RESEARCH ARTICLE

W) Check for updates

OPTICAL

www.advopticalmat.de

Carbon Dots Enabling Parts-Per-Billion Sensitive and
Ultraselective Photoluminescence Lifetime-Based Sensing

of Inorganic Mercury

Lukds ZdraZil, David Pandéek, Veronika Sedajovd, Zdenék Badura, Michal Langer,
Miroslav Medved, Markéta Paloncyovd, Magdalena Scheibe, Sergii Kalytchuk,
Giorgio Zoppellaro, Stépdn Kment, Alejandro Cadranel, Aristides Bakandritsos,

Dirk M. Guldi, Michal Otyepka, and Radek Zbofil*

One of the UN Sustainable Development Goals is to ensure universal access
to clean drinking water. Among the various types of water contaminants,
mercury (Hg) is considered to be one of the most dangerous ones. It is mostly
its immense toxicity and vast environmental impact that stand out. To tackle
the issue of monitoring water quality, a nanosensor based on carbon dots
(CDs) is developed, whose surface is functionalized with carboxylic groups.
CDs show Hg?* concentration-dependent photoluminescence (PL) lifetimes
along with an ultrahigh sensitivity and selectivity. The selectivity of PL
quenching by Hg?* is rationalized by performing light-induced electron
paramagnetic resonance (LEPR) spectroscopy showing significant
perturbation of the CD photoexcited state upon Hg?* binding. The
experimental findings are supported by time-dependent density functional
theory (TD-DFT) calculations. These unveiled the emergence of a low-lying
charge transfer state involving a vacant 6s orbital of Hg?* stabilized by

1. Introduction

One of the world’s biggest global challenges
is clean and drinkable water. The growing
impact of anthropogenic activities (trans-
port, industry, agriculture, and mining)!"
exerts an adverse effect on global ecosys-
tems and contributes to the accumulation
of toxic heavy metals in the Earth’s upper
crust.?] This, in turn, renders the availabil-
ity of quality drinking and sanitary water an
increasing concern,’! with several billion
people having limited access to clean wa-
ter (estimated to be around half the popula-
tion by 2025).*I Therefore, the development
of advanced materials and technologies is
crucial for an effective on-site remediation

relativistic effects.

and user-friendly water quality monitoring.
Among the heavy metals, mercury (Hg) is

L. Zdrazil, D. Panégek, V. Sedajova, Z. Badura, M. Langer, M. Medved,
M. Paloncyovd, M. Scheibe, S. Kalytchuk, G. Zoppellaro, S. Kment,
A. Bakandritsos, M. Otyepka, R. Zbofil

Regional Centre of Advanced Technologies and Materials

Czech Advanced Technology and Research Institute (CATRIN)
Palacky University Olomouc

Slechtitelti 241/27, Olomouc 783 71, Czech Republic

E-mail: radek.zboril@upol.cz

L. Zdrazil, A. Cadranel, D. M. Guldi

Department of Chemistry and Pharmacy & Interdisciplinary Center for
Molecular Materials (ICMM)

Physical Chemistry |

Friedrich-Alexander-Universitat Erlangen-Ntirnberg

Egerlandstrafie 3, 91058 Erlangen, Germany

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adom.202300750
© 2023 The Authors. Advanced Optical Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is properly
cited.

DOI: 10.1002/adom.202300750

Adv. Optical Mater. 2023, 11, 2300750 2300750 (1 of 8)

M. Langer

Chemical and Biological Systems Simulation Lab

Centre of New Technologies University of Warsaw

2c Banacha Street, Warsaw 02-097, Poland

M. Medved

Department of Chemistry

Faculty of Natural Sciences

Matej Bel University

Tajovského 40, Banska Bystrica 974 01, Slovak Republic

S. Kment, A. Bakandritsos, R. Zbofil

Nanotechnology Centre

Centre for Energy and Environmental Technologies

VSB — Technical University of Ostrava

17. listopadu 2172/15, Ostrava-Poruba 708 00, Czech Republic
M. Otyepka

IT4Innovations

VSB—Technical University of Ostrava

17. listopadu 2172/15, Ostrava-Poruba 708 00, Czech Republic

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadom.202300750&domain=pdf&date_stamp=2023-07-10

