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Abstract: A new luminescent Tb-DOTAGA (1,4,7,10-tetraazacyclododecane-1-glutaric-4,7,10- triacetic
acid) complex (TbL) was synthesized and covalently immobilized on a silicon wafer. The grafting
process was monitored by means of IR and XPS spectroscopies and the optical properties of the
functionalized silicon wafer (TbL@Si) were investigated by fluorescence experiments. A homemade
setup was then implemented in order to follow TbL@Si optical properties in the presence of gaseous
nitric oxide (NO). The prima facie results indicated that in the presence of NO, the wafer fluorescence
was partially quenched. This quenching was reversible as soon as NO was pumped outside the
fluorescence cell, which could be interesting for the further development of lanthanide labelled silicon
wafers as gas phase sensors.

Keywords: lanthanide complexes; silicon wafers; DOTAGA ligand; optical properties; NO detection

1. Introduction

Search for effective strategies to develop chemical sensors has become a great concern for
scientists in the past few years. Among the issues needing to be addressed, elaborating sensors
for chemical species in the vapor phase for environmental emission control, clinical assaying,
and explosive detection are of the upmost importance [1]. Especially, selective detection of nitric
oxides (NOx) gases has become one of the most challenging areas concerning environmental effects
and biological applications. NO is not only an atmospheric pollutant but also a messenger in the
cardiovascular, nervous, and immune system [2,3]. For NO sensing, a wide variety of methods
have been reported involving electrochemical, electrical resistance, X-ray photoelectron spectroscopy,
electron paramagnetic resonance spectroscopy, colorimetric, fluorometric, and chemiluminescent
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detection [2–11]. Among these, fluorometric methods using luminescent probes are promising in terms
of sensitivity, selectivity, and experimental feasibility [12]. To act as the luminescent probe, lanthanide
(Ln3+) ions are well-adapted candidates because they have sharp emission peaks, very large Stokes
shifts, and long luminescence lifetimes which give a unique characteristic to effectively eliminate
short-lived fluorescence from the surroundings of the lanthanide ion [13]. The two main sensing
approaches that are described in the literature are Ln3+ ions which can either be encapsulated within
supramolecular structures (supramolecular-based sensing approach), and chelated within a molecular
framework (molecular-based sensing approach) [14]. To illustrate the first strategy, Ln3+ ions have been
recently incorporated within porous metal-organic frameworks (MOFs). These materials constitute
an excellent platform for host-guest chemistry in solution which allows detection by luminescence
iron ions [15], copper ions and small molecules [16] or nitroaromatic explosives [17]. For the second
strategy, lanthanide chelates, based on polyaminocarboxylate ligands, have been developed to detect
in solution by time-gated luminescence, hypochlorous acid [18] or NO [19]. In all those examples,
a fluorescence quenching of the probe is observed in solution when the analyte is present [20,21].

On the contrary, similar studies for the detection of species in the gas phase are very scarce. To our
knowledge, only two examples have been described (i.e., a Tb porous coordination polymer was
recently used to sense vapours of small molecules [22] whereas Tb-MOF films were able to detect
dioxygen versus dinitrogen [23]). In this paper, our purpose is to modify flat silicon wafers with
luminescent Tb coordination complexes in order to test if the luminescence of the hybrid material
is affected by the presence of chemical species in the gas phase. To achieve this goal, a luminescent
Tb-DOTAGA complex (TbL) was anchored on flat oxidized silicon wafers (TbL@Si) (Scheme 1).
The choice of silicon wafer was guided by the potential translation of the setup to standard micro- and
optoelectronics. This optical device was then implemented and tested in a gas chamber to evaluate
its sensitivity to NO. Herein, we describe the design and synthesis of the Tb-DOTAGA complex,
its immobilization on silicon wafers, and first evidence for detection of gaseous nitric oxide.

Scheme 1. Synthesis and grafting of Tb-DOTAGA complex (TbL) on Si wafer (TbL@Si),
(i) Tb2O3/H2O, (ii) (3-Aminopropyl)triethoxysilane (APTES), toluene, (iii) O-(Benzotriazol-1-yl)-
N,N,N′,N′-tetramethyluronium tetrafluoroborate (TBTU), N,N-Diisopropyléthylamine (DIPEA),
N,N-Diméthylformamide (DMF).

