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ABSTRACT: A dansyl-functionalized fluorescent film sensor
was specially designed and prepared by assembling dansyl on a
glass plate surface via a long flexible spacer containing
oligo(oxyethylene) and amine units. The chemical attachment
of dansyl moieties on the surface was verified by contact angle,
XPS, and fluorescence measurements. Solvent effect examina-
tion revealed that the polarity-sensitivity was retained for the
surface-confined dansyl moieties. Fluorescence quenching
studies in water declared that the dansyl-functionalized SAM
possesses a higher sensitivity towards Hg*" and Cu®* than the
other tested divalent metal ions including Zn**, Cd**, Co?*, and
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Pb’*. Further measurements of the fluorescence responses of the film towards Cu®* and Hg*" in three solvents including water,
acetonitrile, and THF evidenced that the present film exhibits cross-reactive responses to these two metal ions. The combined
signals from the three solvents provide a recognition pattern for both metal ions at a certain concentration and realize the
identification between Hg** and Cu**. Moreover, using principle component analysis, this method can be extended to identify
metal ions that are hard to detect by the film sensor in water such as Co*" and Ni**.
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B INTRODUCTION

Detecting and recognizing metal ions is of great interest to
researchers because of the significant effect that metal ions have
threw on our life.! On the one hand, a number of metal ions are
essential trace elements closely related to human health,
including zinc,” iron,” copper,* cobalt, etc. A lack or excess of
these trace elements that have certain physiology functions in
the human body will cause a series of diseases. On the other
hand, many heavy metal ions such as mercury,® lead,” and
cadmium® are totally deleterious on human health.

Among various analytical methods for detecting metal ions,
fluorescent chemical sensors composing a fluorophore for
signal output and an ionophore for binding metal ions offer
attractive advantages in terms of sensitivity, selectivity, and
availability of multiple sensing parameters, which leads to
various sensor design strategies.” Compared to numerous
fluorescent molecular sensors for metal ions, fluorescent film
sensors with fluorophores immobilized on solid surfaces
provide additional merits such as reversibility and reproduci-
bility which are crucial for practical applications and device
implementation.'™"* Self-assembled monolayers (SAMs) of
organosilanes on SiO, surfaces afford an eflicient way to
generate stable and ordered fluorescent film sensors by
chemically attaching fluorophores on the functional termini of
SAMs."* The pioneer work of exploring the application of
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fluorescent SAM sensors for metal ions was conducted by
Reinhoudt and co-workers.">'® They selected dansyl and
coumarin as fluorescent probes and immobilized them on an
amine-terminated SAM and found that the obtained fluorescent
SAM sensors can be used for fluorescence sensing of metal ions
without the need of selective receptor molecules.'® Moreover,
they also found that the connecting functionality of the
fluorophore to the SAM monolayer is involved in the
recognition process. This phenomenon was also observed by
Fang et al, who have prepared a series of fluorescent SAM
sensors for Cu’* ions in aqueous solution by immobilizing
polycyclic aromatic compounds (e.g, pyrene, dansyl, and
anthracene) on epoxy-terminated SAMs."”"*° They found
that the fluorescent SAM films with polyamine in the spacer
possessed higher sensitivity towards Cu®* than those with
diamine functionalities.'®'® In addition, they also recovered
that the polarity and flexibility of the spacer plays an important
role in the sensing abilities of the obtained fluorescent SAM
sensors.”’ Most of the reported fluorescent SAM sensors for
Cu®** by Fang et al. displayed high sensitivity only toward
organic copper salts rather than inorganic ones due to the
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relatively hydrophobic spacers used in these film sensors.'” >

Besides small PAHs as fluorescent probes, conjugated polymers
were also used to prepare fluorescent SAM sensors for metal
ions. For example, Lixiang Wang and co-workers reported to
immobilize phosphonate-functionalized polyfluorene on amine-
terminated SAM and realized a sensitive and selective film
sensor for Fe’* in aqueous solution.”> Shu Wang et al. used
amino-functionalized polyfluorene as fluorescent probe and
developed a fluorescent SAM sensor for Cu®* ions either in
organic or inorganic salts.”* However, fluorescent SAM sensors
for metal jons are still limited and it is highly desirable to
develop novel systems for different target metal ions.

