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10 ABSTRACT

11 Environmental persistence of neonicotinoid insecticides is influenced by their long-term stability
12 and interactions with aqueous matrices. In this study, the thermal, optical, and electrical properties
13 of a commercial imidacloprid formulation (Confidor 350 SC) were characterized under
14  environmentally representative conditions. Solutions were prepared using three types of water
15  (Distilled, Rain, and Mud) and exposed to three temperatures (5 °C, 25 °C, and 50 °C), considering
16  products with three expiration states (valid, near-expiry, and expired). Thermal analysis revealed
17  that the formulation maintains macroscopic stability even after the expiration date; however, the
18  aqueous matrix significantly modulates heat transfer dynamics. UV-Vis absorbance measurements
19  showed spectral shifts dependent on water type and temperature, suggesting subtle chemical
20  transformations. Electrical characterization, using impedance spectroscopy and current-voltage
21  curves, revealed significant interactions among water type, storage time, and temperature that
22 affect conductivity and dielectric behavior. Overall, the results indicate that although thermal
23 properties remain relatively stable, optical and electrical tools allow more sensitive detection of
24 aging effects and environmental conditions. This integrative approach provides a solid foundation
25  forassessing the stability and transformation of pesticides in aquatic ecosystems, with implications

26  for modeling their mobility and persistence in agricultural contexts.


http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a Creative Commons Attribution 4.0 I nternational
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.

27 INTRODUCTION

28  Imidacloprid is a neonicotinoid insecticide widely used in agriculture [1,2] due to its high efficacy
29  against pest insects [3—5] and its ability to be systemically absorbed by plants [6]. These
30  characteristics have positioned it as one of the most commercially distributed insecticides
31  worldwide [1,7], available in several formulations. One formulation has the solid active ingredient
32 dispersed as fine particles in an aqueous phase containing dispersants and wetting agents, yielding
33  astable suspension (concentrated suspension, SC). These suspensions offer practical advantages,
34  as they are designed to be diluted in water and applied directly to crops affected by pest insects
35 [8-10]. Although these formulations are designed to interact with water, little information is
36  available on their thermal, optical, and electrical characteristics. Variables that vary with the

37  expiration date and their interactions with different water matrices.

38 Imidacloprid’s extensive use has raised global concerns because its effects extend beyond target
39  pests to pollinators and other beneficial species [11-16] that sustain ecosystem productivity [17—
40  20]. Despite regulatory restrictions in several countries [21-23], the production and use of
41  imidacloprid remain substantial, exceeding 23 Tons per year in China alone [24,25], thereby
42 ensuring its continued presence in agricultural environments [26,27]. This persistence underscores
43  the need for a critical evaluation of the released imidacloprid in water bodies [28], where multiple
44  interactions may occur with dissolved substances such as organic matter and salts. Understanding
45  this problem is therefore fundamental for predicting the environmental fate of imidacloprid and

46  developing strategies to mitigate its long-term ecological impacts.

47  To address the interaction between imidacloprid and aquatic environments, it iS necessary to
48  understand how the formulation behaves across different liquid matrices and at varying
49  temperatures. Commercial suspensions contain many components, such as active ingredients and
50  adjuvants [28,29] that stabilize their colloidal structure. Over time, these components can undergo
51  physical or chemical aging, leading to changes in particle-size distribution, ion release, or
52 molecular rearrangement. Such formulations may change in stability when they interact with water
53  of varying ionic strength or when temperature changes; their thermal and electrical behavior may
54  then change [30-32]. Variation in these behaviors can reflect changes in solution solubility,
55  aggregation dynamics, and the rate of degradation [33] or adsorption onto environmental surfaces

56  [34,35]. Therefore, understanding how ecological matrices and product aging jointly affect the
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57  physicochemical properties of imidacloprid formulations is crucial for predicting their persistence

58  and environmental behavior [36,37].