ADVANCED
SCIENCE NEWS

OPTICAL

www.advancedsciencenews.com

certainly the most dangerous, most toxic, most carcinogenic,
and most hazardous pollutant.®] Therefore, ultrasensitive Hg
sensing is one of the key prerequisites for an effective protection
of health and the environment. Hg can be detected by means
of a variety of experimental techniques such as cold-vapor
atomic fluorescence spectrometry (CV-AFS), inductively coupled
plasma-mass spectrometry (ICP-MS), or X-ray absorption spec-
troscopy (XAS).[®] The progress in nanotechnologies has allowed
the development of advanced materials enabling Hg detection
using different analytical approaches including surface plasmon
resonance (SPR),’/l surface-enhanced Raman spectroscopy
(SERS),®] colorimetric,®! or electrochemical methods.['! Apart
from these techniques, PL intensity-based nanosensing Hg re-
mains widely used. In the past, organic dyes'" and luminescent
nanomaterials such as gold nanoparticles (Au NPs),['?] semi-
conductor quantum dots (QDs),"3] low-dimensional graphitic
carbon nitride (g-CN),!** and carbon nanotubes (CNTs)!**! were
developed for a sensitive Hg detection based on photolumines-
cence (PL) measurements.

Carbon dots (CDs) represent a relatively new member of
the family of carbon-based nanomaterials. CDs exhibit remark-
able optical properties, such as broadband optical absorption,
strong emission, and good photostability.'®) Moreover, due to
their small size (<10 nm), high biocompatibility, and bright
PL, CDs have attracted considerable interest from researchers
worldwide and have been designed for optoelectronics,'’!
bioimaging, ¥l drug delivery,[* photocatalysis,!?"! etc. Addition-
ally, CDs have made it into Hg sensing, where low limits
of detection (LODs) are linked to their bright PL, high sur-
face area, and chemically rich shell to bind Hg?*.[2!l Sub-
nanomolar LODs have been achieved using highly emissive
fluorophores.[?14:22]

Time-consuming calibration of concentration-dependent PL
intensity measurements hinders, however, the widespread ap-
plication of optically active nanomaterials in Hg sensing. In
several works, a ratiometric approach for the Hg detection
was reported.)] Implicit is the requirement of two lumines-
cent species. This strategy is prone to errors due to fluctua-
tions in the excitation power. Such limitations are overcome
by PL lifetime sensing, which in many aspects is superior to
both ratiometric and intensity-based measurements. The PL
lifetime signal is intrinsically referenced for a broad concen-
tration of analyte, is independent of the probe concentration
and inhomogeneity, as well as the intensity of excitation light.
It also enables high spatial resolution based on PL lifetime
imaging. Yet, despite extensive research in heavy metals de-
tection, sub-ppb level PL lifetime sensing of Hg has not been
reported.

In this work, we report on the application of CDs with carboxyl-
enriched surface for Hg** sensing in natural water. Hereby,
the PL lifetime of CDs was found to depend on the Hg** con-
centration. PL lifetime measurements allowed accurate deter-
mination of ultralow Hg?" levels in water. What stands out
is their independence from other physical parameters such as
pH, ionic strength, and intensity fluctuations of the excitation
source. CD-PL-lifetime-based nanosensors showed not only high
sensitivity toward Hg?* detection with LOD in the sub-ppb re-
gion (0.7 ppb), but also high selectivity toward Hg?**. Addition-
ally, light-induced electron paramagnetic resonance (LEPR) spec-
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troscopy was performed to obtain insights into the selectivity
of CD-PL-lifetime-based nanosensors. LEPR studies of the in-
teraction of the photoexcited state of CD with heavy metal ions
(Hg**, Cd**, and Pb?*) revealed a strong electronic perturbation
upon Hg?* binding. The experimental observations were corrob-
orated by computational analysis based on molecular dynamics
(MD) simulations and time-dependent density functional theory
(TD-DFT) calculations. The distinctive sensitivity of CD PL to-
ward Hg?* ions is related to their electronic structure, namely
a low-lying charge-transfer state involving a relativistically sta-
bilized 6s (Hg?*) orbital, that leads to the emergence of CD PL
quenching.