Considering Hg?* is highly toxic®* and it can coordinate with
N, O, and S atoms that possess lone pair electrons,”> we
developed a pyrene-modified fluorescent SAM sensor contain-
ing oligo(oxyethylene) and amino units in the spacer.”®
Although this film sensor displayed a high sensitivity for Hg**
in aqueous solution as expected, it was also sensitive to the
presence of Cu®" either in organic or inorganic salts and unable
to discriminate between Hg’* and Cu’". To discriminate
different metal ions, researchers have extensively used sensor
arrays to provide distinct recognition pattern to each analyte by
combining the signals from sensor elements that compose the
array.”””® These sensor elements usually possess cross-reactive
character, which is that all sensor elements respond differently
towards an individual analyte and an individual sensor element
responds differently towards all the tested analytes.”
Reinhoudt et al. combined combinatorial approach and
fluorescent SAMs to construct cross-reactive sensor arrays for
identification of different series of metal ions.>”>' However, this
method relies on using various fluorophores in different sensor
element to obtain cross-reactivity. As a consequence, such
sensor arrays face disadvantages such as tedious preparation
and data collecting process.

To realize the discrimination between Hg** and Cu®* by a
single fluorescent SAM sensor, a dansyl-functionalized
fluorescent SAM sensor is particularly prepared in the present
report using the spacer containing oligo(oxyethylene) and
amino units. Dansyl is selected as the fluorescent probe due to
its well-known microenvironment sensitivity>> and exhibition of
red-shift in fluorescence maximum emission with increased
environmental polarity.’> As previously reported, oligo-
(oxyethylene) and amine units in the spacer may ensure the
sensitivity of the fluorescent SAM to Hg?* and Cu®*.*® Thus,
the dansyl-functionalized SAM sensor may display cross-
reactive fluorescence responses to Hg*" and Cu*" in different
solvents and provide recognition patterns for discriminating
these two heavy metal ions.

B EXPERIMENTAL SECTION

Reagents. 4,7,10-Trioxa-1,13-tridecanediamine (Sigma-Aldrich,
98%), dansyl chloride (Sigma-Aldrich, 98%), 3-glycidoxypropyltrime-
thoxysilane (GPTS; Acros, 97%) were used as received. CuCl,, HgCl,,
PbCl,, ZnCl,, CoCl,, and CdCl, are of analytical grade. Toluene is
distilled from sodium under nitrogen prior to use. Trichloromethane
(CHCL,) is dried with anhydrous CaCl, overnight before use. Aqueous
solutions of metal salts are prepared from Milli-Q water (18.2 MQ cm
at 25 °C). All other reagents are analytically pure. Glass substrates
used for fabrication of SAM films are microscope slides with size of
~0.9 X 2.5 cm’.

Methods. Fluorescence measurements were performed on a time-
correlated single photon counting Edinburgh FLS 920 fluorescence
spectrometer with a front-face method at room temperature. For a
typical fluorescence titration assay, the fabricated film was first inserted
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into a cuvette containing 2.5 mL of testing solvent; the cuvette was
then fixed on the solid sample holder with the film facing the excitation
light source; after recording the original fluorescence emission of the
film, a given volume of the stock aqueous solution of the tested metal
ion was added under stirring; after this, the fluorescence emission of
the film was recorded again in the presence of metal ions. The position
of the film was kept constant during each set of measurement. Contact
angles of the films were measured on a video-based contact angle
measuring device SCA20. X-ray photoelectron spectroscopy (XPS)
measurements were carried out on an ESCAPHIS400 photoelectron
spectrometer. Atomic force microscopy (AFM) images were measured
on a SOLVER P47 PRO system. '"H NMR and *C NMR spectra were
recorded on Bruker AV 400 NMR spectrometers. The high-resolution
mass spectra (MS) were acquired in ESI positive mode using Bruker
maxis UHR-TOF mass spectrometer. The FTIR spectra were obtained
on a Fourier transform infrared spectrometer (Vertex 70v, Bruker,
Germany).