59  In agricultural environments, imidacloprid formulations are routinely diluted in water prior to
60 application [38,39], yet the physicochemical changes that occur during this process are seldom
61  evaluated. The formulation changes its behavior immediately upon mixing with water due to the
62  reduction in concentration. In addition, the properties of the water used can rapidly modify the
63  stability and subsequent environmental behavior; this occurs with any water, whether distilled,
64  rainwater, or soil-rich, muddy water [31,40-42]. Natural waters contain diverse ions, organic
65 molecules, and suspended particles that can interact with both the active ingredient and its
66 adjuvants. Understanding how different water matrices influence the formulation’s
67  physicochemical behavior is essential for predicting its transformation under real conditions,

68  where dilution, temperature, and matrix composition vary continuously.

69  Additionally, following field application, imidacloprid formulations may interact with the water
70  from rainfalls, which can produce other variations in the soil [43,44]. Water retained in the soil,
71  which produces temporary puddles or surface moisture, exhibits complex physicochemical
72 conditions due to the presence of mineral particles, organic matter, and dissolved salts [40,41].
73  These conditions can influence the solubility, mobility, and stability of the insecticide, thereby
74  affecting its persistence and toxicity potential. Experimentally evaluating formulations dissolved
75 in rainwater or soil-representative solutions can provide insight into the compound’s

76  environmental fate and transformations under realistic exposure conditions.

77  The expiration of formulations represents an additional factor that may alter their physicochemical
78  behavior [45,46]. Although manufacturers guarantee a shelf life of three to five years under
79  controlled storage conditions [47]; both the active ingredient and the adjuvants can undergo
80 transformations. These changes may affect system properties, including thermal, optical, and
81 electrical responses, even when such alterations are not visually apparent. The lack of detailed
82  information regarding the full composition of the formulation hinders the prediction of these
83  changes, underscoring the importance of experimental evaluation under varying storage and

84  exposure conditions.

85  Inresponse to this panorama, the present study focuses on characterizing the thermal, optical, and

86  electrical properties of a commercial imidacloprid formulation (Confidor SC). Three key
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87  environmental variables were evaluated: storage duration, the type of water used as solvent
88  (distilled, rain, and tap water), and exposure temperature. These factors may induce structural and
89  functional transformations that can influence the product’s colloidal stability, ionic mobility, and
90  spectral response. The experimental approach aims to generate relevant evidence on the
91 environmental potential risks of agrochemicals, as well as on the design of safer and more
92  sustainable management strategies. The analysis addresses a critical gap in the environmental
93  characterization of commercial formulations, which are often underestimated compared to the

94  active ingredient, despite their environmental significance.

95 MATERIALS AND METHODS

96  Commercial formulation of imidacloprid and preparation of solvents

97  The experiments used the commercial formulation Confidor 350 SC (Bayer CropScience), a
98  concentrated suspension of imidacloprid. Four different batches were tested: LB0O1001152, with
99  an expiration period from February 2019 to February 2021(Expiration code: 19); LB00015283,
100  with an expiration period from October 2020 to October 2022 (Expiration code: 20); LB00017641,
101  with an expiration period from August 2022 to August 2024 (Expiration code: 22); and
102 LB00019356, with an expiration period from January 2024 to January 2026 (Expiration code: 24).

103 Solutions were prepared using three types of water: distilled water, rainwater, and muddy water,
104 the latter two were collected in Bogota during April 2024. The muddy water was centrifuged at
105 3000 RCF for 5 minutes to remove suspended particles, then filtered through 2 pm paper. All water

106  types were refrigerated at 4 °C before use.

107 Preparation of imidacloprid solutions

108  Each solution was prepared by adding 0.0566 +0.0012 g of Confidor 350 SC to 100 mL of the
109  corresponding water type, measured with a graduated cylinder with a tolerance of +1 mL. The
110  mixtures were stirred on an orbital shaker at 150 rpm for 2 hours and stored at 4 °C in the dark;
111  the containers were covered with aluminum foil. For measurements, 10 mL of each solution was

112 extracted using a pipette with a tolerance of £0.075 mL at 20 °C and transferred into 50 mL Falcon
113 tubes.
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114  Experimental design

115  The study included a control group for each water type without formulation and twelve
116  experimental treatments corresponding to the four Confidor SC formulations, classified by
117  expiration date and dissolved in the three types of water: distilled, rain, and mud. Thermal
118  evaluations and current-voltage measurements were conducted at 2°C and 55°C for 5 minutes
119  using a water bath or chiller to achieve the desired conditions (Fig. 1B). Frequency response
120  evaluations were performed at constant temperatures of 2°C, 22°C, and 40°C. In total, 39

121 conditions were assessed, including the controls.