2. Results and Discussion

2.1. Tb-DOTAGA Complex Synthesis and Spectroscopic Characterization

In order to ensure a high stability for Tb(III) in the macrocyclic cavity and then to avoid its leaching
during the grafting process, DOTAGA ligand was chosen as the chelator [24,25]. Indeed, DOTAGA
exhibited five carboxylic functions, four dedicated (with nitrogen atoms) to the Tb(III) coordination
and the stability of TbL complex, the fifth one remaining available for TbL covalent grafting onto
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the amine-modified silica surface. From a synthesis point of view, TbL complex was obtained by
the addition of Tb2O3 to an aqueous solution of the DOTAGA ligand. After purification, TbL was
recovered in 80% yield (Scheme 1). Tb(III) complexation was demonstrated using IR spectroscopy
(Figure S1), by the weakening of the carbonyl vibration from 1715 cm−1 for DOTAGA to 1594 cm−1

for TbL, as expected for a carboxylate coordination to the metal cation [26]. Moreover, the TbL
complex exhibited an additional vibration at 1724 cm−1 confirming the presence of the free COOH
group, uncoordinated to the metal. TbL characterization was completed using high resolution mass
spectrometry study (electrospray ionization) which proves the unambiguous isolation of the complex
(Figure S2).

Solid state luminescence spectrum of TbL recorded at room temperature (Figure 1) exhibited the
four characteristic Tb(III) emission bands in the range 450–650 nm (after excitation at 230 nm) [13].
The narrow emission bands resulted from the radiative transitions between the intra 4f energy levels of
the Tb(III) ions. The most intense peak at 545 nm corresponded to the 5D4–7F5 transition. The other
observed transitions were 5D4–7F6 (490 nm), 5D4–7F4 (585 nm), and 5D4–7F3 (622 nm). Solid state TbL
fluorescence lifetime measured from the 5D4 to 7F5 transition was equal to 2.20 ms as expected for
Tb(III) [27]. In solution, TbL fluorescence lifetimes were equal to 2.09 ms in H2O and 3.58 ms in D2O,
indicating the coordination of a single water molecule (q = 0.96, Figure S3) [28].

Figure 1. Excitation (dotted line, λem = 545 nm) and emission fluorescence spectra of TbL in the solid
state (298K, λexc = 230 nm, slit width 5 nm).

2.2. Functionalization and Characterization of the Silicon Wafers

In order to grow a reproducible SiO2 layer at the silicon surface with a well-mastered thickness,
silicon wafers were treated beforehand with HF in order to get an almost pure silicon surface. This was
controlled in the XPS Si2p spectrum by the presence of an intense band around 99.5 eV characteristic
of pure silicon (Figure 2a, spectrum 1) [29]. The corresponding substrate was then oxidized under
UV/O3 conditions. After oxidation, the high energy shift at 103.8 eV of the Si2p XPS spectrum was
characteristic of the SiO2 layer (Figure 2a, spectrum 2) [29]. The thickness of the SiO2 layer obtained
from XPS and ellipsometry measurements was about 6 nm. The oxidation was confirmed by the
IR spectrum of the oxidized silicon surface (Figure 2b, spectrum 1) which exhibited the expected
Si-O-Si vibrations at 1107 cm−1 [30]. In a second step, APTES surface modification was performed and
confirmed by the appearance in the IR spectrum of two new vibration bands at 2850 and 2916 cm−1

(Figure 2b, spectrum 2). These signals corresponded to APTES symmetric and antisymmetric C-H
stretching modes, respectively. An additional weak signal at 1450 cm−1 attributed to the scissoring NH
vibration testified the presence of the added amine group [30]. Finally, in a third step, the coupling
reaction between TbL and the APTES modified wafer was performed in DMF, in the presence of TBTU
as a coupling agent and DIPEA as a base [25]. The IR spectrum of the corresponding TbL@Si wafer
(Figure 2b, spectrum 3) exhibited additional vibrations in the range 1550–1650 cm−1 associated to the
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amide C = O vibration (1640 cm−1) and to the C = O vibrations of the immobilized TbL carboxylate
groups (1570 cm−1). The IR spectrum also showed an increase in the intensities of the CH stretching
bands as well as a newly formed absorption at 3400 cm−1 which can be attributed to the NH amide
stretching mode.

Figure 2. (a) Si2p XPS spectrum of the silicon substrate treated with HF (1) and (b) after UV/O3

oxidation (2). IR absorption spectrum of (1) oxidized Si wafer, (2) wafer after treatment with APTES,
(3) TbL@Si wafer.

Functionalized samples were also characterized by XPS measurements. A wide scan XPS survey
of TbL@Si was performed to confirm the presence of Si, N, C, and O (Figure 3a) while the presence of
Tb was confirmed at high binding energies by the Tb 3d level, which was split into two peaks (Tb 3d5/2

and Tb 3d3/2 at 1242.2 eV and 1276.2 eV, respectively) due to spin orbit coupling (Figure 3b).