Synthesis of N-(3-(2-(2-(3-Aminopropoxy)ethoxy)ethoxy)-
propyl)-5-(dimethyl-amino)-naphthalene-1-sulfonamide
(DNS-TOA). The diamine derivative of dansyl containing oligo-
(oxyethylene) as a linker, DNS-TOA, was synthesized by reacting
dansyl chloride with the @,-diamine compound, 3,3’-((oxybis-
(ethane-2,1-diyl)) bis(oxy))-bis(propan-1-amine) (TOA). The syn-
thesis procedure is as follows: A solution of dansyl chloride (150 mg,
0.56 mmol) in CHCly (50 mL) was added dropwise to a solution of
TOA (1.22 mL, 5.6 mmol) in CHCl; (50 mL) at 0 °C under stirring
and N, atmosphere over a period of 8 h, after which the reaction
system was stirred at room temperature for an extra hour. Then the
mixture was washed with brine until the pH of the aqueous layer is
neutral. The combined organic layer was acidified with 1 M HCI and
then washed with CHCl;. The separated aqueous layer was then
basified (pH 9) with 3 M NaOH and extracted with CHCl;. The
organic layers were combined and dried over anhydrous MgSO,,
filtered, and concentrated in vacuo to afford yellowgreen oil DNS-
TOA (210 mg, 83%). 'H NMR (400 MHz, CDCL): § 8.51 (d, ] = 8.5
Hz, 1H, Ar H), 8.34 (d, ] = 8.7 Hz, 1H, Ar H), 8.22 (d, ] = 8.3 Hz, 1H,
Ar H), 7.56—-7.48 (m, 2H, Ar H), 7.17 (d, J = 7.5 Hz, 1H, Ar H),
3.64—3.41 (m, 12H, CH,), 3.02 (d, ] = 6.1 Hz, 2H, CH,), 2.88 (s, 6H,
CH,), 2.84—2.80 (m, 2H, CH,), 1.72—1.61 (m, 4H, CH,), 1.25 (s,
2H, NH,). *C NMR (101 MHz, CDCl,): § = 151.85 (C4, Ar C),
135.38 (C4, Ar C), 130.01 (C4, Ar C), 129.92 (CH, Ar C), 129.75
(CH, Ar C), 129.27 (CH, Ar C), 128.05 (C4, Ar C), 123.17 (CH, Ar
C), 119.27 (CH, Ar C), 115.09 (CH, Ar C), 77.35 (CH,), 77.03
(CH,), 76.72 (CH,), 70.50 (CH,), 70.10 (CH,), 69.45 (CH,), 45.41
(CH,), 41.51 (CHj,), 39.67 (CH,), 32.46 (CH,), 29.68 (CH,), 28.95
(CH,). FTIR (KBr plate, cm™): 3434 (—NH,), 3290 (—NH), 3083
(Ar—H), 2922 (—CH,), 1589 (Ar C=C), 1321 (—C-N), 1144 (0=
$=0), 1094 (—C—0-C). HS-MS (ESI) [M+H]*: caled. for
C,,H;¢N;0,S, 454.2376; found, 454.2384. The 'H NMR, 3C NMR,
MS, and IR spectra of DNS-TOA are provided in the Supporting
Information (Figures S1—S4).

Preparation of DNS-TOA-Modified SAM Film (Film DNS-
TOA). The originally ethanol-cleaned glass plate (S1) was treated in a
freshly prepared “piranha solution” (7/3, V/V, 98%H,S0,/30%H,0,)
(warning: piranha solution should be handled with extreme caution
because it can react violently with organic matter) for 1 h, and then rinsed
thoroughly with plenty of water after the “piranha solution” cooled to
room temperature, and dried with N, flow. The activated glass slide
(S2) was immersed in the toluene solution of organosilane GPTS
(0.6%, v/v, SO mL) containing 20 uL of water for 12 h at 50 °C, to
form epoxy-terminated SAM on the glass surface (S3). After this, the
glass slide was rinsed with toluene and chloroform, successively, to
remove any physisorbed GTPS.

