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Luminescent water-soluble germanium nanocrystals (Ge NCs) have been developed as a fluorescent
sensing platform for the highly selective and sensitive detection of Fe®" via quenching of their strong blue

luminescence, without the need for analyte-specific labelling groups. The amine-terminated Ge NCs were
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separated into two discrete size fractions with average diameters of 3.9 + 0.4 nm and 6.8 £ 1.8 nm using

www.rsc.org/

centrifugation. The smaller 3.9 nm NCs possessed a strong blue luminescence, with an average lifetime of

6.1 ns and a quantum yield (QY) of 21.5 %, which is strongly influenced by solution pH. In contrast, 6.8
nm NCs exhibited a green luminescence with a longer lifetime of 7.8 ns and lower QY (6.2 %) that is

insensitive to pH. Sensitive detection of Fe** was successfully demonstrated, with a linear relationship

between luminescence quenching and Fe®* concentration observed from 0-800 puM, with a limit of

detection of 0.83 pM. The Ge NCs show excellent selectivity toward Fe®* ions, with no quenching of the

fluorescence signal induced by the presence of Fe?' ions, allowing for solution phase discrimination

between ions of the same element with different formal charges. The luminescence quenching mechanism
was confirmed by static and time-resolved photoluminescence spectroscopies, while the applicability for
this assay for detection of Fe®" in real water samples was successfully demonstrated.

Introduction

Semiconductor nanocrystals have attracted much attention
based on their unique optical and electrical properties, allowing
for application in a wide range of areas including solar cells,
light emitting devices,” 2 phosphors® and field-effect
transistors.* Their chemical stability and resistance to
photobleaching have made them particularly attractive as
fluorescent probes for bio-imaging and labelling, opening up
new strategies for simple, sensitive, on-site analysis of specific
targets.> ® Luminescent nanocrystals for chemical or biological
sensing must be chemically robust to withstand challenging
sample conditions, show minimal perturbation to the system
probed (i.e., low or no toxicity) and produce intense but
switchable responses to incident light, yielding a strong signal
change upon analyte interaction.” ® Because of their high
quantum vyields and size tuneable emission profiles,
nanocrystals based on I1-VI materials (CdSe, CdTe, HgTe)
have become one of the most extensively optical sensing
nanomaterials in the detection of nucleic acids, enzymes,
proteins, metal ions, and other small molecules.®

However, their optimal photophysical features are usually
observed in organic solvents, thus restricting their analytical
potential. While methods to render these NCs water-soluble and
biocompatible have been reported, these protocols are
compromised by reducing their photoluminescence efficiency.
More problematic is the heavy metal content of these materials,
which is toxic even at relatively low concentrations,'®* and
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may limit their wide scale use, particularly in clinical
applications where the high disposal costs for heavy metal
containing waste must be considered.

These toxicological concerns have driven the development
of heavy metal free alternatives including Group IV materials'®
¥ (e.g. Si, C) and ternary I-111-VI alloys® (e.g. Culn,Ga.xSe,,
CIGS). In recent years, Ge NCs have emerged as
environmentally friendlier alternatives to IlI-VI and I1V-VI
semiconductor materials as they are nontoxic, biocompatible
and electrochemically stable.?** As a result, Ge NCs have
been increasingly used in applications ranging from biological
imaging®® to field effect transistors® and hybrid
photodetectors.?

All sensing applications rely on the ability to prepare
luminescent NCs with high quantum vyields and well
characterised surface chemistries, as these factors define many
of their photophysical properties and response to analytes. A
number of different solution phase approaches for synthesis of
functionalised, luminescent Ge NCs have been reported,
including the metathesis reaction of GeCl, with Zintl salts®” 2
and high temperature decomposition of organogermane
precursors.?® % Other methods include thermal co-reduction of
amido based precursors,®* aqueous phase reduction of GeO,
powders by NaBH,,*? reduction of germanium halides***’ and
other high temperature chemical reduction methods.*®4°

Disadvantages associated with these methods include
synthetically involved precursor synthesis,** long reaction
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times,*? high temperatures and pressures,”® and extensive post
synthetic purification procedures.** Many groups also employ
post synthetic purification techniques such as high performance
liquid chromatography (HPLC),* column chromatography,: %
controlled etching,* size-selective precipitation using non-
solvents,® 38 40 4547 or 3 combination of the above®® % to
chemically purify and separate size monodisperse Ge NCs
fractions. While chromatography and HPLC methods work well
for size separation, the method is generally reported only for
small samples, and the rate of production is slow compared to
simple centrifugation methods.

