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Abstract

:

A new europium-based complex, K[Eu(hfa)4] with hfa = hexafluoroacetylacetonate is synthesized and its structure confirmed via X-ray crystallography. The structure unravels an anionic octa-coordinate complex, K[Eu(hfa)4], as opposed to the neutral hexacoordinate complex Eu(hfa)3 routinely/ubiquitously presumed to be the case in the literature. The complex displayed pH-dependent, “on–off” emission changes in solution and exhibited a pKa of 6.13 ± 0.06 in ethylene glycol. In solution, the sensor complex exhibited drastic variation in emission intensity corresponding to changes in the concentration of CO2 gas purged. Based on multiple purge cycles of N2 and CO2, the emission intensity changes can be correlated to the concentration of CO2 in the solution. The sensor’s ability to quantify the CO2 presence is based on emission variations of the 5D0 → 7F2 line in the Eu(III) complex at 618 nm. The sensor exhibits a linear response to CO2 concentrations in the range of 0–25% (0–8.50 mM or 0–189.95 mmHg). Based on calibration data, the limit of detection (LOD) is determined to be 0.57% (0.19 mM or 4.33 mmHg) in solution. The I100/I0 ratio is determined to be 80.29 ± 3.79. The percent change in intensity from purging N2 to 100% CO2 is 7911.16%. Over the course of seven cycles of purging different concentrations of CO2, there is essentially no deviation in the emission intensity of the sensor in solution, indicating stability and reversibility. In addition to the analytical characterization of the sensor, the mechanism of CO2 sensing is investigated using cyclic voltammetry, IR, and Raman spectroscopy. These data indicate the reduction of europium(III) to europium(II) in an alkaline medium and suggest changes in the hfa ligand chemistry (association/dissociation and protonation) due to CO2 purging. The potential use of the sensor complex for real-life applications is herein evaluated via a well-known fermentation reaction. The CO2 generated during yeast’s anaerobic respiration in sucrose media is quantified using the sensor complex and a calibrated, commercial CO2 probe; both exhibit similar CO2 concentration values, validating the calibration curve and the viability of the complex as a bona fide sensor. Based on the data collected, a highly stable, brightly red-emissive Eu(III) complex with the ability to differentiate concentrations of CO2 in solution is hereby developed and characterized with benefits for various CO2 sensing applications.
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1. Introduction


Carbon dioxide (CO2) is a major component in the atmosphere, a well-known greenhouse gas [1], and an important by-product of metabolism. Therefore, quantitative detection of CO2 is vitally important for many fields of study, including the food industry, medical research, marine sciences, biotechnology, and the beverage industry [1,2,3,4,5,6]. Additionally, CO2 gas sensors are found in fire extinguishers [7] and used for breath analysis [8]. CO2 measurements are critical in controlling air pollution. Real-time quantitative measurements of CO2 are important for monitoring fermentation and cell cultures [9]. Infrared sensors that are exclusively for gaseous CO2 and Severinghaus electrodes exclusively for dissolved CO2 are established devices used to monitor CO2 gas concentrations [10]. There is a high demand for optical sensors due to their advantages over conventional non-optical methods, which include: reduced signal-to-noise ratios, no water interference, possible miniaturization of the instrument, remote sensing, cost-effectiveness, etc. [3,4,5]. Most optical CO2 sensors work by monitoring changes in emission and absorption that occur in the presence vs. absence of CO2 [11]. The changes in concentration of CO2 can be correlated to changes in emission intensity, absorbance, emission lifetime, emission/excitation/absorption wavelength shift, or a combination of these optical changes. In most cases, changes in the pH of the medium result in optical changes of the sensor, and the best sensors respond to the smallest variations in the pH of the medium [10,11]. Additionally, photoluminescence (PL), resonance energy change, and dual luminophore referencing are some advanced techniques that are employed in fiber-optic sensor devices [12]. Accurate measurement of the pCO2 is very important, in addition to the aforementioned optical methods. Numerous instruments and methods, including gas chromatography (GC), mass spectrometry (MS), and modified pH electrodes, are used for measuring the pCO2. Although MS can give real-time analysis, it is expensive. GC requires 10–20 min to produce results and requires recalibration when the instrument is turned off [13]. Slow response time, temperature, and pH variations in the medium, combined with electrical resistance issues, render pH electrodes less effective [13]. To avoid most of the above drawbacks, researchers have turned to optical methods and employed them successfully [13,14,15,16]. Among the optical methods, direct measurement of the absorbance of CO2 in the IR region, measuring changes in absorbance or photoluminescence from pH-sensitive dyes, [13] ratiometric methods, fiber-optic sensors, [15] and donor–acceptor systems with the time-resolved PL technique are popular methods [14]. Absorption changes are found to be less sensitive and selective compared to PL intensity or lifetime changes [13].



