Electronic Supplementary Material (ESI) for Analytical Methods.
This journal is © The Royal Society of Chemistry 2024

Supporting Information

Solvation Effect Enabled Visualized Discrimination

of Multiple Metal Ions

Yang Cheng,* Yuan Liu,>* Jiguang Li,* Yudong Li,* Da Lei,* Dezhong Li,* Xincun Dou®*

 Xinjiang Key Laboratory of Trace Chemical Substances Sensing, Xinjiang Technical Institute of

Physics and Chemistry, Chinese Academy of Sciences, Urumgqi 830011, China

b Center of Materials Science and Optoelectronics Engineering, University of Chinese Academy of

Sciences, Beijing 100049, China

* Corresponding author: liuyuan@ms.xjb.ac.cn; xcdou@ms.xjb.ac.cn

S-1


mailto:liuyuan@ms.xjb.ac.cn
mailto:xcdou@ms.xjb.ac.cn

Experiments

Theoretical computation details

Based on density functional theory (DFT), PBEO' exchange-correlation functional with Grimme’s DFT
D3(BJ)>* and def2-SVP* 3 basis set were used to optimize the molecular structures at ground state. A
further frequency calculation at the same level of theory was also performed at the optimized geometries
to ensure that the located stationary points do not have any imaginary frequency. Based on time-dependent
density functional theory (TD-DFT), PBEO exchange-correlation functional and def2-SVP basis set were
used to optimize the molecular structures of the lowest singlet excited state (S1) and calculate the vertical
emission energy with the solvent settings of DMF or THF. The solvation free energies of the APT probe
were calculated by the difference of the single point energy between the solution phase condition and the
gas phase condition at the M05-2X® with def2-TZVPP>.The polarizable continuum model’” was employed
to take into account the effects of the solvents. All calculations are based on Gaussian 09® program
package, all wave function analysis include hole-electron analysis’ were processed by the Multiwfn '

software, and the image data were rendered by VMD!!,

Synthesis process of product of APT-Cu(II)

2 mL anhydrous DMF, 0.2 mmol (0.0390 g) 5-amino-1, 10-phenanthroline (APT), and 0.2 mmol
(0.0319 g) anhydrous CuSO4 were mixed in a sealed reaction container and stirred overnight at 80 °C.
The purified filtrate was obtained after reaction. HRMS (ESI) calcd for C24H1sNsCu?* m/z M™: 453.0878;
found: 453.0884.

Preparation of the APT probe
9.8 mg APT was dissolved in different solvents (dimethyl sulfoxide-DMSO, DMF, MeCN, acetone,
THF, the mixture of DMF/H20 with a ratio of 1:2) to receive the probe solution with a concentration of

0.1 mM, respectively.

Preparation of the metal ions solutions

CuSOs4 stock solution: 16 mg CuSO4 powder was dissolved in 10 mL deionized water to prepare the
CuSOs stock solution with a concentration of 10 mM. Then the solution was diluted with deionized water
to obtain the CuSOs4 solutions with various concentrations. ZnClz stock solution: 13.6 mg ZnCl2 powder
was dissolved in 10 mL deionized water to prepare the ZnClz stock solution with a concentration of 10
mM. Then the solution was diluted with deionized water to obtain the ZnCl: solutions with various
concentrations. CdClz stock solution: 18.4 mg CdCl2 powder was dissolved in 10 mL deionized water to
prepare the CdClz stock solution with a concentration of 10 mM. Then the solution was diluted with
deionized water to obtain the CdCl2 solutions with various concentrations. AICIs stock solution: 13.3 mg

AICls powder was dissolved in 10 mL deionized water to prepare the AlCI3 stock solution with a
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concentration of 10 mM. Then the solution was diluted with deionized water to obtain the A1Cl3; solutions

with various concentrations.