Iron is a biologically important and versatile ion and is
ubiquitous in living systems,® playing a vital role in oxygen
uptake, oxygen metabolism and electron transfer in the body.
The presence of Fe*" in biological systems has to be efficiently
monitored as both its deficiency and overloading can induce
various biological disorders®® °2; hence there is on-going
requirement for sensitive sensing strategies for detection of
iron.>® While analytical techniques such as capillary
electrophoresis,® electrochemical methods,®® atomic absorption
spectrometry (AAS)*® and inductively coupled plasma mass
spectrometry (ICP-MS),% are available for the detection of
metal ions, they possess limitations including complicated
processing, expensive instruments and time-consuming,
complicated operation.®® *° Photoluminescence based sensing
methods®® ! allow for rapid testing and analysis, possess high
sensitivity due to the low signal backgrounds and excellent
signal/noise ratios inherent to this method, and are relatively
simple and cost effective to carry out.

In this paper, we report the synthesis of water-soluble Ge
NCs as a fluorescent sensing platform for the highly selective
and sensitive detection of Fe®" via quenching of their strong
blue luminescence. The Ge NCs produced here are purified by
a combination of column chromatography and centrifugation to
produce highly emissive nanocrystals for the sensitive detection
of Fe*" ions, without the need for specific labelling groups. In
addition, the Ge NCs show excellent selectivity toward Fe®'
ions, with no quenching of the fluorescence signal induced by
the presence of Fe?" ions, allowing for solution phase
discrimination between ions of the same element with different
formal charges. The luminescence quenching mechanism was
confirmed by lifetime and absorbance spectroscopies, while the
applicability for this assay for detection of Fe® in real water
samples was investigated.

Results and Discussion

Fig. 1(a) shows a transmission electron microscope (TEM)
image of amine-terminated Ge NCs prepared by the reduction
of germanium tetrachloride (GeCl,) by lithium aluminium
hydride (LiAIH,) in the presence of tetrahexadeylammonium
bromide (THDAB); see the ESI for further details on the
synthesis and purification. As can be seen from this image, the
Ge NCs produced are relatively polydisperse, with average
sizes ranging from 3-12 nm, and evidence of some shape
anisotropy in the sample. Fitting the histogram to a lognormal
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model yielded a mean diameter of 6.4 nm, with a standard
deviation of 2.0 nm. Following centrifugation, the supernatant
was decanted and the resultant pellet re-dispersed in deionised
(DI) water.

6.4+£2.0nm
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Particle Diameter (nm)

3.9+0.4 nm

3 4 5 6 7 8 9 10 11 12
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Fig. 1: Left, TEM images of the (a) parent solution, (b) supernatant and (c) pellet.
Right, histograms of the NC size with curves fitted to the data using a lognormal
model in the case of (a) and (c) and a Gaussian model in the case of (b).

TEM imaging of the supernatant, Fig. 1(b), demonstrates
that it was possible to separate highly size and shape
monodisperse NCs from the parent solution. The corresponding
histogram was fitted with a Gaussian model, yielding a mean
diameter of 3.9 nm and a standard deviation of 0.4 nm, closely
matching the (111) spacing of bulk germanium, emphasizing
the highly size monodisperse nature of these NCs. Fig. 1(c)
shows a TEM image of the Ge NCs from pellet, with the
corresponding histogram fitted with a lognormal model. It is
evident that the size of the NCs is larger in the pellet, with an
average diameter of 6.8 £ 1.8 nm. These TEM imaging results
confirm that this simple centrifugation step results in the
separation of a polydisperse parent solution into 2 fractions
with differently sized NCs in each fraction. High resolution
TEM (HR-TEM) imaging, (Fig. ESI1) shows that the Ge NCs
are free of crystallographic defects with a lattice d spacing of
2.0 A, matching well the (220) reflection of the Ge unit cell.

This journal is © The Royal Society of Chemistry 2012
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Fig. 2: UV-Vis, PL and PLE (dashed lines) spectra of (a) 3.9 nm and (b) 6.8 nm Ge NCs. Excitation-emission scanning matrices for (c) 3.9 nm and (d) 6.8 nm Ge NCs.