122 Optical and thermal measurements

123 UV-Vis absorbance spectra were obtained using a NanoDrop 2000 spectrophotometer (Thermo
124 Scientific) with a 5 pL sample volume. Measurements were taken every 5 nm between 200 and

125 400 nm, using the corresponding water type as the blank. Each sample was measured in triplicate.

126  Thermal heating and cooling curves were recorded using thermal probes connected to a Vernier
127  interface. Before measurement, solutions were equilibrated at 22 + 1 °C for one hour to standardize
128  the initial temperature. Heating curves were obtained using a 55 °C water bath, and cooling curves
129  were acquired with a chiller set to 2 °C. Probes were positioned at the center of Falcon tubes using

130  clamps and double holders to ensure precision (Fig 1B). Each condition was evaluated in triplicate.

131  Electrical measurements

132 For all electrical characterizations, electrodes were constructed using stainless steel hypodermic
133 needles connected to jumper wires and fixed onto glass microscope slides with a spacing equal to
134 the slide's narrowest width. This setup was inserted into Falcon tubes containing the solutions (Fig

135 1B,0).

136  Electric current was measured using a simple circuit with two 1 kQ resistors, one placed before
137 and one after the sample. The signal was generated with an InfiniiVision 1000 X-Series
138  oscilloscope programmed with a 0.1 Hz triangular wave at 40 Vpp (Fig 1D). Data were recorded
139  over a five-minute period while the tubes were maintained in either a water bath at 55 °C or a
140  chiller at 2 °C. Voltage input and output were measured under the same configuration and thermal
141  conditions. Peak values were recorded, and system gain was calculated using the equation

142 20Log(Vout/Vin).
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143 Electrical impedance was evaluated at constant temperatures of 2 °C, 22 °C, and 40 °C. The
144  frequency response of the samples was measured from 10 Hz to 10 MHz. Data were grouped into
145  linear behavior segments (frequencies above 10* Hz for distilled water and above 10° Hz for

146  rainwater and muddy water) and quasi-constant segments (frequencies below those thresholds).

147  Statistical analysis

148  Statistical analyses were conducted using multifactorial ANOVA, followed by Tukey post hoc
149  tests, with a significance level of p <0.05. Analyses were performed in RStudio (latest version)
150  using the tidyverse, rstatix, npreg, and readxl packages [48]. Absorbance curves, heating/cooling
151  constants, electrical currents, voltage values, and impedance variations were compared across

152 water types and expiration dates using these procedures.

Thermal and electrical characterization setup for imidacloprid solutions
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154  Fig. 1 Diagram of the experimental setup used to characterize the electrical properties of
155  imidacloprid solutions prepared with different water sources (distilled, rain, and mud). A) A
156  temperature probe was inserted into the solutions to measure the solution temperature variation.
157  B) The solutions (10 mL) were placed in 50 mL conical tubes and immersed in a temperature-
158  controlled water bath. C) Stainless steel electrodes (25.1 = 0.1 mm apart) were held in place by a
159  fixed electrode holder. D) The electrodes were connected to a signal generator (triangular
160  waveform, 0.1 Hz, Vpp = 40V), forming a circuit with two 1 kQ resistors (R; and R3) and a
161  multimeter to measure current (uA) and output voltage (Vout). This setup enabled the evaluation
162 of how the water matrix and temperature modulate the electrical behavior of the formulations.
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163  RESULTS

164  Heating and cooling curves of imidacloprid in different aqueous matrices

165 Commercial imidacloprid formulations exhibit thermal stability at macroscopic scales. Heating
166  and cooling processes were described by ascending and descending curves, respectively, according
167  to the heat absorbed or released to the environment. In both cases, temperature variation was
168  influenced by the type of water (F,.4730=12.3, p <0.0001 for cooling; F;.c730=4.454, p=0.0120 for
169  heating); however, expiration date had not significant effect (F4.6730=0.72, p=0.58 for cooling;
170 Fu6730=0.19, p = 0.95 for heating). No interaction was observed between water type and expiration

171  date in either process (Fs.6730=0.47, p = 0.88 for cooling; Fs.¢750=0.15, p=0.99 for heating).

