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Abstract: In this study, a sensing device employing a gold-coated quartz tuning fork (QTF) modified
with a self-assembled monolayer (SAM) of L-cysteine was evaluated for the sensitive detection of
Cu?* ions in aqueous solutions. Three copper (II) salts, CuSO,, CuCly, and Cu(NOs),, at four different
concentrations (10712,10719, 1078, and 10~% M) in small (100 uL) water sample amounts were each
used as analytes to investigate the influence of their counterions in the detection of the Cu?* ions. It
was found that, among the counterions, the sulfate anion had the largest effect upon the detection
of Cu?* in water, in the following order: 5042~ > Cl~ > NO;~. The lower limit of detection of
the Cu?* ions detected was in the 1072 M range. The frequency shifts measured with the QTFs
relative to deionized water were inversely proportional to the concentration/mass of the analytes.
Density functional theory calculations were conducted to understand the effect of the counterions
on the respective electronic interaction energies for the apparent host-guest binding of the analytes
with L-cysteine and with gold surface-bound L-cysteine molecules. Gas phase (both with and
uncorrected BSSE) and solution phase interaction energies (AIE) calculated at the BALYP/LANL2DZ
and wB97XD levels of theory showed that the stability for the complexes were in the following
order: [L-cysteine] D[CuSO,] > [L-cysteine] D[CuCl,] > [L-cysteine] D [Cu(NOj3);], which supports
our experimental findings, as they were in the same order as the experimentally observed order for
the copper salts tested: CuSO, > CuCl, > Cu(NO3)s.

Keywords: quartz tuning fork; L-cysteine; self-assembled monolayer; anions effect; density functional
theory

1. Introduction

Most proteins contain the amino acid L-cysteine (LC). LC is soluble and zwitterionic in
water, is biocompatible, and is useful as a chelating ligand for several heavy metal ions [1].
LC has three potential metal-binding groups that can act as a monodentate, a bidentate, or a
tridentate ligand since it can present a nucleophilic thiolate, an amino, and/or a carboxylate
group to metal centers. The coordination of LC is highly dependent on both the type of
metal ions and the surroundings of the interaction(s). The thiolate and amine/carboxyl
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groups are classified as soft and hard bases, respectively, using Pearson’s HSAB theory, and
can coordinate with hard or soft metal ions [2,3].

Self-assembled monolayers (SAMs) of thiols on gold (Au) surfaces are among the most
widely used model systems for researching the self-assembly of organic molecule onto metal
surfaces. In the fields of chemistry, physics, molecular biology, pharmaceutical engineering,
and materials science, SAMs based on thiol-gold chemistry have been extensively used [4-6].
The strength of the gold-sulfur (Au-S) interaction formed between thiols and Au surfaces
provides the basis to fabricate robust SAMs for diverse applications. Zhang et al. reported the
nature of Au-S interactions and the stability of SAMs formed on Au surfaces under various
conditions, which include the different surface properties of the Au, the solution pHs, and the
nature of solvents used [7]. In their study, they reported that the thiol groups formed SAMs
with gold via a monodentate stable covalent bond.

After iron and zinc, copper is the third most ubiquitous of the transition metal ions,
which play important roles in human health and have a significant impact on the body.
Copper ion also serves as a catalytic center in many enzymes and is utilized in biological
processes including respiration, the production of cellular energy, and the removal of
reactive oxygen substances [8-10]. A deficiency in Cu?* ions may alter the body’s ability
to use some of its enzymes, which can result in a range of neurological issues, while an
excess of Cu®* ions may harm the kidneys and liver. The metabolism of copper in an
organism is strictly controlled, and its disturbance results in several illnesses, including Wil-
son [11] and Menkes [12] disorders, which also contribute to the development of cancer [13],
inflammation [14], and neurological conditions [15] such as Alzheimer’s disease.