The optical properties of the Ge NCs were investigated
using UV-Vis absorbance, photoluminescence (PL) and
photoluminescence excitation (PLE) spectroscopy. Fig. 2(a)
and (b) show the UV-Vis, PL and PLE spectra for the 3.9 nm
and 6.8 nm NCs, respectively. The UV-Vis spectrum for the
small NCs (Fig. 2(a)) shows weak absorption in the UV with a
shoulder at ca. 290 nm and an onset of absorption at ca. 350
nm. These NCs show strong blue luminescence centred at ca.
430 nm, while the PLE spectrum (dashed line) recorded at the
PL maximum shows a clear peak at 340 nm. The 6.8 nm NCs
show a bathochromic shift in the onset of absorption and a
stronger absorbance in the UV (see Fig. 2(b)), in agreement
with our previous report on size tailored Ge NCs.*® The larger
NCs exhibited an intense green emission colour, with a
wavelength maximum at ca. 540 nm, while the PLE spectrum
showed a distinct peak at 400 nm. The PL spectra of both
nanocrystal fractions demonstrated the strong excitation
wavelength dependence, which we previously have shown to be
due to the involvement of different surface states in the
luminescence process rather than sample polydispersity.*’

This excitation wavelength dependency for both NC
fractions is shown graphically in the PL excitation-emission
matrices presented in Fig. 2(c) and (d). For 3.9 nm Ge NCs, the
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strong blue luminescence observed shifts to longer wavelengths
and decreases in intensity as the excitation wavelength is
increased from 320 nm to 420 nm. In contrast, the intensity of
the green photoluminescence increases with increasing
excitation wavelength, without any significant shift in emission
wavelength. The corresponding photoluminescence excitation-
emission matrix for the parent solution shows the two emission
bands visible at ca. 420 nm and ca. 540 nm, corresponding to
the presence of both fractions, see Fig. ESI 2(a). The
luminescence intensity of the PL spectra of the parent solution
also reflects the individual excitation wavelength dependencies
of both fractions, see Fig. ESI 2(b).

Fig. 3(a) shows the integrated PL intensity (340 nm
excitation) of dilute dispersions of the 3.9 nm Ge NCs
compared with solutions of the reference emitter 9,10-
diphenylanthracene under identical excitation conditions.®* 3
The quantum yield of the 3.9 nm NCs was calculated to be 21.5
%. Fig. 3(b) shows the integrated PL intensity (400 nm
excitation) of dilute dispersions of the 6.8 nm Ge NCs
compared with aqueous solutions of fluorescein, with a
calculated quantum yield of 6.2 %. QY for both samples are in
good comparison with the literature values. PL lifetimes of the
Ge NCs were obtained using time-correlated single photon
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counting methods; see Fig. 3(c). Measured transients were well
fitted (x> < 1.1) to the sum of two weighted exponentials,
yielding an average lifetime of 6.1 ns for the 3.9 nm NCs and
7.8 ns for the 6.8 nm NCs, consistent with previous reports.*® 64
The nanosecond lifetimes provide further confirmation that the
Ge NCs luminescence arises from surface state recombination,
as band gap transitions in indirect semiconductors typically
occur on microsecond timescales.®® The difference in PL
lifetimes between the NC fractions is attributed to the
involvement of different surface states in the luminescence
process.
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Fig. 3: Integrated PL intensity vs. absorbance for dilute dispersions of (a) 3.9 nm
Ge NCs and 9,10-diphenylanthracene, (b) 6.8 nm Ge NCs and fluorescein. (c) PL
decays of both NC samples and (d) long-term PL stability of both samples
recorded over 6 hours.

The involvement of different surface species is
demonstrated by PL measurements of the different Ge NC
fractions taken under different pH conditions, see Fig. ESI 3.
The 3.9 nm blue emitting NCs shows a strong response to the
presence of H* ions, with a ca. 75 % decrease in PL intensity
observed as the pH is lowered from 9.0 to 3.0. In contrast, the
luminescence intensity of larger 6.8 nm NCs is insensitive to
pH variations, implying that recombination does not involve
surface species that are responsive to the presence of positive
ions. As a result, luminescence quenching studies for the
detection of metal ions in agueous solution focused on the use
of the brighter, more responsive 3.9 nm sized NCs. It is noted
that both Ge NC fractions exhibit good to excellent long-term
PL stability, decreasing by 15 % for the 3.9 nm NCs and only 2
% for the 6.8 nm NCs over a period of 6 hours, see Fig. 3(d).
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Fig. 4: (a) Normalised response for the effect of various different metal ions on
the Ge NC fluorescence. (Concentration of ions is 50 uM). Error bars were
calculated from the standard deviation of 6 measurements. (b) Time-dependent PL
intensity obtained for the interaction between Ge NCs and Fe®" ions. Inset shows
the spectra obtained.

