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The development of ultra-sensitive methods for detecting anions is limited by their low charge to radius
ratios, microenvironment sensitivity, and pH sensitivity. In this paper, a magnetic sensor is devised that
exploits the controllable and selective coordination that occurs between a magnetic graphene quantum
dot (GQD) and fluoride anion (F~). The sensor is used to measure the change in relaxation time of aque-
ous solutions of magnetic GQDs in the presence of F- using ultra-low-field (118 pT) nuclear magnetic
resonance relaxometry. The method was optimized to produce a limit of detection of 10 nmol/L and then
applied to quantitatively detect F~ in domestic water samples. More importantly, the key factors respon-
sible for the change in relaxation time of the magnetic GQDs in the presence of F~ are revealed to be the
selective coordination that occurs between the GQDs and F- as well as the localized polarization of the
water protons. This striking finding is not only significant for the development of other magnetic probes
for sensing anions but also has important ramifications for the design of contrast agents with enhanced
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The recognition of specific target anions is challenging because
of their low charge to radius ratios, microenvironment sensitivity
(solvent effect), and pH sensitivity [1]. Structurally, the fluoride an-
ion (F~) has the smallest ionic radius, highest charge density, and
weakest Lewis basicity among the inert anions [2], which makes
it difficult to be recognized and detected. Therefore, developing ef-
fective detection methods for F- is a vitally important step in the
development of anion-specific detection procedures and probes.

Some colorimetry-based methods have been investigated for
use in F~ detection which depend on the identification of cer-
tain optical signals [3-5]. In comparison, however, the magnetic
signals that are observed in nuclear magnetic resonance (NMR)
relaxometry, have the advantage of high penetration depth and
are nearly background-free [6,7]. In recent years, magnetic sen-
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sors have been developed to measure the magnetic signals from
magnetic probes that have superior properties compared with
colorimetry-based detection methods (including enhanced sensitiv-
ities and simple methodologies) [8-11]. It is highly likely, therefore,
that such methods may allow F~ to be detected with high sensitiv-
ity.

Magnetic lanthanide complexes have been widely adopted as
contrast agents in magnetic resonance imaging [12-15]. Lanthanide
ions usually contain a large number of unpaired electrons and thus
have paramagnetic properties [16]. For example, the gadolinium(III)
ion (Gd3*) has seven unpaired electrons. Moreover, the symmet-
ric nature of the S-state of the Gd3* means that it has a much
slower electronic relaxation rate that experienced by water pro-
tons [17]. Inspired by the fact that colorimetry-based sensors have
been devised that exploit the interaction between lanthanide com-
plexes and F~ [18-20], it can be expected that magnetic sensors
should also be realizable that operate in the same way. Despite
the fact that lanthanide ions are hard Lewis acids [21], the bind-
ing affinities between lanthanide complexes and F~ are generally
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Fig. 1. (a) TEM image of GP4G, (b) size distribution histogram (and the corresponding fit to a Gaussian distribution function), and (¢) a HR-TEM image of GP4G in which
the regular hexagons (white lines) outline the graphene structure. (d) Topographical AFM image of GP,G nanoparticles on a 300 nm SiO,/Si substrate. Inset: height profiles
along the lines indicated. The final images are XPS spectra of the GP,G nanoparticles corresponding to (e) C 1s, and (f) O 1s signals.

very weak (logK, = 1.5-3) [22], which means it is difficult to cre-
ate a lanthanide-based magnetic sensor that can be used to detect
F~ with high sensitivity. Therefore, the crucial issue as far as F~
detection is concerned to realize a selective and stable interaction
between the lanthanide complex employed and the F-.

Given that graphene quantum dots (GQDs) with modifiable
structures [23] and tunable properties [24,25] can be synthesized
in kilogram-scale [26]. In this study, Gd3*-loaded polyethylene gly-
col (PEG) modified GQDs, hereafter abbreviated as GPGs, are used
as magnetic probes to detect F-. In the presence of the PEG with
different chain lengths, the F~ can selectively coordinate with the
Gd3+ in the GPGs. The stable coordination of an F~ to the Gd3*
leads to a strong polarization effect on the bulk water molecules
surrounding the GP4G containing tetraethylene glycol (PEG4). This
makes the bulk water molecules much more likely to undergo ion-
ization and thus increases the proton exchange rate. These changes
in microenvironment are reflected in the longitudinal relaxation
time (T;) measured via ultra-low-field (ULF) NMR relaxometry [27].

