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Complex Formation of d-Metal lons at the Interface of
Tbh"-Doped Silica Nanoparticles as a Basis of Substrate-
Responsive Tb"-Centered Luminescence

Nikolay Davydov,” Asiya Mustafina,*® Vladimir Burilov,” Elena Zvereva,”” Sergey Katsyuba,®
Liliya Vagapova,® Alexander Konovalov,”’ and Igor Antipin®

The complex formation of d-metal ions at the interface of Tb'"-
doped silica nanoparticles modified by amino groups is intro-
duced as a route to sensing d-metal ions and some organic
molecules. Diverse modes of surface modification (covalent
and noncovalent) are used to fix amino groups onto the silica
surface. The interfacial binding of d-metal ions and complexes
is the reason for the Th"-centered luminescence quenching.
The regularities and mechanisms of quenching are estimated
for the series of d-metal ions and their complexes with chelat-
ing ligands. The obtained results reveal the interfacial binding

1. Introduction

Coordination compounds play a significant role in the develop-
ment of nanomaterials with imaging, sensing, or drug-delivery
functions, which are topics of current interest."?? The stimuli
responsiveness of the nanomaterial is a required condition of
its functionality. Luminescent lanthanide complexes are widely
applied in the synthesis of luminescent nanoparticles for imag-
ing and sensing,”? though the principles and mechanisms
underlying the development of lanthanide-based stimuli-re-
sponsive colloids are not highlighted in the literature. Herein,
the main correlations between binding at the interface of lan-
thanide-based nanoparticles and their luminescence response
are introduced for further development of colloids with a sens-
ing function.

Thus, previously reported highly luminescent silica-coated
Tb" complexes are chosen as the basis for further develop-
ment of stimuli-responsive colloids.””” These nanoparticles ex-
hibit stable luminescence in aqueous solutions due to the
poor leakage of the Tb" complex from colloids.” The biocom-
patibility of silica nanoparticles (SNs) results from both the
deep encapsulation of hazardous lanthanide complexes into
the silica matrix and surface decoration of the nanoparticles.
The decoration of the silica surface of nanoparticles by amino
groups is a well-known way to modify their cell permeability
or affinity to biotargets.”® The affinity of amino groups to-
wards d-metal ions is also worth noting, since it is widely ap-
plied in the sensing or recovery of the latter.”*?” The quench-
ing effect of d-metal ions on Eu"- and Th"-centered lumines-
cence is a well-known basis to sense d-metal ions by means of
the fluorescence response.”*? In our previous work, the ad-
sorption of d-metal ions by unmodified luminescent Tb"-
doped SNs followed by their removal from the surface by che-
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of Cu" ions as the basis of their quantitative determination in
the concentration range 0.1-2.5 um by means of steady-state
and time-resolved fluorescence measurements. The variation
of chelating ligands results in a significant effect on the
quenching regularities due to diverse binding modes (inner or
outer sphere) between amino groups at the interface of nano-
particles and Fe" ions. The applicability of the steady-state and
time-resolved fluorescence measurements to sense both Fe"
ions and catechols in aqueous solution by means of Tb"-
doped silica nanoparticles is also introduced.

lating anions provided a way to sense the latter.”® The adsorp-
tion of d-metal ions by an unmodified silica surface suffers
from some shortcomings, which prompted us to apply coordi-
nation bonds with some donor groups to bind d-metal ions at
the nanoparticles’ interface. The reversibility of coordination
bonds and the easy shift of the complex formation equilibrium
by external stimuli is another advantage. Thus, the affinity of
amino groups towards d-metal ions and protons is the reason
for their choice for the surface decoration of Tb"-doped SNs.
Two types of surface decoration by amino groups are present-
ed herein. The first is based on noncovalent adsorption of
polyethyleneimine (PEI) molecules onto the silica surface. The
second is the covalent decoration of SNs by 3-[2-(2-
aminoethylamino)ethylamino]propyltrimethoxysilane  (AEPTS).
This work presents the effect of the surface decoration mode
(covalent or noncovalent) on the applicability of Tb"-doped
SNs to sense d-metal ions through the quenching of Tb"-cen-
tered luminescence. The contributions of dynamic and static
mechanisms of Th"-centered luminescence quenching by vari-
ous d-metal ions are estimated. The significant effect of the ad-
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ditional ligands on the quenching of Th"-centered lumines-
cence by d-metal ions is also discussed. The revealed regulari-
ties highlight the correlation between interfacial complex for-
mation and the luminescence properties of Tb"-doped SNs as
a basis of their sensing function.