Studies of solvation effect on the APT probe and its complexation towards metal ions

The fluorescence spectra of 0.1 mM probe in different solvents (DMSO, DMF, MeCN, acetone, THF)
were measured on the Edinburgh FLS1000 fluorescence spectrophotometer with settings of slit=1.5 nm,
Aex= 365 nm. Then, 20 uL 10 mM CuSOs4, ZnClz, CdCl2 and AlCI3 solutions were added into 1.98 mL 0.1
mM APT probe in DMF, THF and DMF/H20 (v/v=1:2), respectively. The fluorescence spectra were
measured on the Edinburgh FLS1000 fluorescence spectrophotometer with different settings, for DMF
systems: slit=1.5 nm, Aex=365 nm; for THF systems: slit=1.5 nm, Aex=365 nm; for DMF/H20 (v/v=1:2)
system: slit=1.5 nm, Aex=305 nm. All fluorescent images of the probe solutions before and after the

addition of metal ions were obtained by an iPhone 12.

Stability study

20 uL T mM CuSOs4 solution was added into 1.98 mL 10 uM APT probe in DMF on each single day
with a duration of 10 days. The fluorescence spectra for the probe before and after the addition of CuSO4
solution were measured on the Edinburgh FLS1000 fluorescence spectrophotometer with the setting of
slit=1.5 nm, Aex=365 nm. All fluorescent images were obtained by an iPhone 12. 20 pL 1 mM ZnCl2
solution was added into 1.98 mL 10 uM APT probe in THF on each single day with a duration of 10 days.
The fluorescence spectra for the probe before and after the addition of ZnCl> solution were measured on
the Edinburgh FLS1000 fluorescence spectrophotometer with the setting of slit=1.5 nm, 1ex=365 nm. All
fluorescent images were obtained by an iPhone 12. 20 uLL 1 mM CdCl: solution was added into 1.98 mL
10 uM APT probe in THF on each single day with a duration of 10 days. The fluorescence spectra for the
probe before and after the addition of CdCl2 solution were measured on the Edinburgh FLS1000
fluorescence spectrophotometer with the setting of slit=1.5 nm, 1ex=365 nm. All fluorescent images were
obtained by an iPhone 12. 20 pL. 3 mM AICI3 solution was added into 1.98 mL 30 uM APT probe in
DMF/H:20 (v/v=1:2) on each single day with a duration of 10 days. The fluorescence spectra for the probe
before and after the addition of AICl3 solution were measured on the Edinburgh FLS1000 fluorescence
spectrophotometer with the setting of slit=2 nm, Aex=305 nm. All fluorescent images were obtained by an

1Phone 12.

Evaluation on response time

20 uL 1 mM CuSOs4 solution was added into 1.98 mL 10 uM APT probe in DMF, 20 uL 1 mM ZnCl2
solution was added into 1.98 mL 10 uM APT probe in THF, 20 uL. I mM CdClz solution was added into
1.98 mL 10 uM APT probe in THF, and 20 uL. 3 mM AICI3 solution was added into 1.98 mL 30 uM APT
probe in DMF/H20 (v/v=1:2). The response time was recorded based on the video taken by an iPhone 12,
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then, the instant response image was extracted for evaluate the response time of the APT probe towards

individual metal ions.

Practical analysis of the simulated tap-water and sewage
Preparation and analysis of the tap-water samples

10 mM CuSOs stock solution was diluted by the tap-water with the concentrations of 0.4, 0.6 and 1
mM. Then, 20 pL CuSOs4 spiked tap-water sample was added into 1.98 mL 10 uM APT probe in DMF.
10 mM ZnClz stock solution was diluted by the tap-water with the concentrations of 0.3, 0.5 and 1.5 mM.
Then, 20 pL. ZnCl: spiked tap-water sample was added into 1.98 mL 10 uM APT probe in THF. 10 mM
CdCl2 stock solution was diluted by the tap-water with the concentrations of 0.4, 0.8 and 1.2 mM. Then,
20 uL CdCl: spiked tap-water sample was added into 1.98 mL 10 uM APT probe in THF. 10 mM AICls
stock solution was diluted by the tap-water with the concentrations of 0.6, 0.9 and 1.5 mM. Then, 20 puL.
AICI3 spiked tap-water sample was added into 1.98 mL 30 uM APT probe in DMF/H20 (v/v=1:2). The
fluorescence spectra for the APT probe before and after detecting the CuSO4, ZnCl2 and CdCl2 spiked
tap-water samples were measured on the Edinburgh FLS1000 fluorescence spectrophotometer with the
setting of slit=1.5 nm, Aex=365 nm. For the AICl3 spiked tap-water samples, the fluorescence spectra were
measured on the Edinburgh FLS1000 fluorescence spectrophotometer with the setting of slit=2 nm,

Aex=3 05 nm.