2. Results and Discussion

Highly luminescent and water-soluble CDs were synthesized
by a one-step hydrothermal treatment of citric acid and urea.
Detailed structural analysis of the synthesized CDs is de-
scribed in Figure S1 (Supporting Information). Our results
confirm that the synthesized CDs are spherical in shape
with an average size of 3.5 nm, and their surface is en-
riched with carboxyl groups. Mostly, XPS, and FTIR spectro-
scopies (Figure Sle,f, Supporting Information) lead to these
conclusions.

The optical properties of CDs in dilute aqueous suspen-
sions were studied using absorption and PL spectroscopies. PL
excitation-emission maps of CDs as shown in Figure 1a prompt
to an excitation-independent emission. In particular, the emis-
sion peak maxima remain constant over a wide range of exci-
tation wavelengths. This suggests that the PL emission of CDs
originates from an excited state that is linked to molecular flu-
orophores (MFs). CDs exhibited a broad absorption across the
visible range with a 335 + 2 nm maximum. This also supports
the occurrence of MFs (Figure 1b, blue curve).?*3%] The excita-
tion wavelength range of the CDs extends from 275 to 425 nm,
with a maximum excitation occurring at 350 + 2 nm (Figure 1b,
green curve). The PL emission of CDs under excitation at 350 nm
(Figure 1b, red curve) is best described as a relatively narrow band
with a full width at half-maximum (fwhm) of 66 + 2 nm and a
peak at 445 + 2 nm. The PL quantum yield (QY) of CDs was de-
termined by the absolute method to be 24 + 3% under photoex-
citation at 350 nm. The PL decay of CDs was studied using time-
resolved PL spectroscopy at the 445 nm maximum (Figure 1c). To
this end, a PL lifetime of 6.3 ns was extracted using a stretched
exponential fitting function (for details see the experimental sec-
tion in Supporting Information).

Carboxyl and amine groups form strong coordination pockets
for toxic metal ions, such as Cd?*, Pb?*, and Hg?*.I%] Interactions
of heavy metal ions with such high-affinity pockets often result in
a sizeable decrease in PL intensity.[?®l XPS analysis confirmed a
significant amount of carboxyl groups on the CD surface. Based
on this, we conducted PL intensity measurements varying the
Hg?* concentration. PL color maps of CDs as they are presented
in Figure 1d prompt to a noticeable drop in PL intensity with in-
creasing Hg?* concentration (for details see the optical character-
ization section in Supporting Information). As a matter of fact,
for each Hg?* concentration all relevant parameters were quanti-
fied and summarized in Figure le: PL maximum, PL fwhm, and
integrated PL intensity.
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Figure 1. Optical characterization of CDs. a) Excitation-emission color map of CDs in diluted aqueous dispersion. b) Absorption (blue curve), normalized
PL excitation (green curve, A, = 445 nm) and PL emission spectra (red curve, A,, = 350 nm). c) Time-resolved PL decay (4¢,, = 445 nm) with
corresponding stretched exponential fit (red line). d) Color map representing PL emission of CDs in aqueous solutions of Hg?* with concentrations
0-500 ppb. e) Corresponding Hg?* concentration-dependent changes in the PL peak maximum 4,,,,,, PL fwhm, and normalized integrated PL intensity,
respectively.

The PL maximum and the PL fwhm of CDs varied within the
interval of 435-455 nm and 83-110 nm, respectively, (Figure le,
blue and green points). To characterize the nonradiative relax-
ation processes occurring upon the interaction of Hg?" with
the CDs, the quenching of the integrated PL intensity was ana-
lyzed as a function of Hg?* concentration (Figure 1e, red points).
The values of integrated PL intensity were therefore normal-

ized to the intensity of a blank sample such as pure water. They
revealed a monotonic decrease as the Hg** concentration was
increased.

