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aUniversité de Toulon, Aix Marseille Univ.,

France. E-mail: merdy@univ-tln.fr
bCEREGE, CNRS, Aix-Marseille University, IR

Cite this: RSC Adv., 2020, 10, 31003

Received 9th June 2020
Accepted 5th August 2020

DOI: 10.1039/d0ra05108j

rsc.li/rsc-advances

This journal is © The Royal Society o
c silicon or silica, pH sensitive
fluorescent probe?

Patricia Merdy,*a Cyril Neytard,a Jean-Dominique Meunierb and Yves Lucas a

In order to understand Si behavior and biodisponibility in soils and plants, we evaluated the use of PDMPO

(2-(4-pyridyl)-5-((4-(2-dimethylaminoethylaminocarbamoyl)methoxy)phenyl)oxazole) that was supposed

to be a Si-specific fluorescence marker and to have a pH-dependent fluorescence. We studied the

interactions between PDMPO and water-dissolved Si, Al and natural organic matter (humic acids, HA). Six

systems with different HA, Si and Al concentrations were studied by fluorescence spectroscopy at pH 4,

7 and 9. The Al–PDMPO complex was characterized by infrared spectroscopy and the particle size

distribution in solution was characterized by nano tracking analysis. We found that when usual pH

buffers are not present, the PDMPO fluorescence was not pH dependent and was not Si-specific. In the

PDMPO–Si–HA system, the PDMPO fluorescence signals were greatly enhanced, suggesting the

formation of highly fluorescent ternary HA–PDMPO–Si groups. When Al was added to the system, the

fluorescence was strongly quenched, suggesting the formation of low-fluorescence quaternary HA–

PDMPO–Si–Al groups. The PDMPO fluorescence is therefore greatly sensitive to complexable metals

and to natural organic matter and is therefore difficult to be applied for the quantification of Si or pH in

a complex medium.
1 Introduction

Although silicon is in weight percent the secondmost abundant
element of Earth's crust aer oxygen and is an essential nutri-
ment for numerous organisms, its behaviour in the environ-
ment and in living organisms is still the subject of numerous
studies. The interest in the mechanisms of biomineralization is
largely motivated by the desire to control the nanoscale prop-
erties of bio-inspired materials.1,2 In the environment, the long-
standing interest in the interaction between the carbon cycle
and the silicon cycle has not waned3 and there are now many
questions about silicon as a nutrient for plants, therefore
potentially as a fertilizer,4 and about the behaviour of silicon in
soils and rivers. While dissolved silica was considered not to
interact with natural organic matter (NOM), there is more and
more evidence of Si–NOM interactions having a strong
biogeochemical impact.5

Therefore, studying the molecular interactions of dissolved
or precipitated silica with biological compounds remains of
great interest. In the environment, Si is abundant in the solid
phase. SiO2 represents approximately 50 to 70% of the mass of
the soils, in quartz mineral (SiO2) and in various forms of
aluminosilicate.6 These compounds, however, are generally not
very soluble and have a low bioavailability.7 In the liquid phase,
CNRS, IM2NP, 83041 Toulon Cedex 9,

D, INRAE, 13545 Aix-en-Provence, France

f Chemistry 2020
dissolved Si is mainly in the form of monosilicic acid (H4SiO4),
which is the dominant hydroxylated Si species in aqueous
solutions between pH 2 and pH 9.8.8 When the concentration of
dissolved Si in aqueous solution exceeds z10�3 mol L�1,
polymerization of Si can occur in very varied forms depending
on the species and nanoparticles particles present in solution.9

Because of their affinity with hydroxylated Si species, Al species
greatly impact the outcome of precipitation.6 The relationships
between dissolved Si and natural organic compounds is the
subject of discussion, some studies showing the apparent
Fig. 1 Fluorescence emission of PDMPO in water according to Diwu
et al.13 (plain lines, lex ¼ 360 nm), Shimizu et al.14 (dashed lines, lex ¼
338 nm), Parambath et al.12 (dotted lines, lex ¼ 360 nm).
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Scheme 1 Structure and protonation of PDMPO.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 1
/1

9/
20

26
 7

:1
6:

35
 P

M
. 