The GPTS-covered glass slide was further macerated into the
chloroform solution of DNS-TOA (6 mM) and then refluxed for 24 h.
Dansyl moieties were expected to be chemically anchored to the glass
surface via the surface reaction between epoxy termini and the amine
groups of DNS-TOA. To remove unreacted DNS-TOA, the fabricated
functionalized surfaces (S4) were rinsed thoroughly with chloroform,
ethanol and water, successively. The fluorescence of the residue
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Scheme 1. Synthesis Route of DNS-TOA and the Schematic Preparation of Dansyl-Functionalized SAM Film, Film DNS-TOA
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solvents for soaking Film DNS-TOA over 24 h was measured and no
detectable fluorescence emission was found for the solvents (either
water or organic solvents), suggesting that the leaking issue is
negligible for the present film to function as a sensor. The synthesis of
DNS-TOA and its coupling on the glass surface is schematically shown
in Scheme 1.

B RESULTS AND DISCUSSION

Surface Characterization of Film DNS-TOA. Three
methods were employed to characterize the surfaces at different
coupling stages. One is contact angle which has been
extensively used to measure the wettability of SAM surfaces
and provide information on polarity and chemical composition
of the examined surfaces, one is XPS which could be used to
offer information on the elemental composition of surface-
supported organic adlayers,** and the third is AFM measure-
ment for surface morphology.

The static contact angles (6) with water for the surfaces at
different coupling stage were measured at room temperature to
monitor the surface variation. The results are presented in
Figure 1. It can be seen that the activation with “piranha

S1 33.6+0.1° $2 5.6+0.8°
S3 44.7+0.4° S4 50.0+0.3°

Figure 1. Images of static contact angles (6) of various surfaces with
water at r.t. S1, the original clean SiO, surface; S2, the “piranha
solution” activated SiO, surface; S3, the silanized SiO, surface with
epoxy-terminated SAM; S4, the dansyl-functionalized SiO, surface.

solution” reduces the contact angles of the glass slide
significantly from 33.6 + 0.1° to 5.6 + 0.8°, indicating a large
number of surface hydroxylic groups were generated after the
activation process and increased the surface wettability. Further
treatment with GPTS led to an increase of the contact angle to
447 + 0.4°, suggesting reduction of surface hydrophilicity,
which is in agreement with the formation of a silane adlayer on
the surface. The coupling process with dansyl moieties
generated a slight increase in the surface contact angle, which
is 50.0 + 0.3°. Though a long alkyl chain was introduced into
the present film structure, the surface wettability was only
slightly increased, which could be due to the hydrophilicity of
tri-oxyethylene groups in the spacer. These results are in
agreement with the expectation from the chemical composi-
tions of the surfaces as shown in Scheme 1.

The XPS spectra of the glass slide surfaces were measured to
evaluate the elemental compositions after each surface
treatment. As depicted in Figure 2a, the Cls peak at 284.77
eV appears on S3, suggesting the formation of the organic
silane adlayers on the surface after the silanization process. A
further enhancement in Cls signal and appearance of Nls
peaks at 400.96 eV were observed for S4, indicating the
successful attachment of dansyl derivatives on the glass surface.
The high-resolution XPS spectra in the Cls region were also
examined to provide valuable information on the different
oxidation states of surface carbon elements. Evidently, there are
two different chemical binding states in C1s region for both S3
and S4 as seen from Figure 2b. One is at 284.23 eV assigned to
aliphatic C—C and the other is at 285.63 eV assigned to C—O.
Nevertheless, the ratio between these two chemical binding
states is considerably different for these two surfaces. As for S3,
there are 88.35 percent of Cls assigned to aliphatic C—C and
only 11.65 percent assigned to C—O. However, in the dansyl-
modified S4, the percentage for aliphatic C—C declines to
49.16% and the one for C—O ascends to 50.84%. The
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Figure 2. (a) XPS spectra and (b) high-resolution XPS spectra in C1s region for the surfaces at different coupling stage: (S2) the hydroxylated SiO,
surface; (S3) the silanized SiO, surface with epoxy-termini; (S4) the DNS-TOA-functionalized SiO, surface.

significant increase in the ratio for C—O chemical binding states
of Cls reveals the successful introduction of the oxyethylene
units on the surface, confirming again the chemical coupling of
the dansyl derivative on the surface.