Next, we investigated the PL dynamics of CDs in pure wa-
ter and in solutions containing 10 ppb and 1 ppm Hg?*. Time-
resolved spectroscopy in the spectral region between 380 and
650 nm is presented in Figure 2a—c. We found that the PL
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Figure 2. Time-resolved Hg?" concentration-dependent PL emission of CDs. Time-resolved PL emission color maps of CDs in a) pure water, b) Hg?*
solution, 10 ppb, c) Hg?* solution, 1 ppm. d) Color map of normalized time-resolved PL intensity at the PL emission maximum (A, = 445 nm) versus
Hg?* concentration. e) Extracted PL lifetimes of CDs plotted as a function of Hg?* concentration (experimental data are given as symbols, whereas the
line is the fit by Equation 1; error bars represent the standard deviation from three measurements).
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lifetime became shorter and shorter as the Hg?* concen-
tration was increased. The spectral shape remained, how-
ever, unchanged throughout the different Hg** concentration
(Figure 2a—c; Figure S2a, Supporting Information). To investi-
gate the effect of Hg?" entrapment on the CD emission dy-
namics, we derived the radiative (z,7!) and nonradiative (r,, ')
recombination rates of CDs in Hg?* solutions of varying con-
centration. The results revealed a significant rise in 7,7 ac-
companied with a gradual suppression of z,”! with increasing
Hg?* concentration, indicating that the presence of Hg?* pri-
marily enhances nonradiative relaxation in CDs (Figure S2b).
To exploit these facts for Hg?* sensing, we systematically ex-
amined the PL lifetime as a function of Hg?* concentration
(Figure 2d,e). The transient PL color map (Figure 2d) under-
lines a distinct shortening of the PL lifetimes with increasing
Hg?* concentration. Every single decay was further fitted us-
ing a stretched-exponential fitting function and the extracted PL
lifetimes are presented in Figure 2e (details on fitting proce-
dure are described in, Table S1, Supporting Information). PL
lifetimes dropped from 6.3 to 2.8 ns as the Hg?* concentration
was increased from 0 to 500 ppb. The underlying concentration
dependence was well described by the following biexponential
calibration relationship:

7-2.926

¢ = 0.421 4+ 50.445 ¢~ Tor + 56.001 ¢ 500> (1)

where c is the concentration of Hg?" (ppb) and 7 is the PL life-
time (ns) at ¢ (ppb). In addition, the LOD was calculated by treat-
ing the PL lifetime as a function of Hg?* concentration (Figure
S3). A value of 0.7 ppb or 3.5 nwm is far below the maximum con-
taminant level (MCL) for inorganic mercury in drinking water of
2 and 6 ppb, as established by the U.S. Environmental Protection
Agency (EPA) or the World Health Organization (WHO), respec-
tively. It is also lower than or comparable to previous LODs using
PL ratiometric methods (Table S2, Supporting Information).
Ideally, optical nanosensors should be selective, photostable
and the optical output for analyte sensing should be indepen-
dent of other environmental variables like pH, ionic strength,
etc. In this context, the selectivity of CD-based nanosensors to-
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ward Hg?* was demonstrated (Figure 3a). The extracted PL life-
time remained nearly unchanged in the presence of various
metal ions. Only the addition of Fe?* and Fe** induced visible
aggregation of CDs, resulting in longer PL decays (Figure 3;
Figure S4, Supporting Information). Additionally, the photosta-
bility of CDs was investigated by 38-hour light exposure us-
ing a pulsed laser, with an average power of 75 uW and a
pulse width of 66.5 ps (Figure S5a,b, Supporting Information).
CDs exhibit excellent photostability even after 38 h of contin-
uous photoexcitation. The PL decays at different pH (without
the presence of Hg?*) are gathered in Figure S5c,d (Support-
ing Information). Nearly constant PL lifetimes remained to be
seen in the pH range from 3 to 9. Significant changes were,
however, discernible in either strongly acidic (pH 1 and pH 2)
or basic (pH 10-14) media. Finally, we probed the PL decay
in NaCl solutions of varying concentrations (Figure S5e, Sup-
porting Information) without revealing any notable changes at
concentrations as high as 1 M NaCl. In other words, CD-based
nanosensors operate even in a high ionic strength environment
(Figure S5f, Supporting Information).