Therefore, developing an efficient, high-performance, and environmentally friendly
technique that allows for the ultrasensitive and precise detection of Cu?* ions is essential.
Several analytical techniques have been used to quantify the concentration of the Cu®* ions
at trace levels, including ultrasensitive fluorescence spectrometry [16], surface-enhanced
Raman spectroscopy [17], inductively coupled plasma optical emission spectrometry (ICP-
OES), flame atomic absorption spectrometry (F-AAS) [18], and reflectance spectrometry [19].
Although many of these methods have excellent detection limits and are capable of multi-
element analysis, they also have some limitations when it comes to precisely detecting trace
amounts of Cu?* ions. These limitations include expensive equipment facilities, knowl-
edgeable and skilled personnel, and time-consuming and complex sample preparation.

As one the best platforms for sensing analyte metal ions, SAMs on the surface of
metal electrodes have been explored through binding with the functional groups present
in the backbone and on the surface of SAMs [4-6]. Surface acoustic wave [20], quartz
crystal microbalance [21], and microcantilever sensors [22-30] are examples of modern
chemosensing devices that exhibit exceptional sensitivity to target analytes. In recent years,
we have developed and evaluated suitably functionalized calix [4] arenes metal-detecting
layers on sensitive microcantilevers (MCLs). We found that both the cation and their
counterions significantly contributed to the MCL responses when aqueous solutions of
metal ions interacted with the calix [4] arene-modified MCLs [24-28].

One of the most recent developments in chemical sensing technology is the use of
quartz tuning forks (QTFs). QTFs are made using the piezoelectric material silicon dioxide
(5i0,) and are frequently used as a sensitive detector in many fields, including atomic
force microscopy, scanning near-field optical microscopy, femto-Newtonian force sensing,
alternating gradient magnetometry, magnetic force microscopy, and for the detection of
electric field intensity distribution [31-36]. Gilinther et al. employed QTFs for scanning
near-field acoustic microscopy (NSAM) very early on in the evolution of scanning probe
microscopy [34]. QTFs consist of two vibrating prongs with a high-quality (Q) factor that
has high mechanical and thermal stability, low cost and power consumption, employs a
simple operating circuit system, and has a fast response time [36]. In addition, minute
samples can be tested.

Recently, we reported on gold-coated QTFs surface functionalized with the SAMs
of L-cysteine (LC) and L—glutathione for the detection of aqueous solutions of CaCl,,
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HgCl,, and PbCl, using chemical host—guest interactions [37]. The LC molecules bond
onto the gold surface via their thiol (SH) functional group. The formation of the SAMs
of the LC on the gold surface was confirmed using X-ray photoelectron spectroscopy
(XPS) [37] and attenuated total reflectance Fourier transform infrared spectroscopy (ATR-
FTIR) [38]. According to the Hofmeister series, the strength of anions is often ordered as
follows: F~ ~ SO,2~ > HPO4%2~ > CH3COO~ >Cl~ >NO;~ >Br~ >ClO3~ >1~ > ClO,~
> SCN™. The significant role of the Hofmeister effect in a wide range of biological and
physicochemical phenomena has been extensively and experimentally confirmed over the
last century. To the best of our knowledge, a combined analysis of a theoretical quantum
chemical study and an ultrasensitive QTF sensing experiment that addresses the counterion
effect for the interactions of LC with aqueous solutions of divalent copper salts such as
CuSQy, CuCly, and Cu(NO3); has not yet been reported in the literature.

As a follow-up to our recent work [37] on QTF sensing systems, we now report on
a LC-modified SAM on a Au-coated QTFs sensing device which has been used for the
sensitive detection of Cu?* ions in the aqueous solutions of its salts and the effects of their
respective SO4%~, Cl~, and NO3~ counter ions.

2. Materials and Experimental Details
2.1. Chemicals and Materials

L-cysteine, copper (II) sulfate (CuSOy, anhydrous, 99.99%); cupric (I) chloride dihydrate
(CuClp-2H,0, 99%), copper (II) nitrate trihydrate (Cu(INO3)2 3H,0 98%), dichloromethane,
and ethanol were procured from Sigma-Aldrich, Burlington, MA, USA. All aqueous solutions
were prepared using deionized (DI) water with a resistivity of 18.6 MQ)-cm. The pH of the
deionized water was 6.82. The pH value of the analyte solutions was 6.85.