Europium-based luminescent molecular systems have been investigated for optical sensing applications because they exhibit bright-red, narrow emissions with large operative Stokes shifts, long excited-state lifetimes—up to milliseconds—and emissions that are sensitive to the local environments [17,18,19]. Weak f-f transitions of europium can be improved enormously by coordination to a sensitizing chromophore that allows intramolecular energy transfer. Additionally, the lowest singlet (S1) and triplet (T1) fluorescent and phosphorescent excited states of the chromophore, respectively, can be altered upon altering the local ionic and molecular environment [19]. Introduction of different substituents to the ligand may alter the intermolecular interactions among molecules, which could help ameliorate self-quenching [20]. Some previous investigations have shown the formation of luminescent Eu(III) complexes that are pH-sensitive by coordinating the Eu(III) center to a pH-sensitive ligand [21,22]. In this study, the pH sensitivity of K[Eu(hfa)4] was exploited by using an amine-substituted polyhedral oligomeric silsesquioxane (a PSS derivative) to develop a solution-phase CO2 sensor based on direct emission changes of the Eu(III) complex. PSS was selected as the base for its cage-like structure to stabilize the K[Eu(hfa)4] complex [23]. K[Eu(hfa)4] is unique in the way that the phosphorescence intensity is enhanced upon an increase in the concentration of CO2; such emission turn-on sensors upon greater analyte concentration are usually preferred over quenching-based sensors. In this work, the real-time utility of the K[Eu(hfa)4] sensor is evaluated by monitoring the changes in dissolved CO2 concentration in the fermentation process. Fermentation is selected because of its significance/ubiquity in biological metabolism plus the alcohol and beverage industry, among others (vide infra), concomitant with its facile experimental setup that, together with the aforementioned advantages of optical-based (in general) and PL-based (in particular) methods, render the entire detection method of CO2 and its fermentation application rather convenient and inexpensive, yet most sensitive and selective.



Fermentation is applied in the biopharmaceutical, food, and environmental industries [24]. Fermentation of sugar (ethanol production) has been a well-known process for many centuries. However, due to the introduction of new technologies, such as genetic engineering and advanced computer science, ethanol production has rapidly developed to an industrial scale [24]. Yeast (Saccharomyces cerevisiae) is used more than any other microorganism worldwide for fermentation due to its long history of safe usage, readily available genetic systems for cloning, and well-understood physiology [25]. The fermentation rate is highly dependent on the nature of the sugar used [26,27]. Sucrose and glucose are more favorable than fructose because yeast does not have proper enzymes to break down fructose [27]. In this work, the changes in dissolved CO2 concentration during fermentation of sucrose by yeast are detected and analyzed using an Eu-based photoluminescent complex. The concentration of CO2 determined using the sensor complex was compared with that of a commercial CO2 probe to validate the certainty of the sensor complex for live applications.




2. Experimental Section


2.1. Materials


The following chemicals were directly ordered from Sigma Aldrich with the highest available purity and used without further purification: ethylene glycol, europium(III) chloride hexahydrate, 1,1,1,5,5,5-hexafluoro-2,4-pentanedione (hexafluoroacetylacetonate, hfa), potassium tert-butoxide, acetic acid, ammonium hydroxide, 1-butyl-3-methylimidazolium tetrafluoroborate (1B3MIMBF4), and polyhedral oligomeric silsesquioxanes provided as “PSS hydrate-Octakis(tetramethylammonium)substituted” (PSS). All CO2 and N2 cylinders were ordered from Airgas and directly purged into the sensor sample.