Motivated by the aforementioned results, we performed time-
resolved PL measurements of CD-based nanosensors in natu-
ral water samples, that is, tap and mineral water samples to
which we have added Hg?* (Figure 3b,c). PL decays before
(blue line) and after (red line) adding 500 ppb Hg?" are pre-
sented in Figure 3b,c. The lifetimes of 6.5 versus 1.6 ns vali-
date the capability of CD-based nanosensors to be effective in
samples of natural water. As a complement, we looked at drink-
ing water samples containing 1 ppb Hg?* (Figure 3d). Here,
we confirmed that the sensitivity of the PL lifetime exceeds
the MCL of 2 ppb for Hg?" even in tap and mineral water
samples.

To rationalize the high selectivity in PL quenching in the pres-
ence of Hg?*, in situ LEPR spectroscopic measurements were
conducted. CDs dispersed in water are EPR inactive in the dark
(Figure S6a, Supporting Information). Nevertheless, upon pho-
toirradiation (HeCd, @325 nm, 200 mW) spin active species
are formed giving rise to an EPR resonant line at g = 1.999
(Figure 4a). The highly asymmetric nature of the EPR signal in-
dicates a distribution of various spin species of diverse nature.
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Figure 3. Evaluation of selectivity and sensitivity of PL lifetime-based CD-nanosensor in natural water samples. a) Specificity test of CD-sensor for
different metal ions (1 ppm). b,c) PL decays, and d) corresponding extracted PL lifetime values of the blank sample (shown in blue), and samples spiked
with Hg?* ions with concentration of 1 ppb (shown in green), and 500 ppb (shown in red).
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Figure 4. Light-induced EPR (LEPR) study of photogenerated spin states at the CD/solvent interface. LEPR envelopes of CDs in a) pure water, b) Hg?*+
solution, ¢) Cd?* solution, and d) Pb?* solution. Experimental data are presented as gray symbols, whereas the computer simulations are presented as
red lines. Measurements were conducted at T = 80 K and under in situ UV irradiation (@325 nm, 200 mW). Note that in panel (b) the sharp isotropic
signal superimposed to the broader signature around 325 mT is associated to a fraction of photoexcited species (spin containing) in which the 6s orbital

of the bound Hg?* becomes effectively half-filled (S = 1/2, g ~ 2.00).

They are weakly resonant and develop around an intense res-
onant line at ~#325 mT. These signals arise from electron spin
moments in CD domains that are rich in ™N nuclei (I = 1)
and that couple through hyperfine interactions. Binding dia-
magnetic Hg?* ([Xe] 4{'45d'°) retains the EPR silence in the
dark (Figure S6b, Supporting Information). Significant changes
were noted in the electronic perturbation of the spin active CDs
once photoexcited (Figure 4b). Newly formed resonant lines at
g = 2.038, g, = 1.955 result from binding Hg** to the CD
surface.

Oxygen functionalities such as -COOH and -COO™ are in-
volved as independently confirmed by FTIR spectroscopy (Figure
S7a,b, Supporting Information). For example, the intensity ra-
tio of the carbonyl v._, (above 1660 cm™) and the aromatic
Ve_c (above 1560 cm™) decreased from 1.08 to 0.78 without
and with Hg?" present. As such, the interaction of Hg*" with
the carboxyl groups reduces the vibration modes of the carboxyl
group.

The EPR experiments prompt to a strong perturbation of the
spin active species by the electric field gradient (EFG) stemming
from bound Hg?*. Effective perturbations of the electron spin
moment are gated by an enhanced orbital overlap and spin-orbit-
coupling (SOC) effects between the Hg?* frontier orbitals and
the carboxylate spin-containing sites. Both EPR and FTIR re-
sults are in agreement with the literature. CDs that are prepared
from citric acid and urea contain MFs based on citrazinic acid
derivatives.[?3%1 Hg?* interacts with the carboxyl groups of these
MFs when located close to the CD surface. The consequence is
a turn-off of PL by an effective EFG-induced electronic perturba-
tion of the spin active species.