172 Both heating and cooling followed exponential trends, reflecting how the solution gained or
173 released heat over time. The curves depend on the initial (T;) and final (T¢) temperatures, time (t),
174  and a rate constant & that governs the speed of the process (Equation 1). During heating, the rate
175 constants (mean =+ s.e.m) were: kypg=0.239+0.001 57",  Apigineg=0.255+0.004 s™!, and
176 kgain=0.254+0.004 s™'. During cooling, the constants ranged from /kyg=0.411+0.007s7",
177 kRain=0.424£0.011 s™" to kpjsinea=0.461+0.015 s™ (Figure 1). These results demonstrate that the
178  formulation interacts with the water matrix, affecting its thermal behavior. Differences between
179  aqueous media indicate that, upon interaction with the formulation, they heat or cool at different
180  rates. In all cases, exponential models provided a good fit to the data, with coefficients of
181  determination exceeding 0.98, indicating strong agreement with the observed thermal behavior of

182  the solutions.

Heating Cooling
T=T;—(T;—Tpekt T=Ts+ (T;—Tf) ekt Eq. 1

183

184  The heating and cooling rate constants (k) showed significant differences according to the type of
185  water (F5.,1,=37.062, p <0.0001 for heating; F,.1,=25.139, p <0.0001 for cooling). During heating,
186  the k values of the distilled water solutions were significantly higher than those in muddy water,
187  with no significant difference compared to rainwater (Tukey post hoc test: 95% CI: —0.0068,
188  0.0042, p=0.813 for Distilled vs Rain; Tukey post hoc test: 95% CI: —0.0216,—-0.0105, p <0.0001
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189  for Distilled vs Mud). The constants in rainwater solutions were also significantly higher than

190  those in muddy water (Tukey post hoc test: 95% CI: 0.0092, 0.0203, p <0.0001 for Mud vs Rain).

191  Regarding the cooling process, distilled water solutions again exhibited higher k values compared
192  to both rainwater and muddy water (Tukey post hoc test: 95% CI: —0.0700, —0.0308, p <0.0001
193  for Distilled vs Mud; Tukey post hoc test: 95% CI: —0.0565, —0.0172, p <0.0001 for Distilled vs
194  Rain). However, no significant difference was observed between rainwater and muddy water
195  solutions (Tukey post hoc test: 95% CI: —0.0060, 0.0332, p=0.198 for Mud vs Rain). The
196  expiration date had no significant effect on the k values for either process (F4.10=0.143, p=10.962
197  for heating; F4.;0=0.228, p=0.916 for cooling), indicating that the formulations remain thermally

198  stable even after their expiration date.

Heating and cooling curves
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200  Fig. 2 Average heating and cooling curves of imidacloprid solutions prepared with distilled water

201  (solid line), rainwater (dotted line), and muddy water (dashed line), across five expiration
202  conditions (Expiration code: Control, 19, 20, 22, 24). Lines represent models fitted using an
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203 exponential function. Significant differences in the rate constant k were observed between water
204  types (p < 0.001), with no effect attributable to expiration date.

205  UV-Vis absorbance spectra of imidacloprid in different aqueous matrices

206  Imidacloprid solutions exhibited absorbance within the UV-Vis range (200-400 nm), with a
207  marked decline between 350 and 400 nm. Overall, no significant differences were detected across
208  the full spectrum in relation to water type (F2.4420=2.41, p=0.090) or expiration date (F3.442,=1.46,
209  p=0.225). However, three intervals with well-defined absorbance peaks were identified: Interval
210 1 (208-217 nm), Interval 2 (257-263 nm), and Interval 3 (269-282 nm). The most intense peak
211 occurred in Interval 2, followed by that of Interval 3, which corresponds to the characteristic

212 spectral signature of imidacloprid.