2. Results and Discussion
2.1. Synthesis and Surface Modification of Th"-Doped SNs

The previously reported luminescent SNs ((40+5) nm in size)
doped with Tb" complex have been used for noncovalent sur-
face decoration by PEL® The adsorption of PEI molecules onto
the silica surface (see the Experimental Section for details) is
revealed from the electrokinetic potential measurements
(Figure 1). The acidification of colloids of SNs decorated by PEI
(SN/PEI) to pH<5 results in their recharging from —40 to
+40 mV, whereas no recharging is possible for the unmodified
SNs.
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Figure 1. Electrokinetic potential ({, mV) of Tb-doped SN/AEPTS (1) and
SN/PEI (2) colloids (0.028 gL™") at various pH values.

The covalent fixing of amino groups onto the silica surface
was carried out by means of AEPTS.”®! The size of the obtained
nanoparticles is (32+3) nm according to their TEM image
(Figure 2). The efficiency of the covalent surface decoration of
Tb"-doped SNs by AEPTS was confirmed by quantitative fluo-
rescence analysis.?¥ The fluorescence measurements (Fig-
ure 1S, Supporting Information) of SNs decorated by AEPTS
(SN/AEPTS) reveal about 3 moles of amino groups per 0.1 g of
SNs. Taking into account that 0.1 gL' corresponds to 10 8m
of SNs (ref. [6] presents the relation between these values),
each SN is decorated by nearly 3000 amino groups.

IR spectroscopy data confirm the presence of amino groups
at the surfaces of both SN/PEI and SN/AEPTS colloids (Figures 3
and 4, respectively). The IR spectra of the SNs without surface
decoration (curve 1) show a broad band at 3366 cm™' corre-
sponding to O-H stretching. The weak band at 1630 cm™ is
assigned to the bending vibrations of water (6H,0). The IR
spectra of the decorated SNs (curve 2) show bands at 3363/
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Figure 2. TEM image of SN/AEPTS.
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Figure 3. IR spectra of SNs (1), AEPTS-coated SNs (2), and AEPTS (3).
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Figure 4. IR spectra of SNs (1), PEl-coated SNs (2), and PEI (3).

3304 and 3351/3300cm™' originating from NH, and NH
stretching vibrations of the AEPTS and PEl moieties.” It
should be mentioned that usually most primary amines give
rise to a strong IR band of bending vibrations 6NH,, which can
be seen in the IR spectra of AEPTS and SN/AEPTS at 1593 and
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1575 cm™' (Figure 3, curves 3 and 2, respectively).®® Contrary
to this, the bending NH vibrations of the secondary aliphatic
amines are usually too weak to be observed in routine meas-
urements. Therefore, these vibrations are not registered in the
IR spectra of AEPTS and SN/AEPTS, but they are clearly seen in
the IR spectra of PEl and SN/PEI (at 1661/1597 and 1655/
1599 cm™") because of the much larger number of NH groups
(Figure 4, curves 3 and 2, respectively). The observed shifts of
the mentioned bands of stretching and bending modes in the
spectra of the decorated SNs relative to the spectra of AEPTS
and PEl suggest interactions between the functional groups
and surfaces of the nanoparticles.

Electrokinetic potential measurements also reveal the re-
charging of SN/AEPTS colloids with the acidification of the so-
lution (Figure 1). Moreover, the curve ¢ versus pH for SN/AEPTS
colloids lies above the similar curve for SN/PEI, thus indicating
more protonated amino groups on the surface of SN/AEPTS
colloids in comparison with SN/PEI (Figure 1).