Next, we focused on binding other heavy metal pollutants
such as Cd** and Pb?* and the resulting consequences thereof,
especially on the PL quenching. It is worth noting that upon
Cd** and Pb** binding, the CD-based nanosensors remained
EPR inactive in the dark (Figure S6c,d, Supporting Informa-
tion). Interestingly, less perturbation is concluded by interacting
with Cd** as compared to Hg**. As a matter of fact, the newly
formed resonant lines are lower in intensity (Figure 4c). In the
case of Pb?*, no sizeable changes were observed (Figure 4d).
To rule out a preferential Hg?* binding to the CD surface over
Cd?* and Pb** binding, FTIR spectra were recorded. The v_
[Vcoc intensity ratios decreased again from 1.08 to 0.72 in both

Adv. Optical Mater. 2023, 11, 2300750 2300750 (5 of 8)

cases (Figure S7c,d), indicating an affinity similar to that for
Hg?*. Overall, our EPR and FTIR results suggest that Hg?*
ions open nonradiative relaxation channels due to their specific
electronic configuration, and, thus, selectively quench the PL
in CDs.

Finally, we turned to computational methods to address two
important aspects that are linked to metal ion interactions with
CDs. On one hand, we explored the preference for specific metal
ion binding sites on the CD surface. On the other hand, we ana-
lyzed changes in the nature of electronic transitions due to metal
ion binding to the MFs in CDs. To this end, we performed MD
simulations of urea- and/or carboxyl-functionalized CD layers in
the presence of model divalent cations, namely Mg?* and Hg?*.
Mg?* was taken as the standard model divalent cation in the MD
simulations and the alkaline earth metal counterpart to the tran-
sition metal analyte. We considered both neutral and deproto-
nated CDs albeit only the latter is in line with the aqueous en-
vironment used in our experiments. The simulations revealed
interactions between Mg?* and Hg?*, on the one hand, and de-
protonated CDs, on the other hand (Figure 5a). Importantly, a sig-
nificant accumulation of Mg?* as well as Hg** was noted in the
close proximity of the carboxylate groups (Figures 5b; Figure S14,
Supporting Information).l”®! Higher ionic densities and shorter
distances relative to the carboxylate oxygens for Hg** should be
highlighted (for details see the Supporting Information). The data
confirm that Mg?** and Hg?" effectively interact with the car-
boxylates in accordance with the FTIR measurements (Figure
S7, Supporting Information). In addition, all-electron relativistic
TD-DFT calculations were performed to shed light on the PL
quenching by Hg**. We employed the CAM-B3LYP functional,[*°]
the second-order Douglas—Kroll-Hess approach,?® and the
quasi-degenerate perturbation theory®!l to account for the SOC
effects. Solvent effects were included via the Solvation Model
based on Density (SMD).[*?] All calculations were carried out us-
ing the Gaussian16/33] and ORCA programs.**l Model systems
(Figure S9, Supporting Information) consisted of a citrazinate
anion (CZA) and Hg?**, Cd?**, and Pb?*, which gave rise to quite
different PL quenching (Figure 3a). A choice of the CZA model
was based on the fact that our CDs exhibit excitation-independent
emission, which has usually been linked to MFs. The lowest tran-
sition (S,—S,) in CZA is bright with clear 7—z* character (Figure
S18a, Supporting Information). Despite the close vicinity of

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

95LB01 T SUOLULLIOD dAIIe1D) 3[cfedtdde U Ag pausenob ae il VO ‘85N JO 3N o} Akeiqi8UlIUO A8|IM LD (SUONIPUOD-PUE-SWLBIAL0D" A | IM Ale.d1/BU UO//SCIY) SUONIPUOD PUe SIS 1 U1 89S *[1202/20/2Z] Uo Ariqiauliuo AB(IM eresisO AISIBAIUN a1U40e | AQ 052008202 WOPe/Z00T 0T/I0p/WodAe|imAke.q | puljuo//sdny wouy pepeojumod ‘Tz ‘€202 ‘T.0TS6TZ



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

—CzA

—— CZA-Hg**
—— CzA-Cd*
—— CZA-Pb*

"HOMO (CZA())

TT1ev ‘ 3:;& {: 0

S;(CZA)

" LUMO (Hg(6s))
T, (CZA) -4.58 &V

Oscillator strength (a.u.)