The luminescence quenching response of the blue emitting
Ge NC to the presence of different metal ions (AI**, Cd**, Co*",
Cu®, Fe*, Fe**, Hg?", Mn%*, Ni*, Pb?*, Pd*, Pt**, and zZn*
ions), at a concentration of 50 puM in aqueous solution, is
shown in Fig. 4(a). It was found that the Ge NCs exhibited a
substantial (ca. 20 %) decrease in the PL intensity in the
presence of Fe® ions, while only a modest response (typically
less than 5% change) was observed for the other metal ions
examined. More importantly, it is evident that the PL intensity
of the Ge NCs in the presence of Fe** showed no decrease in
intensity (in fact, a minor increase was observed),
demonstrating that the nanocrystals can be used to selectively
detect Fe** ions. Exposure tests carried out with AI** showed no
evidence of a quenching response, demonstrating that the
quenching response is selective towards iron, and not simply to
the formal charge of the metal ions. Experiments carried out
with Pt ions (formal charge: +4) also showed no change in PL
intensity. This unusual selectivity demonstrated for a specific
element and charge state make the Ge NCs a promising
chemosensing platform for the highly efficient and sensitive
detection of Fe®*. The response time of this sensor was
elucidated by monitoring the dependence of PL intensity on the

This journal is © The Royal Society of Chemistry 2012



reaction time; see Fig. 4(b). The results showed that the PL
intensity had reached a constant value within 2 minutes of
addition of Fe®, indicating fast quenching kinetics; thereafter
the PL intensity remains constant, see inset in Fig. 4(b).
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Fig. 5. (a) Representative photoluminescence spectra of Ge NCs in the presence
of increasing Fe®" concentrations (0-800 uM). (b) The relationship between Io/I
(red squares) and 1o/t (blue circles) with the concentration of Fe® ions within the
range of 0-800 uM. The excitation was fixed at 340 nm for all spectra. | and I, are
the PL intensities in the presence and absence of Fe** ions, respectively. T and 1o
are the lifetimes in the presence and absence of Fe®* ions, respectively.

PL spectra were recorded at a series of different Fe®*
concentrations in order to evaluate the sensitivity of our Ge
NCs sensing system for Fe** detection, see Fig. 5(a). Increasing
the Fe3* concentration from 0.25 uM to 800 UM resulted in a
concomitant decrease in the PL intensity. The wavelength
position of the emission maximum increased with increasing
Fe®" concentration, see Fig. ESI 4, indicating that a change in
the surface states of the NCs has occurred.%° Fig. 5(b) shows
the dependence of Iy/1 (red squares) on Fe®* concentration,
where |y and | are the PL intensities before and after addition of
the analyte, respectively. The quenching data shows a linear
relationship that is in excellent agreement with the Stern-
Volmer relationship, 1o/I=1+Ks,[Q], where Kgy is the Stern-
Volmer constant and [Q] is the concentration of the quencher
(Fe®*"). The lack of curvature in the plot indicates that only one
quenching mechanism is present. Fitting the experimental data
points with a least squares linear model over the range 0-800

This journal is © The Royal Society of Chemistry 2012

UM vyielded Kgy = 5.5x107° + 0.1 x10° M with a correlation
coefficient, R? = 0.99. The limit of detection (LOD) was
determined to be 0.83 = 0.02 uM, from the standard deviation
of the blank (noise); LOD = 3opn/Ksy, according to the
guidelines set by the International Union of Pure and Applied
Chemistry (IUPAC).”® A smaller LOD (54 + 6 nM) could be
obtained if the fitting was confined to the low concentration
range (0.0-1.0 uM, however this resulted in a lower correlation
coefficient (R? = 0.98) due to the fewer number of data points
available for fitting, see Fig. ESI 5. To prove that the 3.9 nm
NCs perform better than the 6.8 nm ones, the quenching
efficiency (in the presence of 50 uM Fe®") of both sizes of NCs
was compared, see Fig. ESI 6. Only a small response was
observed for the 6.8 nm NCs, confirming the higher sensitivity
of the small NCs.The mechanism for luminescence guenching
is described as either a dynamic or static process: dynamic (or
collisional) quenching occurs when the analyte (quencher)
interacts with the excited state of the luminophore, resulting in
a change in the lifetime of the excited state. The change in
lifetime occurs because dynamic quenching is an additional rate
process which depopulates the excited state, hence ly/1 = 1¢/7,
where 1o and 1 are the excited state lifetimes in the absence and
presence of the quencher, respectively. In contrast, static
quenching results from the formation of a non-emissive ground
state complex between the analyte and the nanocrystal: as the
PL originates from non-complexed Ge NCs, the emissive
lifetimes are unaffected.

