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ABSTRACT: A novel amphiphilic Tb3+ complex (TbL3+(I))
consisting of a +3 charged head and a hydrophobic alkyl chain
has been developed. It spontaneously self-assembles in water
and forms stable vesicles at neutral pH. TbL3+(I) has no
aromatic groups (functioning as an antenna), and its intrinsic
luminescence is thus minimized. These features lead to the
self-assembling TbL3+(I) receptor molecules demonstrating an
increased luminescence intensity upon binding of nucleotides.
Upon addition of guanosine triphosphate (GTP), the
luminescence from Tb3+ was notably promoted (127-fold),
as the light energy absorbed by the guanine group of GTP was efficiently transferred to the Tb3+ center. In the case of guanosine
diphosphate (GDP) and guanosine monophosphate (GMP), respectively, 78-fold and 43-fold increases in luminescence intensity
were observed. This enhancement was less significant than that observed for GTP, due to fewer negative charges on GDP and
GMP. No other nucleotides or the tested nonphosphorylated nucleosides affected the luminescence intensity to any notable
extent. In marked contrast, all tested nucleotides, including guanine nucleotides, barely promoted the luminescence of
molecularly dispersed receptors, TbL3+(II), indicating that the confinement and organization of molecules in a nanointerface play
vital roles in improving the performance of a sensing system. This Tb3+ complex nanointerface is successfully used for monitoring
the GTP-to-GDP conversion.
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■ INTRODUCTION

The structure and functions of biomembranes are impressively
exhibited in living organisms. In such cases, cell signaling is
triggered by molecular recognition events on biological bilayer
membranes, in which receptor proteins are embedded in the
phospholipid matrix to form dynamically supramolecular
assemblies and specifically bind the receptor ligands. The
ligand−receptor interactions activate the signal transduction
pathway and induce an amplification of the cell’s response.1,2 In
this process, the preorganized supramolecular assemblies
convert and amplify molecular information into other easily
measured signals and play vital roles in cell signaling. Inspired
by the versatile functions of biomembranes, chemists have
focused on this research field, and remarkable progress has
been achieved with synthetic bilayers.3−11 However, most of
this research still depends on natural surfactants or their related
synthetic analogues, which form bilayer membranes integrating
synthetic functional molecules.5−11 It remains a challenge to
develop signal-responsive nanointerfaces with excellent per-
formance which could receive and convert biomolecular
information efficiently into physicochemical outputs.
In this work, we have fabricated a luminescent vesicular

nanointerface composed of an amphiphilic Tb3+ complex as a
“turn on” luminescence probe, which could recognize not only
the different types of nucleotides but also the closely related

phosphorylated guanosines. To improve the sensing perform-
ance, the complex TbL3+(I) (Figure 1) was designed on the
basis of the following considerations: (1) The cyclen (1,4,7,10-
tetraazacyclododecane) derivative was introduced into the
ligand since it can form a very stable equivalent +3 charged
lanthanide complex,12 thereby enabling electrostatic attraction
with, and differentiation of, the nucleotides. (2) Tb3+ was
chosen for its desirable emission characteristics, such as a long
luminescence lifetime, large Stokes shift, and narrow emission
bands, etc.13 These complexes have no aromatic moieties that
could function as an antenna, and their intrinsic luminescence is
thus minimized. When antenna molecules bind to TbL3+(I)
through the phosphate group, the emission from Tb3+

significantly increases. Such a mechanism may enable the
detection of phosphorylated guanosines (purine nucleobase as
the antenna) by an increased luminescence intensity. (3) To
endow TbL3+(I) with a self-assembly property, a hydrophobic
alkyl chain was incorporated into the ligand.
GTP is a nucleotide involved in RNA synthesis as well as the

citric acid cycle, and it acts as an energy source for protein
synthesis.14 Although fluorescent and colorimetric sensors for
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GTP have been extensively developed,15−24 their ability to self-
assemble into stimulus-responsive nanointerfaces is limited.
Moreover, their ability to efficiently recognize nucleotides is not
very strong. The confinement and organization of molecules in
a nanointerface provides an attractive strategy toward this issue.
The multi-interaction between preorganized receptors and
biomolecules with multiple binding sites would impart the
sensing system high selectivity and sensitivity for the adaptation
of aligned receptors. These distinctive properties give the
nanointerface an inherent capability to convert and boost
molecular signals.