S4/T1 (Cd) Si/T1 (Hg)

I

Wavelength (nm)

' T T T 1
300 400 500 600 700 800 900 1000

www.advopticalmat.de

®] ————
5 — — = = . : ;
s5—=  _ == —=
— 44 —_— — - — ey
3 —_— —
2 —_— —_—
w34 T — —
= . — - —T,
2 —_ 8 —T t
Si— —T, »—_—
" » * [ — Singlets|
0 * S, minimum == Tf'PletSI

CZA CZA-Hg?* CZA-Cd**  CZA-Pb*

Figure 5. Computational analysis of the interactions of metal cations with CDs/MFs. a) Final structures of self-assembly MD simulations of urea-
functionalized CD layers (cyan) with MFs (magenta) in the presence of Hg?* and Mg?* cations (white and green balls). Water and chlorides are omitted
for clarity. b) Structures of a citrazinate anion (CZA) and the density distribution of Hg?* and Mg?* ions calculated from MD simulations showing the
accumulation of cations around the carboxylate group. c) Absorption spectra of CZA (black) and its complexes with Hg?" (red), Cd?* (blue), and Pb?*
(green) cations. Sticks indicate the position of transitions as revealed by the relativistic TD-DFT calculations including SOC effects. Inset: HOMO and
LUMO involved in the Sy — S; transition of CZA-Hg?*. d) Energy level diagram showing the position of singlet (black/blue) and triplet (red/violet)
excited states of CZA and its complexes. The levels with an asterisk correspond to the optimized S; structures. Color coding for displayed structures:
carbon — grey, nitrogen — blue, oxygen — red, hydrogen — white, and mercury — yellow.

singlet and triplet energy levels (Figure S18b, Supporting Infor-
mation), the probability of intersystem crossing (ISC) is very low
(SOC: 0.02 cm™'). Consequently, CZAs emerge as strongly emis-
sive. Hg?* binding changes the picture. A new low-energy level
associated with the low-lying vacant 6s orbital of Hg?* emerges.
It is known to be stabilized by relativistic effects.**! This new
charge-transfer state (CZA = — Hg?* 6s), which is only 0.77 eV
above the ground state (Figures 5c; Figure S19, Supporting In-
formation), can effectively contribute to the PL quenching. In
stark contrast, the HOMOs of Cd** and Pb** corresponding to
Ss and 6p orbitals, respectively, have higher energies than the
6s orbital of Hg?*. Energies of 1.38 and 3.34 eV render a radi-
ationless deactivation less likely (Figures 5d; Figures S20 and
S21, Supporting Information). PL quenching in CDs in the pres-
ence of Hg?* is yet another demonstration of relativistic effects in
chemistry.

3. Conclusion

In this study, we present the synthesis and characterization of
the first carboxyl-rich CDs based mercury sensor with a PL de-
cay that is highly dependent on Hg?* concentrations. Our CD-
based nanosensors display a turn-off PL lifetime and a remark-
able degree of selectivity toward Hg?". These properties were of
key importance to achieve highly accurate, ppb sensitive, and self-
referenced Hg?* sensing in water. As such, we demonstrated a

Adv. Optical Mater. 2023, 11, 2300750 2300750 (6 of 8)

LOD of 0.7 ppb (3.5 nm) and a record selectivity toward Hg?*.
Additionally, CDs show high resistance to photobleaching and re-
main stable even under continuous pulsed laser excitation for up
to 38 h. Likewise, their properties remain invariant upon changes
in pH and ionic strength. Moreover, with a low cost of precursors
(0.14 EUR per reaction), the presented method offers consider-
able commercial potential.

We also showcase the vast potential of CDs for Hg?* sensing
in drinking water through two case studies using tap and min-
eral water. Our CD-based nanosensors are capable of operating
at Hg?* concentrations as low as 1 ppb, which is below the MCL
for Hg?* for drinking water established by the U.S. Environmen-
tal Protection Agency (2 ppb) and the World Health Organization
(6 ppb), demonstrating their commercial utility in natural water
samples. As a complement, we investigated the selectivity of PL
quenching with Hg?* experimentally by LEPR spectroscopy and
theoretically by computational analysis. Our results underline the
significant perturbations of the CD photoexcited state upon in-
teractions with Hg?*. Our investigations extend the use of CDs
in Hg?* detection beyond standard concentration-dependent PL
intensity and PL ratiometric methods, providing a fundamental
understanding of the underlying detection mechanism.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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