PL lifetimes of the Ge NCs were measured over a range of
Fe®" concentrations, see blue symbols in Fig. 5(b). Increasing
the Fe® concentration has no effect on the lifetime of the Ge
NCs and 1o/t remains constant, consistent with the static
quenching mechansim. Further confirmation of the static
quenching mechanism was obtained from UV-Vis spectroscopy
of the Ge NCs over a similar range of Fe®" concentrations, see
Fig. ESI 7. In the absence of Fe®", the Ge NCs absorb primarily
in the UV region with a shoulder at ca. 290 nm and an onset of
absorption at ca. 350 nm. Addition of Fe®" ions to the NCs
results in a red shift in the position of this shoulder to ca. 300
nm and the appearance of a second shoulder at ca. 260 nm is
observed. While the spectrum of the Ge NCs in the presence of
Fe** is largely different to its blank spectrum, the net
spectrum®® (Fe®* alone subtracted from Ge NCs incubated with
Fe®*) is also different, see Fig. ESI 8. This indicates the
conjugation of Fe** with the Ge NC surface.® These results
provide further evidence that the Fe** induced PL quenching is
due to formation of a non-emissive nanocrystal-analyte ground-
state complex.

The ability of the Ge NCs to discriminate between Fe?* and
Fe® ions in solution may also be interpreted in terms of binding
of ions to oxygenic species at the NC surface. Previous XPS
measurements have shown the presence of significant amounts
of oxygenic Ge-O, species at the NC surface,®” which are
known to readily bind hard acids such as AI®*, Cr®* and Fe*". In
contrast, softer acids such as Co**, Fe**, Ni?*, Cu®*", Zn** and
Pb?* show an affinity for nitrogen containing ligands. However,
at the neutral pH used in these experiments, the amine ligands
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(pK, = 9.5-10.5) would be fully protonated, thus lessening their
ability to bond to the positively charged ions. In contrast, the
higher acidity of Ge-Oy species allows them to readily bind
Fe®" ions from solution, resulting in luminescence quenching.
Furthermore, as no quenching response is elicited by the
presence of 50 uM Al*", see Fig. 4(a), it may be inferred that
the Ge NCs are selective toward iron, and not the +3 charge
state.

Previous reports on Fe®* detection have limitations
including a narrow linear detection range,*"® lack of
selectivity,”*™® "8 and insufficient understanding of the
quenching mechanism.”™ 7>77 8082 The excellent specificity,
combined with high sensitivity and fast response time,
suggested that the Ge NCs were applicable for detection Fe** in
real water samples. The performance of the Ge NC sensing
platform for Fe**detection was tested on samples obtained from
drinkable (tap) water supplies, and fresh water samples from
local rivers and lakes, see Fig. ESI 9. Despite the presence of
minerals, organic matter and other contaminants, the Ge NCs
exhibited a linear relationship between PL intensity and Fe®'
concentration (1-200 uM range) for all the real water samples,
satisfying the US Environmental Protection Agency
requirements (0.3 mg/L; ~ 5.4 uM) for Fe*" levels in drinkable
water supplies.®® Table ESI 1 shows that the recovery of Fe®*
was between 97-110 % for the real water samples,
demonstrating the applicability and robustness of this detection
procedure.

Conclusions

The synthesis of highly luminescent, water-soluble Ge NCs
for the sensitive detection of Fe* ions, without the need for
specific labelling groups has been reported. The amine-
terminated Ge NCs were separated into two discrete size
fractions with average diameters of 3.9 + 0.4 nm and 6.8 + 1.8
nm using centrifugation. The smaller 3.9 nm NCs possessed a
strong blue luminescence, with an average lifetime of 6.1 ns
and a QY of 21.5 %, which is strongly influenced by solution
pH. In contrast, 6.8 nm NCs exhibited a green luminescence
with a longer lifetime of 7.8 ns and lower QY (6.2 %) that is
insensitive to pH. Sensitive detection of Fe** was successfully
demonstrated, with a linear relationship between luminescence
quenching and Fe®* concentration observed from 0-800 pM,
with a limit of detection of 0.83 uM. The luminescence
quenching mechanism was confirmed to be a static quenching
mechanism, while the applicability for this assay for detection
of Fe®* in real water samples was successfully demonstrated.
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