The Au—coated QTFs were purchased from Forien Inc., Edmonton, AB, Canada. They
were coated with Au using a vacuum evaporation method; the thickness of the gold coating
was around 100 nm. The resonance frequency of the QTFs was 32.768 kHz, the spring
constant was ~20 kN/m, and the load capacitance was 12.5 pF. A 10-® M solution of LC
was used to functionalize the Au-coated QTFs.

2.2. Experimental Setup and Instrumentation

QTF resonance frequencies were measured using a Quester Q10 (Fourien Inc., Ed-
monton, AB, Canada) instrument. The Quester Q10 consists of an integrated impedance
analyzer which can perform frequency sweeps, as well as measure the real and imaginary
components of the impedance response. To resonate the QTFs at fixed frequencies, the
proportional integrated differential technique was used in this system. When coupled with
a translation stage, the system can be used to maintain the distance between the QTF and
any given analyte solute. The output measured data were analyzed using MATLAB or the
Origin Lab program. Figure 1 shows a schematic illustration of the LC-SAM functional-
ized Au-coated QTFs system. A detailed instrumental setup of the system and software
integration can be found in our previous study and elsewhere [36].

2.3. Experimental Methods

Au-coated QTFs were immersed in a solution of LC (10~® M in DI water) for 1 h to
prepare the SAMs. These activated QTFs were used to determine the resonance frequency
at four different concentrations (10’12, 10719,1078, and 10~° M) of each of the analytes
(CuSOy4, Cully, and Cu(NOs),). To ensure that all experiments were performed under
consistent conditions, the QTFs were immersed directly at a constant depth of 25 um into a
small droplet of volume 100 uL) of the respective analyte solutions.
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Figure 1. Schematical illustration of the QTF measurement system used.

2.4. Density Functional Theory (DFT) Calculations

To visualize the nature of the noncovalent interactions of LC with each of the three
analytes, single-point density functional theory (DFT) calculations were performed at both
the B3BLYP/LANL2DZ and wB97XD/LANL2DZ levels of theory. The initial molecular
geometries of all the examined compounds were drawn using the GaussView 6.0.16 pro-
gram [39]. All DFT calculations were first conducted using Gaussian 16, Revision C.01 [40]
in the gas phase, and then the optimized structures were further computed with a water
solvent system using the polarized continuum model (PCM). A vibrational analysis was
carried out for each optimized molecule to ensure that they were in a vibrational energy
minimum and had no imaginary frequencies. Molecular electrostatic potential (MEP) maps
were also visualized using GaussView 6.0.16. Additionally, the counterpoise (CP) correc-
tions were also calculated to remove the basis set superposition errors (BSSEs) [41,42] for
the noncovalent intermolecular interactions between the LC and analytes (CuSOy4, CuCl,,
and Cu(NO3)s,.

The electronic interaction energy (AEjn: kJ mole~!) and Gibbs interaction energy
(AGint k] mole™!) values were calculated using Equations (1)-(4) for the components of
the hypothetical modeled complexes formed by the LC and LC-Au with the respective
analytes, as shown in Figure 2, and which is discussed in further detail in Section 3.2.

AEjnt for LCDanalyte = Ej )5 [anatyte] — (E[Lc] + Efanalyte]) @

AEirlt for LC'AuDanalyte = E[LC-Au]D[arlalyte] - (E[LC-Au] + E[analyte]) (2)

where E[; c]5[analyte] = Optimized energy of the LC complex(es) with each of the analytes;
E[Lc) = optimized electronic energy of the free LC; Ej c Aujo[analyte] = Optimized energy
of the [LC-Au] complex(es) with analytes; Ejc_ay) = optimized electronic energy of the
[LC-Au]; and Efanalyte] = Optimized electronic energy of the individual Cu?* analyte salts.