2.2. Physical Measurements


Steady-state photoluminescence (PL) spectra were acquired with a PTI QuantaMaster Model QM-4 scanning spectrofluorometer equipped with a 75-watt xenon arc lamp. A xenon flash lamp was used to acquire phosphorescence lifetime data. The pH measurements were made using a Sper Scientific 840087 Basic pH Meter and performed using 1M NH4OH at 25 °C. Single-crystal X-ray diffraction data were obtained on a Rigaku XtaLAB Synergy-S Diffractometer equipped with dual Mo and Cu PhotonJet-S microfocus X-ray sources, a HyPix-6000HE Hybrid Photon Counting detector, and an Oxford Cryostream 800 liquid nitrogen cooling system. Further details about the crystal structure can be found in the Supporting Information. Single crystals were obtained by slow evaporation of a concentrated methanol solution of K[Eu(hfa)4]. Infrared readings were taken by a Spectrum Two model PerkinElmer FT-IR spectrophotometer. A Renishaw InVia was used for Raman spectroscopy. CO2 probe readings were taken by the Industrial Gas Analyzer FD-600 Forensics Detectors™ with a range of 0–100% CO2.




2.3. Synthesis of K[Eu(hfa)4]


The literature procedure was followed to synthesize the compound [28]. First, 0.336 g (3.0 mmol) of potassium tert-butoxide (KOBut) was dissolved in 10 mL of deionized water (DI), and 0.624 g (3.0 mmol) of hexafluoroacetylacetonate ligand (hfa) was added, followed by 10 min of stirring at room temperature. Then, 0.366 g (1 mmol) of EuCl3.6H2O dissolved in 10 mL of DI water was added to the mixture of hfa and KOBut. The final mixture was stirred for 30 min at 60 °C under N2 atmosphere followed by 2.5 h of stirring at RT. A white precipitate was obtained by filtering, washing with DI water (2 × 100 mL), and drying under vacuum for 12 h. Crystals were obtained by slow evaporation of methanol or ethanol. During pKa estimation, 0.1 M ammonium hydroxide was used to adjust the pH levels for pKa determination.




2.4. CO2 Purging Studies


In general terms, when making a CO2 sensor, the 2 mg of K[Eu(hfa)4] is first dissolved in 10 mL of ethylene glycol. Then, the appropriate amount of PSS base was added dropwise into the above solution to make it pH 8 (non-luminescent state). Before taking the readings, 100% CO2 gas was purged for 10 min to make the solution saturated. Then, N2 gas was purged for 30 min to remove the dissolved CO2 in the sensor ethylene glycol solution. This reading was taken as the 0% CO2 gas or N2 purge. After that, desired percentage of CO2 gases were purged for 10 min, and the fluorescent response was recorded using a spectrofluorometer.




2.5. RTIL (Room Temperature Ionic Liquid) Studies


A 2 mg sample of K[Eu(hfa)4] complex was dissolved in 10 mL of ethylene glycol, and 0.25 mL of 1B3MIMBF4 was added to the above solution; then, the mixture was mixed well. A control study was conducted without adding 1B3MIMBF4. For both solutions, N2 was purged for 10 min. After that, 25%, 50%, and 100% CO2 gas aliquots were purged for 10 min, and the luminescence readings were recorded on each N2 and CO2 gas purge.




2.6. Fermentation


The anaerobic respiration (fermentation) was performed using a literature procedure with minor modifications [29]. A conical flask containing 25 mL water was heated at 37 °C for 20 min. An 8.0 g sample of household granulated sugar was dissolved, bringing the concentration of sugar to 0.93 M. The sugar solution was purged with N2 gas for 15 min to ensure removal of dissolved oxygen, followed by the addition of 2.5 g of yeast (Fleischmann’s active dry yeast original, purchased from Walmart). The flask was closed with an outlet septum to collect the CO2 generated during fermentation. The CO2 produced during fermentation was collected directly into 5 mL of sensor solution. Every 10 min, 2 mL of the sensor solution was used to measure changes in emission intensity. In the control experiment, the evolved CO2 was directly connected to a calibrated commercial CO2 sensor probe (Industrial Gas Analyzer FD-600 Forensics Detectors™) to quantify the CO2 concentration evolved from the fermentation flask.





3. Results and Discussion


3.1. Crystal Structure and Complex Formula


The structure of K[Eu(hfa)4] we have determined is shown in Figure 1. Similar to other complexes in the literature, [30,31], this compound is a linear polymer chain with potassium counterion atoms sandwiched between [Eu(hfa)4]− complex monomer units. Further information about the crystal parameters can be found in Table S1.