GP4G was obtained using the previously-proposed method (hy-
drothermal treatment) [14,28]. Fig. 1 shows the information gath-
ered about the morphology and structure of the GP4G synthesized.
The transmission electron microscopy (TEM) image (Fig. 1a) indi-
cates that the GP4G nanoparticles have high dispersibility. The lat-
eral size distribution curve (Fig. 1b) further indicates that the aver-
age size of the nanoparticles is 4.2 nm. Fig. 1c is a high-resolution
TEM (HR-TEM) image of a GP4G nanoparticle. The image exhibits
excellent crystallinity which indicates that the GP4G nanoparti-
cles are well-crystallized. The lattice parameter of 0.24 nm repre-
sents the (1120) lattice fringe of graphene. The heights of the GP4,G
nanoparticles were investigated via atomic force microscope (AFM)
on a 300 nm SiO,/Si substrate giving the results shown in Fig. 1d.
As can be seen, the heights of the nanoparticles range from 0.5 nm
to 1.5 nm corresponding to 1-4 layers of graphene [29,30].

X-ray photoelectron spectroscopy (XPS) was also used to inves-
tigate the chemical structure of the GP,G nanoparticles. An XPS
survey spectrum exhibits peaks at 284.8, 531.4, and 142.7 eV which
can be attributed to C 1s, O 1s, and Gd 4d signals, respectively
(Fig. S1 in Supporting information) [14]. The atomic ratio of C to
0 in GP4G is found to be 0.9 meaning that it is relatively oxygen-
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rich. The Gd3* content of the GP,4G is found to be 2.9 at%. The C
1s spectrum of GP4G (Fig. 1e) has peaks located at 284.8, 286.5,
and 288.7 eV which can be recognized as C-C/C=C, C-0, and C=0
bonds, respectively. The peaks located at 531.3 and 532.9 eV in the
0 1s spectrum (Fig. 1f) arise due to C=0 and C-0/C-0-C bonds,
respectively. The PEG modifies the surface of the GQDs resulting
in a high C-0/C-0-C bond content (22.6 at%). Moreover, the Gd3*
combines with the PEG4 via a coordination process [14], as shown
in Fig. S2 (Supporting information). The X-ray diffraction pattern
also confirms the formation of GP4G (Fig. S3 in Supporting infor-
mation).

The T; relaxation times of the GP4G aqueous solutions were
measured at 118 uT using a homemade ULF NMR system. The
T; values obtained when the concentration of the Gd3* is 0.063,
0.053, 0.042, and 0.032 mmol/L are 2541 + 4.9, 3194 + 16.8,
408.1 + 10.6, and 607.9 + 17.9 ms, respectively (Fig. S4 in Sup-
porting information). These data can be plotted in linear form, as
shown in Fig. 2a. The longitudinal relaxivity, r;, of the GP4G cor-
responds to the gradient of the line of best fit which is found to
be 72.7 + 1.5 L mmol-!s7! (R2 = 0.9991). This is a much larger
r; value compared to those of commercially available Gd3+-based
complexes at the same static magnetic field (for example, Gd-EOB-
DTPA has an r; value of 12.3 + 0.6 L mmol-1s1) [31]. Such an
elevation in relaxivity mainly derives from the localized superacid
microenvironment brought by the GQDs [14]. This leads to an en-
hanced number of exchangeable protons and positively accelerates
the proton exchange rate among the protons in coordinated wa-
ter molecules and free protons (in bulk water or ionized from the
GQDs), leading to a high ry value.

As GP4G has such a high relaxivity, it was employed as a
magnetic sensor to detect anions. As a blank control, the T
value of the GP4G used was first measured, yielding a value of
4299 + 53 ms with the Gd3+ concentration of 0.042 mmol/L
(upper figure in Fig. 2b which shows the best fit to a single ex-
ponential function, producing an R? value of 0.9998). Aqueous F-
(1 mmol/L) were then mixed with GP4G at room temperature for
12 h and the impact on the relaxivity of the GP4G was determined.
The T; value is found to be strongly reduced to 102.4 + 2.9 ms
(lower figure in Fig. 2b). The change in relaxation time AT; = Ty,
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Fig. 2. Magnetic properties of the F~ detection probe at ULF. (a) Linear fit used to determine the r; value of the GP4G. (b) Single-exponential fits to find the T; values
of samples. Upper figure: GP4G with Gd3* (0.042 mmol/L) to determine the relaxation time, Tj,, of a blank sample. Lower figure: GP4G with F- added (1 mmol/L). (c)
Comparison of relaxation time changes (AT;) caused by different anions (each at the same concentration of 1 mmol/L). Error bars indicate the standard deviation (SD).