Figure 3. (a) Overall XPS spectrum of TbL@Si, (b) Tb 3d XPS spectrum of TbL@Si, (c) angle-resolved
Tb 4d spectrum of TbL@Si.
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In order to ensure that the XPS signal around 150 eV corresponded to the Tb 4d level and not to
the Si 2s level, angle-resolved XPS measurements were performed. In these conditions it was possible
to detect only the Tb 4d signal at 151 eV (Figure 3c), confirming the Tb oxidation state (Tb(III)) [31,32].
Finally, the thickness of the Tb grafted layer was determined by XPS and ellipsometry to be around
2.5 nm. This thickness was compatible with the formation of a single monolayer of TbL at the SiO2

surface. Indeed, if one first considered the crystal structure of a related Tb complex [33], the distance
between two oxygen atoms borne by two opposite carboxylate arms of the ligand is about 1.2 nm,
and second, the length of SiOSiCH2CH2CH2N linker is about 1 nm [34]. Therefore, this corresponded
to a 2.2 nm distance at the SiO2 surface, which is, regarding the uncertainty of the measurements, close
to the 2.5 nm determined for the thickness of the Tb grafted layer.

2.3. Luminescent Properties of the Functionalized Silicon Wafers

The optical properties of TbL@Si wafer were investigated by fluorescence experiments.
The luminescence spectrum of TbL@Si wafer (Figure S4) exhibited a set of four signals between
450 nm and 650 nm that corresponded to the characteristic emission lines of Tb(III).

It is interesting to note that for TbL@Si, the terbium peak positions as well as the ratio intensities
between these peaks were the same as those for the TbL complex in solution or in the solid state
(Figure S4). This point indicated that the optical properties of the Tb(III) complex were not modified
when the complex was grafted at the wafer surface. On the other hand, the fluorescence lifetime of
TbL was reduced from 2.20 ms in the solid state to 1.33 ms for TbL@Si wafer. The presence of extra
OH vibrators from the surface silanol groups which are coupling with terbium ions could lead to
a partial non-radiative deactivation of the Tb(III) 5D4 excited state, leading to such a fluorescence
lifetime decrease. Similar phenomenon was previously observed for Tb(III) in Tb exchanged MFI
zeolites [35], or in fluorescent silica nanoparticles modified chemically with Tb complexes [36].

Preliminary fluorescence sensing experiments were conducted after the exposure of TbL@Si wafer
to NO in the gas phase. For that, TbL@Si wafer was introduced into a homemade hermetic cell that
was filled with the gas and its fluorescent response was recorded according to three selected NO
concentrations (Figure 4).

Figure 4. (a) Emission spectra of TbL@Si wafer exposed to various concentrations of gaseous NO at
298 K, λexc = 230 nm, (b) Stern–Volmer plot for the data, measured at an emission energy of 545 nm.

Upon exposure to NO, the emission intensity from TbL@Si was reduced, the equilibrium value
being reached a few minutes after NO introduction in the cell. After a vacuum cycle and NO removal,
the initial emission spectrum was quickly recovered which highlighted the reversibility of the system
(Figure S5). When NO concentrations of 5, 10, and 25 ppm were introduced in the cell, the intensity of
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the Tb(III) 5D4 to 7F5 emission line (545 nm) decreased by 8%, 12% and 21%, respectively (Figure 4a),
and this evolution was linear according to NO concentration (Figure 4b). The linearity of the quenching
percentage as a function of the quencher concentration can attest to an intramolecular deactivation of the
TbL excited state in the presence of NO [37]. The Stern–Volmer (SV) quenching constant of the TBL@Si
is around 0.01 ppm−1 which is in the same order of magnitude of the SV constant (0.02 ppm−1) obtained
by the pioneered work of Sailor et al. [12] for solid-state sensors. Finally, the relative intensities of the
5D4 to 7FJ transitions for TbL@Si wafer could be indicative of the underlying quenching mechanism.
Indeed, as the relative intensities of the 5D4 to 7FJ transitions are sensitive to the Tb(III) environment [38],
a change in the Tb(III) coordination sphere is expected to induce a modification of the emission band
intensity ratios, viz I490/I545, I585/I545, and I622/I545 ratios. Here, when TbL@Si wafer was exposed
to various amounts of NO, these ratios remained unchanged (I490/I545 around 60%, I585/I545 around
19% and I622/I545 around 7%, respectively, Figure S6). Consequently, the luminescence quenching
did not seem to be driven by direct insertion of NO in Tb(III) coordination sphere but triggered by
the non-radiative energy transfer from the 5D4 excited state of the probe to the NO vibrator at the
proximity of TbL@Si surface.

3. Materials and Methods

3.1. Reagents

All chemicals and solvents were used as supplied from commercial sources. The lanthanide salts
and cyclen were purchased from Strem Chemicals, Newburyport, MA, USA. All other chemicals were
supplied by Sigma Aldrich, St. Louis, MO, USA or Alfa Aesar, Haverhill, MA, USA. Silicon wafer (110)
was supplied by Siltronix, Archamps, France.

3.2. Instrumentation

All 1H and 13C NMR experiments were carried out using a 500 MHz Bruker Avance II NMR
spectrometer or a 250 MHz Bruker Avance I NMR spectrometer (Bruker, Billerica, MA, USA). Infrared
(IR) absorption spectra for ligands and complexes were recorded using a PerkinElmer Spectrum Two IR
spectrometer (Perkin Elmer Waltham, MA, USA). IR absorption spectra for silicon wafers were recorded
with a Bruker Vertex 70 spectrometer (Bruker, Billerica, MA, USA). Mass spectrometry experiments
for ligands and complexes were performed on a Micromass Q-TOF electrospray mass spectrometer
(Micromass, Manchester, UK).