Preparation and analysis of the sewage samples

10 mM CuSOs stock solution was diluted by the sewage with the concentrations of 0.3, 0.5 and 1 mM.
Then, 20 pL CuSOs spiked sewage sample was added into 1.98 mL 10 pM APT probe in DMF. 10 mM
ZnCl stock solution was diluted by the sewage with the concentrations of 0.2, 0.6 and 2 mM. Then, 20
uL ZnClz spiked sewage sample was added into 1.98 mL 10 uM APT probe in THF. 10 mM CdCl2 stock
solution was diluted by the sewage with the concentrations of 0.4, 0.7 and 1.2 mM. Then, 20 pL. CdCl2
spiked sewage sample was added into 1.98 mL 10 uM APT probe in THF. 10 mM AICIl3 stock solution
was diluted by the sewage with the concentrations of 0.8, 1.6 and 3 mM. Then, 20 pL AICl3 spiked sewage
sample was added into 1.98 mL 30 uM APT probe in DMF/H20 (v/v=1:2). The fluorescence spectra for
the APT probe before and after detecting the CuSOs, ZnCl2 and CdCl2 spiked sewage samples were
measured on the Edinburgh FLS1000 fluorescence spectrophotometer with the setting of slit=1.5 nm,
Aex=365 nm. For the AICI3 spiked sewage samples, the fluorescence spectra were measured on the

Edinburgh FLS1000 fluorescence spectrophotometer with the setting of slit=2 nm, Aex=305 nm.

Sensing response of the portable sensing chip towards metal ions
The A, B and C sensing units of the customized portable sensing chip were filled with 0.5 mL 0.1 mM
APT probe in DMF, THF and DMF/H:0 solution, respectively. 30 uL. CuSO4, ZnClz2, CdCl2, and AICl3

solutions with the concentrations of 1, 2, 3, 4, 5 mM were separately measured by added in the injection



vale at the center of the sensing chip. The fluorescence responses of each unit were recorded based on an
iPhone 12 and the corresponding RGB values were extracted based on the software of Adobe Photoshop

2021.

Practical analysis of the snow sample

The A, B and C sensing units of the customized portable sensing chip were filled with 0.5 mL 0.1 mM
APT probe in DMF, THF and DMF/H>O0 solution, respectively. 10 mM CuSOu4 stock solution was diluted
by the melting snow sample with the final concentrations of 1.5 and 2 mM. Then, 30 pL snow samples
spiked with CuSOs were added into injection of the sensing chip. 10 mM ZnCl: stock solution was diluted
by the melting snow sample with the final concentrations of 1.5 and 2 mM. Then, 30 uL. snow samples
spiked with ZnCl> were added into injection of the sensing chip. 10 mM CdCl: stock solution was diluted
by the melting snow sample with the final concentrations of 2.5 and 3 mM. Then, 30 pL snow samples
spiked with CdCl2 were added into injection of the sensing chip. 10 mM AICIls stock solution was diluted
by the melting snow sample with the final concentrations of 2.5 and 3 mM. Then, 30 uL snow samples
spiked with AICIz were added into injection of the sensing chip. The fluorescence responses for the APT
probe in each unit before and after detecting the above snow samples were recorded based on an iPhone

12 and the corresponding RGB values were extracted based on the software of Adobe Photoshop 2021.
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Supporting Figures
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Fig. S1 Stern-Volmer curve with the doped Cu(Il) concentration in the range of 0-10 pM.