As cited above, K[Eu(hfa)4] was synthesized by using an established procedure for making “Eu(hfa)3(H2O)2”—whose structure has been defined within a significant number of literature reports [28,32,33,34,35,36]. Furthermore, there are a few papers that substantiate the Eu(hfa)3(H2O)2 formula based upon elemental analysis [37,38,39]. Interestingly, even though the same procedure was followed, our synthesis resulted in a resolved crystal structure that gave rise to a different structure and the formula K[Eu(hfa)4] (Figure 1). The synthesis was repeated on multiple occasions, all resulting in the formation of an Eu(III) center coordinated by four hfa ligands instead of the three hfa ligands suggested in the older literature [37,38,39]. According to inorganic chemistry textbooks, ligands based upon β-diketonates generally crystallize as hydrates and are extremely difficult to dehydrate even in vacuo [40]. The underlying reason for the formation of K[Eu(hfa)4] may be founded in the “chelate effect” of the hfa bidentate vs. the aqua monodentate ligand [40]. The coordination geometry shows an octa-coordinate Eu(III) center in a distorted square anti-prismatic geometry due to the tetrakis coordination of each hfa as a bridged bidentate ligand with Eu-O distances in the 2.356(3)–2.429(3) Å range (average 2.393 Å). The distortion in the geometry from an idealized square anti-prism and the asymmetry of the coordination of the four hfa ligands, as evidenced by the variation in Eu-O distances and O-Eu-O bond angles, are consistent with strong lattice motif interactions of the complex anion with the potassium counterions, akin to known situations in the literature (e.g., greater distortion in the coordination sphere of Na3[TaF8] vs (NO)2[XeF8]) [41,42]; see Table S1 (Supporting Information) for additional details about the structural analysis.




3.2. “On–Off” pH-Switched Sensitization of K[Eu(hfa)4] PL


Europium (III) complexes are known for “on–off” emission switching with respect to changes in the pH of the medium [43,44,45]. The senor exhibits typical red emission at pH values from 4–7, concomitant with quenching at higher acidic and alkaline pH levels [45]. In this work, we have considered the peak arising from the 5D0 → 7F2 transition at 618 nm. Figure 2 shows that this red emission is quenched completely at pH 8 but becomes prominent at pH 4.0 and 6.0. These data clearly show that the red 5D0 → 7F2 atomic Eu(III) emission slightly decreases in intensity upon going from pH 4 to 6. Overall, the sensor solution exhibits a toggled “on/off” switching with an “on” signal in an acidic medium (pH 4 to 6) that is switched “off” in an alkaline medium (pH > 7.0). Sharp 5D0 → 7FJ atomic Eu(III) transition lines dominate the emission spectra, whereas the excitation spectra are dominated by broad transitions characteristic of the four hfa ligands, signifying that the emission lines observed represent sensitized phosphorescence via ligand antenna effect as opposed to direct excitation of the lanthanide ion.



To evaluate the “on–off” emission changes with respect to pH, cyclic voltammetry (CV) studies were performed. Such CV investigations can determine the changes in the oxidation state of the complex at different pH values because Eu(II) from the metal reduction process is known to be non-emissive [46] or weakly emissive specially in methanol medium [47]. Also the oxidation of Eu2+ to Eu+3 is reported in acidic media in aqueous solution [47]. Thus, the CV experiment was performed to confirm the changes in the oxidation state of the Eu(III) metal center from 3+ to 2+, with changes in pH from ~5.6 to 8.0. Figure 3a,b show oxidation and reduction cycles of the initial complex at pH 5.6 and complex in alkaline medium (pH 8), respectively. The initial complex only shows reduction as expected, changing its oxidation state 3+ to 2+ (Figure 3a), while the complex in alkaline medium shows only oxidation (Figure 3b). This shows that the complex in alkaline medium exhibits a lower oxidation state compared to the initial complex, which is +2. This was confirmed by the weak emission detected at 468 nm for the complex in alkaline medium, which is in the signature blue emission region for Eu2+ [48,49,50] (Figure S1). These data suggest that the Eu3+ center undergoes a chemical reduction to Eu2+ in alkaline media, triggering ligand dissociation due to the reduced Columbic attraction. The in situ Eu2+ generation is responsible for the quenched red emission.