■ RESULTS AND DISCUSSION

Ligand I and complex TbL3+(I) were synthesized and purified
according to the method presented in the Supporting
Information (Figure S1). To study the self-assembly properties
of TbL3+(I), the surface tension (γ) was measured as a function
of the concentration of TbL3+(I). This enabled determination
of its critical aggregation concentration (CAC) in HEPES
buffer (10 mM, pH 7.0).25,26 There were two linear segments in
the γ versus C curve and a sudden reduction in the slope,
implying that the CAC is 47 μM (Figure S2, Supporting
Information). However, the γ value of molecularly dispersed

TbL3+(II)27 remained almost unchanged over the whole
concentration range. The aggregation behavior of TbL3+(I) in
water was then investigated using dynamic light scattering
(DLS), transmission electron microscopy (TEM), and freeze-
fracture transmission electron microscopy (FF-TEM). The
DLS experiment was conducted in a 100 μM aqueous solution
of TbL3+(I), and TbL3+(I) was seen to form spherical
nanoparticles with an average diameter of 92.9 nm (Figure
2A). These structures are typical of bilayer vesicles and were
verified by TEM and FF-TEM observations (Figure 2B,C,
diameter range 50−100 nm). The diameter of the vesicles was
identical with the findings from the DLS measurement. Critical
packing parameter (cpp) calculation data also supported the
results from the above-mentioned experiments. The cpp value
of TbL3+(I) was 0.84, corresponding to a vesicle structure (1/2
< cpp < 1; see the Supporting Information for details).28

Apparently, TbL3+(I) spontaneously formed stable vesicles in
H2O.
The photophysical characteristics of TbL3+(I) vesicles were

studied in HEPES buffer (10 mM, pH 7.0). Addition of GTP to
the aqueous dispersion of TbL3+(I) gave bright green
luminescence under UV irradiation (Figure S4, Supporting
Information). In the emission spectrum, luminescence peaks
were observed at 495 nm (5D4 →

7F6), 545 nm (5D4 →
7F5),

Figure 1. Self-assembly behavior of TbL3+(I) and TbL3+(II) complexes in H2O and with binding to GTP molecules.

Figure 2. Particle size distribution (A), TEM image (B), and FF-TEM image (C) of TbL3+(I). The concentration of TbL3+(I) was 100 μM in 10
mM HEPES buffer (pH 7.0).
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586 nm (5D4 →
7F4), and 621 nm (5D4 →

7F3), with the 545
nm band demonstrating the highest intensity. These bands are
characteristic of the Tb3+ ion.29,30 As neither GTP nor TbL3+(I)
alone gives any luminescence under the same conditions
(Figure S4), the observed luminescence was sensitized by the
binding GTP molecules. This was proved by the excitation
spectrum monitored at 545 nm, which showed a peak assigned
to the guanine unit at 272 nm. The ability of TbL3+(I) vesicles
to interact with nucleotides and their effect on the
luminescence properties of TbL3+(I) were further investigated.
Very interestingly, the successive additions of GTP in buffer
resulted in a regular enhancement in luminescence intensity as
displayed in Figure 3A. A 127-fold increase was observed when
GTP was added beyond a concentration of ∼60 μM (Figure
3B), which leads to an efficient detection of GTP through a
“turn-on” luminescence. Moreover, an 8-fold enhancement in
luminescence intensity was obtained even at a GTP
concentration of 5 μM, which represents the most efficient
detection of GTP currently.15−24 A concentration of 60 μM
represents 0.6 molecular equivalent of the total concentration
of TbL3+(I). In view of the fact that GTP binds only to
TbL3+(I) receptors that are aligned on the outer layer of
vesicles, the molar composition on the vesicle surface was
assessed as TbL3+(I)vesicle surface/GTP ≈ 1/1. The binding of
GTP to TbL3+(I) vesicles was also supported by changes in the
ζ potential (Figure S5, Supporting Information). The ζ