2.2. Quenching of SN/PEI and SN/AEPTS Colloids in
Solutions of d-Metal lons

The choice of pH conditions for fluorescence measurements at
various concentrations of d-metal ions is influenced by two
factors. The first is to keep the pH at a level where the hydroly-
sis of d-metal ions is insignificant. The second is to maintain
the emission intensity at a rather high and constant level,
since both silica-coated and “free” Tb" complexes in aqueous
solutions are pH dependent.**” Thus, the emission spectra of
both SN/PEI and SN/AEPTS colloids were measured at pH
values varying from 4 to 9. The emission spectrum of nanopar-
ticles reveals four bands peculiar to the Th-centered lumines-
cence, with the main peak at 541 nm assigned as the °D,~"F
transition.*” The emission and excitation spectra of SN/AEPTS
and SN/PEI colloids are presented in Figure 5. The intensity of
the main band at 541 nm was taken as the Tb"-centered emis-
sion intensity. The results in Figure 6 exemplify the emission in-
tensity versus pH for SN/AEPTS. Taking into account that alka-
line conditions are undesirable due to hydrolysis of d-metal
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Figure 5. Emission spectra of SN/AEPTS (1) and SN/PEI (2) colloids

(0.028 gL™"). The corresponding excitation spectrum is shown in the inset.
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Figure 6. Intensity of the band at 541 nm of SN/AEPTS nanoparticles
(0.028 gL™") at various pH values.

ions and that the emission intensity remains at a constant and
significant level at pH 5-7 (Figure 6), the pH was adjusted to 6
by Tris buffer in all measurements.

Both steady-state and time-resolved quenching measure-
ments were performed in colloids of SN/PEI and SN/AEPTS at
various concentrations of d-metal ions. The quenching meas-
urements are presented in the form of I/l, and /7, where |
and 7 are the emission intensity and lifetime values, respective-
ly, of SN/PEI and SN/AEPTS colloids in solutions of d-metal salts
of various concentrations, and I, and 7, are the corresponding
values of the initial colloids without d-metal ions (Figures 7
and 8). This mode of presentation enables evaluation of the
extent of the quenched luminophores within the SNs. The
latter value is of particular importance for SNs doped with lu-
minophores, where the distance between the luminophores
and interfacial quenching molecules varies in a rather wide
range.®**3¥ The analysis of the presented data (Figures 7 and
8) should be preceded by the definition of the probable mech-
anisms of quenching of lanthanide-centered luminescence by
d-metal complexes. The dynamic mechanism arising from the
donor-acceptor energy transfer and the static mechanism re-
sulting from the ion displacement are the most probable rea-
sons for the lanthanide-centered luminescence quenching by
d-metal ions.”*3? The efficiency of the energy transfer de-
pends on both the distance between luminescent and quench-
ing molecules and the spectral properties of the latter.***” The
contribution of the dynamic quenching mechanism revealed
from the time-resolved quenching measurements is more sig-
nificant for SN/AEPTS (Figure 8b) than for SN/PEI (Figure 7b)
and highly dependent on the d-metal ion. In particular, the
slope of /7, versus concentration is the steepest for CuSO,
with a saturation level at 20 um of CuSO,. No saturation is ob-
served in the case of FeCl,, FeCl,, and CoCl,, while the increase
of MnCl,, NiCl,, and ZnCl, concentrations up to 50 um induces
insignificant changes of both I/l, and 7/z, (Figures 7 and 8). It
is also worth noting that the saturation levels of t/t, versus
concentration of d-metal ions differ from each other in colloids
of SN/PEI and SN/AEPTS. The analysis of these values indicates
the greater extent of dynamic quenching in colloids of
SN/AEPTS in comparison with SN/PEI, which can be explained
by diverse modes of surface modification.
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Figure 7. a) //l, and b) 7/7, of SN/PEI colloids (0.028 gL™") versus concentra-
tions of CuSO, (1), FeCl; (2), CoCl, (3), FeCl, (4), NiCl, (5), ZnCl, (6), and MnCl,
(7) at pH 6.