3.3. PL Titration and Determination of Acidity Constant (pKa)


After determining the pH sensitivity of the complex, it was essential to determine the pKa of the complex to understand its usage as a CO2 sensor. The pH-dependent titration was performed by recording the changes in emission intensity of the complex at different pH points. The titration was performed for the pH range of ca. 5.8 to 8.0 (Figure 4a) in a 50:50 ethylene glycol:H2O system. Based on the PL intensity changes in the complex, recorded at 618 nm, the resulting pKa was determined to be 6.13 ± 0.06 (Figure 4b and Figure S2, and Table S2) by correlating the x-axis value at 0.5 units of the y-axis value. Based on the literature value of carbon dioxide–bicarbonate dissociation, the pKa of the complex (6.13) overlaps nicely with the first dissociation constant, 6.1, encouraging the usage of the Eu(III) system for CO2 sensing studies. (The pKa of free hfa (hexafluoroacetylacetonate) is 4.35 [51]). Figure 4b shows that the emission intensity vs. pH exhibits a linear response within the pH 5.8–6.5 range with an R2 = 0.973.


CO2(g) + H2O(l) ⇌ HCO3−(aq) + H+ (pKa = 6.1)










HCO3− (aq) + H2O(l) ⇌ CO3−2 + H3O+ (l) (pKa = 10.3)










Hhfa (aq) ⇌ hfa− (aq) + H+(aq) (pKa = 4.35)












3.4. CO2 Sensing Properties in Solution


When CO2 is dissolved in solution, it changes the pH of the medium, altering the emission intensity of the sensor. Different solvents (ethanol, isopropanol, tetrahydrofuran = THF, polyethylene glycol, and butanol) have been tested. Among these solvents, we have found that K[Eu(hfa)4] exhibits CO2 sensing only in methanol and ethylene glycol media. We hypothesize that this is due to the polarity and solubility of CO2 in these solvents, which impacts the sensing studies. Following these solvents, the sensing behavior of K[Eu(hfa)4] was tested in 50% methanol, 100% methanol, and ethylene glycol (EG). Among these three solvent systems, the complex has been found to exhibit the highest emission changes and stability in the presence vs. absence of CO2 in the EG medium (see Figure S3a–c). The high volatility of methanol created issues with the purging experiments; hence, EG was selected for all such experiments.



In addition to the verification of different suitable solvents for the study, a room temperature ionic liquid (RTIL), 1-butyl-3-methylimidazolium tetrafluoroborate (1B3MIMBF4), was used to evaluate its impact on the sensing studies in these different solvents. However, the presence of the RTIL did not enhance the emission intensity changes nor the stability of the sensor as expected [52]; hence, RTILs were discontinued afterward (Figure S4).



The PL spectra shown in Figure 5 were collected with a 330 nm excitation wavelength, corresponding to the original spectral data in Figure 2 above. The changes in emission intensity of the complex were monitored at 1, 5, 10, 25, 50, and 100% CO2 in CO2/N2 gases mixtures (Figure 5a). These data clearly show that the K[Eu(hfa)4] complex, in an alkaline medium, exhibits a step-wise increase in intensity of the 618 nm peak as the percentage of CO2 increases. However, while purging with N2 gas, the emission was fully quenched, clearly showing the “on–off” switching between 100% CO2 and N2. Most importantly, the emission intensity changes at different tested concentrations of CO2 are highly distinguishable. The I100/I0 ratio is 80.39 ± 3.6 (Table S3), and the percent change in emission intensity going from N2 to 100% CO2 (I0 to I100) is 7911.16%, where I0 and I100 are the intensities after N2 and 100% CO2 gas purging, respectively. To understand the repeatability, stability, and reproducibility of these emission intensity changes at different concentrations of CO2, the “on–off” studies were conducted for multiple continuous cycles. Figure 5c shows data from seven cycles and establishes the reversibility and reproducibility of the sensor. Standard deviations (for all seven cycles) are 0.028, 0.019, and 0.001 for 25%, 50%, and 100% CO2 in N2, respectively (Figure S5). In addition to fluorescence emission intensity measurements, the emission lifetime measurements were acquired for the initial complex before any changes, after base/N2 purging, and for the 100% CO2-purged sample. The initial complex exhibited 303.3 µs (chi2 = 0.90), whereas after the base/N2 purge, the sample does not exhibit any detectable emission lifetime as expected; after purging with 100% CO2, the sample exhibited two emission lifetime values of 260.6 µs and 56.1 µs (chi2 = 0.94). (Figure S6, Table S4).




3.5. Standardization and Quantification of the Sensor


The Yutaka Amao group previously reported the europium sensitivity with CO2 [11]. Following the established method based on plotting ((I − I0)/I100) vs. (CO2) in the literature [11], the data we obtained were plotted to establish a standard curve using the complex at different concentrations of CO2. Figure 6a shows the full-scale data points from 0% to 100% CO2 in N2, with an impressive R2 = 0.999 obtained (see Table S6). In Figure 6b, the linear part of the calibration curve is shown between 0–25 [CO2%] in N2, with an R2 = 0.9998. The limit of detection (LOD) is 0.57% [CO2%] in N2 (Table S5).