potential measured for TbL3+(I) vesicles (ζ = +50.6 mV)
showed a marked decrease with increasing concentration of
GTP and presented a slow and gradual decline above a GTP
concentration of ∼69 μM, reaching a lowest ζ value of −3.01
mV. This threshold almost coincided with that obtained in the
luminescence studies (Figure 3B) and supports the idea that
GTP molecules were bound on the outer surface of the vesicle.
Although such a quantitative binding of GTP could reduce the
surface charge of TbL3+(I) vesicles, the morphology of these
vesicles was still kept after introduction of GTP to the TbL3+(I)
solution, as proved by DLS measurements and TEM analysis
(Figure S6, Supporting Information). For GDP and GMP, an
increase in the luminescence intensity was also seen, although
the enhancement was less significant than that observed for
GTP. Approximately 78- and 43-fold enhancements were
obtained for GDP and GMP (Figure 3B), respectively, at a
nucleotide concentration of ∼60 μM, which is congruent with
the fewer negative charges on GDP and GMP. The apparent
binding constant (Ka) obtained for the combination of GTP/
TbL3+(I) (4.18 × 103 M−1) revealed effective interactions
between GTP and TbL3+(I) aligned on the surface of vesicles
and was larger than that obtained for GDP/TbL3+(I) (3.37 ×
103 M−1). It was also proved that nonionic guanosine had
almost no effect on the emission intensity of TbL3+(I) (Figure
3B). These results indicate that the positive charge of the probe
enabled electrostatic attraction and differentiation of the

Figure 3. Luminescence spectra of TbL3+(I) in the absence and presence of GTP (A). I/I0 evolution of TbL3+(I) with increasing concentration of
biomolecules (B). The concentration of TbL3+(I) was 100 μM in 10 mM HEPES buffer (pH 7.0), and λex = 255 nm.

Figure 4. Luminescence response of TbL3+(I) and TbL3+(II) to various biomolecules. The concentration of TbL3+(I) and TbL3+(II) was 100 μM in
HEPES buffer (10 mM, pH 7.0). The concentration of anions was 60 μM. λex = 255 nm. Inset: photographs of the aqueous solutions of TbL3+(I) in
the presence and absence of various biomolecules under a 254 nm ultraviolet lamp.
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nucleotides. In contrast, the influence of inorganic triphosphate
and diphosphate anions on the luminescence intensity of
TbL3+(I) was negligible (Figure 4). Apparently, both the
affinity of TbL3+(I) for its substrate and the ability of the
substrate to sensitize the luminescence of TbL3+(I) played
important roles in the selectivity of the assay.
To verify the specificity of the current vesicular receptors to

guanine nucleotides, other nucleotides such as ATP, ADP,
AMP, UTP, UDP, UMP, TTP, TDP, TMP, CTP, CDP, and
CMP were added to the aqueous TbL3+(I) vesicles. However,
no significant changes in the emission intensity of TbL3+(I)
vesicles were observed upon addition of these nucleotides
(Figure 4), which illustrates that the luminescence of TbL3+(I)
vesicles was selectively amplified by the series of guanine
nucleotides, attributed to the unique energy transfer between
the guanine-containing nucleotides and Tb3+ due to the
different electronic properties of the bases.31,32 In marked
contrast, all tested nucleotides, including guanine nucleotides,
hardly promoted the luminescence of molecularly dispersed
TbL3+(II) (Figures 4 and 5), which powerfully supports the

idea that the interface plays a vital role in improving the
performance of the sensing system. The confinement and
organization of molecules in a membrane gives rise to high local
concentrations that are very unusual in homogeneous
solutions,5 which could greatly promote the efficiency of the
energy transfer between the substrate and the acceptor on the
membrane.
To understand the manner of the interactions between

TbL3+(I) and GTP, the number of H2O molecules coordinat-
ing to Tb3+ was estimated according to the details described in
the Supporting Information. The experiment results show that
about one H2O molecule coordinates to TbL3+(I) in aqueous
solution. The q value (number of H2O molecules) has almost
no change after the addition of GTP. Obviously, no ligand
exchange occurred with the coordination water during the
binding of GTP to the Tb3+ complex.3,33

To monitor the GTP-to-GDP conversion, the luminescence
emission spectra of TbL3+(I) in the presence of varying GTP/
GDP ratios were recorded (Figure 6). As the GTP/GDP ratio
decreased, the luminescence intensity of terbium at 545 nm
declined. It can thus be employed for the continuous

monitoring of some important biological processes, i.e., signal
transduction, citric acid cycle, etc.