AFM images of film DNS-TOA were also measured to check
the morphologies of the dansyl-functionalized SAM film. As
shown in Figure 3, the AFM image exhibits relatively uniform

20.0000mm

15.0000nm

10.00001m

5.0000nm

Onm

Figure 3. AFM image of the dansyl-functionalized SAM film (film
DNS-TOA) on the surface of glass.

distribution of the fluorophore derivative on the surface. The
height of immobilization area and that of blank substrate is
determined to be ca. 12.84 + 0.61 nm and 5.07 + 0.5 nm,
respectively, each of which is calculated from the average height
of 18 different spots on the surface. Therefore, the thickness of
the organic adlayer on the surface is ca. 7.77 nm. This is larger
than the largest length of the corresponding monolayer as
shown in Scheme 1 that is stimulated to be 4.53 nm. This is
possibly due to the existence of multilayers on the surface
formed by polymerization of trimethoxysilanes, which occurs
easily in the presence of trace water as in our case.***¢
Photophysical Properties of Film DNS-TOA. To
investigate the existence state of dansyl moieties on the surface,

52

we recorded the steady-state fluorescence excitation and
emission spectra of the film in water at different emission
and excitation wavelengths. As shown in Figure 4a, the same
profile and maximum wavelength of the fluorescence emission
spectra are observed irrespective of the excitation wavelength
and vice versa,”” indicating that dansyl moieties exist in one
uniform state on the substrate surface. The maximum excitation
and maximum emission wavelengths are found at 350 and 515
nm and the emission and excitation bands have little
superposition section, showing a large Stokes shift, and thereby
the fluorophores in the immobilized state are not tending to be
self-quenching.'!

It is generally known that dansyl is commonly used as a
polarity-sensitive probe because the position of its intra-
molecular charge transfer emission is sensitive to the polarity of
its microenvironment.>® Therefore, the emission spectra of film
DNS-TOA in different solvents including water, THF, and
acetonitrile were measured to examine if the polarity sensitivity
was possibly conserved for the surface-bound dansyl moieties.
THF and acetonitrile were selected because they are good
solvents for DNS-TOA and have different polarity.’® The
spectra are illustrated in Figure 4b. It is found that the
maximum emission appeared at 515, 512, and 506 nm in water,
acetonitrile, and THEF, respectively. Following the trend of
solvent polarity decreasing from water to acetonitrile to THF,*
the maximum emission of Film DNS-TOA is regularly blue
shifted and the fluorescence intensity increases progressively.
These results prove that the polarity sensitivity to the
microenvironment was retained for the surface-bound dansyl
moieties.'® Thus, the different fluorescence behaviors including
emission maximum and fluorescence intensity in the three pure
solvents may endow the present film with cross-reactive
responses to heavy metal ions.

Sensing Behaviors of Film DNS-TOA. In consideration of
affinity of the tri-oxyethylene and amine units in the spacer to
heavy metal jons,* the fluorescence responses of Film DNS-
TOA to a series of metal ions at different concentration ranging
from 0 to 10 M in aqueous solution were first measured. The
fluorescence intensity at 515 nm was recorded as Iy and I in the
absence and presence of metal ions, respectively. The
fluorescence variation, I,/I, upon each metal ion is illustrated
in Figure S. It can be seen that mercury and copper ions
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produce higher fluorescence quenching than the other tested
metal ions including Pb**, Zn?*, Co*, and Cd**. This
phenomenon declares that Film DNS-TOA is sensitive and
selective to both mercury and copper ions. A similar result was
observed in our previous work where a pyrene-functionalized
SAM with the same spacer exhibits high sensitivity and
selectivity toward both Hg** and Cu®* in aqueous solution.*®
In that work, we attributed the sensitivity and selectivity to
Hg”" and Cu® of the pyrene-functionalized film sensor to the
higher affinity of tri-oxyethylene and secondary amine units in
the spacer to these two metal ions. However, direct evidence
was not provided in that work. To check the binding ability, we
measured UV—vis absorption of DNS-TOA in the presence of
different metal ions. As seen in Figure SS (see the Supporting
Information), changes in the absorption spectrum of DNS-
TOA in acetonitrile were only observed with the addition of
Cu’". The absorption spectrum of DNS-TOA is characterized
by a typical dansyl absorption at 338 nm,*' which experiences a
gradual blue shift to 302 nm and is accompanied with a new
band emerging at 455 nm upon increasing addition of Cu®**

