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Abstract: The present contribution proposes an optical method for the detection of glyphosate (GLY)
using a Cu(II) bis-(oxamate) complex ([Cu(opba)]2−) as the fluorescent probe. It wa found that in
acetonitrile solution, its fluorescence increases in the presence of GLY and scales linearly (R2 = 0.99)
with GLY concentration in the range of 0.7 to 5.5 µM, which is far below that established by different
international regulations. The probe is also selective to GLY in the presence of potential interferents,
namely aminomethyl phosphonic acid and N-nitrosoglyphosate. Theoretical results obtained by
time-dependent density functional theory coupled to a simplified treatment of the liquid environment
by using a self-consistent reaction-field revealed that GLY molecules do not coordinate with the
central Cu2+ ion of [Cu(opba)]2−; instead, they interact with its peripheral ligand through hydrogen
bond formation. Thereby, GLY plays mainly the role of the proton donor. The results also suggest
that GLY increases the dielectric constant of the medium when it contributes to the stabilization of
the excited state of the [Cu(opba)]2− and enhancement of its fluorescence.

Keywords: copper complexes; dielectric medium; fluorescent sensor; herbicides; hydrogen bonding

1. Introduction

Glyphosate (GLY) (IUPAC name: N-(phosphonomethyl) glycine), Scheme 1, is a
systemic herbicide used to eliminate several types of weeds and grasses that compete with
crops. It inhibits the synthesis of 5-enolpyruvyl-shikimate-3-phosphate synthase, which
is an essential enzyme for the biosynthesis of aromatic amino acids in plants [1,2]. Since
its discovery by Monsanto in 1970, GLY and GLY-based products have been widely used
globally [3]. Previously thought to be harmless, recent studies have reported their toxicity
to several aquatic species and humans, with effects including carcinogenic and endocrine
disruption [4]. This is concerning, as GLY residues have been found in crops, food, and
the environment, including soil, groundwater, surface waters, marine sediments, seawater,
rain, and air [5].

Despite this, detecting GLY is a challenging task because the GLY molecule is insoluble
in common organic solvents, has low electroactivity, and lacks chromophore/fluorophore
groups. Conventional instrumental analysis can only be performed on its derivatized
products, making the process time-consuming and expensive. For example, derivatized
GLY has been detected by GC-UV or HPLC-UV [6], fluorescence [7], mass quadrupole
(HPLC-ICP-MS/MS) [8], and 1H NMR [9]. Alternative approaches, such as ELISA [10,11],
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SERS [12], and electrochemical sensors [13] have been employed without requiring previous
derivatization procedures. However, these methods are generally slow, fail to detect GLY
and its metabolites simultaneously, or can be influenced by cross-reactions with common
interfering species. Therefore, there is a high demand for the development of fast and
reliable methods for GLY detection.
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Optical detection of GLY has been proposed as an alternative methodology and has
provided promising results [14]. In this method, absorption and/or luminescence of a
molecular probe are turned on/off upon interaction with the analyte, thus permitting a
more straightforward visual analysis. Besides that, its practical implementation can be
accomplished with miniaturized photometric devices and readout systems using user-
friendly interfaces, such as smartphones [15]. This strategy may allow for on-site and
real-time monitoring, thereby enabling environmental control and surveillance more expe-
ditiously. Since many of these electronic and computing platforms are well-developed and
readily available, the main challenge of this research field still relies on the development of
sensitive and selective probes. The literature collects several examples of such systems for
detecting GLY and similar compounds, including carbonaceous and metallic nanoparti-
cles [16–18] as well hybrid systems comprising biological recognition elements conjugated
to an optical probe [19,20]. The level of sophistication follows the need for sensitive and
more selective devices, since the detection of not only GLY but also its metabolites is
equally important.