213 InInterval 1, significant effects were observed for both water type (F2.04=184.63, p<0.0001) and
214  expiration date (F3.04=8.64, p<0.0001), as well as their interaction (Fg.04=8.86, p<0.0001). The
215  lowest absorbance values were recorded in solutions prepared with muddy water and from older
216  batches (Figure 2B), suggesting a loss of UV-absorbing components in this region or their

217  structural transformation over time.

218  In Interval 2, both water type (F,.96=13.46, p<0.0001), expiration date (F3.9¢=22.44, p<0.0001),
219  and their interaction (Fg.96=6.932, p<0.0001) significantly influenced the results. Imidacloprid
220  solutions from older batches showed significantly lower absorbance values (Figure 2C),

221  suggesting a reduction in the effective concentration of the active ingredient.

222 In Interval 3, which corresponds to specific imidacloprid absorption, water type was the main
223 factor affecting the response (Fz31,=18.39, p<0.0001). Although the expiration date had no
224 significant main effect (F331,=1.61, p=0.186), a significant interaction with water type was
225  detected (Fe.31,=8.48, p<0.0001). This suggests that product aging may alter its spectral behavior

226  in a water-type-dependent manner.
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228  Fig. 3 A) Average UV-Vis absorbance spectra (200-400nm) for commercial imidacloprid
229  solutions prepared with three types of water (Distilled, Rain, Mud) and varying expiration dates
230 (19, 20, 22, 24). Three main peaks were identified: Interval 1 (208-217 nm), Interval 2 (257—
231 263 nm), and Interval 3 (269—-282 nm, associated with imidacloprid). B) Boxplots of absorbance
232 in Interval 1: marked differences observed based on water type and product age. C) Boxplots of
233 absorbance in Interval 2: predominant effect of expiration date, with reduced absorbance in older
234 batches. D) Boxplots in Interval 3: variations mainly associated with water type and its interaction
235  with expiration date.

236  Variation in the electrical current of imidacloprid in aqueous solutions and temperature

237  changes

238  Throughout the evaluation period, the electrical current measured in imidacloprid solutions
239  showed significant dependence on water type (Fr.a4ss43=14,421, p<0.0001), expiration date
240  (Fi445543=4,177, p<0.0001), and temperature (Fs.445543=29,285, p<0.0001). An increase in
241  temperature was associated with higher current intensities, while lower temperatures led to
242  decreased current, indicating that ionic mobility in the system is directly modulated by thermal

243 context (Figure 3A).

244  The presence of imidacloprid increased current intensity in all evaluated matrices, so that the
245  formulation contributes to the charged species capable of responding to an electric field. Solutions

246  from older batches (Expiration code: 19 and 20) exhibited higher current values, possibly due to
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247  an increased concentration of ionic species arising from degradation or dissociation processes

248  (Figure 3B).

249  Analysis of the maximum current values (top 80th percentile) showed significant dependence on
250  water type (F.g008¢=165,526, p<0.0001), expiration date (Fi.39086=52,869, p<0.0001), and
251  temperature (F.89036=438,091, p<0.0001). A significant interaction was also found between water
252 type and temperature (F,.309036=06,135, p<0.0001), indicating that solution conductivity increases
253  with temperature and varies by matrix. The lowest conductivity was recorded in distilled water

254  during cooling, while rainwater and muddy water solutions reached the highest current intensities.

255 A significant interaction between water type and expiration date was also observed (Fg.g9086=1,502,
256  p<0.0001). Older formulations showed greater conductivity, particularly in muddy water,
257  suggesting destabilization of components over time. This increase could be related to the release
258  of charged species from degraded adjuvants or transformed the active ingredient. The muddy

259  matrix may amplify this effect due to its high background conductivity and presence of colloids.