3.3. X-Ray Photoelectron Spectroscopy

XPS spectra were measured using the non-monochromatized AlKα radiation at 1486.6 eV.
The photoelectrons were collected by a Scienta SES 200 hemispherical analyser (Scienta, Taunusstein,
Germany). The overall resolution of the setup was about 0.8 eV. Spectra from the C 1s, O 1s, N 1s, Si 2p,
Tb 4d, and Tb 3d bands were systematically recorded as no other elements than the previous ones were
detected. For each sample, at least five different locations were investigated to ensure the homogeneity
of the surface. All XPS spectra were corrected for any charging effects by fixing the C 1s binding energy
at 284.8 eV and were treated with Shirley background subtraction. XPS measurements were also
performed following standard procedures to determine the thickness of the different layers [39,40].
These thicknesses measurements were also checked by ellipsometry using an UVISEL ellipsometer
from Horiba, Kyoto, Japan using published procedure [41].

3.4. Fluorescence Spectroscopy and Gas Dilution

Fluorescence measurements were carried out using a Varian Cary Eclipse fluorescence
spectrophotometer (Agilent, Santa Clara, CA, USA). For the gas sensing experiments, a homemade
setup for performing ppm NO concentrations inside the spectrofluorometer was developed. For that,
a customized fluorescence cell that allowed gas filling at known concentrations was designed. Various
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concentrations were obtained by diluted gas from etalon bottle with pure nitrogen, as it was checked
that pure nitrogen does not have any effect on the fluorescence intensity. The dilution was carried out
by mass flowmeter in a special mixing chamber to perform homogenous mixture. To produce the ppm
concentrations, two consecutive dilutions were needed. The first one, to produce a 100 ppm mixture at
high pressure (up to 5 bars), and the second one, from the former 100 ppm one, to produce a lower
concentration mixture. To ensure the reproducibility of the experiments, all pipes and intermediate
tank were drained to a secondary vacuum. The gas at the desired concentration was used to fill
a chamber connected to the fluorescence cell containing TbL@Si wafer, up to atmospheric pressure.
The cell was finally sealed and used for fluorescence quenching experiments.

3.5. Synthesis of TbL

All the organic compounds were prepared according to reported procedures [24,25].
2-(4,7,10-tris(carboxymethyl)-1,4,7,10-tetraazacyclododecan-1-yl) pentanedioic acid DOTAGA.HCl.4H2O,
293 mg, 0.501 mmol) was dissolved in deionized water (10 mL). Terbium oxide (100 mg, 0.273 mmol)
was then added to the solution. The reaction mixture was heated to 95 ◦C for 24 h. The solution
was cooled to room temperature and the pH was increased to 10 to remove the excess Tb(III) by
precipitating it as Tb(OH)3. The precipitate was removed and the solution was evaporated to dryness
to get the product as an off-white powder.

TbL: Yield = 80%. IR ν(CO) = 1724 cm−1 (free COOH), 1594 cm−1 (coordinated COO−). Elemental
Analysis, calculated for C19H27Na2N4O10Tb(H2O)5(NaCl): C, 27.67; H, 4.52; N, 6.79. Found C, 27.46;
H, 4.39; N, 6.74. HRESI-TOF: calculated for (C19H28N4O10Tb)− = 631.1059 − found 631.1058, calculated
for (C19H27N4NaO10Tb)− = 653.0878 − found 653.0877.

3.6. Preparation of Silicon Wafers

Silicon wafers were cut into 1 cm2 squares, treated with HF buffer for 5 minutes to remove the
native oxide layer, then washed with water, dried and finally subjected to UV/O3 oxidation.

3.7. Silicon Wafer Functionalization

The silicon wafer was immersed into a toluene solution (16 mL) containing APTES
((3-aminopropyl)triethoxysilane, 4 mL) and the solution was stirred for 24 h with occasional sonication.
It was then washed with acetone, sonicated, and dried. The APTES modified wafer was then introduced
into a DMF solution (10 mL) containing 13 mg of TbL (0.016 mmol, 1eq), 27 µL of DIPEA (0.155 mmol,
10 eq) and 25 mg of TBTU (0.078 mmol, 5 eq). The solution was stirred for 24 h with occasional
sonication and afterwards the TbL functionalized wafer, TbL@Si was washed with ethanol and acetone,
dried and used for characterization and studies.

