Journal of Photochemistry & Photobiology, A: Chemistry 424 (2022) 113648

Contents lists available at ScienceDirect

Journal of Photochemistry & Photobiology, A: Chemistry

journal homepage: www.elsevier.com/locate/jphotochem

ELSEVIER

Check for

Photometric sensing of heavy metal ions using a e
naphthoquinodimethyl-bis-thioamide dye: Selectivity & photophysics of the
metal organic complexes

Samjhana Maharjan*", Young Ju Yun®"", Veronica A. Okello “? Gary P. Wiederrecht *-*,
David J. Gosztola®? A. Jean-Luc Ayitou™>>"

@ Department of Chemistry, Illinois Institute of Technology, Chicago, IL 60616, United States

> Department of Chemistry, University of Illinois at Chicago, Chicago, IL 60607, United States

¢ Department of Physical Sciences, Machakos University, P.O Box 136-90100, Machakos, Kenya
d Center for Nanoscale Materials, Argonne National Laboratory, Lemont, IL 60439, United States

ARTICLE INFO ABSTRACT

Keywords:

Molecular sensors
Heavy metal pollutants
Photoluminescence
Photophysics

As Mother Nature is experiencing catastrophic environmental pollutions from both natural sources and
anthropogenic activities, many scientists have been working around the clock to develop environmentally benign
and cost-effective, yet sensitive, detection techniques for pollutants, especially heavy metal species (e.g. lead,
cadmium, mercury, among others) that are deleterious to human health. Herein, we report a novel sulfur-
containing small organic dye/sensor naphthoquinodimethyl-bis-thioamide (QDM), which was found to be
particularly selective toward mercury ion (Hg?"). Using a combination of UV-vis absorption, photo-
luminescence, and time-resolved pump-probe techniques, we established that QDM and Hg2+ can form stable
complex(es) due to the strong affinity of sulfur toward mercury. In this investigation, while a higher ratio of
QDM:Hg?" was necessary to fully quench the fluorescence emission of QDM, only 1 equiv of the Hg?" ion was
necessary to observe the sensing effect on the excited state photo-behavior(s) of QDM. The present results
highlight a synergy between molecular sensors’ selectivity/sensitivity and sensor-analytes dynamics.

example are essential nutrients for humans [3]. While large quantities of
these metals would undoubtedly become hazardous to humans and
other living organisms [4], trace amounts of mercury (in the form of

1. Introduction

Heavy metal pollutants such as lead, arsenic, chromium, mercury,

cadmium, among others have been declared human carcinogens by the
U.S. Environmental Protection Agency and the International Agency for
Research on Cancer [1]. Although these heavy metal species can occur
naturally (from volcanoes and geothermal activities), the main envi-
ronmental sources of these pollutants are anthropogenic, such as coal
combustion, waste incineration, metal mining, petroleum refining and
manufacturing, and chlorine-alkali production [2]. Interestingly, not all
metal ions (M™") are deleterious to human health; it has been reported
that low quantities of chromium, copper, manganese, iron, and zinc for

salts or organo-complexes) can cause a severe health risk for humans
[5-7]. Mercury salts such as HgCl, and organo-mercury compounds like
MeHg [8] can cause mercurial stomatitis, loosening of the teeth, renal
damage, and neurological damage. Furthermore, tremors, depression,
and behavioral disturbances are the consequence of inhalation of
metallic mercury vapor [9].

Fortunately, several analytical tools/techniques are available for
heavy metal detection, in the environment. Flame photometry [10],
atomic absorption spectrometry [11,12], ion-sensitive electrodes [13],
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Scheme 1. Sensing/complexation of heavy metal analytes using QDM. Species/complexes I and II interconvert in the medium depending on the concentration of the

metal ion analytes.