260  Additionally, the interaction between temperature and expiration date also had significant effects
261 (Fa:80086=1,924, p<0.0001). Higher temperatures enhanced conductivity, whereas lower
262  temperatures reduced it, confirming that thermal state amplifies or mitigates the effects of product
263  aging. These findings indicate that the electrical stability of imidacloprid depends both on
264  expiration time and thermal environment, with these variables acting synergistically depending on

265  the aqueous matrix used.
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267  Fig. 4 Electrical current behavior during heating and cooling processes. A) Segment of the current
268  signal induced by a triangular voltage wave in imidacloprid solutions prepared with three types
269  of water (Distilled, Rain, Mud). B) Distribution of maximum current recorded by water type and
270  batch. Control solutions (without imidacloprid) exhibited the lowest values in all cases. C)
271 Comparison of mean current during heating and cooling phases as a function of water type and
272 product expiration date (Expiration code: 19, 20, 22, 24).

273  Electrical gain of imidacloprid samples in aqueous solutions and temperature changes

274  The electrical gain of the system, defined as 20-log;o[ Vout/Vin], showed significant dependence
275  on water type (F2.4770=5159.51, p<0.0001), temperature (F;.4770=13560, p<0.0001), and expiration
276  date (F4.4770=111.31, p<0.0001). Significant interactions were also found between water type and
277  temperature (F.4770=666.09, p<0.0001), water type and expiration date (Fg.4770=56.55, p<0.0001),
278  temperature and expiration date (F4.4770=35.64, p<0.0001).

279  These interactions reflect a complex dielectric response, in which gain progressively decreases
280  with product aging, particularly under extreme thermal conditions. Solutions prepared with
281  distilled water exhibited a more pronounced reduction in gain during the cooling phase, that is a

282  reduced capacity of this medium to stabilize the structure of the active ingredient or its adjuvants.


http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a Creative Commons Attribution 4.0 I nternational
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.

283  In contrast, samples prepared with rainwater or muddy water showed a more stable response, with
284  smaller variations in gain across expiration dates. This may be attributed to the presence of salts
285  ororganic compounds that buffer the dielectric effects of chemical aging. Thermal differences also
286  played a key role: at elevated temperatures, gain tended to decrease across all media, but the

287  decline was more pronounced in distilled water.
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289  Fig. 5 A) Electrical gain recorded during the heating and cooling phases for imidacloprid
290  solutions in three types of water (distilled, rain, and muddy). B) Distribution of maximum gain
291  recorded by water type and batch. C) Comparison of mean gain during heating and cooling phases
292 as a function of water type and product expiration date (Expiration code: 19, 20, 22, 24); Control
293 solutions (without imidacloprid) exhibited the lowest values in all cases.

294 Electrical response to changes in excitation frequency

295  The system's electrical gain in response to frequency changes exhibited two behavioral patterns: a
296  low-variability region (plateau) and a linear-response region (slope). These patterns depended on
297  the type of water (Distilled, Rain, Mud) and the threshold frequency at which the transition
298  between regions occurred. In distilled water solutions, the linear behavior emerged at frequencies

299  >10*Hz, whereas in rainwater and muddy water, the transition occurred at frequencies >10° Hz

300 (Figure 5A).
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301 In the low-variability region, solutions prepared with distilled water exhibited the lowest gain
302 values, while those prepared with rainwater and muddy water exceeded 60% gain: 70.5 +0.14%
303  in rainwater and 67.7£0.14% in muddy water. This behavior was influenced by water type
304 (Fp.4941=71,941, p<0.0001), expiration date (Fs4941=13.16, p<0.0001), and temperature
305  (F2.4941=53.72, p<0.0001). A significant interaction was found between water type and expiration
306  date (Fg.4935=69.7, p<0.0001), where gain decreased with product aging in distilled water, whereas
307  the opposite trend was observed in rainwater and muddy water. No significant interaction was

308  detected between temperature and water type in this region (F4.4941=0.883, p=0.47) (Figure 5B).

