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Abstract

:

Fluorescence-based phosphate sensing using phosphate-sensitive phosphors is a promising approach for in situ monitoring of phosphate pollution in waterways and reservoirs. To date, the most sensitive phosphor developed for this purpose is Tb(cpboda)(DMF)2, where cpboda = (3,3′-((5-Carboxy-1,3-phenylene)bis(oxy))dibenzoic acid). In this study, we further improve this sensitivity by replacing the   Tb  3 +    ions with   Eu  3 +    ions to make Eu(cpboda)(DMF  ) 2   and find concentration-independent phosphate-sensitivity of 1570 ± 120, which is   ≈ 8 ×   more sensitive than the Tb-version. This improvement is attributed to   Eu  3 +    having a hypersensitive transition, while   Tb  3 +    does not. Additionally, we characterize the phosphor’s optical properties, photodegradation, and water solubility. We find that the phosphor presents challenges with regards to both photodegradation and solubility, as it is found to be poorly soluble in water and is quickly photodegraded under UV radiation   < 360   nm. However, these obstacles can, in theory, be overcome with the use of direct excitation of the   Eu  3 +    ions at 394 nm and careful design of an analysis instrument to reduce concentration variations.






Keywords:


lanthanide complexes; aqueous phosphate sensing; photodegradation; fluorescence












1. Introduction


Phosphates are useful compounds that find many applications in industry and agriculture [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15]. Unfortunately, this wide use leads to them being a common pollutant in water sources [10], where their presence can lead to eutrophication and contamination of sources of drinking water [1,5,6,7,10]. Given the environmental and health risks related to phosphate contamination, there exists a need for reliable techniques that can measure aqueous phosphate concentrations of <3 μM [16].



Currently, there are a wide range of techniques used to detect phosphates in water, including [17,18] optical colorimetry, electrochemistry, chromatography, mass spectroscopy, UV-Vis spectroscopy, and phosphate-sensitive fluorescent phosphors. This last technique—phosphate-sensitive fluoresence phosphors—is of particular interest for in situ phosphate detection, as these phosphors offer high sensitivity, high selectivity, and rapid responses [19,20,21,22,23,24,25,26,27,28,29,30,31,32,33]. Note, to avoid confusion, we emphasize that in this paper the term “phosphor” refers to a fluorescent material used to detect “phosphates”, which are materials containing phosphorous. Typically, the fluorescence of these phosphors is quenched by presence of phosphates; however, there are cases where the phosphate has the opposite effect and turns on fluorescence [28]. One of the most sensitive and selective phosphors reported in the literature is Tb(cpboda)(DMF  ) 2   [cpboda = (3,3’-((5-Carboxy-1,3-phenylene) bis(oxy))dibenzoic acid)], which has a reported quenching coefficient of    K  S V   =   0.668   ×    10 6      M  − 1    and a limit of detection (LOD) of 45 nM for the experimental configuration used [19]. While this performance is impressive, we hypothesize that this phosphor’s performance can be further improved by switching to a lanthanide that has a hypersensitive transition (namely   Eu  3 +   ), as   Tb  3 +    does not have such a transition [34].



We have, therefore, synthesized Eu(cpboda)(DMF  ) 2   and performed characterization of its optical properties, photodegradation, and phosphate sensitivity and make comparisons to the   Tb  3 +   -based version of this phosphor. We find that switching to   Eu  3 +    does indeed improve the phosphate sensitivity. However, we also find that the phosphor is poorly soluble in water (which is also observed for Tb(cpboda)(DMF  ) 2  ) and undergoes significant photodegradation under UV illumination. Both of these findings are challenges to overcome to use the phosphor as a real world phosphate sensing material. We conclude the paper by considering several avenues to address these challenges in future work.