Among different detection strategies, the interaction between a probe, Cu2+ ions and
GLY has been recently investigated [21–23]. It is known that GLY molecules strongly
coordinate to metal ions [24] and, indeed, this is a matter of environmental concern, as such
an interaction makes GLY capable of adsorbing onto clay minerals [25,26]. Additionally, it
hampers its natural degradation and prevents its detection without applying pretreatment
methods. On the other hand, some elegant approaches for GLY detection, harnessing this
complexing capacity, have been proposed. Gui et al. [21] synthesized two polyacetylene
probes containing triazole and benzoimidazole side groups, whose fluorescent emission in
solution is quenched upon interaction with Cu2+ ions by means of either electron or energy
transfer processes. When GLY is added to the solution, it rapidly coordinates with Cu2+

and the probe emission is restored. This restoration scales with the GLY concentration,
and the derived method shows a limit of detection (LOD) of 80 nM. In a similar approach,
Sun et al. [22] designed a naphthalimide complex whose fluorescence is quantitatively
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quenched by Cu2+ and rapidly restored in the presence of GLY. The method detected GLY
in the linear range of 10–100 µM with an LOD of 1.87 µM. Wang et al. [23] developed a
coumarin Cu2+ probe capable of detecting GLY by a similar turn off-on-off mechanism
within a linear range of 118–887 nM and LOD of 108 nM.

Herein, we propose a different way for the fluorescent detection of GLY. The sensor
probe is a Cu(II) bis(oxamate) complex, [nBu4N]2[Cu(opba)], where BuN4 = tetrabutylammo-
nium and opba = o-phenylenebis(oxamate), abbreviated as [Cu(opba)]2− (Scheme 1), whose
fluorescence is enhanced in the presence of GLY and marginally affected by potential inter-
fering agents including aminomethyl phosphonic acid (AMPA) and N-nitrosoglyphosate
(NNG), also shown in Scheme 1. Time-dependent density functional theory (TDDFT)
calculations were also carried out for the absorption and emission spectra of individual
[Cu(opba)]2− and GLY in liquid acetonitrile and also in [Cu(opba)]2−-GLY complex. The sol-
vent molecules were represented using an implicit solvent model based on a self-consistent
reaction field (SCRF) and micro-solvation approaches. The micro-solvation approach, at
least for small [Cu(opba)]2−-GLY aggregates, indicates that GLY molecules do not coordi-
nate with the central Cu2+ ion of [Cu(opba)]2−; instead, they interact with its peripheral
ligand through hydrogen bonding, where GLY plays mainly the role of proton donor. The
importance of hydrogen bonding in the control of photophysical properties for anionic
species was recently discussed [27]. Moreover, simulations also suggest that GLY increases
the dielectric constant of the medium, thereby contributing to the stabilization of the excited
state of [Cu(opba)]2− and thus increasing its fluorescence.

2. Materials and Methods
2.1. Materials

All chemicals used for the synthesis of [nBu4N]2[Cu(opba)]2− and preparation of
solutions were of analytical grade and used as received. Certified standards of GLY,
AMPA and NNG as well as spectroscopic grade acetonitrile (ACN) were purchased from
Sigma-Aldrich (St. Louis, MO, USA) and used without any further purification. All water
employed in sample preparations was ultrapure (resistivity: 18 MΩ cm).

2.2. Synthesis of the [nBu4N]2[Cu(opba)]

The complex was synthesized following the procedure published in Ref. [28] with
slight modifications. In brief, 5 g (1 mmol) of o-phenylenebis(oxamic acid) diethyl ester
was suspended in 150 mL of a 4:1 water:ethanol mixture and mixed with [nBu4N]OH
(4 mmol). The reaction mixture was stirred and heated to 60 ◦C for 15 min. After cooling to
room temperature, a solution of CuCl2·2H2O (2.79 g, 1 mmol) in 30 mL of H2O was added
dropwise with continuous stirring. The reaction mixture was stirred for an additional
30 min. The resulting mixture was then extracted with CH2Cl2 (3 × 100 mL), and the
combined organic phase was washed with H2O (3 × 100 mL). After drying over anhydrous
Na2SO4, the solvent was evaporated to dryness to yield the desired deep-purple complex.

2.3. Structural Characterizations and Herbicide Fluorescence Detection

The molecular structure of [nBu4N]2[Cu(opba)] was determined using a variety
of spectroscopic techniques. FTIR spectra were recorded on a Perkin-Elmer Spectrum
1000 FT-IR in the range of 400–4000 cm−1 using KBr pressed pellets. Raman spectra were
obtained using an InVia Raman Renishaw instrument with a 632.8 nm laser, 25 mW. The
acquisition was performed with a CCD detector and Leica microscope (50× objective lens)
in backscattering configuration, 1200-lines/mm grating, and resolution of 1 cm−1. UV-
Vis absorption spectra were recorded on a Varian Cary 5000 spectrophotometer, whereas
fluorescence emission spectra were registered in static mode with a Horiba Scientific
Fluorlog-3 spectrofluorometer.