S-6



o
=
Y
-
N

—APTEH3) | 2 ’

- —— APT(pH=4) E
] ——APT(pH=5) | 19
0 —— APT(pH=6) <

‘c_0.8 4 — APT(pH=7) 2 0.8
X APT(pH=8) -
> X
B z

§0.4 - % 0.4
s ]
o / £
o / S
1 7 2

0.0 T T 0.0

500 600 700 3 4 5 6 7 8
Wavelength (nm) pH

K2
N
-
©

——APT

- —— APT+Cu(ll)(pH=3) £

3 —— APT+Cu(ll)(pH=4) u:, 1.8

© ——APT+Cu(l)(pH=5)| ©

2 ——APT:+Cu(ll)(pH=6)[

- —— APT:Cu(ll)(pH=7)[ &5 1.7

X APT:Cu(ll)(pH=8)| +—

>11 x

@ 216

2 g

o =

- <[
0 : , O L s s B
400 500 600 700 Blank 3 4 5 6 7 8

Wavelength (nm) pH

o
-
[
-
o

——APT
—— APT+Zn(ll)(pH=3)

3 APT+Zn(ll)(pH=4)
© APT4+Zn(Il)(pH=5) £ T
w 0.8 ——— APT4+Zn(ll)(pH=6) c )
=] —— APT+Zn(ll)(pH=7) E
x —— APT4+Zn(ll)(pH=8) _<r
> \E 5
] c
20.4 4 S
2 D
-] —_
-
e

e

=)
|

o

500 600 700 Blank 3 4 5 6 7 8
Wavelength (nm) pH

o
N
)
-
=)

——APT € ’
—_ APT+Cd(l)(pH=3) £
3 APTSCa(l)pH=4) | 5 0-9
« APT:Cd(I)PH=5) | @
w 0.8 1 APT+Cd(II)(pH=6) 0.8
= APT4+Cd(ll)(pH=7) -
X APT+Cd(ll)(pH=8) o
2 20.7
[} =
c 0.4 4 @
g
= 04
: 2, MMM
I VA il
400 500 600 700 Blank 3 4 5 6 7 8
Wavelength (nm) pH
€i15 ii 0.6
——APT
—— APT+AI(ll)(pH=3)
35 APT+AI(lll)(pH=4)
© APT-+AI(lll)(pH=5)
1.0 APT-+AI(Ill)(pH=6) E
= APT:AI(lll)(pH=7) 0
x APT:AI()pH=8) [ &
; \50.3
20.5 3
] =
2
c
a3 /N\\ M
w

S m

T 0.
500 500 700 Blank 3 4 5 6 7 8
Wavelength (nm) pH

400

Fig. S2 Fluorescence emission of the APT probe before and after the addition of 20 uL water or metal ion solutions

with pH of 3-8, the blank stands for APT probe itself without any addition.

Note: In order to evaluate the influence of the hydrogen ion concentration on the detection, a series of metal ion
solutions with different pH values (3-8) were prepared for the test. It can be seen that the fluorescence emission of
the probe with the addition of 20 pL. water (at different pH level) did not change obvious in a pH range of 4-8§,
while only the addition of water with a pH of 3 induced a weakened emission, suggesting probe would not be
affected in pH range of 4-8 (Fig. S2). Comparably, when the metal ion solutions with different pH levels were
added in the probe solution, all the fluorescent responses with the acceptable fluctuations were obtained. These
results indicated the presence of extra hydrogen ions did not greatly affect the binding of the probe towards metal

ions, and the probe could be capable for detecting these metal ions with a pH range of 3-8.
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Fig. S3 (a) Job’s plots of the APT probe in response to Zn(Il) in i) DMF, ii) DMSO and iii) MeCN based on the