2. Method


2.1. Eu(cpboda)(DMF  ) 2   Synthesis


To prepare Eu(cpboda)(DMF  ) 2  , we purchased cpboda (3,3’-((5-Carboxy-1,3-pheny -lene)bis(oxy))dibenzoic acid), 96% from Alfa Chemistry (Ward Hill, MA, USA)and Europium (III) nitrate hydrate, REacton, 99.99%, from Alfa Aesar (Ward Hill, MA, USA). Sodium hydroxide, >97%, was obtained from Fisher BioReagents (Walther, MA, USA) and Dimethylformamide (DMF), 99.8%, J. T. Baker A.C.S. reagent from Avantor (Allentown, PA, USA). We prepared Eu(cpboda)(DMF  ) 2   using hydro-solvothermal synthesis [19,35] by dissolving a mixture of H3cpboda, Eu(N   O 3   ) 3  ·  6  H 2  O and NaOH in 14.0 mL of DMF-  H 2  O (v/v = 5/2) solution and stirring in a high pressure reaction vessel with 25 mL PTFE cup and cover for hydro-solvothermal synthesis. We placed the PTFE cup and cover in the reaction vessel and the secondary stainless-steel lid was hand-tightened and placed into a preheated oven at 140 °C for 72 h, followed by a natural cool down to room temperature. The resulting Eu(cpboda)(DMF  ) 2   was collected by centrifugation and washed with distilled water three times by placing it in a 15 mL centrifuge vial, vortex mixing it, then centrifuging it at 6000 rpm for 1 min. The supernatant was decanted each time and the DI water was refilled and vortexed to wash the solution. The remaining Eu(cpboda)(DMF  ) 2   left in the bottom of the centrifugation vial was placed in a vacuum chamber at 25 mmHg for drying overnight at room temperature. Figure 1 shows the chemical structure of the phosphor. Note that this material was previously made and structurally characterized by Yang et al. for a different application [35] and our structural results are consistent with theirs.




2.2. Solutions


To prepare aqueous solutions for testing, we first prepared large stock batches of a phosphate solution (1) and a phosphor solution (2). 1 was prepared by dissolving Na  H 2  P   O 4  · 2    H 2  O (Sigma Aldrich (Burlington, MA, USA) ≥99.0%) in water at a concentration of 1000 mg/L (8335  μ M). To obtain lower phosphate concentrations (8 nM to 8335 nM), we simply diluted 1 with distilled water. Moreover, 2 was prepared by first dispersing 100 mg of Eu(cpboda)(DMF  ) 2   in 100 mL of water. Note that Eu(cpboda)(DMF  ) 2   is poorly soluble in water, so at this concentration, the dispersed phosphor produces a suspension and not a solution. The suspension was then sonicated for 30 min and aged for 24 h. The resulting supernatant was removed and added to 100 mL of water, which was then sonicated for 15 mins and centrifuged at 6000 RPM for 5 min. To test the phosphate sensing capabilities of Eu(cpboda)(DMF  ) 2  , we combined dilutions of 1 with 2 in 1:1 ratios.




2.3. Fluorescence Spectroscopy


Fluorescence measurements were performed using either a custom built fluorescence microscope or an Ocean Insight Cube Cuvette holder, with excitation provided by one of three different light sources: a 280 nm fiber-coupled LED (Thorlabs M280F5, Newton, NJ, USA), a DPSS UV Laser (Photonics Industries DCH-355-5, Ronkonkoma, NY, USA), or an Opotek Radiant HE OPO (210–2100 nm, 10 Hz, 10 ns, Carlsbad, CA, USA). For both measurement modalities, the spectra were recorded using a fiber-coupled spectrometer consisting of a Spectra Pro 2500i Monochromator (0.5 m, 600 g/mm, 500 nm blaze) and a Princeton Instruments PI-Max 4 ICCD (Princeton, NJ, USA). Note that unless specified otherwise, our data were obtained using five measurements, with the resulting spectra averaged and the uncertainty determined by the standard deviation.





3. Results and Discussions


3.1. Fluorescence Properties


After synthesizing Eu(cpboda)(DMF  ) 2  , we first characterized its photoluminescence (PL) properties. Figure 2a shows its PL excitation spectra and Figure 2b shows the emission spectra for excitation at 355 nm. Additionally, we measured its lifetime using a 355 nm pulsed laser and find it to be 874 ± 10  μ s. From Figure 2a, we observe broad excitation bands below ≈ 360 nm due to the ligand absorbing light and transferring energy to the   Eu  3 +    ions, as well as multiple sharp peaks above 360 nm corresponding to direct excitation of the   Eu  3 +    ions. Using multipeak curve fitting, we determine the direct excitation peaks locations and proposed transition assignments, which are tabulated in Table 1. Similarly, we perform multipeak fitting of the emission spectra and report the peak locations and transitions assignments in Table 1. Given the observation of the     5   D 0    →    7   F 0    transition, we know that the Eu ions occupy sites with a   C N   symmetry [36], which we further refine to either   C 1   or   C i   symmetry as the crystal structure of the Tb version of this complex was found to be triclinic [35].