3.6. A Blind Study to Determine Unknown Concentrations of CO2 Using the Standard Curve Equation


To understand the applicability of the standard curve for estimating the unknown concentration of CO2, an equation was obtained from the graph for the linear region, 0–25%:


A = 0.017 [CO2%] − 0.002








where A is the (I − I0)/I100 value, and the CO2 concentration is in an N2 gas matrix. In a blind study, the equation was tested with different unknown concentrations of CO2 from 1–25% in N2 (Table 1 and Figure S7). The results showed good accuracy and very little variation in the calculated vs. actual concentration for each gas mixture sample tested.



The response time is defined as the time taken to change 90% of the sensor intensity after its exposure to a different atmosphere. The experiment was conducted to measure the response time, and the graph was plotted as (I − I0)/I100 vs. gas purging time. In the experiment, 5%, 50%, and 100% CO2 in N2 gas mixtures were purged continuously until the emission intensity readings were saturated (Figure S8). Readings were taken every 1 min for CO2 and every 5 min for N2. The response times are summarized in Table 2.




3.7. Interferences


Inorganic gasses such as SO2, NO2, and H2S have been reported to interfere with commercial CO2 sensors [53,54,55]. In some cases, NO2 and SO2 have caused significant interference compared to other gasses [56]. Because CO2 is less acidic compared to most other interfering gasses (e.g., SO2) the effect can be minimized by buffering at a higher pH level [54]. After understanding the different analytical properties of the sensor, an attempt was made to understand the effect of interference gases on the sensing ability of K[Eu(hfa)4]. Because the sensor responds to CO2 changes based on changes in the pH of the medium, the sensor was tested for the acidic gases SO2 and NO2. Thus, dissolved NO2 and SO2 gases in ethylene glycol resulted in extremely acidic pH values of 0–1. Only the presence of NO2 annihilated the senor’s irreversibly. SO2, on the other hand, sensitized the emission, but the reversibility was not stable and was challenging to reproduce (Figure S9). Further investigations to understand the effects of these two gases on the chemistry of the sensor complex are warranted.




3.8. Understanding the Changes in Molecular Dynamics after CO2 Purge


With the “on–off” PL switching, we have investigated the molecular dynamics of K[Eu(hfa)4] to understand the changes in the structure of the complex in the presence vs. absence of CO2 gas. The molecular structure was already known from the crystallographic data for the initial complex (crystals grown from a pH 5.6 solution). Different solid samples were prepared separately and analyzed for changes in IR and Raman data (see Figure S10a,b) before and after CO2 purging. Major Raman peaks for the initial complex were identified as follows. The sharp peaks at 248 cm−1 and 1353 cm−1 are due to Eu-O and C-F (CF3) stretching vibrations, respectively [57]. The C=C-H bending mode is assigned for the 1102 cm−1 peak, as expected from the literature [58]. After CO2 purging, the C=C-H bending peak disappeared, and the intensity of the Eu-O stretching peak decreased. In the IR spectrum, the prominent O-H stretch was detected at 3398 cm−1, and the new alkane C-H stretch appeared at 3038 cm−1 after CO2 purging, confirming the enol formation and the protonation of the C=C bond in the hfa ligand [59]; see Figure S10b.



Based on the Raman and FTIR data, we believe that the hfa ligands undergo protonation to form the enol form, which reduces the sensitization effect of the europium(III) center. Based on the mechanism accepted in the literature [59], the proposed changes in the structure of the complex with respect to changes in the gas atmosphere are shown in Figure S10c. The proposed mechanism explains the changes in PL intensity due to changes in the corresponding molecular arrangements in 1 under different gas media.