 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
absence of stable complexes in low acidic media,10 other
showing the opposite in alkaline media.11 The array of possible
reactions, particularly with natural organic matter, that impact
Si bioavailability makes it necessary to monitor the precipita-
tion of silicate species in natural solutions.

Among the many techniques that can be used, uorescence is
particularly advantageous if a specic Si-probe is available. It is
a simple technique to implement, it is quantitative and, coupled
with microscopy, it allows the visualization of the silica precipita-
tion sites. PDMPO (2-(4-pyridyl)-5-((4(2-dimethylaminoethyl
aminocarbamoyl)-methoxy)phenyl)oxazole) has been widely used
for this purpose.12 It was rst developed to monitor the pH in live
cells,13 then was found to be an excellent probe to visualize silica
precipitation in cells by enhancing 7 times uorescence when
complexed on silica surface, likely through the terminal pyridine
or amine groups.14

In this context, our objective was to evaluate the silicon
specicity of the PDMPO in aqueous solution and its behaviour
in the presence of Al and natural organic matter. We also sought
to clarify the contradictions between the results obtained by 3
important studies about the uorescence of PDMPO in aqueous
Table 1 System conditions where particle precipitation was observed (—

Si or Al (mol
L�1)

System

PDMPO–Si PDMPO–Al PD

pH pH pH

4 7 9 4 7 9 4

10�1 X X X — — — —
10�2 X X
10�3 X X
10�4

10�5

10�6

10�7

31004 | RSC Adv., 2020, 10, 31003–31011
media.12–14 These authors observed two main peaks, one around
450 and the other around 540 nm, whose intensity ratio
changed with pH. This property would allow pH monitoring in
a given media. The differences obtained between the 3 studies
(Fig. 1), however, must be explained.

To achieve our objectives, we studied the change in the
uorescence of PDMPO at controlled pH in aqueous solutions
containing amounts of Si and Al ranging from 10�7 to
10�2 mol L�1 and natural organic matter in the form of Humic
Acid (HA).

2 Material and methods
2.1 PDMPO solutions

In the pH range chosen (between 4 and 9), there are three
dominant forms of PDMPO (Scheme 1): PDMPOH2

2+ (pKa1 ¼
4.9), corresponding to the protonation of both the pyridine
group and the terminal amine; PDMPOH+ (pKa2 ¼ 6.8), corre-
sponding to the protonation of the terminal amine; neutral
PDMPO.12 The PDMPO was purchased from Interchim (Mon-
tluçon, France) as a powder or from Thermo-Fisher (Lyso-
Sensor1 Yellow/Blue DND-160, Illkirch, France) as 1 mM
solution in dimethyl sulfoxide (DMSO) solvent. A 21.7 mM
PDMPO solution in DMSO was obtained either by diluting the
1 mM stock solution or dissolving the PDMPO powder. The pH
of the solution was xed at 4.0, 7.0 and 9.0� 0.1 by the addition
of sodium hydroxide stock solutions (Sigma-Aldrich) or hydro-
chloric acid (Trace Metal Grade 37%, (V/V), Thermo-Fisher). The
mixture was stored in amber glass vials.

2.2 Sample preparation

Si and Al 1 M solutions were prepared by dissolving in ultra-
pure water sodium silicate Na2SiO3 (Alfa Aesar) and
aluminium nitrate Al(NO3)3 (MERCK), respectively. Because the
Na2SiO3 and Al(NO3)3 solutions were very basic and very acidic,
respectively, Si and Al remained soluble in the form of H2SiO4

2�

and Al3+ species, respectively. A series of solutions of 146
samples was prepared so that the nal concentration of PDMPO
was 1 mM at pH 4.0, 7.0 and 9.0 � 0.1. The pHs were adjusted by
NaOH or HCl solutions, that were preferred to usual buffers in
: no data)

MPO–Al–Si PDMPO–Si–HA PDMPO–Al–Si–HA

pH pH

7 9 4 7 9 4 7 9

— — — — — — — —
X X X X X X X
X X X X X X

X X X X X
X
— — — — — —
— — — — — —

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Intensity of the 510 nm emission peak at lex ¼ 330 nm for the PDMPO–Si system at pH 4 (7 measurements). (a) bulk values; (b) values
normalized to the PDMPO only value; (c) average and standard deviation given by the vertical bars.
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View Article Online
order to avoid any impact on the uorescence signal. Stock
solutions of humic acid (HA) powder (Alfa Aesar, VWR) were
diluted in distilled water to obtain a concentration of 1 g L�1.