Absorption spectra of plain diluted solutions (0.2 mM) of [nBu4N]2[Cu(opba)] were
registered in ACN, whereas spectra of plain GLY, AMPA and NNG were registered
in ultrapure water. The following measurement conditions were adopted: optical path:
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10 mm (quartz cuvette); range: 200–800 nm; scan rate: 600 nm/min; resolution: 1 nm. In a
second experiment, the spectra of [nBu4N]2[Cu(opba)] mixed with GLY at molar ratios of
1:1, 1:2 and 1:4 were recorded under the same conditions to match the configurations using
theoretical calculations.

Emission spectra were registered in steady-state mode using quartz cuvette of 10 mm op-
tical path with four polished windows. Initially, emission spectra of the [nBu4N]2[Cu(opba)]
solution in ACN (0.2 mM) were registered under different excitation wavelengths
(290–350 nm) with optimized measuring conditions (integration time: 0.2 s; slits: 5 nm;
grating: 1200 gr/mm; resolution: 2 nm). For GLY detection, 10 µL aliquots of an aqueous
GLY stock solution (177 µM) were successively added to the [nBu4N]2[Cu(opba)] solution
(2 mL, 0.2 mM). The GLY concentrations ranged from 0.7 µM to 5.5 µM. The solution of
[nBu4N]2[Cu(opba)] and GLY was manually stirred after every addition of GLY, and the spec-
tra were registered under the following optimized conditions: excitation: 340 nm; integration
time: 0.2 s; slits: 5 nm; grating: 1200 gr/mm; resolution: 0.5 nm. In a second experiment,
the spectra of [nBu4N]2[Cu(opba)] mixed with GLY at three different molar ratios (1:1, 1:2
and 1:4) were measured under the same conditions to match the configurations evaluated in
the theoretical calculations. To study the interference, different aliquots of interfering agents,
namely AMPA and NNG, were added to a stock solution containing [nBu4N]2[Cu(opba)]
(0.2 mM) and GLY (2.8 µM). The concentrations of each interfering agent were: 0.28 µM,
2.8 µM and 42 µM. The measurements were carried out under similar conditions as before.

3. Results and Discussion
3.1. Fluorescent Detection of GLY and Interference of AMPA and NNG

The synthesis of [nBu4N]2[Cu(opba)] was the subject of previous contributions [28,29]
as well its spectroscopic features [30,31]. Herein, a set of spectroscopic methods with the
addition of Raman and fluorescence spectroscopy were employed. They are summarized
in Figure S1 along with infrared and Raman attributions in Table S1, where its molecular
structure is confirmed as proposed in Scheme 1.

Figure S2 provides the fluorescence spectra of [Cu(opba)]2− solution (0.2 mM) in ACN
registered under different excitation wavelengths. For excitations between 240 nm and
320 nm, we observed a single sharp fluorescence signal at 370 nm that gradually de-
creased as the excitation wavelength increased. When the excitation exceeded that (330 and
340 nm), a second signal, broader and less intense, also appeared, at ~400 nm. The first
one was ascribed to the ligand, whereas the second was assigned to a ligand to metal
(2P0 ← 2P1) transition. Nonetheless, as will be seen further, this latter transition was
somehow assisted by the solvent due to polarization effects that stabilized its excited states.

The fluorescence spectra of the [Cu(opba)]2− solution (0.2 mM) in ACN mixed with
increasing aliquots of GLY (10 µL of GLY stock solution at 177 µM) are shown in Figure 1a,
whereas the respective analytical curve is shown in Figure 1b. It was observed that the
emission at 400 nm gradually increased with the amount of added GLY in a linear fashion.
It is worth mentioning that the LOD was found to be lower at that wavelength compared
to other wavelengths that were tested. The linear range was set between 0.7 µM and
5.5 µM, with a corresponding analytical curve, I versus [GLY], fitted by the following
equation: I = 59,151 + 1.01 × 1010[GLY], R2 = 0.990. The LOD was estimated as follows.
First, we calculated the residual sum of squares (RSS) for the linear fit using Equation (1):

RSS =
n

∑
i=1

(yi − ŷi)
2 (1)

in which yi is the ith value of the variable to be predicted, whereas ŷi is the predicted value
of yi. The LOD was defined by Equation (2):

LOD =
3× Sx/y

b
(2)
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where b is the slope of the linear fit, and sx/y =
√

RSS
N−2 , in which N is the number of data

points. Therefore,

LOD =
3×

√
RSS
N−2

b
(3)
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Figure 1. (a) Emission spectra (λexc = 340 nm) of [Cu(opba)]2− (0.2 mM) after successive additions of
10 µL aliquots of aqueous GLY (177 µM). (b) Analytical curve for the emission (I) of [Cu(opba)]2− as
a function of GLY concentration.