4. Conclusions

To sum up, a Tb-DOTAGA (TbL) complex was synthesized and grafted onto an amine-modified
silicon wafer (TbL@Si). The strategy implied control of the functionalized Si wafer which was followed
by means of IR absorption spectroscopy, ellipsometry, and XPS experiments. The optical properties of
TbL@Si were examined by photoluminescence experiments. The fluorescence of TbL at the surface of
the wafer was similar to fluorescence of TbL in the solid state, except from the point of view of the
fluorescence lifetime. Indeed, for the grafted complex, the fluorescence lifetime decrease could be
interpreted by the influence of surface silanol groups coupling with Tb(III) ions, leading to a partial
non-radiative deactivation of the Tb(III) 5D4 excited state. The ability of TbL@Si wafer to sense NO
in the gas phase was tested and the results showed that the fluorescent response of TbL@Si wafer
was partially quenched according to increasing NO concentrations. Moreover, the initial fluorescence
of the sample was recovered as soon as NO was removed, showing the reversibility of the response.
Our approach offers the possibility of performing toxic NO gas sensing at a very low level of 1 ppm.
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It can be assumed that the present method might be adapted for other lanthanides and to sense
different gases.

Supplementary Materials: The following are available online at http://www.mdpi.com/1420-3049/24/10/1914/s1,
Figure S1: IR spectra of DOTAGA (L) and TbDOTAGA (TbL), Figure S2: High Resolution ESI MS spectrum of
TbL (negative mode, MeOH), Figure S3: Determination of q, the number of water molecules coordinated to the
Tb(III) center, Figure S4: Emission spectra of TbL (TbDOTAGA) in aqueous solution, solid state, and grafted at
the Si surface (TbL@Si), Figure S5: TbL@Si 545 nm emission band evolution on the course of vacuum/NO cycles,
Figure S6: Evolution of the relative emission band intensities according to the NO concentration, the reference
being the 545 nm emission (λexc = 230 nm, black—490nm, light grey—545 nm, grey—585 nm, dark grey—622nm).

Author Contributions: The individual contributions of the authors of this publication are: experimental work
concerning the molecules syntheses and their grafting onto Si, B.K.B., and K.T.; design of the gas sensing
experiments, R.V.; writing—original draft preparation, B.K.B., K.T., and C.C.; writing—review and editing,
M.M. and F.C.; supervision, C.C., H.R., F.C., and M.M., funding acquisition, H.R., M.M. and F.C.

Funding: B. K. Bahuleyan is thankful to the Region Champagne Ardenne and the ANR (Gadolymph project
n◦ANR-13-ENM2-0001-01, through the EuroNanoMed 2013 framework), for their financial support (postdoctoral
fellowships). Authors thank the Region Champagne Ardenne, the DRRT Champagne Ardenne (through MESR)
and the EU-program FEDER for their financial support (Project SYNAPSE, Nano’Mat and PlAneT platforms).
H. Rinnert is thankful to the French PIA project Lorraine Université d’excellence, impact N4S ANR-15-IDEX-04-LUE
for their financial support.

Acknowledgments: B. K. Bahuleyan thanks the Royal Commission Yanbu Industrial College (YIC) for the facilities.
The authors acknowledge Mathieu Stoffel (Institut Jean Lamour UMR CNRS 7198) for his technical help with the
XPS measurements.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Sun, X.; Wang, Y.; Lei, Y. Fluorescence based explosive detection: from mechanisms to sensory materials.
Chem. Soc. Rev. 2015, 44, 8019–8061. [CrossRef] [PubMed]

2. Nagano, T.; Yoshimura, T. Bioimaging of Nitric Oxide. Chem. Rev. 2002, 102, 1235–1270. [CrossRef] [PubMed]
3. Hetrick, E.M.; Schoenfisch, M.H. Analytical Chemistry of Nitric Oxide. Annu. Rev. Anal. Chem. 2009, 2,

409–433. [CrossRef]
4. Souto, J.; Rodríguez, M.L.; Desaja, J.A.; Aroca, R. Langmuir-Blodgett films of lanthanide bysphthalocyanines:

applications as gas sensors. Int. J. Electron. 1994, 76, 763–769. [CrossRef]
5. Liu, S.; Volkmer, D.; Kurth, D.G. Smart Polyoxometalate-Based Nitrogen Monoxide Sensors. Anal. Chem.

2004, 76, 4579–4582. [CrossRef]
6. Fine, G.F.; Cavanagh, L.M.; Afonja, A.; Binions, R. Metal Oxide Semi-Conductor Gas Sensors in Environmental

Monitoring. Sensors 2010, 10, 5469–5502. [CrossRef] [PubMed]
7. Dubey, M.; Bernasek, S.L.; Schwartz, J. Highly Sensitive Nitric Oxide Detection Using X-ray Photoelectron

Spectroscopy. J. Am. Chem. Soc. 2007, 129, 6980–6981. [CrossRef]
8. Victor, E.; Kim, S.; Lippard, S.J. Synthesis of Bis(imidazole) Metal Complexes and Their Use in Rapid NO

Detection and Quantification Devices. Inorg. Chem. 2014, 53, 12809–12821. [CrossRef]
9. Lim, M.H.; Lippard, S.J. Metal-Based Turn-On Fluorescent Probes for Sensing Nitric Oxide. Acc. Chem. Res.