Different concentrations of Na2SiO2 and Al(NO3)3 ranging
from 10�1 to 10�7 mM were tested in the presence and in the
absence of 120 mg L�1 humic acid (HA), in order to have 6
different systems: PDMPO, PDMPO–Si, PDMPO–Al, PDMPO–Al–
Si, PDMPO–Si–HA, PMDPO–Al–Si–HA. A seventh system, Si–HA
without PDMPO, was studied for comparison. All the experi-
ments were duplicated in polypropylene bottles.

Sometimes particle precipitation was observed (Table 1), so
the solutions were ltered with a 0.2 mmPES syringe lter before
uorescence analysis. Depending on its kinetics, particle
precipitation may however have occurred between ltration and
uorescence analysis.
2.3 Molecular uorescence analysis

The measurements were performed with a Hitachi model F-
4500 spectrophotometer. The samples were diluted to avoid
inner lter effect. At each excitation wavelength, the uores-
cence intensity at the emission wavelengths was measured to
obtain 3D excitation–emission uorescence matrices (EEFM).
The excitation window was set to 5 nm and the emission
window to 10 nm. The excitation wavelengths were scanned
from 200 nm to 500 nm, and the emission wavelengths from
250 nm to 600 nm, with a 5 nm step for both emission and
excitation at a scanning speed of 2400 nm min�1. The photo-
multiplier was set to 700 V. The obtained spectra were processed
to remove the Rayleigh scattering bands using the Matlab
soware.

For each system and at each pH we performed between 5 and
8 measurement series, each series beginning with the PDMPO
only as a reference. The maximum intensity at lex ¼ 330 nm of
the 460 nm and the 510 nm peaks was normalized to the signal
of the PDMPO only. We then calculated the average and the
standard deviation for each condition, an example is given on
Fig. 2.
Fig. 3 PDMPO molecule fluorescence spectra. Top: bulk 3D spectra
at pH 4 (Rayleigh diffusion was erased); bottom: normalized 2D
spectras at lex ¼ 330 nm and pH 4, 7 and 9. Each spectra is the average
of at least 10 measurements, vertical bars give the standard deviation.
2.4 FTIR analysis

The samples were prepared in DMSO, concentrations were 10�6

and 10�2 mol L�1 for PDMPO and Al, respectively. IR absorption
spectra were measured aer transmission of the incident beam
through the liquid sample placed between two NaCl tablets
using a JASCO FT/IR-410 spectrometer. Spectra were recorded
This journal is © The Royal Society of Chemistry 2020
between 400 and 4000 cm�1 with 1 cm�1 steps. The DMSO
spectrum was subtracted from sample spectra to visualize the
bands of interest in our systems.
2.5 Particle size distribution analysis

The size distribution was measured by Nano Tracking Analysis
(NTA) using a NS500 Malvern apparatus. NTA analysed particle-
by-particle motion in the liquid by relating the rate of Brownian
motion to the particle size.15 The samples required no specic
preparation.
3 Results and discussion
3.1 PDMPO alone

EEFM at pH 4 and emission spectra at lex ¼ 330 nm obtained at
pH 4.0, 7.0 and 9.0 are shown in Fig. 3. The PDMPO exhibited
dual emission spectral peaks at 455 nm and 510 nm, the
RSC Adv., 2020, 10, 31003–31011 | 31005
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Table 2 Comparison of PDMPO fluorescence parameters given in the literature

Study Optimum lex (nm)