According to Equation (3), LOD = 489 nM (equivalent to 82.7 ng mL−1). The maximum
residual limit (MRL) stablished for GLY in drinking water varies from country to country.
For instance, the United States Environmental Protection Agency (EPA) sets the MRL at
700 ng mL−1, while in Brazil this value is 500 ng mL−1, and in Canada is 280 ng mL−1. In
the EU, this limit is even lower, at 100 ng mL−1 [5]. Therefore, the LOD achieved with the
[Cu(opba)]2− probe meets the limits established by a considerable number of regulatory
agencies. Additionally, Table 1 summarizes the sensing performance of some fluorescence-
based methods for the detection of GLY, revealing that [Cu(opba)]2− performs reasonably
well. As an advantage, [Cu(opba)]2− responds to GLY without needing the presence of a
second chemical species, as in the case of turn-on-off-on probes listed in Table 1.
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Table 1. Sensing performance of some fluorescence-based methods for the detection of GLY.

Probe Linear Range (µM) LOD (nM) Reference

C-dot/Anti-GLY 0.06–473 47 [16]
C-dots 0.02–2.0 600 [17]

GQD-AgNP 0.177–11.829 53.23 [18]
DNA-CuNP 1–18 470 [19]

C-dots/AgNP 0.148–14.8 71 [20]
PAc/Cu2+ - 80 [21]
NPA/Cu2+ 10–100 1870 [22]
CND/Cu2+ 0.12–8.87 10.8 [23]

[Cu(opba)]2− 0.7–5.5 489 This work

C-dot/Anti-GLY: carbon dots labeled with a glyphosate antibody; C-dots: carbon
dots; GQD-AgNP: graphene quantum dots/silver nanoparticles; C-dots/AgNP: carbon
dots/silver nanoparticles; DNA-CuNP: DNA templated copper nanoparticles; PAc/Cu2+:
disubstituted polyacetylene/copper ion complex; NPA/Cu2+: N-n-butyl-4-(3-pyridin)
ylmethylidenehydrazine-1,8-naphthalimide/copper ion complex; CND/Cu2+: coumarin
derivative/Cu2+; [Cu(opba)]2− ion complex

According to Lupi et al. [32], in surface soil from Buenos Aires, Argentina, one of
the most important soybean production areas, AMPA, which is a GLY metabolite, can
be found in the range of 0.299–2.256 µg g−1, whereas GLY is found in the range of
0.035–1.502 µg g−1. On the other hand, NNG has been detected as an impurity of tech-
nical glyphosate. For instance, technical glyphosate from Monsanto may contain about
0.2 mg kg−1 of NNG [33]. Once AMPA and NNG are found alongside GLY in different
types of samples, they are, therefore, potential interferents. In order to evaluate their
interfering effect, the fluorescence of [Cu(opba)]2− (0.2 mM) containing GLY at 2.8 µM,
which is the middle point in the calibration curve shown in Figure 1b, was measured in
the presence of AMPA and NNG separately, at three different concentrations: 0.28 µM,
2.8 µM and 42 µM. As shown in Figure 2, the presence of both interfering agents affected the
sensing response only at the highest tested concentration, which increased the fluorescence
of [Cu(opba)]2− further, by about 16.72% for AMPA and 12.21% for NNG. The effect of
both together did not show significant differences when compared to them isolated.

3.2. Theoretical Calculations
3.2.1. Computational Details

Geometry optimizations for the isolated [Cu(opba)]2− dianionic complex and GLY
were carried out with DFT B3LYP [34,35], with the SDD basis-set [36]. With SDD, the
core electrons of Cu are represented by a Stuttgart/Dresden pseudo potential, while the
electrons are described by a D95double-ζ quality basis-set [36]. The optimized [Cu(opba)]2−

and GLY structures are illustrated in Figure 3. Vibrational frequencies were calculated for
each optimized geometry and were characterized as local minima on the potential energy
surface, meaning that all the frequencies were real.