AGint for LCDanalyte = Giic)5analyte] - (GiLc] + Efanalyte]) 3)

AGipt LC'AUDanalyte = E[LC-Au]D[analyte] - (E[LC-Au] + E[analyte]) 4)
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Figure 2. Proposed binding mode of the LC on Au-coated-QTF complex with Cu®* ions (coun-
terion not shown). Color code: carbon = purple, nitrogen = blue; oxygen = red; copper = green;
sulfur = yellow; gold = orange and hydrogen atoms = white.

3. Results and Discussion
3.1. Resonance Frequency Measurements of Au-Coated QTFs Functionalized with L-Cysteine at
the Different Concentrations of CuSOy, CuCl,, and Cu(NO3),

All experiments were conducted at four different concentrations (10’12, 10~10, 108,
and 10-% M) of each or the three Cu?* salts using Au-coated QTFs with and without LC
SAM coating. All measurements were conducted in triplicate. QTF sensor measurements
were performed between each solute measurement with a drop of Milli-Q water as control
experiments. Additionally, measurements were also conducted using non-LC functional-
ized Au-coated QTFs to confirm that there were no frequency changes, thus indicating that
no interactions of the Cu%* ions occurred with the Au-coated QTFs surfaces alone. In our
previous study, we showed that, by using LC Au-coated QTFs with a higher quality factor
resonance frequency, concentrations of aqueous calcium ions in CaCl, and HgCl, salts as
low as 10712 M could be determined [37].

As with our previous study, the QTFs were immersed in 100 uL amounts of the analyte
solutions and the controls, and the time used for each sample measurement was maintained
for approximately 2 min at room temperature. The frequency of the QTF was swept from
30,900 to 35,000 Hz using the software control of the system, and each cycle was completed
in a maximum of approximately 30 s.

In general, the resonance frequency shift (Af) of a QTF is dependent on a change in mass
loading (Am) and effective stiffness (Ak) of a given solute, as shown in Equation (5) [37], where
fo, ko, and m are the resonance frequency, spring constant, and mass of the functionalized

QTF, respectively:
_ (Lo (ak_am

Figure 3a—d show the comparison of resonance frequency responses of the LC function-
alized Au-coated QTFs when immersed in the different concentrations (1012 to 107¢ M) of
the three analytes, and the results are summarized in Table 1.
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Figure 3. Comparison of the resonance frequency responses of the Au-coated QTFs functionalized
with LC with the different concentrations (10712 M to 10~ M) of each of the aqueous Cu?* salt
solutions: (a) CuSOy, (b) CuCly, (c) Cu(NO3),, and (d) summary histogram showing the relative
resonance frequency shifts (Af) +/— ~5% to the three copper salts tested.

Table 1. Comparison of the resonance frequency shift of the LC functionalized Au-coated QTFs in
the different analyte concentrations (10712 to 107% M) of the three analytes.

Analyte Resonance Frequency Shift (Hz)
Concentration (M) CuSOy CuCl, Cu(NO3),
10712 60.72 & 3.34 42.02 +2.10 21.36 &+ 1.07
1010 72.99 + 3.65 50.69 + 2.53 33.04 + 1.65
108 94.49 + 4.72 60.51 + 3.03 41.13 +2.06
10-° 130.54 + 6.53 110.53 + 5.53 51.52 4+ 2.58

The resonance frequency shifts were calculated using Equation (6) and the results are
shown in Figure 3d.

Af:fref_fa (6)
where f,r and f, are the resonance frequency of the distilled water control and the tested
analytes at the 10~12,10719, 1078, and 10~® M concentrations.