It is anticipated that the quenching measurements should
be greatly affected by the distribution of luminophores within
the silica matrix. The diverse energy transfer between Tb" lu-
minophores located close to the surface and inside nanoparti-
cles has been demonstrated for the quenching of Th" lumines-
cence by gold nanoparticles.” In our case Tb-doped SNs syn-
thesized through the microemulsion procedure® are character-
ized by the nonhomogeneous distribution of luminophores
within SNs, which was designated the “expanded core—shell”
morphology, while their further coating by AEPTS makes them
closer to the “core—shell” type.”? The latter type of morpholo-
gy should provide deeper encapsulation of Tb" complexes into
SNs and worse dynamic quenching by interfacial Cu" ions. Nev-
ertheless, both steady-state and time-resolved quenching
measurements are in conflict with the above-mentioned as-
sumption, thus indicating more efficient quenching through
the dynamic mechanism observed for SN/AEPTS in comparison
with SN/PEI colloids (Figure 7 b, Figure 8b). This fact can be ex-
plained by the bulkiness of the PEl-based adlayer, which in
turn restricts the closer proximity of Cu" ions bound with
amino groups to silica-coated Th" complexes. The quenching
via a static mechanism is more significant for SN/PEI than for
SN/AEPTS, which indicates the enhanced ion displacement of
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Figure 8. a) //l, and b) 7/7, of SN/AEPTS colloids (0.028 gL™") versus concen-
trations of CuSO, (1), FeCl; (2), CoCl, (3), FeCl, (4), NiCl, (5), ZnCl, (6), and
MnCl, (7) at pH 6.

luminescent Tb" by nonluminescent Cu" due to the higher per-
meability of the PEI adlayer (Figure 7a, Figure 8a). The differ-
ence between SN/PEl and SN/AEPTS is observed for other
d-metal ions, though it is less pronounced than for CuSO,.

Comparison of the steady-state and time-resolved quench-
ing measurements of SN/PEI and SN/AEPTS colloids in solu-
tions of FeCl, FeCl,, CoCl,, and CuSO, reveals Cu" ions as the
most efficient quenchers via both dynamic and static mecha-
nisms in comparison with other d-metal ions (Figures 7 and 8).
The enhanced interfacial binding of Cu" ions resulting from
their greater affinity towards amino groups explains the
above-mentioned tendency. Although the displacement of the
luminescent Tb" ions by nonluminescent Cu" ions can be as-
sumed as the main reason for the steady-state luminescence
quenching, other possible reasons for the decreased emission
such as reabsorption or aggregation of SNs should be taken
into account.®¥ Electrokinetic potential and dynamic light scat-
tering measurements indicate that neither charge neutraliza-
tion nor aggregation of SN/PElI and SN/AEPTS in the studied
solutions is observed (Table 1S, Supporting Information). Reab-
sorption is also insignificant under such dilute concentration
conditions.

Summarizing this issue, it is worth noting that the energy
transfer from Tb" complexes to interfacial Cu" ions is more effi-
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cient in SN/AEPTS colloids, while static quenching through ion
displacement is more enhanced in SN/PEI colloids. The ob-
tained regularities indicate SN/AEPTS colloids to be a more
promising basis for the further development of colloids with
substrate-responsive luminescence.

2.3. Effect of Additional Ligands on the Quenching
Regularities

The binding of metal ions with primary or secondary amino
groups of one or two neighboring 3-[2-(2-aminoethylamino)-
ethylamino]propyl substituents at the surface of SN/AEPTS is
reversible and thus can be schematically introduced by Equilib-
rium (1):

Me + nNH,— = Me(NH,—), (1)

The admixture of chelating anions is a way to shift Equilibri-
um (1) due to competitive Equilibriums (2)-(4):

Me(NH,—), + L = MeL + nNH,— (2)
Me(NH,—), + L = MeL(NH,—), (3)
Me(L),, +n (NHy) = [Me(L),](NH;), (4)