2007, 40, 41–51. [CrossRef]
10. Kim, J.-H.; Heller, D.A.; Jin, H.; Barone, P.W.; Song, C.; Zhang, J.; Trudel, L.J.; Wogan, G.N.; Tannenbaum, S.R.;

Strano, M.S. The rational design of nitric oxide selectivity in single-walled carbon nanotube near-infrared
fluorescence sensors for biological detection. Nat. Chem. 2009, 1, 473–481. [CrossRef]

11. Robinson, J.K.; Bollinger, M.J.; Birks, J.W. Luminol/H2O2 Chemiluminescence Detector for the Analysis of
Nitric Oxide in Exhaled Breath. Anal. Chem. 1999, 71, 5131–5136. [CrossRef]

12. Harper, J.; Sailor, M.J. Detection of Nitric Oxide and Nitrogen Dioxide with Photoluminescent Porous Silicon.
Anal. Chem. 1996, 68, 3713–3717. [CrossRef]

13. Eliseeva, S.V.; Bünzli, J.-C.G. Lanthanide luminescence for functional materials and bio-sciences.
Chem. Soc. Rev. 2010, 39, 189–227. [CrossRef]

http://www.mdpi.com/1420-3049/24/10/1914/s1
http://dx.doi.org/10.1039/C5CS00496A
http://www.ncbi.nlm.nih.gov/pubmed/26335504
http://dx.doi.org/10.1021/cr010152s
http://www.ncbi.nlm.nih.gov/pubmed/11942795
http://dx.doi.org/10.1146/annurev-anchem-060908-155146
http://dx.doi.org/10.1080/00207219408925975
http://dx.doi.org/10.1021/ac0495283
http://dx.doi.org/10.3390/s100605469
http://www.ncbi.nlm.nih.gov/pubmed/22219672
http://dx.doi.org/10.1021/ja070943x
http://dx.doi.org/10.1021/ic501765g
http://dx.doi.org/10.1021/ar950149t
http://dx.doi.org/10.1038/nchem.332
http://dx.doi.org/10.1021/ac990646d
http://dx.doi.org/10.1021/ac960642y
http://dx.doi.org/10.1039/B905604C


Molecules 2019, 24, 1914 9 of 10

14. Dennison, G.H.; Johnston, M.R. Mechanistic Insights into the Luminescent Sensing of Organophosphorus
Chemical Warfare Agents and Simulants Using Trivalent Lanthanide Complexes. Chem. Eur. J. 2015, 21,
6328–6338. [CrossRef] [PubMed]

15. Xu, X.-Y.; Yan, B. Eu(III)-Functionalized MIL-124 as Fluorescent Probe for Highly Selectively Sensing Ions
and Organic Small Molecules Especially for Fe(III) and Fe(II). ACS Appl. Mater. Interfaces 2015, 7, 721–729.
[CrossRef] [PubMed]

16. Hao, Z.; Song, X.; Zhu, M.; Meng, X.; Zhao, S.; Su, S.; Yang, W.; Song, S.; Zhang, H. One-dimensional
channel-structured Eu-MOF for sensing small organic molecules and Cu2+ ion. J. Mater. Chem. A 2013, 1.
[CrossRef]

17. Xie, W.; Zhang, S.-R.; Du, D.-Y.; Qin, J.-S.; Bao, S.-J.; Li, J.; Su, Z.-M.; He, W.-W.; Fu, Q.; Lan, Y.-Q.
Stable Luminescent Metal–Organic Frameworks as Dual-Functional Materials to Encapsulate Ln3+ Ions for
White-Light Emission and to Detect Nitroaromatic Explosives. Inorg. Chem. 2015, 54, 3290–3296. [CrossRef]

18. Xiao, Y.; Zhang, R.; Ye, Z.; Dai, Z.; An, H.; Yuan, J. Lanthanide Complex-Based Luminescent Probes for Highly
Sensitive Time-Gated Luminescence Detection of Hypochlorous Acid. Anal. Chem. 2012, 84, 10785–10792.
[CrossRef]

19. Chen, Y.; Guo, W.; Ye, Z.; Wang, G.; Yuan, J. A europium(III) chelate as an efficient time-gated luminescent
probe for nitric oxide. Chem. Commun. 2011, 47. [CrossRef]

20. Binnemans, K. Lanthanide-Based Luminescent Hybrid Materials. Chem. Rev. 2009, 109, 4283–4374. [CrossRef]
[PubMed]

21. Feng, J.; Zhang, H. Hybrid materials based on lanthanide organic complexes: a review. Chem. Soc. Rev. 2013,
42, 387–410. [CrossRef]