It is well known that the resonance frequency shift is considered as an important sensor
response. From Figure 3, therefore, it can be clearly seen that the resonance frequency
positions were shifted downfield with increasing analyte concentrations. This is due to
the corresponding mass increases resulting from the host-guest binding of the analytes
with the LC molecules of the SAM on the Au-QTF surface [37]. For each of the solutes, a
different Au-QTF-LC was used. The resonance frequency shifts of the tested analytes were
calculated by subtracting the resonance frequency values from the respective resonance
frequency values of the QTF-LC in DI water. Figure 3a shows that the largest resonance
frequency shift, Af = 130.5 Hz, is the decrease in the resonance frequencies from 32,750 Hz
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in the DI water to 32,620 Hz after immersion in the aqueous 10~ M CuSOjy solutions, with
smaller shifts occurring for the more dilute solutions. Other resonance frequency decreases
are also observed for the other analyte solutions, as shown in Figure 3b,c. The resonance
frequency shifts for the same concentrations of the different copper solutions relative to DI
are summarized and compared in Figure 3d. As can be seen, for the 10~® M solutions of
the CuSOy, CuCly, and Cu(NOs3),, the shifts were 130, 110, and 52 Hz, respectively. Similar
trends can be seen for the other concentrations, including, e.g., 61, 42, 21 Hz, respectively,
for the 10712 solutions. The highest resonance frequency shift for the corresponding 10~°
M solutions was in the following order: CuSOy (130.5 Hz) > CuCl, (110.5 Hz) > Cu(NOs3),
(51.5 Hz).

It is expected that the mass loading (i.e., concentration) would have had a large impact
on the resonance frequency, whereas, from Equation (3), the stiffness of the QTF has a
negligible impact. Thus, the frequencies relative to those of the QTFs in the DI water
are inversely proportional to the concentration/mass of the analytes on the QTFs-LC
surface. The experimental results showed that the counterions examined in this work do
have a significant impact upon the responses of the Au-coated QTF-LC sensor used for
the detection of Cu?* ions in aqueous solutions. To gain further insight and understand
the nature of the electrostatic interactions on the QTF-LC sensors for the analytes, DFT
quantum chemical calculations were conducted on the molecular structures of LC and its
hypothetical complexes with the different analytes.

3.2. Quantum Chemical DFT Calculations

DFT and quantum chemical calculations [39-46] were conducted to investigate the
electrostatic interactions between the QTFs-LC with the three Cu?* salts. We hypothesized
that, during the incubation, LC formed a SAM on the coated Au surface of the QTFs by
covalent S-Au bond formation. Cu?* ions then bind with the LC by electrostatic nonco-
valent “host-guest” interactions between the carbonyl and amino groups via a bidentate
N,O coordination mode, as depicted in Figure 2. The DFT calculations were conducted
in the gas phase and water solvent system for LC and LC-Au with each of the three Cu®*
salts at the BBLYP/LANL2DZ and wB97XD/LANL2DZ level of theory. To simplify the
quantum chemical calculations and reduce the computation time, the DFT calculations
were conducted using a single molecule of LC and a single molecule of gold attached
to the LC (shown as LC-Au). The optimized molecular structures of LC, LC-Au, and
their binding modes with the three analytes are shown in Figure 4. The DFT-calculated
electronic binding interaction energies (AIE k] mole~!) and free energies (AG k] mole™ 1)
are summarized in Tables 2 and 3. Tables 2 and 3 show the resulting electronic binding
interaction energies (AIE kJ mole~!) with both uncorrected and corrected BSSE values.
Negative AIE values correlate with favorable interactions. The BSSE-uncorrected calculated
gas phase interaction energies (AIE) at the wB97XD/LANL2DZ level of theory are —292.87,
—172.77, and —147.29 k] mol~! for the [LC] D[CuSOy4], [LC]D[CuCly], and [LCO[Cu(NO3),]
complexes, respectively, and —267.75, —151.69, and —117.825 k] mol~! for the respective
corresponding BSSE-corrected values. The BSSE-uncorrected calculated gas phase inter-
action energies (AIE) at the wB97XD/LANL2DZ level of theory are —469.85, —190.82,
and —137.48 k] mol ! for [LC-Au]D[CuSOy4], [LC-Au]D[CuCl,] and [LC-Au]D[Cu(NO3),]
complexes, respectively and —288.44, —144.89 and —139.86 k] mol~! for the respective
corresponding BSSE-corrected values. The results from both methods are consistent. The
DF-calculated results confirm that CuSO4 has the highest electronic binding interaction
and Gibbs interaction energies for the hypothetical 1:1 complexes of LC and LC-Au with
the tested analytes in the following order: CuSO4 > CuCl, > Cu(NOs),. The DFT calculated
results with both uncorrected and corrected BSSE values are demonstrate that the coun-
terions have a significant influence on the electrostatic interactions involved between the
LC/LC-Au and the tested analytes (CuSO,, CuCly, and Cu(NOs3)s.
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Figure 4. The optimized ball-and-stick molecular structures of (a) CuSOy; (b) LC; (c) CuCly;
(d) Cu(NO3)y; (e) LCDOCuSOy; (f) LCOCuCly; (g) LCOCu(NO3);; (h) [LC-Aul; (i) [LC-Au]DCuSOy;
(j) [LC-Au]DCuCly; and (k) [LC-Au]D>Cu(NO3); at the wB97XD/LANL2DZ level of theory in wa-
ter solvent system. Color code: carbon = purple, nitrogen = blue; oxygen = red; copper = green;
chlorine = yellow-green; sulfur = yellow; gold (Au) = orange; and hydrogen atoms = white.
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Table 2. Comparison of DFT-calculated gas phase electronic binding interaction energies (AIE kJ mol 1)
and Gibbs interaction energies (AG kJ mol 1) for 1:1 complexes of LC and LC-gold(Au) with CuSOy;
Cu(NOs3),, and CuCl, at the BBLYP/LANL2DZ and wB97XD/LANL2DZ levels of theory.