■ CONCLUSION

We have here presented a luminescent nanointerface composed
of an amphiphilic Tb3+ complex as a novel sensing system. The
fascinating functional feature of this vesicular nanointerface is
that it can selectively and sensitively convert and amplify
biomolecular information to the turn-on luminescence through
an energy transfer between the Tb3+ complex on the outer
vesicle surface and the substrate. The luminescence from Tb3+

was notably promoted by GTP, followed by GDP and GMP,
whereas almost no enhancement was observed for other
nucleotides and the nonphosphorylated nucleosides. In marked
contrast, all tested nucleotides, including guanine nucleotides,
only barely promoted the luminescence of molecularly
dispersed receptors, TbL3+(II), which reveals that the confine-
ment and organization of molecules in a nanointerface endows
the nanointerface with excellent sensing performance. A
nanointerface self-assembled with low molecular mass receptors
would be a new strategy to convert molecular information
efficiently to physicochemical signals.

■ EXPERIMENTAL SECTION
Materials. All chemicals were purchased and used as received. All

solvents were purified according to literature procedures. Water was
purified with the Direct-Q system (Millipore Co.).

Characterization. Luminescence spectra were obtained on a time-
correlated single-photon-counting fluorescence spectrometer (Edin-
burgh Instruments Ltd. FLS 920). The luminescence lifetime was
measured by the above fluorescence spectrometer with a μF900 lamp
as the excitation source. The particle size distribution and ζ potential
determination were performed on a Malvern Zetasizer Nano-ZS90.
TEM images were observed by a JEOL JEM-2010 (acceleration
voltage 120 kV). The TEM grid was prepared according to the
previously reported method and analyzed without staining.3 For the
FF-TEM analysis, the fracturing and replication were carried out in a
freeze-fracture apparatus (Hitachi HU-5JB, Japan) at −170 °C. Pt/C
was deposited at an angle of 45° to shadow the replicas, and C was
deposited at an angle of 90° to consolidate the replicas. The resultant
replicas were examined in a Hitachi H-7650 transmission electron
microscope (acceleration voltage 80 kV).

Figure 5. I/I0 evolution of TbL
3+(I) and TbL3+(II) as a function of the

concentration of GTP. Inset: photographs of the aqueous solutions of
(a) TbL3+(I) + GTP, (b) TbL3+(I), (c) TbL3+(II) + GTP, and (d)
TbL3+(II), respectively, under a 254 nm ultraviolet lamp. The
concentration of TbL3+(I) and TbL3+(II) was 100 μM in 10 mM
HEPES buffer (pH 7.0), and λex = 255 nm.

Figure 6. Ratiometric determination of GTP-to-GDP conversion:
luminescence spectra of TbL3+(I) in the presence of varying GTP/
GDP ratios. The concentration of TbL3+(I) was 100 μM in 10 mM
HEPES buffer (pH 7.0). [GTP] + [GDP] = 60 μM, and λex = 255 nm.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am5031424 | ACS Appl. Mater. Interfaces 2014, 6, 13642−1364713645



■ ASSOCIATED CONTENT
*S Supporting Information
Synthesis of ligand I and [TbL(I)]Cl3, determination of CAC
for [TbL(I)]Cl3, calculation of the cpp value, photophysical
characteristics of TbL3+(I), profile of the ζ potential evolution,
TEM analysis and DLS measurements for GTP/TbL3+(I)
vesicles, and determination of the number of coordinated
waters. This material is available free of charge via the Internet
at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Authors
*E-mail: jliu@snnu.edu.cn.
*E-mail: yfang@snnu.edu.cn.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This research work was supported by the National Natural
Science Foundation of China (Grant 21273143), Program for
New Century Excellent Talents in University (Grant NCET-
13-0887), Foundation for the Author of National Excellent
Doctoral Dissertation of China (Grant 201223), Natural
Science Foundation of Shaanxi Province of China (Grant
2012JQ2001), Fundamental Research Funds for the Central
Universities (Grant GK201301006), and the 111 Project
(Grant B14041).