fluorescence emission intensities of the APT probe.
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Fig. S4 Fluorescence spectra of the APT probe towards Zn(Il) with the varied molar ratios in a) THF, b) DMF, ¢)
DMSO and d) MeCN. Note: Total concentration of APT probe and Zn(II) was 0.1 mM.
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Fig. S5 Comparison of the experimental and theoretical fluorescence spectra of the APT and the APT-Zn(II).
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Fig. S6 Fluorescence spectra of the APT probe towards Cu(Il) with the varied molar ratios in DMF.
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Fig. S9 HRMS spectrum of the APT-Cu(I).
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Fig. S10 Comparison of the experimental and theoretical fluorescence spectra of the APT and the APT-Cd(II).
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Fig. S11 Correlation curve fitted based on the fluorescence intensity at 505 nm and Cu(II) concentration.
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Fig. S12 Correlation curve fitted based on the fluorescence ratio (580 nm / 495 nm) and Zn(II) concentration.
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Fig. S21 Time-dependent optical images for the APT probe (in DMF) in response to Cu(Il).
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Fig. S22 Time-dependent optical images for the APT probe (in THF) in response to Zn(II).
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Fig. S23 Time-dependent optical images for the APT probe (in THF) in response to Cd(Il).
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Fig. S24 Time-dependent optical images for the APT probe (in DMF/H,0) in response to Al(III).
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Fig. S25 Optical images of the portable sensing chip in response to target metal ions at different concentrations.

Note: In some specific cases, different metal ions at a specific concentration could induce the similar optical
responses, the cross-judgment based on the three solvent systems plays an important role. For example, when the
concentration of Cu(Il) was at 20 uM, only the DMF channel showed obviously different quenched emission for
Cu(Il) (yellow dash line in Fig. S25), other two channels show similar responses to all metal ions, thus, DMF plays
critical role for differentiating Cu(Il) in this strategy. Furthermore, when the optical responses of the probe towards
40 uM Zn(II) and 60 uM Cd(II) were similar in channels DMF and THF, the channel of DMF/H»O showcased a
purple emission for Zn(Il) and a pink emission for Cd(II) (green dash line in Fig. S25). Similarly, the combined
analysis on the responses from channel DMF and THF could effectively discriminate 60 pM Cd(II) and 80 uM
Al(IT) when the DMF/THF channel displayed similar responses towards them (red dash line in Fig. S25).
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Supporting Tables

Table S1 Physical properties of different solvents.

Solvent Polarity Dipole moment Dielectric constant
THF 4.2 1.75 7.6
AC 5.4 2.9 20.6
MeCN 6.2 3.2 37.5
DMF 6.4 3.8 36.7
DMSO 7.2 3.96 46.6

Table S2 Theoretical parameters the APT probe molecule in different solvents.

Solvent Electrostatic potential  Electrostatic potential  Free energy of solvation
of probe (eV) of solvent (eV)
THF -75.44 9.67
DMF -78.37 18.21
DMSO -78.44 16.79

S-19



Table S3 Theoretical analysis of the binding energy between the solvent molecules and metal ions.

Metal ions DMF THF
Zn(II) -23.46 kcal/mol -16.97 kcal/mol
Cu(I) -81.09 kcal/mol -84.26 kcal/mol
CddI) -13.11 kcal/mol -16.70 kcal/mol
AI(III) -245.42 kcal/mol -229.47 kcal/mol

Table S4 Comparison of the main performances towards metal ions between the reported methods and

this work.
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Detection Response

. Tons . Linear range LOD Ref.
strategies time
Cu(ll) 0-10x10° M 0.289x10° M
-6 -6
Zn(II) i 0-20x10° M 0.16x10° M This
cd(n 0-12x10° M 0.894x10°m "ok
AI(IIT) 0-30x10° M 1.34x10° M
Cu(II) < 15 min 10-150x10° M 2.27x10°M 12
Cu(Il) - 0-10x10° M 17.3x10° M 13
Cu(II) 5-25x10° M 12.7x10° M 14
Fluorescence - 3.45-8x10° M 1.15x10° M 15
sensing
Zn(II) - 6-12x10°M 95x10° M 16
Zn(1I) 0-10x10°M 0.092x10° M
17
Zn(II) 0-10x10° M 0.12x10° M
Cd(II) - 0.8-100x10° M 0.3x10°M 18
Cd(II) 1 min 0-100x10° M 0.45x10° M 19
AI(TIT) 5 min 1-200x10° M 0.81x10°M 20
AI(IIT) - 0-20x10° M 39.6x10° M u
Cu(II) 2 min 0.01-12.5x10° M 2.51x10° M 2
Cu(Il) 20 min 0.3-10x10° M 0.27x10° M 2
. . Zn(1II) 30 min 0-7.6x10° M 0.36x10°M u
Colorimetric
sensing Cd(In) - 0-40x10 M 0.05x10° M 2
Cd(II) 75 min 0.05-100x10° M 0.2x10° M 26
AI(II) < 1 min 0-30x10° M 20x10° M 2
Fluorescence Cu(II) <30s 0-3x10° M 0.14x10°M
& 28
Colorimetric Zn(1I) ; 0-4x10° M 0.93x10° M
sensing
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Table S5 Standards and guidelines for metal ions in drinking water recommended by the WHO.