5 o 14
3] - 3 12
g 3 5 3
2z 6 ’E 2z 1.0+
g = 4 ‘z
£ 5 £ £ 034
£ < E
=] £ 8
£ ;]
g ) S 06
g
= 3 =
3 34 = @
2 ; 24 2 044
= 24 g £
H
E] s 0.24
=14 ERE =
= . =
0.04
0 T T T T T o T T T T T T T T T T
400 450 so0 §50 600 650 700 400 450 500 550 600 650 400 450 500 550 600 650
Wavelength (nm) Wavelength (nm) Wavelength (nm)
7
124 ¢ 0 10 -
3 —10um | Z
: 1.0 i E
4 ——2.0uM z P
£ " £ s Z s
z —3.0uM > ‘2
2 osg 50uM | Z g,
£ —7.0uM £ o £
8 8 ©
g o P £,
2 g s
< € 44 2
g g £
Z 0.4 14 £ 24
£ g E
= =
2 = 24 =
- 0.24 - 14
0.0 T T T T T ° T T T T T 0 v ¥ T T T
400 450 500 550 600 650 400 450 300 550 600 650 400 450 S00 =50 600 650

Wavelength (nm)

Wavelength (nm)

Wavelength (nm)

Figure 6. Fluorescence spectra of Film DNS-TOA upon the addition of Cu** in (a) water, (b) acetonitrile, and (c) THF, and Hg?* in (d) water, (e)

acetonitrile, and (f) THF (4., = 350 nm).
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(inset of Figure SS, see the Supporting Information). This
indicates that copper ions form complexes with the
fluorophores,* proving that Cu®* has a higher affinity to
DNS-TOA. The result also rules out the binding ability of
DNS-TOA to mercury ions. The quenching effect of Hg** may
come from the heavy atom effect.

However, the similar sensitivity makes the present film
sensor hard to identify these two metal ions in aqueous
solution. In view of the chemical attachment of the dansyl
moieties on the glass surface and the reserved microenviron-
ment-sensitivity, the film may feature cross-reactivity for
responding these two metal ions in different solvents. If this
is the case, the film may provide different response signals
which compose a recognition pattern to each metal ion. Thus, a
single film sensor can realize the identification of these two
metal ions.

To verify this proof-of-concept, the fluorescence responses of
Film DNS-TOA to mercury and copper ions were measured in
water, acetonitrile and THF, respectively.*> The obtained
fluorescence emission spectra in different solvents upon metal
ion concentration were displayed in Figure 6. It reveals that
although the fluorescence intensity exhibits a general declining
trend along metal ion concentration in all three solvents, the
film illustrates a typical cross-reactive response to the two metal
ions. On one hand, the reduction level of the fluorescence
intensity of Film DNS-TOA toward the same metal ion (either
Cu* or Hg*") is different in the three solvents. Take Cu** ion
as an example, the fluorescence emission of the film decreases
to 32% of its original intensity when 10 uM of Cu®" is present
in water (Figure 6a). When the solvent is shifted to acetonitrile
and THF, the fluorescence reduction induced by 10 M of
Cu®" is tremendously enhanced to 73 and 76%, respectively
(Figure 6b, c). By comparison, the fluorescence quenching
upon addition of 10 uM of Hg’* in the three solvents are
different from that observed for Cu®*, where the highest
quenching by Hg*" is found in acetonitrile as it is 37% in water,
53% in acetonitrile, and 31% in THF, respectively (Figure 6d—
f). On the other hand, the fluorescence responses of Film DNS-
TOA to Cu® and Hg* are different in either solvent. For
instance, in water, the film possesses a slight higher sensitivity
toward Hg2+ than to Cu®*. However, in both acetonitrile and
THEF, a much higher sensitivity is observed for Cu®* than Hg*".
The Stern—Volmer plots for Cu** and Hg** quenching Film
DNS-TOA in the three solvents are provided in Figure S6 (see
the Supporting Information). According to the Stern—Volmer
equation, I,/I = 1 + Kg[Q], the quenching constants (Kgy) by
Cu’* and Hg*" in different solvents could be determined from
the slopes of these Stern—Volmer plots. These Ky values are
calculated to be 3.9 (0.5) X 10* M, 2.9 (+0.2) X 10° M, and
2.7 (£0.2) x 10° M for Cu®>* quenching Film DNS-TOA in
water, acetonitrile, and THF, respectively; and are 4.8 (+£0.1) X
10* M, 8.3 (+£0.3) X 10* M, and 4.3 (+0.4) X 10* M, for Hg**
quenching the film in the three corresponding solvents,
respectively. The cross-reactive responses of Film DNS-TOA
to Hg* and Cu" in the three solvents may enable it to provide
pattern recognition of these two metal ions and identify them.