- T, is used to quantify the change occurring, where Ty, is the re-
laxation time of the blank sample and T; is the relaxation time of
the sample containing the anion. In this case (using F~), the AT;
value is equal to 327.5 &+ 2.9 ms which shows that the F- undergo
a significant interaction with the GP4G.

To evaluate the specificity of the detection method, various
other anions CO32~, HCO3~, NO3~, SO42~, HPO42~, and Cl~ were
detected at the same concentration (1 mmol/L) using the same re-
action conditions (room temperature, 12 h). The results (Fig. 2c)
clearly indicate that the presence of F~ leads to a very large change
in relaxation rate (AT; = 327.5 &+ 2.9 ms), while the AT; values of
the mixtures containing other anions are essentially zero. Thus, the
GP4G detection probe has a high specificity towards F~.

The high selectivity and large change in relaxation time of the
GP4G suggests that selective coordination between the Gd3* and
F~ as well as the localized polarization of water molecules could
potentially be involved in the sensing process. Relaxometry exper-
iments and theoretical calculations were therefore carried out to
obtain a better understanding of the sensing process.

lon chromatography was used to determine the concentration
of the F~ present. The concentration of dissociated F~ is found to
be 0.03 pmol/L when 5 mL of aqueous F~ (0.2 mmol/L) was mixed
with 5 mL of the GP4G (the total F~ concentration in the mixture is
0.1 mmol/L). The obvious decrease in the concentration of dissoci-
ated F~ indicates that the GP4G and F~ combine together strongly.
Indeed, the binding affinity between GP4G and F~ is 8.3 (logK,
value).

Interestingly, the optical properties of GP4G that related to the
bandgap or defect/edge states of the GQDs [29,32] show no obvi-
ous changes when F~ combine with it (Fig. S5 in Supporting infor-
mation), which means the interaction between GP4G and F~ has no
effect on the GQDs in GP4G. Therefore, the F~ are probably inter-
acting with the magnetic center in the GP,4G (i.e., the Gd3+).

An XPS survey was then carried out to investigate the nature
of the interaction between GP4G and F-. As shown in Figs. S6-
S8 (Supporting information), the peaks in the C 1s, O 1s, and
Gd 4d XPS spectra do not change significantly after mixing the
GP4G with F. On the other hand, the high-resolution XPS F 1s
spectrum produced (Fig. 3a) contains a peak located at 684.2 eV,
which can be regarded as arising from the coordination of F~ to
the Gd3+ in GP4G (forming GdFs).

It is worth noting that when Gd(NOs); (0.1 mmol/L) is used
to detect F~ (0.3 mmol/L, mixed for 12 h at room temperature) it
leads to a relatively small change in relaxation time (AT; = -157.9
+ 121 ms, Fig. S9 in Supporting information). This small change
occurs because the binding affinity between the lanthanide com-
plex and F- is fairly weak (logK, = 1.5-3) [22], despite the fact
that lanthanide ions are generally hard Lewis acids [21] and F~ is
a hard Lewis base [2].
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Detection experiments were also performed using GPGs with
different PEG chain lengths (GP,G, n = 1-8). The results are shown
in Fig. 3b. In each case, the concentration of F~ was 1 mmol/L
and the solutions were mixed at room temperature for 12 h. The
AT; values observed with GP;_gG are 87.0 + 7.6, 38.9 + 124,
104.8 + 8.6, 333.6 + 17.3, 1054 + 9.7, 841 + 174, 62.2 + 144,
and 62.9 + 11.4 ms, respectively. The binding affinities (logK,) be-
tween F~ and GP;_gG species are also plotted in Fig. 3b (1.5, 1.2,
2.5, 8.3, 2.4, 1.6, 1.3, and 1.3, respectively). It is clear that the AT;
(333.6 &+ 17.3 ms) and logK, (8.3) values obtained for GP4G are
much larger than those of the other GPGs. Thus, the F~ is much
more strongly bound to the Gd3* when GP,G is used compared to
the other GP,G species.