3.9. Evaluating K[Eu(hfa)4] for a Real-World Application


Fermentation of sugar was selected for evaluating the use of K[Eu(hfa)4] for real-world applications. Fermentation of sugar was carried out following an established literature procedure with minor modifications [29] (see the Section 2). Before the experiment, the commercial CO2 probe was validated with 1%, 25%, 50%, and 100% CO2 gases from calibrated cylinders (see Table S7). Both the actual and control experiments were performed two times, and the data are shown in Figure 7 (see Tables S8 and S9). After 50 min and 60 min of fermentation time, both the sensor and probe showed very similar CO2 levels, highlighting the accuracy and authenticity of the sensor complex. In 2008, the Hjalmerson group performed sucrose (0.15 M) fermentation with the same yeast species, Fleischmann’s active dry yeast, and found a concentration of CO2 around 10,000 ppm (~1%) after 8 min of reaction [27]. The results herein give rise to 0.45% and 0.36% of CO2 after 8 min, and 0.64% and 0.52% of CO2 after 10 min for Trials 01 and 02, respectively. Our data are very close to one of the literature findings, and the minor variations could be due to subtle differences in the experimental setup and/or the initial concentration of sucrose.





4. Conclusions


Here we presented the results of investigating a europium-based complex, K[Eu(hfa)4], that can qualitatively and quantitatively detect dissolved CO2 with an LOD of 0.57% (0.19 mM) in an ethylene glycol (EG) medium. With the pKa of the K[Eu(hfa)4] being within the pH range of the first dissociation of the HCO3−/CO2 system, the Eu complex is found to be suitable for the detection of different concentrations of dissolved CO2. The ability of the sensor to differentiate various concentrations of CO2 gas is evaluated by purging the complex solution in EG medium with N2 and 1%, 5%, 10%, 25%, 50%, and 100% CO2 in N2 gases for three cycles. The study is repeated with seven cycles of N2 purging—with 25%, 50%, and 100% CO2 concentrations in N2—and the standard deviations for the 25%, 50%, and 100% samples are 0.028, 0.019, and 0.001, respectively. A calibration curve was established and validated for unknown %CO2 samples. Using the calibration curve, an equation was developed for the linear range, A = 0.017 [CO2] 0.002, and verified with three different percentage-masked CO2 gas samples. The response times for switching N2 to 5% CO2, 5% to 50% CO2, 50% to 100% CO2, and 100% CO2 to N2 were 3, 5, 6, and 5 min, respectively. A rather colossal signal percent change of 7911.16% and excellent signal-to-noise ratio of 80.29 ± 3.79 were observed upon turn-on/off switching/toggling between N2 and 100% CO2 gas, convenient for easy detection and free of signal-to-noise ratio issues. These impressive sensing metrics are attributed, in part, to the rather large operative Stokes shift herein (34,722.22 cm−1 or 288 nm), which prevents the self-quenching of the luminescence and ensures no interference from the excitation wavelength in the emission signal. As an example of additional utilization of these results, the CO2 production in the fermentation of sugar was quantitatively detected and the readings validated by a commercial CO2 probe, which showed good accuracy. The chemistry changes of the ligand and the complex at different pH values are investigated using FTIR and Raman spectroscopy, providing evidence for possible protonation of the carbonyl group in acidic media and the reduction of the europium metal center from 3+ to 2+ using cyclic voltammetry. Detailed investigation pertaining to chemistry of the ligand (s) is underway in an ongoing project where the focus is understanding the effects of different organic ligands on optimizing the sensitivity for the same application.
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The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/chemosensors11010005/s1. Figure S1: PL spectra of K[Eu(hfa)4] in alkaline medium (pH 8). Blank sample consist of methanol and PSS base. Sensor sample consists of methanol, PSS base and K[Eu(hfa)4]. Graph shows the weak Eu2+ peak at 468nm. Figure S2: pKa determination of the complex K[Eu(hfa)4]in under constant µ =0.01 M of NH4OH in Ethylene glycol/H2O. pKa was determined by taking 0.5 Normalized data point. Figure S3a: Effect of Solvents towards CO2 sensing in 100% MeOH. Figure S3b: Effect of Solvents towards CO2 sensing 50:50 MeOH: H2O. Figure S3c: Effect of Solvents towards CO2 sensing 100% ethylene Glycol. Figure S4: Effect of RTIL [1-butyl-3-methylimidazolium tetrafluoroborate (1B3MIMBF4)] in solution phase study for CO2 sensitivity. Figure S5: Fluorescence intensity of K[Eu(hfa)4] in ethylene glycol medium- Seven consecutive cycles. One Cycle sequence as follows: N2, 25% CO2, 50%CO2 and 100%CO2. Figure