The solvation of [Cu(opba)]2− in acetonitrile (ACN) was discussed by using an im-
plicit solvent model based on the self-consistent reaction field method (SCRF) [37]. In
this simplified but widely employed approach, the solvent is represented by a dielec-
tric constant ε. We used a variation of polarizable continuum model (PCM) [38] called
SMD [39], a self-consistent solvation model (SM) where D denotes the electronic density.
The SMD is considered universal and has been parameterized for the solvation of neutral
and ionic species in several solvents [39]. Specific solute–solvent interactions, such as hy-
drogen bonding, are not explicitly represented by SCRF methods. Therefore, to understand
complex–solvent interactions, we employed a micro-solvation (MS) approach to optimize
the structures of [Cu(opba)]2−-ACN and ACN-GLY anionic clusters with a few solvent
molecules. We also used a combination of the MS model with the SCRF approach, where
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the optimized micro-cluster is embedded in a dielectric medium. This approach is called
MS+SCRF.
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effect of different concentrations (0.28 µM, 2.8 µM, and 42 µM) of (a,b) AMPA and (c,d) NNG. RSD in
all mixtures is below 1%.

Due to the high computational cost involved in the geometry optimization of these
structures, we adopted the semi-empirical parametrized method 6 (PM6) [40]. It should
be noted that solvation processes rely on the statistical mechanics sampling of different
configurations at a given thermodynamic condition. However, in the present case, involving
a double charged ionic species [Cu(opba)]2− and strong anion–solvent interaction, it was
expected that optimized structures provide an acceptable representation for solvation.
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Absorption and emission spectra were calculated with time-dependent density func-
tional theory (TDDFT) [41]. The emission spectra calculation in ACN was carried out by
performing SCRF calculations. For [Cu(opba)]2− in ACN, two stronger absorption bands at
λ = 344.0 nm and λ = 266.5 nm were selected, and excited state geometry optimizations at
the B3LYP/SDD level were carried out. Recently, the accuracy of excited state geometries
predicted by DFT was investigated by Wang and Durbeej [42] for a family of dyes. It
was shown that although hybrid DFT methods predict ground state geometries in good
agreement with experiment and high-level ab initio methods, less accurate results are
predicted for excited state geometries [42]. However, the difference between B3LYP and
several other DFT hybrid methods for both ground and excited state geometries is small,
thus supporting the present choice of B3LYP. We are not aware of experimental values
for the dielectric constant of GLY. However, data for water–glyphosate mixtures were re-
ported [43], and it was shown that the complex dielectric constant ε of the water–glyphosate
mixtures increases with the glyphosate concentration [43]. Taking the ε of liquid water as
reference, values for ε in the mixture ranged from 68.0 to 500 depending on the glyphosate
concentration [43]. Similarly, a recent study published by our group [44] demonstrated that
the capacitance of electronic tongue sensors, which is indicative of the dielectric constant
of the medium, increases linearly with the concentration of glyphosate, similarly to the
results found in this study. To model the water–glyphosate mixture, a dielectric constant of
108.9 was considered, which takes into account the increase in the dielectric constant of
the mixture compared to liquid water. This value is similar to that of liquid formamide,
which is parametrized in the SMD model. The strong absorption band of [Cu(opba)]2− in
formamide at λ = 361 nm was then selected to carry out excited state geometry optimization
and emission spectrum calculations.

Using SCRF, the number of excited states Ns in TDDFT for the absorption spectra was
chosen as Ns = 70. However, the calculation of emission spectra based on the geometry
optimization of excited states becomes difficult and computationally demanding for large
molecular systems. As a result, only the absorption spectrum was calculated with the MS
and MS+SCRF approaches, and in these cases, Ns = 130. All of the calculations were carried
out with the Gaussian-16 suite of programs [45].
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3.2.2. Absorption Spectra
Self-Consistent Reaction Field (SCRF-SMD)

Before presenting results for [Cu(opba)]2− in ACN and GLY, it is important to discuss
how the absorption spectrum of the anionic species depends on the polarity of the solvent.
The absorption spectra in different polar solvents are shown in Figure 4.
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Figure 4. Absorption spectra of [Cu(opba)]2− for the isolated species (gas) and in polar solvents
(acetonitrile, water, and formamide).