Therefore, the data of the fluorescence variation, Iy/I, upon
the concentration of Cu®" and Hg*" in the three solvents were
collected and displayed in Figure 7. I, and I stand for the
maximum emission in the absence and presence of metal ions,
respectively. As mentioned earlier, the maximum emission
wavelength of Film DNS-TOA appeared at 515 nm in water,
512 nm in acetonitrile, and 506 nm in THF, respectively,
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——_m_water
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Figure 7. Quenching efficiencies of mercury and copper ions on the
fluorescence emission of Film DNS-TOA in water, acetonitrile and
THEF, respectively (concentration ranging from 1 to 10 UM).

because of the polarity sensitivity of surface-confined dansyl
moieties. Therefore, these three wavelengths were used for data
acquisition. It is clearly seen that the responses of the film to
Hg* in the three solvents is different from that to Cu®". The
combined signals from the three solvents feature a characteristic
pattern to each metal at a particular concentration. Interest-
ingly, this phenomenon is analogous to a sensor array that
generates a characteristic pattern (fingerprint) from all the
sensor elements to distinguish the target analyte from each
other. For this particular case, a single film plus different solvent
function as a different sensor element to provide various
fluorescence signals. Consequently, this single film sensor is
capable of differentiating mercury ion and copper ion.

Because the fluorescence responses of the film sensor to Cu**
and Hg”" are remarkably varied when solvent is changed from
water to acetonitrile and THF, this phenomenon may also
occur to those other metal ions that induce slight fluorescence
quenching in water. To check the possibility, the fluorescence
variation of Film DNS-TOA to the other metal ions including
Ni**, Zn*, Cd**, Co*" and Pb* plus Hg** and Cu** were all
measured at a fixed concentration of 2 uM in water, acetonitrile
and THF, respectively. The bar chart of the variation in
fluorescence intensity, I/, at three selected wavelengths (515
nm in water, 512 nm in acetonitrile and 506 nm in THF) was
collected and illustrated in Figure 8. Clearly, the fluorescence
responses of Film DNS-TOA is various to the same metal ion
in the three solvents. For example, the slight fluorescence
quenching upon addition of Ni** and Co®" in water was shifted
to quite larger fluorescence quenching in THF and acetonitrile.
For other metal ions like Zn**, Cd*", and Pb**, some increasing
in quenching efficiency is also observed in the two organic
solvents, but with a much lower extent. As a consequence, the
fluorescence responses from Film DNS-TOA to these metal
ions in the three solvents exhibit cross-reactive feature and
generate a distinct pattern response (fingerprint) to each metal
ion, as seen from the bar chart shown in Figure 8. Moreover,
the responses of Film DNS-TOA to Cu*" and Co®" prepared in
tap water were also monitored, where the tap water sample of
Cu®* and Co®" was added to the testing solvent (pure water,
acetonitrile, or THF) containing the film. It is found that
although the film exhibits lower sensitivity to the tap water
samples in all cases, the cross-reactive responses to these metal
ions were observed (see Figure S7 in the Supporting
Information), indicating the potentials of using the present
film for real sample detection.
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Figure 8. Recognition patterns for metal ions (concentration at 2 M)
by collecting fluorescence quenching data in three different solvents at
the maximum wavelengths (A.n,m.x(water) = S15 nm;
Aemmax(acetonitrile) = 512 nm; Aqpyme(THF) = 506 nm).