AIE and AG (kJ/mole) of the Analytes (CuSOy4; CuCl,, and Cu(NOs3);

B3LYP/LANL2DZ wB97XD/LANL2DZ
Complex Uncorrected Corrected Uncorrected Corrected
BSSE BSSE BSSE BSSE
AIE AG AIE AG AIE AG AIE AG

[LC] D [CuSOy4] —283.98 —217.33 —259.05 —194.00 —292.87 —223.87 —267.75 —201.11
[LC] D [CuCl,] —133.26 —115.71 —112.12 —95.66 —172.77 —112.22 —151.69 —107.41
[LC] D [Cu(NO3),] —115.57 —59.82 —86.91 —33.08 —147.29 —88.55 —117.82 —59.45
[LC-Au] D [CuSOy4] —299.34 —229.81 —274.01 205.60 —314.05 —243.26 —288.44 —218.96
[LC-Au] D [CuCl;] —143.86 —124.68 —122.29 —104.06 —190.82 —145.04 —144.89 —102.19
[LC-Au]lD[Cu(NO3),] —124.16 —67.75 —97.81 —42.49 —137.48 —120.39 —139.86 —101.80

Table 3. Comparison of DFT-calculated electronic binding interaction energies (AIE k] mol~!) and
Gibbs interaction energies (AG kJ mol~1) in water solvent system for 1:1 complexes of LC, LC—gold
(Au) with CuSO4, Cu(NOj3),, and CuCl, at the BBLYP/LANL2DZ and wB97XD/LANL2DZ levels
of theory.