The distance between Tb" complexes and quenching ions is
of particular importance in quenching through the dynamic
mechanism. Thus, the predominance of Equilibrium (2) should
result in removal of metal ions from the nanoparticle interface
followed by the fluorescence response. The quenching effect
should remain on the same level or even become greater
when mixed-ligand complex formation and/or outer-sphere
ion pairing [Egs. (3), (4)] are predominant. The above-men-
tioned equilibriums indicate that the fluorescence response
upon the admixture of various ligands depends on their struc-
ture and concentration. Ethylenediaminetetraacetic acid disodi-
um salt (Na,EDTA) is a well-known chelating ligand, which has
found wide application for removing copper and iron ions
from their complexes due to the great stability of complexes
of Na,EDTA with d-metal ions.*>** The series of amino acids
(histidine, lysine, glutamic acid, glutamine) can result in diverse
effects on the luminescence response due to their tendency to
form ternary Cu' complexes with amines [Eq.(3)].”" The
quenching of SN/PEI and SN/AEPTS luminescence by Cu'" ions
is rather significant and thus the stripping effect of ligands can
be applied to provide the luminescence response. Figure 9
presents the //l, values of SN/AEPTS colloids resulting from
binding with Cu" ions at 5 um of CuSO, and the change of
these values upon the addition of diverse amounts of
Na,EDTA. The I/l, values increase with the increase of the
Na,EDTA concentration in the range 0-20 um up to the satura-
tion level, whereas they remain unchanged on the addition of
amino acids to SN/AEPTS colloids at 5 um of CuSO,. These
facts indicate that Na,EDTA provides the fluorescence response
of SN/AEPTS, while amino acids do not. The fluorescence re-
sponse of SN/AEPTS at 5 um of CuSO, on Na,EDTA arises from
the reestablished Th"-centered emission due to the removal of
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Figure 9. I/l, of SN/AEPTS colloids (0.028 gL™") versus concentration of
Na,EDTA at 5 um of CuSO, at pH 6. The //l, values on the addition of amino
acids (5-50 um) are designated by the single filled square.

Cu" ions from the interface of SN/AEPTS resulting from the
chelation with Na,EDTA. The lack of luminescence response on
the admixture of amino acids indicates that no stripping of Cu"
ions occurs in this case. The predominant contribution of Equi-
librium (3) can be assumed to be the explanation of the ob-
served results. The fluorescence responses of SN/PEI colloids
differ significantly from those observed for SN/AEPTS. The lack
of a fluorescence response on the admixture of both Na,EDTA
and amino acids to SN/PEI colloids confirms the worse stimuli
responsiveness of their luminescence than that of SN/AEPTS.

It is worth noting that the increase of I/l, values of SN/AEPTS
colloids at 5 um of CuSO, induced by Na,EDTA comes to 0.7,
while no further growth is observed (Figure 9). This fact con-
firms the above-mentioned assumption that some lumino-
phores within SN/AEPTS are irreversibly quenched by Cu" ions
through ion displacement. Taking into account that the ad-
sorption of small ions into a silica matrix is diffusion con-
trolled,***® the quenching of SN/AEPTS by Cu" ions should be
time dependent. Indeed, the I/l, values of SN/AEPTS colloids at
1 and 5 pm of CuSO, decrease within 15 min (Figure 2S, Sup-
porting Information). The increase of //l, values induced by the
admixture of Na,EDTA remains practically unchanged when
Na,EDTA is added immediately after CuSO, or within 15 min
(Figure 2S). So, although Cu" ions provide the most efficient
quenching through a dynamic mechanism, the significant con-
tribution of the static mechanism resulting from ion displace-
ment restricts the application of Cu" ions as the quenchers in
the development of substrate-responsive luminescent colloids.
Nevertheless, the sharp and linear decrease of the emission in-
tensity (Figures 7 and 8) makes SN/PEI and SN/AEPTS colloids
rather promising for the detection of Cu" ions under rather
dilute conditions (0-2.5 pum). For example, the lower detection
level (0.1 um) and linear range (0.1-2.5 um) of the Cu" sensing
by SN/PEI and SN/AEPTS are comparable with similar values
obtained by the use of quantum dots."**”

The contributions of both static and dynamic mechanisms
of SN/AEPTS quenching in solutions of FeCl; are less significant
in comparison with CuSO,. This fact agrees well with the less
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efficient binding of amino groups with Fe" ions® and their

tendency to hydrolysis. Concentrated conditions are required
to obtain a more or less significant fluorescence response on
the stripping effect of Na,EDTA. For example, 20 um of FeCl; is
required to decrease I/l, from 1 to 0.7, while 60 um of Na,EDTA
should be added for reestablishment of the emission intensity
to 0.9. Thus, the admixture of an additional ligand can be ap-
plied to enhance the quenching effect of Fe" ions on the Th-
centered luminescence of SN/AEPTS.