22. Ibarra, I.A.; Hesterberg, T.W.; Chang, J.-S.; Yoon, J.W.; Holliday, B.J.; Humphrey, S.M. Molecular sensing and
discrimination by a luminescent terbium–phosphine oxide coordination material. Chem. Commun. 2013, 49,
7156–7158. [CrossRef]

23. Dou, Z.; Yu, J.; Cui, Y.; Yang, Y.; Wang, Z.; Yang, D.; Qian, G. Luminescent Metal–Organic Framework Films
as Highly Sensitive and Fast-Response Oxygen Sensors. J. Am. Chem. Soc. 2014, 136, 5527–5530. [CrossRef]
[PubMed]

24. Kielar, F.; Tei, L.; Terreno, E.; Botta, M. Large Relaxivity Enhancement of Paramagnetic Lipid Nanoparticles
by Restricting the Local Motions of the Gd III Chelates. J. Am. Chem. Soc. 2010, 132, 7836–7837. [CrossRef]
[PubMed]

25. Henig, J.; Toóth, E.; Engelmann, J.; Gottschalk, S.; Mayer, H.A. Macrocyclic Gd 3+ Chelates Attached to a
Silsesquioxane Core as Potential Magnetic Resonance Imaging Contrast Agents: Synthesis, Physicochemical
Characterization, and Stability Studies. Inorg. Chem. 2010, 49, 6124–6138. [CrossRef]

26. Rigaux, G.; Roullin, V.G.; Cadiou, C.; Portefaix, C.; Van Gulick, L.; Bœuf, G.; Andry, M.C.; Hoeffel, C.;
Vander Elst, L.; Laurent, S.; et al. A new magnetic resonance imaging contrast agent loaded into
poly(lacide-co-glycolide) nanoparticles for long-term detection of tumors. Nanotechnology 2014, 25. [CrossRef]
[PubMed]

27. Barnes, L.S.; Kaneshige, K.R.; Strong, J.S.; Tan, K.; von Bremen, H.F.; Mogul, R. Effects of terbium chelate
structure on dipicolinate ligation and the detection of Bacillus spores. J. Inorg. Biochem. 2011, 105, 1580–1588.
[CrossRef]

28. Moreau, J.; Guillon, E.; Pierrard, J.-C.; Rimbault, J.; Port, M.; Aplincourt, M. Complexing
Mechanism of the Lanthanide Cations Eu3+, Gd3+, and Tb(III) with 1,4,7,10-Tetrakis(carboxymethyl)-
1,4,7,10-tetraazacyclododecane (dota)—Characterization of Three Successive Complexing Phases: Study
of the Thermodynamic and Structural Properties of the Complexes by Potentiometry, Luminescence
Spectroscopy and EXAFS. Chem. Eur. J. 2004, 10, 5218–5232. [PubMed]

29. Bell, F.G.; Ley, L. Photoemission study of SiOx (0 ≤ x ≤ 2) alloys. Phys. Rev. B 1988, 37, 8383–8393. [CrossRef]
30. Aureau, D.; Varin, Y.; Roodenko, K.; Seitz, O.; Pluchery, O.; Chabal, Y.J. Controlled Deposition of Gold

Nanoparticles on Well-Defined Organic Monolayer Grafted on Silicon Surfaces. J. Phys. Chem. C 2010, 114,
14180–14186. [CrossRef]

31. Armelao, L.; Belli Dell’Amico, D.; Bellucci, L.; Bottaro, G.; Labella, L.; Marchetti, F.; Samaritani, S. Smart
Grafting of Lanthanides onto Silica via N,N-Dialkylcarbamato Complexes. Inorg. Chem. 2016, 55, 939–947.
[CrossRef] [PubMed]

http://dx.doi.org/10.1002/chem.201406213
http://www.ncbi.nlm.nih.gov/pubmed/25649522
http://dx.doi.org/10.1021/am5070409
http://www.ncbi.nlm.nih.gov/pubmed/25510710
http://dx.doi.org/10.1039/c3ta12270k
http://dx.doi.org/10.1021/ic5029383
http://dx.doi.org/10.1021/ac3028189
http://dx.doi.org/10.1039/c0cc05658h
http://dx.doi.org/10.1021/cr8003983
http://www.ncbi.nlm.nih.gov/pubmed/19650663
http://dx.doi.org/10.1039/C2CS35069F
http://dx.doi.org/10.1039/c3cc44575e
http://dx.doi.org/10.1021/ja411224j
http://www.ncbi.nlm.nih.gov/pubmed/24697214
http://dx.doi.org/10.1021/ja101518v
http://www.ncbi.nlm.nih.gov/pubmed/20481537
http://dx.doi.org/10.1021/ic1007395
http://dx.doi.org/10.1088/0957-4484/25/44/445103
http://www.ncbi.nlm.nih.gov/pubmed/25325295
http://dx.doi.org/10.1016/j.jinorgbio.2011.08.020
http://www.ncbi.nlm.nih.gov/pubmed/15372580
http://dx.doi.org/10.1103/PhysRevB.37.8383
http://dx.doi.org/10.1021/jp104183m
http://dx.doi.org/10.1021/acs.inorgchem.5b02535
http://www.ncbi.nlm.nih.gov/pubmed/26741027