AIE and AG (kJ/mole) of the analytes (CuSOy4; CuCl,, and Cu(NOs3),

Complex B3LYP/LANL2DZ wB97XD/LANL2DZ
AIE AG AIE AG

[LC] D [CuSO4] —249.01 —180.097 —268.61 —197.68
[LC] D [CuCl;] —167.57 —112.22 —198.40 —119.17
[LC] D [Cu(NO3).1] —133.61 —76.68 —177.92 —115.57
[LC-Au] D [CuSO4] —264.58 —195.88 —292.13 —220.17
[LC-Au] D [CuCl,] —143.86 —124.68 —190.82 —145.04
[LC-Au] D [Cu(NOs).] —142.77 —85.57 —180.75 —118.98

For the selected atom distances shown in Figure 4 and summarized in Table 4, the
average values were determined from the closest contact distances between Cu?* and
the oxygen atoms in CuSO4 and Cu(NO3),, and between Cu?* and the chloride ions in
CuCl,. The distances between Cu?* with the carbonyl oxygen (>C=0) and Cu?* with the
nitrogen (—NHy) of the LC are also shown in Figure 4 and summarized in Table 4. The
corresponding selected bond angles are summarized in Table 5. The output files for the
DFT calculation for all the geometry optimized structures reported can be downloaded at
Supplementary Materials.

Table 4. DFT-calculated selected bond distances (in angstroms (A)) for the selected atoms of LC;
LC-Au; CuSOy; CuSOy4; Cu(NO3);y; CuCly and their 1:1 complex at the wB97XD/LANL2DZ level of
theory in the water solvent system.

Cu to O=N
>HCto ~ >HCto  Cuto cuto _She et & TGN onic
NH; (A)of C=0 (A) NH; (A) 0=C< (A) of EuS o CuCl of with Cu2* charge
LC of LC of LC of LC 4 2 Cu(NO3), of Cu?*
(Avg) (Avg) (Avg)
(Avg)

LC 1.452 1.236 - - - _ _ _ _
LC-Au 1.460 1.237 - - —_ — _ _ _
CuSOy - - - - 1.932 - - - 1.088

LCDOCuSOy 1.490 1.256 2.022 2.006 11.963 - - 2.014 0.866
[LC-Au]

S CaS0, 1.488 1.258 2.008 2.017 1.965 - - 2012 0.858
CuCl, - - - - - 2.194 - - 0.647
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Table 4. Cont.

Cu to O=N
>HC to >HC to Cu to Cuto >SC_uOt:)A) C&;o (fj A) 7((:1:)0fCliCNHZ Ionic
NH;A)of C=0A) NH;(d) 0=C<@A) 2 0 c c01 of with°(r: P charge
LC of LC of LC of LC of Susta Ut Cu(NO3), v of Cu2*
(Avg) (Avg) (A (Avg)
vg)
LCDCull, 1.487 1.244 2.029 2.296 — 2.246 — 2.162 0.410
[Lg-Au] 2 1.488 1.245 2.014 2.307 — 2.249 - 2.160 0.414
uClz
Cu(NO3), - - - - - - 2.015 - 0.938
LCDCu(NO3); 1.489 1.246 2.008 2.254 - — 2177 2.131 0.689
[LC-Aul
SCu(NOs), 1.489 1.243 2.029 2414 - - 2.162 2.233 0.689
Table 5. DFT-calculated selected bond angles (in degrees) for the selected parameters of LC; LC-Au;
CuSOy; CuCly; and Cu(NO3); their complex (1:1) at the wB97XD/LANL2DZ level of theory in the
water solvent system.
Selected Bond Angles (in Degrees).
0=S=0 —C=0—Cu-
O=C—CH—-NH, (CuSOy) O-Cu-O NH,— Cl-Cu-—Cl O=N=0 (Avg.)
LC 109.94 — — — — —
CuSOy4 — 88.81 79.07 — — -
LCDOCuSO, 107.15 92.28 77.61 82.70
[LC-Au]
SCuSO, 107.13 92.39 77.52 82.75 — —
CuCl, — - — - 117.47 -
LCDCuCl, 108.39 — — 77.83 149.26 —
[LC-Au] D
CuCl, 108.07 - — - 148.51 -
Cu(NO3), — — 66.24 78.89 — 111.22
LCDCu(NO3), — — 60.68 78.89 — 112.61
[LC-Aul]
— — 61.22 74.59 — 111.51
DCu(NO3),