electron microprobe analysis [14,15], and neutron activation analysis
[16] are some of the modern-day techniques which are routinely used
and well-documented for the detection of heavy metal/metallic ion
pollutants. Although these detection techniques have high selectivity
and sensitivity, they may require expensive tools/setup/instrumenta-
tion as well as a large sample size; in addition, these analytical tools/
techniques do not allow continuous monitoring-they can also require
routine calibration and maintenance. In furtherance, several low-cost, yet
sensitive alternatives have been developed in recent years. The photo-
metric technique is one such alternative [17]. In this method, suitable
molecules or molecular sensors (with characteristic photoluminescence
emission) are employed and their emission is either quenched or
enhanced in the presence of the toxic metal analytes. Hence, the change
in emission intensity and/or the lifetime of the emission band becomes a
benchmark detection technique of the heavy metal analytes. Herein, we
report a sulfur-containing naphthoquinodimethyl-bis-thioamide (QDM)
as a novel visible light absorbing dye/sensor with characteristic photo-
luminescence/photophysical properties, which can be tailored for the
detection of toxic metal pollutants in the environment (Scheme 1).

QDM was first developed and fully characterized in our lab [18].
Based on its UV-vis absorption and emission characteristics, it was
found that QDM absorbs visible photons up to ca. 580 nm. Upon visible
light-excitation, QDM fluoresces with an emission maximum centered at
ca. 545 nm (in ACN) and a quantum yield ®p = 0.2% (in DCM). Due to
this low @) value, we were able to establish that QDM can phosphoresce
in the 700-850 nm window with a lifetime tphos = 0.3-0.4 ms [19,20].
As noted earlier, the structure of QDM also features thio-carbonyl
groups which can be exploited as binding site(s) with the metal analy-
tes of interest. Particularly, we hypothesize that the sulfur atom(s) may
induce high binding affinities of QDM with the aforementioned M™*
ions.

In the present work, a combination of UV-vis absorption, photo-
luminescence, and time-resolved pump-probe (TA) spectroscopy
methods have been employed to unravel the sensing ability of QDM in
the presence of As®t, cd?®t, cr®t, Hg2+, Pb%*, and Sn2™. Specifically,
strong interactions upon the addition of Hg?" to a sample of QDM was
expected [21], since it has been documented that sulfur and Hg2+ would
form stable complexes [22-24]. Hence, QDM would exhibit a unique
selective/affinity in the presence of Hg?" ions (mercury-containing
samples).

2. Materials and Methods

All commercially obtained metal salts were used immediately after
their purchase without further purification. All solvents used in these
experiments were of spectroscopy grade. Fresh samples of QDM were
prepared using purified/recrystallized materials. Stock solutions each of
the analytes M"* (concentration) were prepared in ACN for HgCl, (0.37
M) and SnCl, (0.0072 M), in EtOH for CrCls (0.0076 M), AsI3 (0.0073
M), and CdCl; (0.0082 M), and in DMF for PbCl, (0.0078 M).

UV-vis absorption spectra were recorded using an Ocean Optics
spectrometer (DH-MINI UV-Vis -NIR light source) equipped with a QE-
Pro detector; for each metal analytes, the initial sample optical density
(0.D.) for QDM is 0.2 at Agxc = 470 nm. However, the fluorescence
emission spectra were recorded with samples of O.D. = 0.1 at Agxc = 470
nm on an Edinburgh Instrument spectrofluorometer FLS980.

Time-resolved pump-probe spectroscopy was performed using an
amplified Ti:sapphire laser system (Spectra-Physics Spitfire) equipped
with an optical parametric amplifier (OPA, Light Conversion, TOPAS).
This system produces 130 fs pulses at 5 kHz centered at 800 nm. 95% of
the output from the amplifier is directed to the OPA to generate tunable
pump pulses in the visible and near-infrared spectral regions. For
operation with 130 fs temporal resolution, the pump pulse and the
remaining 5% of output from the amplifier are directed to a transient
absorption spectrometer (Helios from Ultrafast Systems), where the 5%
output is used to generate a continuum probe pulse extending from 450
nm to 1400 nm by focusing into a thin sapphire window. The pump
pulse is chopped at half the repetition rate to measure a difference
spectrum for the transient absorption measurement. The incident pump
pulse for these experiments at 470 nm had energy on the sample of 300
nJ per pulse, focused to a 200-pm-diameter spot. The transmitted probe
light was collected and fiber optically coupled to a spectrograph that
used a visible (Si) array detector. Data were collected for continuum
wavelengths from 450 nm to 750 nm as a function of delay track position
for the continuum probe relative to the undelayed pump pulse. The
temporal chirp of the data was experimentally determined and corrected
before analysis. For longer time scale processes, the probe light comes
from a continuum light source (EOS from Ultrafast Systems). In this case,
the system operates at 1 kHz and has a time resolution of 200 ps/point.
Decay times of several hundred microseconds can be measured.