To check the identification ability of the film to these metal
ions, we conducted further experiments for measuring the
fluorescence quenching induced by these other metal ions in
the three solvents over a concentration range from 1 to 10 uM,
and primary component analysis (PCA) were used to analyze
the obtained data. PCA is a nonsupervised method used to
reduce the dimensionality of a data set in order to make it
easier to interpret.***> This is accomplished by calculating
orthogonal eigenvectors (principal components, PC) that lie in
the direction of the maximum variance within that data set.
Usually, the highest degree of variance is provided by the first
PC, and other PCs follow in the order of decreasing variance.
As a result, the PCA concentrates the most significant
characteristics (variance) of the data into a lower dimensional
space. The resulting two-dimensional PCA score plot is
illustrated in Figure 9. As observed, the first principle
component (PC1) carries ca. 86.9% of the variance while the
second principle component (PC2) carries ca. 8.1%. Altogether
these two components carry about 95% of the whole variance
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Figure 9. Two-dimensional PCA score plot for discrimination of metal
ions at different concentrations (1, 2, 3, 5, 7, and 10 uM).
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in the data. According to these PCA data, the film sensor can
not only identify Cu®" and Hg*', but also recognize Ni** and
Co** that are hardly detectable when only measured in water.
However, the low quenching efficiencies of Pb**, Zn** and Cd**
in the three solvents make it is hard to discriminate among
these three metal ions. Even so, these results are still quite
significant since one single film sensor is able to identify four
different heavy metal ions by only varying detecting solvents,
which is usually achieved by a sensor array composing of
different sensor elements.

B CONCLUSION

A dansyl-functionalized SAM film sensor via a spacer
containing metal-ion binding units, oligo(oxyethylene) groups,
was specially designed, prepared, and characterized by contact
angle measurements, XPS, and fluorescence techniques. Studies
from solvent effect revealed that the polarity-sensitivity was
retained for the surface-confined dansyl moieties, where the
emission maximum gradually blue-shifts from 515 nm in water
to 512 nm in acetonitrile and 506 nm in THF. Fluorescence
quenching studies declare that the higher sensitivity towards
Hg** and Cu® over the other tested divalent metal ions
including Zn**, Cd*, Co*', and Pb** was preserved for the
dansyl-functionalized film sensor. Attractively, further measure-
ments of the fluorescence responses of the film towards Cu**
and Hg* in three solvents including water, acetonitrile, and
THF reveal that the present film exhibits analogous cross-
reactive responses to these two metal ions. The fluorescence
quenching extent is not only different in the three solvents for a
particular metal ion, but also different to the two metal ions in a
particular solvent. As a consequence, the combined fluores-
cence quenching signals obtained from the three solvents
generate a distinct recognition pattern for the two metal ions at
a particular concentration and realize the discrimination
between Hg** and Cu®". Moreover, principle component
analysis find that this film can also identify those metal ions
that are hardly detectable when only measured in water such as
Co’" and Ni*'.

The proof-of-principle experiments conducted in the present
work demonstrate that using a single film sensor functionalized
with microenvironment-sensitive fluorophore to provide cross-
reactive responses in different solvents can realize pattern
recognition of different metal jon targets. This strategy
remarkably simplifies the process of preparation and data
collection for using fluorescent sensor arrays.

B ASSOCIATED CONTENT

© Supporting Information

'"H NMR, “C NMR, MS, IR spectra of DNS-TOA, UV—vis
absorption spectra of DNS-TOA in the presence of metal ions,
Stern—Volmer plots of metal ions quenching Film DNS-TOA,
and pattern recognition of metal ions in tap water. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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