The binding of quenchers via outer-sphere ion pairing at the
interface of SN/AEPTS according to Equilibrium (4) is exempli-
fied by the quenching measurements of SN/AEPTS in solutions
of K;[Fe(CN),] and K,[Fe(CN)¢] (Figure 10). The decrease of both
I/l, and T/, occurs in a more narrow concentration range than
that observed for Fe" ions (Figures 8 and 10), thus indicating
that the electrostatic attraction of [Fe(CN)¢*~ and [Fe(CN)¢]*"
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Figure 10. I/, (1,2) and /1, (3,4) of SN/AEPTS colloids (0.028 gL ") versus
concentrations of K;[Fe(CN)4] (1,3) and K,[Fe(CN)4] (2,4) at pH 6.

anions to protonated amino groups provides more efficient
binding of the quenching ions than the coordination of Fe"
ions via amino groups at the surface of SN/AEPTS. The above
results reveal outer-sphere ion pairing as a convenient mode
of interfacial binding with quenching ions. The significant con-
tribution of the static mechanism to the quenching by
K;[Fe(CN)] should be noted as a shortcoming. The ion pairing
between Tb*" and [Fe(CN)s>~ is the probable explanation of
the enhanced decrease of the steady-state Tb-centered lumi-
nescence in solutions of K;[Fe(CN)].

The choice of 1,2-dihydroxybenzene (H,DB) and Tiron
(Na,H,T) as the additional ligands has been conditioned by
their complex formation with Fe", which results in negatively
charged [Fe(DB),]~ and [Fe(DB);,]*~, as well as [Fe(T),]~> and
[Fe(T);]° at pH 6 and excess amounts of 1,2-dihydroxybenzene
and Tiron.*®*’ Moreover, these complexes have absorption
bands at 500-700 nm, overlapping with the emission bands of
Tb", which can be assumed as a prerequisite for quenching
through the energy-transfer mechanism and/or the inner filter
effect” It is also worth noting that 1,2-dihydroxybenzene is
the simplest representative of catechol-containing molecules.
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These molecules are of widespread biological occurrence and
importance due to their function as neurotransmitters and
their pharmacological use in the treatment of Parkinson’s dis-
ease, hypertension, and breast cancer.”">?

Comparison of the quenching measurements in SN/AEPTS
colloids by FeCl; in the absence and the presence of 1,2-dihy-
droxybenzene at the same pH value reveals the effect of 1,2-di-
hydroxybenzene on the quenching regularities (Figure 8 and
11). First of all the decrease of both 7/7, and I/l, becomes more
sharp, thereby indicating that 1,2-dihydroxybenzene enhances
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Figure 11.//l, (1,2) and 7/1, (3,4) of SN/AEPTS colloids (0.028 g L") versus
concentration of FeCl; at 2 pm of Tiron (1,3) and 10 um of 1,2-dihydroxyben-
zene (2,4) at pH 6.

the binding of Fe" ions with SN/AEPTS. The formation of
[Fe(DB),]” and [Fe(DB);*~, which can be ion paired with the
protonated amino groups, explains the rather sharp decrease
of /1, and I/, in the narrow concentration range of Fe"
(0-2.5 um). So, the admixture of 1,2-dihydroxybenzene enables
the detection limit of the sensing of FeCl; by SN/AEPTS col-
loids to be decreased to 0.2 um. The outer-sphere ion pairing
of quenching complexes with protonated amino groups is the
main reason for the above-mentioned tendency. Thus, it is an-
ticipated that complexes [Fe(T),] ™ and [Fe(T);]® should pro-
vide the quenching under more dilute conditions than the less
negatively charged [Fe(DB),]~ and [Fe(DB);]*~ due to their en-
hanced electrostatic attraction with the protonated amino
groups. Moreover, UV/Vis spectroscopy data in the literature
reveal the shift of the equilibrium between [Fe(T),]™ and
[Fe(T);]° towards the latter in the presence of cationic surfac-
tants.®® The intensities of the absorption bands are too small
under the studied concentration conditions to reveal such
a shift. Also note that the inner filter effect of these Fe" com-
plexes is insignificant under such dilute conditions.