NMR titrations were performed in acetone-dg using a 300 MHz
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Fig. 1. UV-vis absorption spectra of QDM recorded in ACN in the presence of the M™" at various equivalents (concentrations).
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Fig. 2. Fluorescence emission spectra of QDM in the presence of the M™* at various equivalents (concentrations): sample O.D. = 0.1 at Agyc = 470 nm. The spectra

were recorded in ACN.

Bruker spectrometer.

3. Results & Discussions

3.1. UV-vis absorption spectroscopy

As Fig. 1a—f reveals, the absorption profiles of QDM in acetonitrile
(ACN) changed upon gradual addition of aliquots of M™* (As®t, cd2™,
crdt, Hg2+, Pb%t, and Sn?™h). Except for As®*, which exhibits additive/
complementary absorption besides the intrinsic absorption of QDM, the
presence of all other ions in the samples of QDM did show changes in the
intensity of the QDM profile. While the addition of Cr3* led to the least

change in the absorption profile (Fig. 1c), the magnitude and shape/
transitions of the absorption of QDM changed when higher equivalents
of Hg?" were added to the solution (Fig. 1d). The significant changes in
the absorption of QDM in the presence of Hg?>" (and to some extent
Cd?*) are suggestive of covalent or non-covalent interactions (in the
form of sulfur atom.--M™t complex) between QDM and solvated mer-
cury/cadmium ions, as shown in Scheme 1. It is important to note that
the decrease or change in the absorption profile of QDM in the presence
of 10-20 equiv of Hg?™ features a broadening of the main transitions at
ca. 450-530 nm. We hypothesize that this significant change is remi-
niscent of charge transfer (LMCT C = S---Hg) in [QDM-Hg2+] species or
complexes [25-27].
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Fig. 3. a) Selectivity of QDM toward the M™" ions using the fluorescence emission intensities of QDM. b) Selectivity at 30 equiv of the M™* ions. ¢) Stern-Volmer
quenching of QDM’s fluorescence band by Hg?* ion showing a dynamic QDM---Hg?* interaction beyond ca. 30 equiv of Hg?™.

3.2. Quenching of fluorescence emission of QDM

As mentioned above, the fluorescence emission band of QDM is
centered at ca. 545 nm (using samples of O.D. = 0.1 at Agxc = 470 nm)
(Fig. 2). In the present study, when various equivalents of the M™"
analytes were added to QDM samples, we observed a gradual decrease
in fluorescence intensity. Except for Pb%T (Fig. 2e), one can clearly
distinguish various degrees of change in intensity for all ions, with a
distinctive selectivity for Hg?t (Fig. 2d). Importantly, the decrease in
the fluorescence intensity of QDM due to dilution was not that signifi-
cant (Supplementary Information, Fig. S1). Thus, the quenching of the
fluorescence can be ascribed to either energy transfer (QDM*—M™"") or
spin-orbit coupling (heavy atom effect) due to the nature of the metal
analytes [28], particularly in the case of Hg>* [29].