Maximum emission peaks (nm)

pH dependence pH controlBlue Green

This study 330 455 510 No NaOH, HCl
Diwu et al.13 360 464 542 Yes K-phosphate buffer
Shimizu et al.14 338 450 534 shiing with pH Yes Na-phosphate buffer
Parambath et al.12 360 454 shiing with pH 544 shiing with pH Yes Citrate and phosphate buffers
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optimum excitation wavelength was lex¼ 330 nm. The emission
spectra at lex ¼ 330 nm was not dependent on pH. These results
differ from those given in the three studies cited above,12–14 the
main differences are summarized on Table 2. Our 330 nm
optimum excitation wavelength is slightly different from that
used by Diwu et al.13 (338 nm), but very different from that used
by Shimizu et al.14 and Parambath et al.12 (360 nm). This last
value would correspond in our study to an edge of the uores-
cence signal where the uorescence intensity is no more than
40% of the peak maximum intensity (Fig. 3). There are slight
differences between studies in maximum emission peaks in the
blue and green domain; the main difference is that, unlike
other studies, we did not observe any variations in the ratio of
green and blue peak intensity. This discrepancy can be due to
Fig. 4 Examples of 3D-fluorescence spectra obtained at different Si co

Fig. 5 Fluorescence intensity at lex ¼ 330 nm, lem ¼ 510 nm of the PD
in mol L�1.

31006 | RSC Adv., 2020, 10, 31003–31011
the buffer used to control the pH. As early as 1964, studies16

showed that an increase of phosphate concentration frequently
leads to a drop of the uorescence intensity. For example,
phosphate ions quench both indole and phenol uorescence
and the type of anion has an effect: HPO4

2� quenches more
phenol than H2PO4

�, for indole the mono-anion is more effec-
tive; phosphate can even been quantied by its effect on organic
uorescence probes.17 Considering the citrate buffer, the citric
acid can perform an electrophilic attack of the pyridine group or
the amine group of the PDMPO, depending on the pH.14
3.2 PDMPO–Si system

3D-uorescence spectra (EEFM) were recorded at the three
different pH (4, 7 or 9) for the PDMPO–Si systems, with Si
ncentrations and pH ¼ 4 for the PDMPO–Si system.

MPO–Si system at various pH as a function of the concentration of Si

This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra05108j


Fig. 7 Nanoparticle size distribution in the studied systems at pH 9.
The two graphs axis have the same units.

Fig. 6 Dissolved species concentration at equilibrium and precipita-
tion domains in aqueous solution for Si (left) and Al (right) at 25 �C.
Calculation was done using the MINTEQ database values.18 Plain lines:
species at equilibrium with well crystallized minerals; dashed lines:
species at equilibrium with poorly crystallized or amorphous minerals.
Vertical red plain lines mark the studied pHs.
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concentrations ranging from 0 to 10�1 M. The crude results for
pH 4 (Fig. 4) show that the emission and excitation wavelengths
at uorescence maxima remained unchanged; the intensity
only varied depending on Si concentration. We found the same
behaviour at pH ¼ 7 and pH ¼ 9, no variation in emission/
excitation peak wavelength but just varying maximum emis-
sion intensities. These results tend to show that (i) the nature of
the complex formed between PDMPO and Si was the same,
whatever the concentration and the pH and (2) the Si
complexation on PDMPO sites induced intensity variations of
the ligand. To better visualize these variations, Fig. 5 shows the
maximum emission uorescence intensities a function of the Si
concentrations and as a function of pHs at lem ¼ 510 nm; the
same behaviour was found at lem ¼ 460 nm.

An enhancement of the uorescence signal as Si concentra-
tion increased was observed at each of the 3 studied pH. Shi-
mizu et al.14 observed an enhancement as well at pH ranging
from 3 to 7. At pH 4, uorescence enhancement was small, but
signicant at Si concentration equal or higher than
10�7 mol L�1. At pH 7 and 9, it was signicant at Si concen-
tration equal or higher than 10�4 mol L�1 or higher. At Si
concentrations higher than 10�2 mol L�1, there was at pH 4
a great dispersion of the uorescence intensities values and at
pH 7 a uorescence quenching.