Density functional theory (DFT) calculations were also carried
out to further our understanding of the detection mechanism. The
changes in Gibbs free energy (AG) calculated for the coordination
that occurs between an F~ and the Gd3* in different GP,G species
(n = 1-8) are shown in Fig. 3c. A lower AG value indicates greater
thermodynamic stability. As can be seen, the AG value calculated
for GP4G is much larger in magnitude (-372.5 kJ/mol) compared to
those calculated for the other GPGs (-50 kJ/mol to -170 kJ/mol).
This is a clear indication of the stability of the coordination com-
pound formed between GP4G and F-. That is, the collaborative co-
ordination of the quinquidentate ligand (PEG,4) and F~ forms a sta-
ble hexa-coordinated structure with the Gd3* ion (Fig. 3c). At the
same time, the small radius of the F~ (133 pm) ensures that it can
gain close access to the Gd3* even though there is a large amount
of steric hindrance caused by the PEG4 molecule. This allows se-
lective coordination between GP4G and F~ to be achieved. This can
be further highlighted by calculating the AG values for other an-
ions coordinating with GP4G (Fig. 3d). As can be seen, only the F~
gives a AG value that is negative, i.e. GP4G is capable of selective
and stable coordination with F-.

The localized polarization effect experienced by water
molecules due to the coordination of the F~ to the GP4,G cen-
ter can also be demonstrated via DFT calculation. As shown in
Fig. 3e, the electrostatic potentials of Gd3t in GP4G are -304.1
and -52.7 kJ/mol with and without the presence of F~, respec-
tively. The large negative electrostatic potential obtained with F~
indicates that there is strong charge separation occurring after
the F~ coordinates with the GP4G. This strong charge separation
results in the localized polarization of nearby water molecules
which makes it easier for the water molecules to become ionized.
This means that proton exchange becomes more facile and so the
proton exchange rate is enhanced as is the relaxivity, consistent
with the experimental results.

The conditions used when the coordination reaction (between
GP4G and F~) is carried out need to be optimized to ensure the
best sensitivity and efficiency is achieved. The efficiency of the re-
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Fig. 3. Probing the interaction between Gd3>* and F-. (a) XPS F 1s spectrum of GP4G + F-. (b) Two variables highlighting the strength of the interaction between F- and
GP4G: The different AT, values measured for different GP,G samples (histogram) and the logK, values obtained for F- binding to different GP,G species (line chart). Error
bars indicate SD values. (c) Free energy changes AG corresponding to the coordination of an F- to different GP,G species. The inset depicts the stable hexa-coordinated
structure produced with GP4G (the large negative AG value indicating high thermodynamic stability). (d) Corresponding AG values for the coordination of various anions
to GP4G. (e) Schematic illustration of GP,G with and without the presence of F-. The large negative electrostatic potential highlights the much stronger polarizing power

realized after the F- becomes coordinated to the GP4G.

Fig. 4. Optimization of: (a) reaction temperature, and (b) reaction time for the coordination reaction between F- and GP4G. The F~ concentration is 1 mol/L in each case.
(c) The linear relationship between AT; and logarithm of the F- concentration. (d) The area from which water was collected. This image is a modified version of a map
provided by the map service administrated by the Ministry of Natural Resources of the People’s Republic of China. (e) Comparison of the F~ concentrations measured using
the magnetic sensor (C;) and ion chromatography (C;). The upper trace shows the recovery values (C;/C; x 100%) which help illustrate the accuracy of the magnetic sensor.
The band underneath the trace represents the recovery range 95%-105%. Error bars indicate SD values (For interpretation of the references to color in this figure, the reader

is referred to the web version of this article.).

action between GP4G and F~ is mainly governed by the tempera-
ture used. A series of experiments were therefore performed using
temperatures ranging from 30 °C to 80 °C, giving the results shown
in Fig. 4a (the F~ concentration was fixed at 1 mmol/L and the
coordination process was allowed to proceed for 30 min in each
case). The AT; value of the coordination product was then mea-
sured. Clearly, the AT; values increase as the reaction tempera-
ture is increased. When a temperature of 60 °C was used, the AT;
value was found to be 308.2 + 7.6 ms. Further increasing the re-
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action temperature only led to a slight increase in AT; value (by
~15.0 ms). Therefore, the optimal reaction temperature for detect-
ing F~ using GP4G is taken to be 60 °C.

The optimal reaction time can be determined by monitoring
AT; every 10 min as the reaction proceeds (at 60 °C). Fig. 4b
shows the results obtained. The ATy value clearly increases as the
reaction between GP4G and F~ proceeds and it eventually levels off
and approaches a constant value as the reaction approaches com-
pletion. The optimal reaction time is taken to be 50 min, where-
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upon ATy reaches 394.2 + 6.5 ms (after this time, there is no sig-
nificant change in the recorded relaxation time).