The data presented in Figure 11 indicate that the lower de-
tection limit of Fe" can be decreased from 0.2 to 0.04 um
when Tiron is added instead of 1,2-dihydroxybenzene. The
charge of the additional ligand increases the slopes of 7/t, and
I/l versus concentration of FeCl;, while the saturation levels
are the same in both cases (Figure 11).
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It is also anticipated that the quenching effect of FeCl; on
the Tbh"-centered luminescence of SN/AEPTS colloids should be
enhanced by the addition of 1,2-dihydroxybenzene or Tiron.
Figure 12 presents the steady-state and time-resolved quench-
ing at various concentrations of 1,2-dihydroxybenzene and
Tiron and constant concentrations of FeCl;. The insignificant
quenching resulting from 1 um of FeCl; can be greatly en-
hanced at 0.05um of Tiron with a further linear decrease
within its concentration range of 0.05-2 pum. The insignificant
effect of 1,2-dihydroxybenzene was revealed under the same
concentration conditions. The quenching effect of 1,2-dihy-
droxybenzene becomes detectable at 5 um of FeCl;, though
no saturation of t/r, and I/l, values is observed within the
studied concentration range (0-20 pum) of 1,2-dihydroxyben-
zene (Figure 12).
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Figure 12. /I, (1,2) and /7, (3,4) of SN/AEPTS colloids (0.028 gL™") versus
concentrations of Tiron at 1 um of FeCl; (1,3) and 1,2-dihydroxybenzene at
5 um of FeCl; (2,4) at pH 6.

3. Conclusions

Summarizing the obtained results, the following points are
worth noting:

1. The steady-state and time-resolved luminescence of silica-
coated Tb complexes is quenched by d-metal ions bound with
amino groups at the silica/water interface. The quenching
occurs via both dynamic and static mechanisms. The mode of
the silica surface decoration by amino groups greatly affects
the relative importance of the dynamic and static mechanisms.
Dynamic quenching is more significant for nanoparticles with
covalent decoration by AEPTS in comparison with those deco-
rated through the adsorption of PEI.

2. The steady-state and time-resolved quenching measure-
ments of SN/AEPTS in solutions of d-metal salts, introduced in
the form of I/l, and 7/, open the route to detect Cu" ions
with a lower detection level and dynamic linear range of
0.1 um and 0.1-2.5 umMm, respectively. The enhanced affinity of
Cu" ions towards amino groups is the reason for the most effi-
cient quenching of SN/AEPTS in solutions of CuSO,.

3. The quenching regularities can be modified by tuning of
the interaction mode between the quenching ions and Th"-

ChemPhysChem 2012, 13, 3357 - 3364
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doped SN/AEPTS. The outer-sphere ion pairing of the charged
Fe" complexes with the protonated amino groups of
SN/AEPTS provides more efficient quenching than the inner-
sphere coordination of Fe" ions with amino groups. Thus, the
quenching effect of Fe" ions can be significantly reinforced by
the addition of 1,2-dihydroxybenzene and Tiron, and vice versa
catechol derivatives enhance the quenching of the Th-cen-
tered luminescence in the presence of Fe" ions. Moreover, the
anionic substituents in the aromatic rings of catechol deriva-
tives greatly affect the quenching regularities. These results
highlight the tuning of the interfacial binding mode of d-metal
ions from inner to outer sphere as a route to obtain substrate-
responsive luminescent colloids.

Experimental Section

Transmission electron microscopy (TEM) images were obtained
using a JEOL JEM 100 S microscope (JEOL, Japan).

Dynamic light scattering measurements and zeta-potential values
of nanoparticles in aqueous dispersions were analyzed using a Mal-
vern Mastersize 2000 particle analyzer.