Fluorescence enhancement at Si concentrations lower than
10�4 indicates the existence of a bond between the dye and
dissolved silicon that modify the PDMPO vibrational state. At all
the studied pH, H4SiO4 is the main dissolved silicon species,
more abundant by at least two orders of magnitude compared to
other possible species at pH 4 or 7 and one order of magnitude
at pH 9 (Fig. 6). The difference between pH 4 and other pHs is
the protonation of the pyridinium moiety. It is thus likely that,
at pH 4, a proton is shared between the pyridinium moiety and
an oxygen of the H4SiO4 tetrahedra.

The dispersion of the uorescence intensity values or uo-
rescence quenching at high Si concentration (10�1 mol L�1) was
likely due to Si precipitation as amorphous silica (Table 1).
According to Shimizu et al.,14 silicic acid polymerization
occurred as they observed it with molybdate method, whatever
This journal is © The Royal Society of Chemistry 2020
the presence or absence of PDMPO. The threshold limit
mentioned for Si polymerization was 2.10�3 M at pH ¼ 6.
Thermodynamic considerations (Fig. 6) conrmed that silica
precipitation occurs at Si concentration equal to 10�2 mol L�1.
At such concentration, however, the precipitation kinetics is
likely too slow to be visually noticeable. At higher concentration,
signicant quantity of silica particles can adsorb PDMPO
species, likely by sharing a proton from a siloxyde group.12

Results from the NTA analysis are given on Fig. 7. The
PDMPO alone exhibited a peak around 47 nm that represents
around 9% of the PDMPO introduced in the solution which was
therefore organized in nanoparticles. In the PDMPO–Si
systems, a higher and sharper peak around 45 nm corresponds
to the same quantity of PDMPO but indicates another organi-
zation, therefore due to PDMPO–Si interaction.

3.3 PDMPO–Al system

As in the PDMPO–Si system, the emission and excitation
wavelengths corresponding to the uorescence maximum
remained unchanged with pH or Al concentration, when the
uorescence intensity varied, depending on the conditions.
Fig. 8 shows the maximum emission uorescence intensities as
a function of the Al concentrations and as a function of pH at
lem ¼ 510 nm; the same behaviour was found at lem ¼ 460 nm.
This behaviour of the PDMPO–Al system was very similar to that
of the PDMPO–Si system, the main difference being a higher
enhancement at high concentration (10�2 mol L�1), where
precipitation of Al minerals was observed (Table 1).

The uorescence enhancement at Al concentrations lower
than 10�4 at pH 4 and 7 indicates the existence of a bond
between the dye and dissolved Al that modify the PDMPO
vibrational state. The bond type and location on PDMPO may
not be the same as for Si, due to the difference of structure of
the adsorbed species (Fig. 6). At pH 4, the main dissolved Al
specie is hydrated Al3+ whose rst coordination shell is octa-
hedral.19 At pH 7 and 9, it is the hydroxylated Al(OH)4

� whose
rst coordination shell is tetrahedral.20 The particle size distri-
bution in the PDMPO–Al system (Fig. 7) is like that of the
PDMPO alone and different from that of the PDMPO–Si system,
which would conrm a different bond type and location on
PDMPO.
RSC Adv., 2020, 10, 31003–31011 | 31007
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Fig. 8 Fluorescence intensity at lex ¼ 330 nm, lem ¼ 510 nm of the PDMPO–Al system at various pH as a function of the concentration of Al
in mol L�1.

Fig. 9 FTIR spectra of PDMPO alone (blue line) and PDMPO with Al
(red line).
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Although they were performed in a non-aqueous solvent, the
results of the IR experiments gave information on the possible
PDMPO–Al bond (Fig. 9). The PDMPO bands that were signi-
catively altered when Al was added to the system relate to the
ether C–O bonds and to the neighbouring amide N–H bond,
which suggests that Al3+ bonds to the amide oxygen and
possibly chelates the ether oxygen. Detailed studies performed
on Al bonds with organic compounds with functional groups
comparable to the PDMPO showed that Al binds to ketone
oxygen rather than to the pyridine nitrogen.21 The new band
that appeared at 1195 cm�1 can represent the offset of the C–O
band which was at 1313 cm�1 in the PDMPO spectrum, this
showed the existence of R–O–R0 groups.
Fig. 10 Fluorescence intensities at lex ¼ 330 nm, lem ¼ 510 nm of the PD
Al and Si in mol L�1.