The magnetic stability of GP4G was also investigated by mea-
suring its T; relaxation time over an extended period of time (3
months, Fig. S10 in Supporting information). The results proved
that the probe can be stored for a long period of time without any
significant changes in magnetic properties.

The relaxation times of F~ solutions with a variety of different
known concentrations were measured using the optimal reaction
conditions (60 °C, 50 min). A wide range of concentrations from
0.1 nmol/L to 1 mmol/L were used, giving the results shown in
Fig. S11 (Supporting information). Clearly, ATy increases with in-
creased F~ concentration. According to Fig. S11 (Supporting infor-
mation), the limit of detection (LOD) of the detection method is
10 nmol/L (corresponding to the F~ concentration that produces a
AT; value just larger than that of a blank sample plus 3 SDs, here,
the AT; value of a blank sample is 0 ms and the SD is 6.3 ms).
This LOD is about 3 orders of magnitude lower than that specified
in the World Health Organization guidelines (79 pmol/L) [33]. Fig.
S12 (Supporting information) compares our result with the LODs of
other F~ detection methods and reveals that the magnetic sensor
we propose thus has excellent sensitivity and should be capable of
detecting very low levels of F~ in real samples.

Moreover, the linearity of the relationship between AT; and the
logarithm of the F~ concentration is excellent over the range from
10 nmol/L to 0.1 mmol/L (Fig. 4c, where R? = 0.9958). This means
that Fig. 4c can be used as a calibration curve that can be used to
detect F~ quantitatively over a wide range of concentrations.

Fluoride is known to play a major role in preventing dental
caries [34] and it is also used to treat osteoporosis [35]. It is easily
absorbed by the body but is excreted slowly. As a result, overex-
posure to fluoride can increase the risk of acute gastric [2], den-
tal fluorosis [33], skeletal fluorosis [36], and kidney problems [37].
Given that domestic drinking water generally contains F-, tap and
surface water are the two most common water sources we are ex-
posed to. Therefore, we collected water samples (tap and surface)
from the Yangtze River Delta region of China, i.e. Shanghai City,
Jiangsu Province, and Zhejiang Province (Fig. 4d) and determined
the concentration of F~ in them using the newly developed mag-
netic sensor.

The labels S1-2 (S3-4), J1-2 (J3-4), and Z1-2 (Z3-4) are used
to denote samples of tap (surface) water collected from Shanghai
City, Jiangsu Province, and Zhejiang Province, respectively. The con-
centrations of the F~ in the samples were then determined using
the magnetic sensor and the calibration curve shown in Fig. 4c. The
resulting concentrations are highly consistent with those obtained
using ion chromatography (Fig. 4e, Tables S1 and S2 in Supporting
information). In Fig. 4e, the histogram shows the concentrations as
determined using the magnetic sensor (C; in light blue) and ion
chromatography (C, in light red). No significant differences were
observed between the C; and C, values obtained for samples with
the same sample label. Fig. 4e also shows a plot of the ‘recovery’
of the magnetic sensor which is defined as the quotient C;/C,. As
can be seen, the recovery stays very close to 1 which indicates that
the magnetic sensor has a high reliability.

To conclude, we have demonstrated that it is possible to achieve
controllable and selective coordination to Gd3* by adjusting the
length of the PEG chain incorporated into the magnetic GQDs.
Strong binding occurs between the magnetic GQDs and F~ (log
K, = 8.3) when the PEG used is tetraethylene glycol. The combi-
nation, in fact, is more stable than those between other lanthanide
complexes and F~. When an F~ is selectively and stably coordi-
nated to the Gd3*, the bulk water around the GP,G nanoparticle
is strongly polarized and more easily ionized. This provides more
exchangeable protons and thus increases the proton exchange rate.
These changes in microenvironment lead to a decrease in the Ty
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observed via ULF NMR relaxometry. The change in T; value is in-
timately connected with the concentration of the F~ in the origi-
nal solution which means the technique can be used for quanti-
tative analysis. The LOD of the F~ detection technique was found
to be 10 nmol/L. A series of experiments involving domestic wa-
ter samples were also carried out to illustrate the accuracy of
the detection method. This work should inspire the formulation of
other similar magnetic probes for anion sensing. It should also be
of great interest to researchers designing high-relaxivity contrast
agents for use in magnetic resonance imaging.
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