The DFT analysis shows that the closest distance for the CuSO4 complex is with LC
via the bidentate-N,O coordination mode and has the closest distance when compared with
the corresponding distances for the LC with Cu(NOs),) and CuCl,. The central Cu®* has
three nearest oxygen atoms and one nearest nitrogen atom at 1.963 + 0.009 A (Cu**-O=S<
for coordination with SO,427); 2.006 A (Cu?*-O=Cx for coordination with LC) and 2.022 A
(Cu%*-NHj for coordination with LC), respectively, for the CuSO4 complex with LC. This
finding is consistent with the fact that CuSO, has higher electronic binding interaction
energies (AIE) and Gibbs interaction energies (AG) with LC than both Cu(NO3),) and
CuCl, (summarized in Tables 2 and 3).

Figure 5 shows the molecular electrostatic surface potentials [43—46] of LC and their
hypothetical 1:1 complexes with CuSO,, CuCly, and Cu(NO3),. The surfaces were formed by
mapping the electrostatic potentials (MESPs) onto their highest occupied molecular orbital
(HOMO) electron density surfaces. The ESPs show the relative polarities and thus the reactive
sites of the species: the negative ESP are shown in red and the order of the increasing
electrostatic potentials (i.e., highest -ve value) is red > orange > yellow > green > blue.
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(h) [LC—Au]c CuSO, (i) [LC —Au] < CuSO, (i) [LC—Au]  Cucl, (k) [LC—Au] = Cu(NO,),

Figure 5. Optimized gas phase molecular structures, ESPs, lowest unoccupied molecular orbital
(LUMO), and HOMO structures of (a) LC, (b) CuSOy; (c) CuCly; (d) Cu(NOgz),; (e) LCOCuSOy;
(f) LCOCuCly; (g) LCOCu(NO3),; (h) [LC-Au]; (i) [LC-Au]DCuSOy; (j) [LC-Au]DCuCly; and
(k) [LC-Au]DCu(NO3), at the wB97XD/LANL2DZ level of theory in the water solvent system.
Color code: carbon = purple, nitrogen = blue; oxygen = red; copper = green; chlorine = yellow-green;
sulfur = yellow; gold (Au) = orange, and hydrogen atoms = white.

4. Conclusions

In the present study, we have shown that LC is a suitable receptor molecule which can
be used to form a stable SAM onto the gold surfaces of QTFs and is capable of detecting
aqueous Cu?* ions in concentrations from 107 to 1072 M. Only minute sample sizes
in the range of 100 pL are needed. Among the Cu?* salts tested, the sulfate counterions
had the largest effect upon the QTF responses, as determined by the frequency shifts, in
the following order: SO42~ > Cl~ > NO3 . The lower limit of detection for Cu?* ions
was in the 107!2 M range in water solutions. Finally, the DFT-calculated electrostatic
electronic interaction energies in all cases were consistent with the experimental results,
which supported our hypothetical binding modes for the interaction between the analytes
(CuSOy, CuCly, and Cu(NO3);) and the LC SAMs on Au—QTFs’ sensing surfaces. From
Figure 5, ESP clearly demonstrates that the nitrogen atom of the NH;, group of the LC and
the carbonyl oxygen (C=0) atom of the LC both possess significant electron densities, as
shown in red, and are the most preferred sites for apparent electrophilic binding, with
the nucleophilic partially positive charged Cu?* (blue color) of the CuSO,, CuCl, and
Cu(NOs3), analytes. As can also be seen, the negative potentials are generated over the
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more electronegative oxygen atoms, whereas the Cu?* exhibits a positive potential region
(represented by the blue color) in the structures and are located around the nitrogen and
oxygen atoms of the LC. The color gradient shown shows the relative range of electron-rich
(red) to electron-poor regions (blue) and the more neutral zones (yellow to green).

Our research team is currently working on the detection of transition metal ions to
explore the cation’s influence by utilizing the QTFs-LC sensor. These findings will be
reported in a scientific journal soon.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390 /chemosensors11020088 /s1.
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