31008 | RSC Adv., 2020, 10, 31003–31011
Whatever the nature of the complex, there is a strong inter-
action between the Al species in solution and the PDMPO. These
results showed that the PDMPO is not a Si-specic ligand. This
consideration can be extrapolated to all other dissolved metal
species which have a behaviour close to that of Al towards organic
ligands.22 It seems indeed difficult to nd a specic ligand that
would exclusively binds to Si since any kind of functional group
present in a molecule that would be able to bind Si would
probably be even more inclined to bind other elements.

3.4 PDMPO–Al–Si system

As in the previous systems, the results were identical for lem ¼
510 nm and lem ¼ 460 nm. Results given on Fig. 10 showed for
pH 4 and 7 a poor reproducibility of the measurements from
one experiment to another, resulting in average variations
which for the most part appears as non signicant. A small but
signicant uorescence quenching, however, was observed at
pH 7 and 9 with Si and Al concentrations equal to 10�6 or
10�5 mol L�1.

The fact that the uorescence of PDMPO was neither
enhanced nor quenched indicates that neither Si nor Al inter-
acted with it, therefore that they interacted with each other, or
that they both interacted with PDMPO in a way that neutralized
their respective effects. Although precipitation has not been
visually observed at Al and Si concentrations lower than 10�3

and 10�4 mol L�1 for pH 7 and 9, respectively, thermodynamic
data showed that solutions were oversaturated with regard to
kaolinite over 10�7 mol L�1 at pH 7 and 9 and over 3
10�5 mol L�1 at pH 4. Aluminosilicate species and oligomers
can form before suspended particles are visible in the
MPO–Al–Si system at various pH as a function of the concentration of

This journal is © The Royal Society of Chemistry 2020
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Fig. 11 Examples of 3D-fluorescence spectra obtained at pH¼ 9 and for different Si concentrations for the PDMPO–Si–HA system. A and C, see
text.
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solution.20 The observed dispersion of the uorescence inten-
sity measurements can be related to uncontrolled kinetics of
mineral particles precipitation. The particle size distribution
(Fig. 8) showed a peak like that of the PDMPO–Si system, but
centered on smaller particles, around 32 nm, when the peak of
the PDMPO alone system disappeared. This result shows
a probable interaction between PDMPO and both Al and Si.
3.5 PDMPO–Si–HA system

The 3D-uorescence spectra were different from the previous
systems, due to the specic uorescence property of the humic
substances (Fig. 11). The two main uorophores that have been
Fig. 12 Fluorescence intensities in the PDMPO–Si–HA system (plain lines
concentration of Si in mol L�1. HA concentration was 120 mg L�1. Blue
330 nm, lem ¼ 510 nm) and green lines to the A peak of HA (lex ¼ 290

Fig. 13 Examples of 3D-fluorescence spectra obtained at pH 4 and diff

This journal is © The Royal Society of Chemistry 2020
observed are typical of the humied organic matter. One is the
fulvic type (lex¼ 290 nm, lem¼ 490 nm, peak A) and the other is
the humic type (lex ¼ 450 nm, lem ¼ 515 nm, pic C).23 Here we
note the disappearance of the PDMPO peaks in all 3D-spectra,
which could be explained by the complexation of HA with
PDMPO. HA would therefore play a role in quenching the
uorescence of PDMPO and would be in competition with
silicon to complex the PDMPO.