■ ABBREVIATIONS
GTP = guanosine triphosphate
GDP = guanosine diphosphate
GMP = guanosine monophosphate
ATP = adenosine triphosphate
ADP = adenosine diphosphate
AMP = adenosine monophosphate
UTP = uridine triphosphate
UDP = uridine diphosphate
UMP = uridine monophosphate
TTP = thymidine triphosphate
TDP = thymidine diphosphate
TMP = thymidine monophosphate
CTP = cytidine triphosphate
CDP = cytidine diphosphate
CMP = cytidine monophosphate
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König, B. Modular Chemosensors from Self-Assembled Vesicle
Membranes with Amphiphilic Binding Sites and Reporter Dyes.
Angew. Chem., Int. Ed. 2010, 49, 7125−7128.
(8) Banerjee, S.; Bhuyan, M.; König, B. Tb(III) Functionalized
Vesicles for Phosphate Sensing: Membrane Fluidity Controls the
Sensitivity. Chem. Commun. 2013, 49, 5681−5683.
(9) Bhuyan, M.; Koenig, B. Temperature Responsive Phosphorescent
Small Unilamellar Vesicles. Chem. Commun. 2012, 48, 7489−7491.
(10) Banerjee, S.; König, B. Molecular Imprinting of Luminescent
Vesicles. J. Am. Chem. Soc. 2013, 135, 2967−2970.
(11) Gruber, B.; König, B. Self-Assembled Vesicles with Function-
alized Membranes. Chem.Eur. J. 2013, 19, 438−448.
(12) Parker, D.; Dickins, R. S.; Puschmann, H.; Crossland, C.;
Howard, J. A. K. Being Excited by Lanthanide Coordination
Complexes: Aqua Species, Chirality, Excited-State Chemistry, and
Exchange Dynamics. Chem. Rev. 2002, 102, 1977−2010.
(13) Sun, L. N.; Qiu, Y. N.; Liu, T.; Zhang, J. Z.; Dang, S.; Feng, J.;
Wang, Z. J.; Zhang, H. J.; Shi, L. Y. Near Infrared and Visible
Luminescence from Xerogels Covalently Grafted with Lanthanide
[Sm3+, Yb3+, Nd3+, Er3+, Pr3+, Ho3+] β-Diketonate Derivatives Using
Visible Light Excitation. ACS Appl. Mater. Interfaces 2013, 5, 9585−
9593.
(14) Alberts, B.; Johnson, A.; Lewis, J.; Raff, M.; Roberts, K.; Walter,
P. Molecular Biology of the Cell, 4th ed.; Wiley: New York, 2002.
(15) Liang, L. J.; Zhen, S. J.; Zhao, X. J.; Huang, C. Z. A Ratiometric
Fluorescence Recognition of Guanosine Triphosphate on the Basis of
Zn(II) Complex of 1,4-Bis(imidazol-1-ylmethyl) Benzene. Analyst
2012, 137, 5291−5296.
(16) Ahmed, N.; Shirinfar, B.; Youn, S.; Bist, A.; Suresh, V.; Kim, K.
S. A Highly Selective Fluorescent Chemosensor for Guanosine-5′-
triphosphate via Excimer Formation in Aqueous Solution of
Physiological pH. Chem. Commun. 2012, 48, 2662−2664.
(17) Ahmed, N.; Shirinfar, B.; Youn, S.; Yousuf, M.; Kim, K. S.
Selective Detection of Guanosine-5′-Triphosphate and Iodide by
Fluorescent Benzimidazolium-Based Cyclophanes. Org. Biomol. Chem.
2013, 11, 6407−6413.
(18) Weitz, E. A.; Chang, J. Y.; Rosenfield, A. H.; Morrow, E. A.;
Pierre, V. C. The Basis for the Molecular Recognition and the Selective
Time-Gated Luminescence Detection of ATP and GTP by a
Lanthanide Complex. Chem. Sci. 2013, 4, 4052−4060.
(19) Neelakandan, P. P.; Hariharan, M.; Ramaiah, D. A Supra-
molecular ON-OFF-ON Fluorescence Assay for Selective Recognition
of GTP. J. Am. Chem. Soc. 2006, 128, 11334−11335.
(20) Kwon, J. Y.; Singh, N. J.; Kim, H. N.; Kim, S. K.; Kim, K. S.;
Yoon, J. Fluorescent GTP-Sensing in Aqueous Solution of
Physiological pH. J. Am. Chem. Soc. 2004, 126, 8892−8893.
(21) Nakano, S.; Fukuda, M.; Tamura, T.; Sakaguchi, R.; Nakata, E.;
Morii, T. Simultaneous Detection of ATP and GTP by Covalently
Linked Fluorescent Ribonucleopeptide Sensors. J. Am. Chem. Soc.
2013, 135, 3465−3473.
(22) Kim, H. N.; Moon, J. H.; Kim, S. K.; Kwon, J. Y.; Jang, Y. J.; Lee,
J. Y.; Yoon, J. Fluorescent Sensing of Triphosphate Nucleotides via
Anthracene Derivatives. J. Org. Chem. 2011, 76, 3805−3811.
(23) Wang, S. L.; Chang, Y. T. Combinatorial Synthesis of
Benzimidazolium Dyes and Its Diversity Directed Application toward
GTP-Selective Fluorescent Chemosensors. J. Am. Chem. Soc. 2006,
128, 10380−10381.
(24) Wu, N. J.; Lan, J. B.; Yan, L. P.; You, J. S. A Sensitive
Colorimetric and Fluorescent Sensor Based on Imidazolium-Function-
alized Squaraines for the Detection of GTP and Alkaline Phosphatase
in Aqueous Solution. Chem. Commun. 2014, 50, 4438−4441.
(25) Shau, S. M.; Chang, C. C.; Lo, C. H.; Chen, Y. C.; Juang, T. Y.;
Dai, S. H. A.; Lee, R. H.; Jeng, R. J. Organic/Metallic Nanohybrids
Based on Amphiphilic Dumbbell-Shaped Dendrimers. ACS Appl.
Mater. Interfaces 2012, 4, 1897−1908.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am5031424 | ACS Appl. Mater. Interfaces 2014, 6, 13642−1364713646