S6: Fluorescence intensity of unknowns. Figure S7: Response time of sensor switching from different concentration of CO2%. Figure S8: Fluorescence intensity of SO2 and NO2 purging. Figure S9: K[Eu(hfa)4] sensor was subjected 100% CO2 purging and prepared solid sample for testing. (a) FTIR (b) Raman Spectroscopy was taken from the same solid samples (c) Schematic of enol formation of hfa ligands. FTIR and Raman spectroscopy of PSS (base) were included to identify the matrix influence on spectra. Figure S10: Fermentation experiments conducted with 0.93M sugar concentration and 2.5g of yeast for one hour. The readings were taken after every 10 min. (a) trial 01 (b) trial 02. Table S1: Crystal structure data for the K [Eu(hfa)4] complex, Table S2: pKa calculations. pKa was determined by taking 0.5 Normalized data point. Table S3a: Fluorescence intensities of three consecutive cycles of CO2 purge (1%, 5%,10%, 25%, 50%,100%). Table S3b: CO2% calculations for three consecutive cycles. Table S4: LOD calculations using Residual standard deviation method. Table S5a: I-I0/I100 Vs [CO2%] calculations. Table S5b: I-I0/I100 Vs [CO2%] average and standard deviation calculations. Table S6: CO2 Probe Validation with Carbon dioxide Cylinders. Table S7: Fermentation trial 1 data Pictures from the CO2 Probe on sugar in respective time intervals. Table S8: Fermentation trial 2 data Pictures from the CO2 Probe on sugar in respective time intervals. References in Supplementary Materials: Refs [60,61,62,63].
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Figure 1. (a) Molecular structure of K[Eu(hfa)4] and three views of its crystal structure, showing: (b) 50% thermal ellipsoids of two adjacent repeat units of the entire structure; (c) ball and stick drawings of a single complex anion unit (hydrogen atoms removed for clarity); and (d) a zoomed view thereof showing the coordination sphere with Eu-O distances labeled in Å units. 
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Figure 2. Photoluminescence spectra of K[Eu(hfa)4] in solution at pH 4, 6, and 8. Right traces (λ > 500 nm) show emission spectra dominated by the sharp 5D0 → 7FJ atomic Eu(III) emission lines, while left traces (λ < 450 nm) show excitation spectra dominated by the broad hfa ligand-based transitions. Inset shows emission pictures under UV light irradiation at respective pH values. 
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Figure 3. Cyclic voltammetry data for 1 at 0.5 mg/0.5 mL in dichlorobenzene solvent and TBAClO4 electrolyte (a) at pH 5.6 and (b) at pH 8.0. The inset pictures show the complex under a UV lamp at the respective pHs. 
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Figure 4. (a) PL spectra of K[Eu(hfa)4] with different pH values from pH 5.87 to pH 8.0. (b) PL titration at 618 nm at different pH, the inset shows the linear relationship from pH 8.8 to 6.5 with R2 of 0.975. 
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Figure 5. (a) PL spectra of the sensor after exposure to 1%, 5%, 10%, 25%, 50%, and 100% of CO2 in N2. (b) PL peak intensity changes for three purging cycles using 1%, 5%, 10%, 25%, 50%, and 100% of CO2 in N2. (c) PL peak intensity changes for seven purging cycles using 25%, 50%, and 100% of CO2 in N2. 
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Figure 6. Variation of (I − I0)/I100 with CO2 concentration in N2 of (a) 0–100% (entire range, polynomial fit) and (b) 0–25% (linear range). 
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Figure 7. Fermentation setup to detect the evolution of CO2 gas (a) with complex (b) using a CO2 probe (a = fermentation flask; b = 37 °C water bath; c = connecting tube with a needle attached to the end; d = sensor solution to receive CO2 gas from the fermentation setup; e = thermometer; f = connecting tube with a dust filter; g = probe). (c) Data plot showing the determination of CO2 gas concentration with time using complex 1 and a CO2 probe. (Also see Tables S8 and S9 and Figure S11). 
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Table 1. Blind study was done for three unknown CO2 concentrations to understand the trustworthiness of the derived equation. See Figure S7.
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	Gas Sample
	%CO2, Calibration Curve
	%CO2, Actual





	A
	1.37%
	1.99%



	B
	6.38%
	6.00%



	C
	10.57%
	10.04%










[image: Table] 





Table 2. Response time of sensor switching from different concentrations of %CO2. Reversibility was established with N2 purging; the intensity can be brought to a baseline via N2 purging to start a new cycle.
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	Response Time, Min.





	N2 to 5% CO2
	3



	5% to 50% CO2
	5



	50% CO2 to 100% CO2
	6



	100% CO2 to N2
	5
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