Out of all metal ions, Hg?" showed stark fluorescence quenching
ability upon the addition of each equivalent of the HgCl, solution. As
shown in Fig. 2d, the equiv of Hg?" required for complete fluorescence
quenching amounts to ca. 80 (ca. 7 x 10™* M). We hypothesize that this
higher value required for complete quenching of the fluorescence
emission of QDM might be due to the presence of two thio-carbonyl
groups in the backbone of the dye. Thus, a higher amount/concentra-
tion/equiv of Hg** would be required for effective and complete
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complexation with QDM. Nevertheless, among the series of ion analytes,
Hg?* showed a higher affinity toward QDM (Fig. 3a). While all metal
ions quench only less than 5% of the emission of QDM at less than 15
equiv of the M™*, it can be seen that mercury could quench ca. 85% of
QDM fluorescence emission in a linear fashion. Beyond 25 equiv (ca. 3
x 1074 M) of Hg2+, we observed an inflection of the curve to reach a
static/saturation regime after 45 equiv To be more predictive, we
zoomed our analysis onto equivalent 30 for all ions (Fig. 3b). Expect-
edly, one can see that QDM is very selective toward mercury. This result
is exciting and suggests that QDM can be used to selectively detect
mercury in a mixture of environmental pollutants.

In addition, a systematic analysis of the quenching of the fluores-
cence emission of QDM in the presence of Hg?>* was performed so that
the type(s) of interactions that occurred viz. static or dynamic could be
rationalized. Using Stern-Volmer (SV) quenching analysis (Fig. 3a), it
was revealed that the QDM/Hg? " interaction is dynamic up to ca. 30
equiv of Hg?>* and later changed to static quenching onwards. Focusing
on the dynamic quenching regime, an SV constant Kgy = 3.152 x 10*
M~ ! was extracted. This value for Ksy translated to a rate constant K for
quenching (or energy transfer) higher than 10'* M~ s7! (with 15 less
than 100 ps). In this situation, we postulated that the high value for K is
indicative of unimolecular or intramolecular interaction(s) since this
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Fig. 4. (a) Phosphorescence profile of QDM in the presence of various equiv of Hg?*. (b) Normalized Phosphorescence data from (a). Phosphorescence decay
kinetics of QDM was monitored at () 725 nm and (d) 660 nm in the presence of various equiv of Hg*. Note: all phosphorescence samples (O.D. = 0.25 at 470 nm) were

excited at 470 nm in EtOH/ DCM (1:1 v/v) glassy matrix glass at 77 K.
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kHz repetition rate.

rate is in the upper limit of the rate of molecular diffusion in solution. As
shown in Scheme 1, at low concentrations of Hg?T, the QDM.--Hg?"
complex would exhibit a higher degree of freedom (or flexibility)
highlighting the observed dynamicity. But, at higher concentrations of
Hg?*, the complexation would lead to a more rigid molecular complex.

For the complete understanding of the photophysics of QDM.--Hg2+
interaction(s) or species, an investigation of the phosphorescence and
transient absorption dynamics of samples of QDM in the presence of
0-20 equiv of Hg?t was carried out.

3.3. Phosphorescence behavior of QDM/Hg?" mixtures

The phosphorescence emission of various ratios of QDM:Hg?"

(Fig. 4) shows a significant increase of the intrinsic phosphorescence
band of QDM upon addition of just 1 equiv of Hg?*. Besides the native
emission of QDM, centered at ca. 725 nm, new bands with Ap.y at 660,
720, and 760 nm also appeared. As the equiv of the Hg?t ion was
increased from 1 to 20, the intensity of this band also increased to reach
saturation at around 1:20 ratio of QDM:Hg2?". While the phosphores-
cence decay kinetic at 725 nm of the emission of QDM alone was fitted
with a mono-exponential function leading to a lifetime of 0.35 ms, decay
analysis of the new band (at Apax = 660 nm) in the presence of HgZ* ion
produced lifetime values of 2.7, 4.4, 5, and 5.2 ms for equiv of 1, 2, 4 and
20, respectively. These values are approximately one order of magnitude
larger than the actual phosphorescence lifetime of QDM alone. This
result suggests that the new [QDM.--Hg?"] species/complex exhibits
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greater stability than QDM alone in the triplet excited state.
3.4. Time-resolved pump-probe spectroscopy