http://pubs.acs.org
mailto:jliu@snnu.edu.cn
mailto:yfang@snnu.edu.cn


(26) Yao, Y.; Xue, M.; Chen, J. Z.; Zhang, M. M.; Huang, F. H. An
Amphiphilic Pillar[5]arene: Synthesis, Controllable Self-Assembly in
Water, and Application in Calcein Release and TNT Adsorption. J.
Am. Chem. Soc. 2012, 134, 15712−15715.
(27) Amin, S.; Morrow, J. R.; Lake, C. H.; Churchill, M. R.
Lanthanide(III) Tetraamide Macrocyclic Complexes as Synthetic
Ribonucleases: Structure and Catalytic Properties of [La(tcmc)-
(CF3SO3)(EtOH)](CF3SO3)2. Angew. Chem., Int. Ed. 1994, 33,
773−775.
(28) Israelachvili, J. N. Intermolecular and Surfaces Forces, 3rd ed.;
Elsevier: London, 2011.
(29) Li, G. G.; Zhang, Y.; Geng, D. L.; Shang, M. M.; Peng, C.;
Cheng, Z. Y.; Lin, J. Single-Composition Trichromatic White-Emitting
Ca4Y6(SiO4)6O:Ce

3+/Mn2+/Tb3+ Phosphor: Luminescence and En-
ergy Transfer. ACS Appl. Mater. Interfaces 2012, 4, 296−305.
(30) Faria, E. H.; Nassar, E. J.; Ciuffi, K. J.; Vicente, M. A.; Trujillano,
R.; Rives, V.; Calefi, P. S. New Highly Luminescent Hybrid Materials:
Terbium Pyridine-Picolinate Covalently Grafted on Kaolinite. ACS
Appl. Mater. Interfaces 2011, 3, 1311−1318.
(31) Ringer, D. P.; Burchett, S.; Kizer, D. E. Use of Terbium(III)
Fluorescence Enhancement to Selectively Monitor DNA and RNA
Guanine Residues and Their Alteration by Chemical Modification.
Biochemistry 1978, 17, 4818−4825.
(32) Formoso, C. Fluorescence of Nucleic Acid-Terbium(III)
Complexes. Biochem. Biophys. Res. Commun. 1973, 53, 1084−1087.
(33) Beeby, A.; Clarkson, I. M.; Dickins, R. S.; Faulkner, S.; Parker,
D.; Royle, L.; Sousa, A. S.; Williams, J. A. G.; Woods, M. Non-
Radiative Deactivation of the Excited States of Europium, Terbium
and Ytterbium Complexes by Proximate Energy-Matched OH, NH
and CH Oscillators: An Improved Luminescence Method for
Establishing Solution Hydration States. J. Chem. Soc., Perkin Trans. 2
1999, 493−503.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am5031424 | ACS Appl. Mater. Interfaces 2014, 6, 13642−1364713647