Metal ion WHO (mg/L) Concentration (mol/L)
Cu(In) 2 3.2x10°
Zn(1I) 3 4.5x10°
Cd(1n 0.003 2.7x108
Al(10) 0.2 7.4x10°°
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Table S6 Recoveries of the APT probe in response to the metal ions in the tap-water samples and the

sewage samples.

Sample Ions Spiked level(pM) Found level(nM) Recovery(=RSD%)
Cu(11) 4.00 6.00 10.00 4.14 6.38 10.47 103.48+4.05 106.27+1.02 104.72+0.26
Zn(11) 3.00 5.00 15.00 2.82 5.40 15.42 94.26+2.29 108.05+1.64 102.83+2.94
Tap
water
Cd(1n 4.00 8.00 12.00 4.05 8.19 11.95 101.26+4.31 102.41+0.38 99.61+0.16
Al(ny  6.00 9.00 15.00 6.45 9.37 14.67 107.52+7.47 104.06+7.47 97.82+2.63
Cu(1D 3.00 5.00 10.00 3.64 5.86 10.05 121.33+£1.10 117.26%1.69 100.45+0.40
Zn(11) 2.00 6.00 20.00 2.39 5.90 19.11 119.66+5.01 98.26+4.59 95.55+3.91
Sewage
Cd(1n 4.00 7.00 12.00 3.67 7.08 11.70 91.63+2.54 101.16+2.66 97.51+0.03
Al(1II) 8.00 16.00 30.00 7.58 16.04 31.88 94.71+6.98 100.24+8.75106.27+3.29
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	Dielectric constant
	Dipole moment
	Polarity
	Solvent
	7.6
	1.75
	4.2
	THF
	20.6
	2.9
	5.4
	AC
	37.5
	3.2
	6.2
	MeCN
	36.7
	3.8
	6.4
	DMF
	46.6
	3.96
	7.2
	DMSO
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	Electrostatic potential of solvent (eV)
	Electrostatic potential of probe (eV)
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	9.67
	-75.44
	THF
	-18.21
	18.21
	-78.37
	DMF
	-16.79
	16.79
	-78.44
	DMSO
	Recovery(±RSD%)
	Found level(μM)
	Spiked level(μM)
	Ions
	Sample
	104.72±0.26
	106.27±1.02
	103.48±4.05
	10.47
	6.38
	4.14
	10.00
	6.00
	4.00
	Cu(II)
	102.83±2.94
	108.05±1.64
	94.26±2.29
	15.42
	5.40
	2.82
	15.00
	5.00
	3.00
	Zn(II)
	Tap water
	99.61±0.16
	102.41±0.38
	101.26±4.31
	11.95
	8.19
	4.05
	12.00
	8.00
	4.00
	Cd(II)
	97.82±2.63
	104.06±7.47
	107.52±7.47
	14.67
	9.37
	6.45
	15.00
	9.00
	6.00
	Al(III)
	100.45±0.40
	117.26±1.69
	121.33±1.10
	10.05
	5.86
	3.64
	10.00
	5.00
	3.00
	Cu(II)
	95.55±3.91
	98.26±4.59
	119.66±5.01
	19.11
	5.90
	2.39
	20.00
	6.00
	2.00
	Zn(II)
	Sewage
	97.51±0.03
	101.16±2.66
	91.63±2.54
	11.70
	7.08
	3.67
	12.00
	7.00
	4.00
	Cd(II)
	106.27±3.29
	100.24±8.75
	94.71±6.98
	31.88
	16.04
	7.58
	30.00
	16.00
	8.00
	Al(III)
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