Fig. 12 show the effects of adding Si on the uorescence
signal at the same emission/excitation wavelengths as before.
The uorescence intensities of the Si–HA system without
PDMPO are also given for comparison. In both systems, results
) and the Si–HA system (dotted lines), at various pH as a function of the
lines refer to the intensities corresponding to the PDMPO peak (lex ¼
nm, lem ¼ 490 nm).

erent Si and Al concentrations for the PDMPO–Al–Si–HA system.
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Fig. 14 Fluorescence intensities at lex ¼ 330 nm, lem ¼ 510 nm of the PDMPO–Al–Si–HA system at various pH as a function of the
concentration of Al and Si in mol L�1.
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were similar for the A and C peaks of HA. At pH 4, there were no
signicant variations of uorescence intensities in the PDMPO–
Si–HA system, when it was observed a signicant quenching of
the HA uorescence in the Si–HA system and, as seen in Fig. 6,
a signicant enhancement in the PDMPO–Si system. The sum
of the intensities may therefore have neutralized variations in
the opposite direction, but other processes may be at work. At
pH 7 and 9, there was a signicant enhancement in all systems,
much stronger in the presence of both Si and PDMPO. This
enhancement occurred without signicant change of the peaks
energy and was thus related to an increase in quantum yields.
The strong uorescence enhancement in the PDMPO–Si–HA
system is therefore likely due to HA-PDMPO-Si groups more
rigid than Si–PDMPO or Si–HA groups. The particle size distri-
bution conrmed this hypothesis, with a single sharp peak
centered around 40 nm. These data demonstrate that the Si–
PDMPO uorescence is dependent on the type of organic
compounds present in the medium.
3.6 PDMPO–Al–Si–HA system

Results given in Fig. 13 and 14 show a behavior very different
from that of the PDMPO–Si–HA system. In place of uorescence
exhausting, we observed a decrease, stronger at pH 7 and 9 than
at pH 4. At pH 4, the uorescence observed at Si and Al
concentrations equal or lower to 10�5 mol L�1 was mainly that
of HA. It decreased at higher Si and Al concentrations, revealing
the specic uorescence of PDMPO, whose signal decreased
less than that of HA. At pH 7 and 9, the uorescence of PMDPO
decreased as much as that of HA.

Among the processes that can explain variations in uores-
cence intensity in the system, we can consider the formation of
aluminosilicate nanoparticles,24 removing Si from the Si–
PDMPO–HA interactions that have been shown to exhaust the
signal, or the complexation of Al with HA sites, hindering the
formation of uorescent HA–PDMPO–Si uorescent groups.
These two processes, however, would not result in a signal
quenching. The formation of low uorescent HA–PDMPO–Al–Si
quaternary complexes is therefore the most likely hypothesis.
Other types of investigations such as NMR would be necessary
to differentiate between possible mechanisms. The size particle
distribution was different from other systems, with a main peak
centred around 200 nm and a total mass of suspended particles
four orders of magnitude higher. The presence of both Al and Si
31010 | RSC Adv., 2020, 10, 31003–31011
induced particle precipitation. The presence of species likely to
complex on the sites of PDMPO or of natural organic matter can
greatly modify the uorescence of PDMPO in complex medium.
4 Conclusions

At the three studied pH, no changes in the PDMPO uorescence
parameters were observed. The PDMPO uorescence is there-
fore not pH-dependent by itself and we suggest that the use of
PDMPO uorescence to monitor pH variations in complex
media (intracellular medium, plant sap, soil solution) must be
considered with the greatest caution. The pH dependence that
was observed in other studies was probably due to an interac-
tion between the PDMPO and the buffers used to set the pH of
calibrating solutions.

Dissolved Si as well as dissolved Al caused a quite similar
enhancement of PDMPO uorescence. The PDMPO is therefore
not a Si-specic ligand.

Regarding complex systems, strong uorescence enhance-
ments in the PDMPO–Si–HA system suggests the formation of
highly uorescent HA–PDMPO–Si groups and demonstrates
that the Si–PDMPO uorescence depends on the type of organic
compounds present in the medium. The strong uorescence
quenching in the PDMPO–Si–Al system suggests the formation
of low uorescent HA–PDMPO–Al–Si quaternary complexes and
demonstrates that the presence of species other than Si capable
of complexing on PDMPO can greatly modify the PDMPO uo-
rescence in a complex medium.
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