309 In the linear region (high frequencies), water type was the main variable affecting the gain slope
310 (Fz,36=125.6, p<0.0001), while expiration date (Fs3,=1.21, p=0.33) and temperature
311 (F2.36=0.002, p=0.98) had no significant effect. Shallower slopes were observed in distilled water,
312 whereas steeper slopes were observed in rainwater and muddy water, indicating greater dielectric
313  sensitivity to frequency changes. The interaction between water type and expiration date was
314  significant (Fg.30=2745.2, p<0.0001), while the interaction between expiration date and
315  temperature showed no effect (F4.30=0.007, p=1.00).
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317  Fig. 6 Frequency response of electrical gain for imidacloprid solutions dissolved in different types
318  of water (Distilled, Rain, Mud). A) Logarithmic gain curves as a function of frequency, grouped
319 by water type. A steeper increase is observed in distilled water. B) Mean gain values in the low-
320  frequency region, where the response remains relatively constant. C) Mean gain values in the
321  high-frequency region, showing differences in slope according to water type.

322 Overall, the results demonstrate that the thermal, optical, and electrical properties of imidacloprid
323 solutions vary significantly depending on water type, temperature, and product expiration date.
324  The observed differences in heating/cooling constants, absorbance spectra, electrical current, and
325 system gain reflect a complex interplay among these factors. In addition, specific frequency
326  regions were identified where the system’s dielectric response either stabilized or shifted in a
327  matrix- and aging-dependent manner. These patterns will be further explored in the Discussion

328  section, with a focus on their physicochemical and environmental implications.

329  DISCUSSION

330 1. Thermal stability and interaction with aqueous matrices

331  The results indicate that commercial imidacloprid formulations exhibit notable thermal stability,
332 even beyond their expiration date [49]. The absence of significant effects related to product aging
333 suggests that, at least at the macroscopic level, thermal properties are not compromised over time.
334  However, differences in heating and cooling constants across water types reveal that the aqueous
335  matrix plays a key modulatory role. The faster thermal transfer observed in distilled water may be
336  attributed to its lower content of dissolved solids and the absence of colloidal components that
337  could buffer thermal energy transfer [50]. In contrast, muddy water, rich in organic matter and
338  salts, showed a lower thermal constant, likely due to a higher combined specific heat of the system

339 [51].

340 2. Optical transformations and spectral effects

341  Although the overall UV-Vis spectrum did not show significant differences between water types
342 or expiration dates, interval-based analyses revealed specific modifications. The reduction in
343  absorbance observed in older batches suggests degradation or transformation processes affecting
344  the active ingredient and its adjuvants [52,53]. This loss was particularly evident in the 257—
345 263 nm range, which corresponds to the most intense peak, indicating a decrease in the effective

346  concentration of imidacloprid. Variations detected in the 269-282 nm interval, considered the


http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a Creative Commons Attribution 4.0 I nternational
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.

347  spectral signature of the compound, suggest that the aqueous environment may alter the system's
348  electronic interactions, possibly through changes in pH or reactions with compounds present in

349  natural water matrices [54].

350 3. Conductivity and ionic mobility

351  The electrical current results showed a clear effect of water type, temperature, and expiration date.
352  The increase in current with temperature is consistent with enhanced ionic mobility, as predicted
353 by the Nernst-Einstein equation [51]. However, the fact that older formulations exhibited higher
354  current values suggests the decomposition of components that release additional ionic species.
355  This effect was most pronounced in muddy water, likely due to the chemical complexity of the
356  medium, which may promote degradation of the active ingredient or dissociation of adjuvants [52].
357  Itis possible that these solutions behave like conductive colloidal systems, where the presence of

358  organic and inorganic materials increases the baseline conductivity.

359 4. Electrical gain and dielectric behavior

360  The progressive decrease in electrical gain with product aging, particularly in distilled water,
361 reveals a loss in the system's dielectric efficiency. This effect may result from a reduction in
362  medium polarization due to the degradation of components with high dielectric constants [54]. In
363  contrast, in more complex matrices such as rainwater and muddy water, aging effects were less
364  pronounced, possibly due to a buffering effect from dissolved salts or organic compounds that help
365  preserve dielectric response. The marked differences observed during the cooling phase in distilled
366  water suggest that under low thermal energy conditions, the system’s dielectric structure is more

367  vulnerable to chemical degradation.