Molecules 2019, 24, 1914 10 of 10

32. Chen, H.; Xie, Y.; Kirillov, A.M.; Liu, L.; Yu, M.; Liu, W.; Tang, Y. A ratiometric fluorescent nanoprobe based on
terbium functionalized carbon dots for highly sensitive detection of an anthrax biomarker. Chem. Commun.
2015, 51, 5036–5039. [CrossRef] [PubMed]

33. Woods, M.; Aime, S.; Botta, M.; Howard, J.A.K.; Moloney, J.M.; Navet, M.; Parker, D.; Port, M.; Rousseaux, O.
Correlation of Water Exchange Rate with Isomeric Composition in Diastereoisomeric Gadolinium Complexes
of Tetra(carboxyethyl)dota and Related Macrocyclic Ligands. J. Am. Chem. Soc. 2000, 122, 9781–9792.
[CrossRef]

34. Vlad, A.; Zaltariov, M.-F.; Shova, S.; Cazacu, M.; Avadanei, M.; Soroceanu, A.; Samoila, P. New Zn(II) and
Cu(II) complexes with in situ generated N2O2 siloxane Schiff base ligands. Polyhedron 2016, 115, 76–85.
[CrossRef]

35. Tiseanu, C.; Kumke, M.U.; Parvulescu, V.I.; Gessner, A.; Gagea, B.C.; Martens, J.A. Photoluminescence
Response of Terbium-Exchanged MFI-Type Materials to Si/Al Ratio, Texture, and Hydration State. J. Phys.
Chem. B 2006, 110, 25707–25715. [CrossRef] [PubMed]

36. Nakahara, Y.; Tatsumi, Y.; Akimoto, I.; Osaki, S.; Doi, M.; Kimura, K. Fluorescent silica nanoparticles
modified chemically with terbium complexes as potential bioimaging probes: their fluorescence and colloidal
properties in water. New J. Chem. 2015, 39, 1452–1458. [CrossRef]

37. Sailor, M.J.; Wu, E.C. Photoluminescence-Based Sensing with Porous Silicon Films, Microparticles, and
Nanoparticles. Adv. Funct. Mater. 2009, 19, 3195–3208. [CrossRef]

38. Richardson, F.S. Terbium(III) and europium(III) ions as luminescent probes and stains for biomolecular
systems. Chem. Rev. 1982, 82, 541–552. [CrossRef]

39. Kim, K.J.; Jang, J.S.; Moon, D.W. Accurate determination of the surface normal for the reliable measurement
of ultra-thin SiO2 thickness by X-ray Photoelectron Spectroscopy. Metrologia 2006, 43, L28–L32. [CrossRef]

40. Seah, M.P.; White, R. Ultrathin SiO2 on Si: III mapping the layer thickness efficiently by XPS. Surf. Interface
Anal. 2002, 33, 960–963. [CrossRef]

41. Cole, D.A.; Shallenberger, J.R.; Novak, S.W.; Moore, R.L.; Edgell, M.J.; Smith, S.P.; Hitzman, C.J.; Kirchhoff, J.F.;
Principe, E.; Nieveen, W.; et al. SiO2 thickness determination by X-ray Photoelectron Spectroscopy, Auger
electron spectroscopy, secondary ion mass spectrometry, Rutherford backscattering, transmission electron
microscopy, and ellipsometry. J. Vac. Sci. Technol. B Microelectron Nanom. Struct. 2000, 18. [CrossRef]

Sample Availability: Complexes (TbL) used in the study are available from the authors.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1039/C5CC00757G
http://www.ncbi.nlm.nih.gov/pubmed/25706307
http://dx.doi.org/10.1021/ja994492v
http://dx.doi.org/10.1016/j.poly.2016.04.038
http://dx.doi.org/10.1021/jp0636827
http://www.ncbi.nlm.nih.gov/pubmed/17181210
http://dx.doi.org/10.1039/C4NJ01222D
http://dx.doi.org/10.1002/adfm.200900535
http://dx.doi.org/10.1021/cr00051a004
http://dx.doi.org/10.1088/0026-1394/43/5/N02
http://dx.doi.org/10.1002/sia.1478
http://dx.doi.org/10.1116/1.591208
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Tb-DOTAGA Complex Synthesis and Spectroscopic Characterization 
	Functionalization and Characterization of the Silicon Wafers 
	Luminescent Properties of the Functionalized Silicon Wafers 

	Materials and Methods 
	Reagents 
	Instrumentation 
	X-Ray Photoelectron Spectroscopy 
	Fluorescence Spectroscopy and Gas Dilution 
	Synthesis of TbL 
	Preparation of Silicon Wafers 
	Silicon Wafer Functionalization 

	Conclusions 
	References