To ascertain the impact of HgZ+ with QDM in the excited state, time-
resolved pump-probe absorption spectroscopy was perfomed (Fig. 5).
Upon laser excitation at 450 nm, the characteristic singlet transient of
QDM (1QDM*) appeared near 510 nm with a lifetime of 115 ps; then 1 1
1 'QDM* quickly converts to the corresponding triplet transient
3QDM*at 560 nm via ISC within a time constant of 80 ps. (Fig. 5a, d).
Interestingly, in the presence of 1 equiv of Hg2*, the magnitude of the
1QDM* band decreased (Fig. 5b, e) and completely disappeared at 4
equiv of Hg?T (Fig. 5c¢, f). As shown in Fig. 5b and e, the band at 560 nm
can still be ascribed to 3QDM*; but, the new band centered at 680 nm
was assigned to a transient species of (QDM---Hg?")* complex, pre-
sumably a charge transfer species that decayed within ca. 10 ps to yield a
stable or long-lived species with charge-transfer-like features in the
same spectral range (530-750 nm) (Fig. 5¢, f). Also, for 1 equiv of Hg?™,
the band at ca. 650 nm was ascribed to the triplet transient of the
QDM---Hg?" complex (Fig. 5h). The growth kinetics of this complex
seems slower than the one of native *QDM?*. Moreover, for 4 equiv of
Hg?*, the optical density of (QDM.---Hg?>** is more enhanced; this
species was found to live longer than the timescale of the experiment.
Hence, the band at 530-750 nm (Fig. 5c, f) was ascribed to be that of the
transient of complex II (Scheme 1).

Furthermore, the triplet transients of the QDM.---Hg?t complex(es)
for 1 and 4 equiv of Hg?T were probed. In Fig. 5j, one can see that upon
laser excitation at 450 nm, the characteristic absorption of the triplet
transient of QDM alone appears to match the longer-timescale bands in
the femtosecond transient (fs-TA) experiments (Fig. 5a,d). However,
when the amount of the Hg2+ ion was increased (Fig. 51), these bands
quickly faded and a featureless band appeared in the 525-750 nm
spectral region. The kinetic trace of this band was fitted with either a
mono- or bi-exponential function to give a time constant T = 2.6-5.6 ps.
This variance in the kinetic is suggestive of the presence of more than
one species viz. complexes I and II. In addition it was expected that the
mercury ion may also be inducing a rapid T; — Sy decay (via spin—orbit
coupling). This effect was manifested at higher concentration of the
Hg2* ion (vide supra). From this analysis, one can conclude that only
trace amounts of the Hg2* ion would be useful in modulating the excited
state of QDM (QDM)*, but at higher concentration of this ion, the for-
mation of stable QDM.--Hg?* complex(es) could alter the photo-excited
state behavior of QDM.

4. Conclusions

In summary, we showed that a sulfur-containing naph-
thoquinodimethyl-bis-thioamide dye (QDM), which exhibits attractive
photoluminescence characteristics, can be employed as a sensor for
heavy metal analytes. Among the metal analytes that were probed, it
was found that QDM was very selective towards mercury ion (Hg2t)
which quenched more than 85% of the fluorescence band of QDM at ca
30 equiv. This investigation also established that the strong
QDM.--Hg?" interaction(s) led to quenching of the fluorescence of the
sensor with kinetics near or beyond molecular diffusion limit. This result
prompted us to investigate the photophysics of the sensor---analyte
complex and/or interaction(s) using matrix isolation and time-resolved
pump-probe spectroscopy techniques. While a lower concentration (ca.
1 x 107> M) of Hg?* ions was found to modulate the photo-excited state
behavior of the QDM dye, it was ascertained that a concentration from 4
equiv (ca. 1 x 10~* M) of Hg?" is sufficient to form stable QDM.--Hg2*+
complex(es). The present work highlights the use of organic dyes, that
exhibit low structural complexities, as valuable chemical sensors for
environmental pollutants. Ongoing derivatization/functionalization
with QDM and its analogues will help in increasing the sensitivity in the
present investigation.
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