydrolysis to a great extent and
that the effect is more evident. The details of the weighing
method are shown in Table S1 and Fig. S10–S12 in the ESI.†

From an experimental point of view, it is not only proved that
polyols have the characteristics of improving the sensitivity of
PBS hydrolysis detection but also illustrated that the effect of
mannitol is better than that of glycerol. The density functional
theory (DFT) with Gaussian soware was used to calculate the
binding energy of mannitol and glycerol to borate ions. All
calculations were performed using the Gaussian 09 program.
The B3LYP/6-31G basis set was used to optimize the congu-
ration of mannitol, glycerin, and boric acid ions. It is known
that the complexing ability of mannitol with borate ions is
stronger than that of glycerol with borate ions. The DFT results
show that the binding capacity of mannitol for borate ions is
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 DFT calculation of mannitol–boric acid ion and glycerol–
boric acid ion

Species Energy/a.u.

Boric acid ion −252.0022
Mannitol −688.3986
Mannitol–boric acid ion −940.4521
Glycerol −344.7923
Glycerol–boric acid ion −596.8218
Mannitol–boric acid ion: ER = 134.6881 kJ mol−1

Glycerol–boric acid ion: ER = 71.6762 kJ mol−1
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stronger than that of glycerol for borate ions. It can be observed
from Table 1 that the binding energy of mannitol to borate ions
is 134.6881 kJ mol−1, and the binding energy of glycerol to
borate ions is 71.6762 kJ mol−1. From this perspective, the
binding energy of mannitol to borate ions is greater than that of
glycerol to borate ions, ensuring that mannitol is more stable
than the binding particles of borate ions. This indicates, from
the perspective of calculation, that the binding ability of
mannitol to boric acid is stronger than that of glycerol to boric
acid. Herein, the calculated results are consistent with the
experimental results, which show that mannitol can enhance
the detection sensitivity of detecting PBS hydrolysis.

Based on the above analysis, the proposed formula for PBS
hydrolysis rate is obtained as follows:

u = I/(Imax − I0) × 100%

where u, I, Imax, and I0 denote the hydrolysis rate, current of the
sample to be tested, current of mannitol and boric acid, and
current of pure mannitol, respectively. A detailed analysis of the
experience formula is shown in the ESI.†

In summary, mannitol can promote the ionization of boric
acid produced by the hydrolysis of PBSs. Electrochemical
methods are used to convert a highly sensitive ion concentra-
tion signal of a solution into an electrical signal that can be 1000
times more sensitive. Moreover, DFT analysis proved that
mannitol is superior to glycerol and is suitable for the detection
of PBS hydrolysis. Further, the detection aid used in this
method is mannitol, which is employed as a sugar-free sweet-
ener in the food industry; thus it is a non-toxic and green
detection method. This study introduced electrochemistry into
PBS hydrolysis detection for the rst time. This method, which
turned out to be more than just a method for the hydrolysis
detection of PBSs, provides an exploration idea for hydrolysis
detection methods for other materials.
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