The main absorption maxima undergo a red shift with an increase in solvent polar-
ity, as demonstrated by the absorption spectra presented in Figure 4. This red-shift is
largely attributed to polarization effects that are captured by the SCRF model. The major
absorption maxima for ACN and GLY (modeled using formamide) were at 344 nm and
361 nm, respectively, indicating a red shift of ~0.3 eV. The main absorption peak for the
doublet-doublet transition is primarily determined by the SOMO to LUMO transition,
as illustrated in Figure 5. Excitation results in a charge transfer from the Cu atom to the
anionic framework.
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Micro-Solvation Approach

Figure 6a illustrates the structure of the [Cu(opba)]2−-(ACN)6 complex, which
shows hydrogen bonding between the anionic complex and ACN molecules. We com-
pared the geometries obtained using PM6 and DFT B3LYP/SDD for [Cu(opba)]2−(ACN)6.
The hydrogen bond (HB) distances differed by approximately 0.19 angstroms, while
the C-O bond lengths differed by less than 0.032 angstroms. Although some differ-
ences were observed, it appears that PM6 geometries provide a good description of
the [Cu(opba)]2−(ACN)6 complex. Figure 6b displays the absorption spectra obtained
from the MS and MS+SCRF models. In comparison to MS, the MS+SCRF spectrum was
red-shifted by ~6 nm. This result is consistent with the impact of long-range polarization
effects, which lead to a red-shift when the dielectric constant increases (see Figure 4).
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The optimized structures of [Cu(opba)]2−(ACN)6 and (GLY)N micro-clusters for
N = 1, 2 are reported in Figure 7a,b. Micro-solvation of [Cu(opba)]2− in GLY revealed
that the complexes are stabilized by hydrogen bonding. However, for the small clusters
studied here, no interactions were observed between GLY and the [Cu(opba)]2− metallic
center (the Cu(II) ion). Figure 7c reports the corresponding absorption spectra, which
show a strong dependence on the cluster size due to the specific interactions between
the anionic species and a few glyphosate molecules. Hence, these systems are useful
for discussing [Cu(opba)]2−-GLY interactions but should be considered as a model for
solvation. This is evident when comparing the experimental absorption spectra shown
in the supplementary material, Figure S3. Indeed, they look identical, since the amount
of GLY is so high that the spectra merge together and resemble that of plain GLY shown
in Figure S1c. Improved models were provided by “symmetric solvated [Cu(opba)]2−”
such as [Cu(opba)]2−(GLY)4 and [Cu(opba)]2−(GLY)4+SCRF, which are discussed in
detail below.
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Figure 7. (a,b) B3LYP/SDD optimized structures of [Cu(opba)]2−(GLY)N (N = 1, 2); Atom colors: cop-
per (brown); carbon (cyan); nitrogen (blue); oxygen (red); hydrogen (white); phosphorous (magenta).
O . . . H(GLY) hydrogen bond distances (in Å) are: 1.62 (N = 1); 1.63; 1.67 (N = 2). (c) Absorption
spectra of [Cu(opba)]2−(GLY)N (N = 1–4).

Figure 8 depicts the structure of [Cu(opba)]2−(GLY)4, which was used to calculate the
absorption spectra using the MS and MS+SCRF models. The selection of this structure
was based on the almost symmetrical arrangement of the complex, which will be placed
in a dielectric medium in the MS+SCRF method. The figure also shows the formation
of hydrogen bonds, where glyphosate primarily acts as a proton donor. The comparison
between the results obtained from MS and MS+SCRF models for the absorption spectrum
supports the notion that long-range polarization effects cause an ~16 nm red-shift of the
main absorption maximum of the ionic species.
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Figure 8. (a) B3LYP/SDD optimized structure of [Cu(opba)]2−(GLY)4. Atom colors: copper
(brown); carbon (cyan); nitrogen (blue); oxygen (red); hydrogen (white); phosphorous (magenta).
Some O . . . H(GLY) hydrogen bond distances (in Å) are: 1.66; 1.76; 1.78. (b) Absorption spectra from
MS (blue) and MS+SCRF (magenta).