368 5. Frequency Response and Capacitive Properties

369  Analysis of gain in response to frequency changes revealed that the system’s dielectric stability
370  depends on water type and product age. In distilled water, the gain was low in the plateau region,
371  and the transition to linear behavior occurred at lower frequencies, suggesting a reduced capacity
372  of the medium to store or release electrical charge as a function of frequency. The steeper slopes
373  observed in more complex matrices indicate greater frequency sensitivity, possibly associated with

374  multiple dielectric relaxation processes induced by the presence of ions and polar molecules. In
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375  this context, imidacloprid aging appears to act as a modulator of these properties, with matrix- and

376  temperature-dependent effects.

377  Limitations

378  One limitation of this study is the lack of detailed information on the composition of the
379  formulation adjuvants, which constrains precise molecular-level interpretation of the observed
380 transformations. Additionally, the controlled laboratory conditions do not capture the full
381  complexity of agricultural environments, where factors such as UV radiation, mechanical
382  agitation, and microbial activity may alter product behavior. Nonetheless, the results presented
383  here establish clear relationships among expiration date, water type, and the physicochemical
384  response of commercial imidacloprid, providing a solid framework for future environmental

385  impact assessments and optimization of product use.

386  Although this study did not directly measure parameters such as pH or the intrinsic conductivity
387  of the aqueous matrices, these properties likely contributed to the differences observed in thermal
388  and electrical responses. Previous research has shown that the presence of ions, organic matter,
389  and other impurities can significantly affect the colloidal stability and conductivity of pesticide

390  formulations in solutions [55-57].

391  Opverall, the results reveal that the physicochemical stability of commercial imidacloprid
392  formulations is modulated by both the type of water used and the storage duration, with particularly
393  notable effects on the system’s electrical properties. While thermal responses indicated apparent
394  stability, optical and electrical assessments revealed transformations associated with product aging
395  and interaction with complex aqueous matrices. The modulatory role of water type has been
396  previously documented, highlighting that dissolved organic matter and salts can influence both
397  colloidal stability and the chemical activity of pesticides. These findings not only enhance our
398  understanding of product behavior under controlled conditions but also provide an experimental
399  framework for future investigations into its persistence and transformation in real-world
400 environments. The integration of thermal, optical, and electrical tools offers a complementary and
401  robust approach for evaluating commercial formulations, particularly in the context of agricultural

402  use and potential environmental impact.
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403  CONCLUSIONS

404  The results of this study demonstrate that the physicochemical stability of commercial
405  imidacloprid depends on storage duration, the type of water used as solvent, and the exposure
406  temperature. Although heating and cooling curves did not show marked differences with respect
407  to expiration date, indicating macroscopic thermal stability, spectroscopic analyses revealed
408 alterations in specific regions of the spectrum associated with the active ingredient. These
409  modifications became more pronounced with product aging and through interaction with aqueous
410  matrices containing organic and inorganic compounds, suggesting possible chemical degradation

411  or specific interactions with the matrix.

412  Electrical analyses showed that both current and system gain decreased with extended storage
413  time, particularly in solutions prepared with distilled water. This behavior may reflect a loss in
414  ionic mobility and structural reorganization of the adjuvants. Additionally, the dielectric response
415  to frequency variation exhibited a loss of linearity in aged samples, supporting the hypothesis of
416  structural transformations at the colloidal or molecular level within the formulation. These findings
417  are further supported by changes in the impedance phase, reinforcing the value of these

418  measurements as sensitive tools for monitoring formulation stability.

419  Taken together, these findings underscore the importance of evaluating entire pesticide
420  formulations, rather than just the active ingredient, under realistic environmental conditions. The
421  interaction between factors such as water type, temperature, and storage time can significantly
422 influence both product efficacy and environmental behavior. Therefore, studying the stability and
423  transformation of these formulations should be prioritized to develop more responsible and

424  sustainable management strategies.
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