The steady-state emission spectra were recorded on a spectrofluor-
ometer FL3-221-NIR (Jobin Yvon) under 330 nm excitation.
Luminescence decay measurements were performed using
a Horiba Jobin Yvon Fluorolog 3-221 spectrofluorometer with SPEX
FL-1042 phosphorimeter accessory using a xenon flash lamp as the
photon source with the following parameters: time per flash:
50.00 ms, flash count: 200 ms, initial delay: 0.05 ms, and sample
window: 2 ms. Excitation of samples was performed at 330 nm and
emission was detected at 546 nm with a 5 nm slit width for both
excitation and emission.

UV/Vis spectra were recorded on a Lambda 35 spectrophotometer
(PerkinElmer).

IR spectra of all compounds were recorded on a FTIR spectrometer
“Tensor 27" (Bruker) in the 4000-400 cm ™' mid-IR range at an opti-
cal resolution of 1 cm™. The liquid samples of AEPTS or PEIl were
placed between KBr plates. Dry powders of nanoparticles obtained
from their water solutions were prepared as KBr pellets and heated
to over 100°C to remove traces of water.

Tetraethyl orthosilicate (TEOS, 98 %), 3-[2-(2-aminoethylamino)ethy-
lamino]propyltrimethoxysilane (AEPTS, 989%), ammonium hydrox-
ide (28-30%), n-heptanol (98 %), and cyclohexane (99 %) were from
Acros; terbium(lll) nitrate hexahydrate (99.9%) from Alfa Aesar and
Triton X-100 from Sigma-Aldrich were used. The synthesis of p-sul-
fonatothiacalix[4]arene (TCAS) was carried out according to the
known procedure.”” Na,EDTA, Tiron (4,5-dihydroxybenzene-1,3-di-
sulfoacid disodium salt), FeCl;6H,0, FeCl,-6H,0, NiCl,-6H,0,
MnCl,+4H,0, CoCl,6 H,0, CuS0O,5H,0, ZnCl,4H,0,
K,[Fe(CN)s-3H,0, K;[Fe(CN)s], and PEl were used as purchased
from Acros. 1,2-Dihydroxybenzene was purified by recrystallization
from benzene prior to use (m.p. 105 °C).

The synthesis of silica-coated Tb-TCAS nanoparticles was per-
formed according to a reverse microemulsion procedure.® The
nanoparticles were characterized by transmission microscopy (Fig-
ure 3S, Supporting Information).

The noncovalent decoration of silica-coated Tb-TCAS nanoparticles
resulted from the adsorption of PEl onto SNs. An aqueous disper-
sion of Tb-doped SNs (4 gL™") was mixed with an aqueous solution
of PEI (2gL™") with further stirring and ultrasonication. The nano-
particles with adsorbed PEl were precipitated by centrifugation.
The washing of PEl-modified SNs was performed several times
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through the redispersion of nanoparticles in water followed by
their precipitation.

The synthesis of Tb-doped SNs covalently decorated by amino
groups was performed with the use of AEPTS in accordance with
the known procedure.” An aqueous solution of luminescent com-
plex Thb-TCAS (0.0078 m) was added dropwise to a mixture of Triton
X-100 (4.315 g), cyclohexane (16.75 mL), and n-hexanole (4.05 mL)
with stirring for 15 min. Then aqueous ammonia (30%) was added
(0.135 mL) to the mixture. After stirring for 15 min, TEOS (0.133 mL)
was added and the reaction was continued for 24 h. Then TEOS
(0.133 mL) was added to the mixture, followed by the addition of
AEPTS (0.023 mL) 30 min later. The reaction continued for another
24 h. To remove the remaining surfactants, the SNs were centri-
fuged at 4000 rpm and washed with acetone/ethanol (1:1), etha-
nol, and water several times.

The quantitative analysis of amino groups on the surface of Th-
doped SNs modified by AEPTS was carried out by a fluorescence
procedure with the use of fluorescamine.®¥ Alanine solutions in
the concentration range 0.408-5.37 um were used to make the cal-
ibration curve. Excitation of samples was performed at 390 nm,
and emission was detected at 490 nm with a 2 nm slit width for
both excitation and emission.

All samples were prepared from bidistilled water with prior filtering
through a PVDF membrane using a syringe filter (0.45 um). All sam-
ples were ultrasonicated within 30 min before measurements. All
measurements were performed triply at least.
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