Emission Spectra

The emission spectrum of [Cu(opba)]2− in ACN and GLY is presented in Figure 9. In
ACN, the emission spectra (Figure 9a) were calculated by combining the emission spectra
corresponding to excitations at λ = 344.0 nm, which is the lowest excited state with the
same multiplicity (S = 2) of [Cu(opba)]2− and λ = 266.5 nm, which is a higher energy state.
Comparison between the theoretical and experimental results for the emission spectrum
(see Table 2) shows a good agreement, mainly for the positions of second maximum that
are at 420 nm (theoretical) and 400 nm (present experimental). However, the theoreti-
cal prediction for the position of the first maximum (349.2 nm) is ~18 nm lower than
the experimental value. We noticed that by including the two excited states referred to
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above, a better agreement with experiment was observed, suggesting some deviation from
Kasha’s rule [46].
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Figure 9. TDDFT emission spectrum of solvated [Cu(opba)]2− in (a) ACN, ε = 35.69. Inset shows
emission spectra for excitations at a given λ; (b) in formamide, ε = 108.9.

Table 2. [Cu(opba)]2− absorption and emission energies (in nm).

Complex SCRF MS MS+SCRF Exp./Others

[Cu(opba)]2− + ACN ε = 35.69 [Cu(opba)]2−-ACN6 [Cu(opba)]2−-ACN6 + ε

Absorption 266.5(0.11); 344.0(0.20) 335.9(0.13) 288.0(0.01); 340.9(0.19) 330.0
Emission 349.2; 420.3 368.0; 400.0

[Cu(opba)]2− + GLY ε = 108.9 [Cu(opba)]2−-GLY4 [Cu(opba)]2−-GLY4 + ε

Absorption 273.6(0.07); 361.0(0.27) 331.9(0.04) 291.9; 347.6
Emission 329.6; 415.4 375.0; 410

Figure 9b displays the emission spectra of [Cu(opba)]2− in GLY, characterized by
two maxima at 329.6 nm and 415.4 nm upon excitation at 361 nm. Comparison with the
emission of [Cu(opba)]2− in ACN shows an increase in the intensity of the second peak
relative to the first. This trend appears to agree with the present experimental results
for the emission spectra of [Cu(opba)]2− in GLY, where the intensity of the second peak
increases with increasing glyphosate concentration. This effect is linked to higher values
of the dielectric constant [43] or stronger polarization effects. Moreover, the experimental
emission spectra of [Cu(opba)]2−(GLY)N (N = 1, 2, and 4) species shown in Figure S4 exhibit
similar features, especially when recorded under 350 nm excitation.

Theoretical results for the absorption and emission spectra of [Cu(opba)]2− in ACN
and GLY obtained using different theoretical methods are collected in Table 2. Generally,
experimental and theoretical results were in good agreement, with differences below
0.2 eV. For the emission spectra, specifically for the case of [Cu(opba)]2− in GLY, comparison
between the first peak position between SCRF prediction and experiment led to a difference
of −0.46 eV, while a very good agreement was observed for the second peak. We noticed
that in this case, the dielectric constant was estimated as that of formamide, and the exact
values for the experimental conditions were not known. Relative intensities predicted
by SCRF showed some differences when compared to experiment. However, it should
be noted that the intensities were related to oscillator strengths that, in general, are very
dependent on the DFT/SCRF combination.
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4. Conclusions

A new optical method for detecting glyphosate was investigated using a copper
bis(oxamate) complex, namely [nBu4N]2[Cu(opba)], as the fluorescent probe. Unlike molec-
ular probes containing copper, this probe interacts with glyphosate molecules through
hydrogen bonding, causing an increase in the local dielectric constant and enhancing light
emission. This method offers a simple and effective way to detect glyphosate at environ-
mental levels, with a limit of detection below the maximum residual limit for glyphosate in
drinking water established by international regulations.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemosensors11030194/s1, Figure S1 (Spectroscopic character-
istics of [nBu4N]2[Cu(opba)]), Figure S2 (Emission spectra of [Cu(opba)]2− as a function of the
excitation wavelength), Figure S3 (UV-Vis absorption spectra of [Cu(opba)]2−-(GLY)-1,2,4 complexes),
Figure S4 (Emission spectra of [Cu(opba)]2−-(GLY)-1,2,4 complexes at 270 nm and 350 nm excitations),
Table S1 (Assignment of FTIR and Raman bands for [nBu4N]2[Cu(opba)]). [28–31]
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