To complete our analysis of Eu(cpboda)(DMF  ) 2  ’s photoluminescence properties, we analyzed the emission spectra using JOES software (v2.7) [37] to compute the phosphor’s Judd-Offelt parameters and its estimated quantum efficiency. These values are tabulated in Table 2, with the quantum efficiency found to be 0.25, which is on the lower end of Eu-based phosphors reported in the literature [38].




3.2. Photodegradation


While performing our initial measurements with Eu(cpboda)(DMF  ) 2  , we observed that the spectra decreased in intensity with extended exposure to DUV light, which suggests that the phosphor undergoes photodegradation when irradiated with DUV light. To characterize the rate and degree to which this occurs, we performed photodegradation experiments where we exposed powdered Eu(cpboda)(DMF  ) 2   and an Eu(cpboda)(DMF  ) 2  /water suspension to either 280 nm or 355 nm light. For the powders, we used our fluorescence microscope apparatus, while for the solutions, we used an Ocean Insight Cuvette holder with a magnetic stirrer inserted to continually agitate the solution during the experiment. This agitation helps to both stop the suspension from settling and mitigate photodegradation as the Eu(cpboda)(DMF  ) 2   molecules are cycled through the UV beam.



For these measurements, we turned on the UV light source and measured the fluorescence at 20 s intervals for at least one hour. After collecting the spectra, we measured the peak intensity as a function of time, normalized it to the initial intensity, and plotted the resulting traces in Figure 3. From Figure 3, we find that Eu(cpboda)(DMF  ) 2   undergoes photodegradation under illumination with both 280 nm and 355 nm light, with the powdered samples degrading much more quickly than the stirred solution, which is both a function of the pump intensity and the fact that for the powder sample the same Eu(cpboda)(DMF  ) 2   molecules are exposed the entire time. Note that while the time scales for degradation with 280 nm and 355 nm appear similar in Figure 3, the 280 nm excitation is much more damaging than the 355 nm excitation, since for these measurements, the 355 nm intensity is significantly higher than the 280 nm light source.



Based on Figure 3, we find that for these fluences in solution the 280 nm excitation takes only 20 s to decrease the intensity to 90%, while for the 355 nm light, it takes almost 8 min. While the 355 nm excitation is found to be less damaging than the 280 nm excitation, we must note that excitation at 280 nm is   ≈ 20 ×   more efficient (see excitation spectra in Figure 2a. This means that we can use lower detector gains and shorter exposure times with 280 nm excitation than with 355 nm excitation, which helps minimize the noise in the spectral measurements.




3.3. Solution Variance


During our initial testing with Eu(cpboda)(DMF  ) 2  /water suspensions, we determined that Eu(cpboda)(DMF  ) 2   remains partially insoluable in water and the resulting solutions did not have well-defined concentrations due to settling and concentration gradients. These uncertainties in concentration represent significant problem for using Eu(cpboda)(DMF  ) 2   in aqueous phosphate detection, as the detection technique relies on comparing the fluorescence intensity of test solution (containing phosphates) to a reference solution (containing no phosphates). If both solutions have different Eu(cpboda)(DMF  ) 2   concentrations, the comparison will be invalid.



Given these concerns, we performed a series of measurements to quantify the intensity variance in a series of ”identical” solutions. These samples were first prepared by making a large batch of Eu(cpboda)(DMF  ) 2  /water, from which five 1 mL samples were taken for testing. To reduce the impact of photodegradation on these measurements, we used 355 nm excitation and limited exposure times to minimize the UV dose. We first characterized the spectral intensity variance for a single vial by taking twelve spectra (with the liquid agitated between measurements) and determined the peak intensities for each agitation, as shown in Figure 4a. From these intensities, we calculated an average and standard deviation, whose levels are shown as solid lines in Figure 4a, and found that the percent error is 7.5%. Note that we have characterized the systematic uncertainty of the spectroscopy system for a stable sample to be 0.8%, which means the extra 7.46% error is due to variance in the concentration of Eu(cpboda)(DMF  ) 2   in solution (as uncertainties add as the sum of squares, the additional variance is given by      0.075 2  −  0.008 2    ≈ 0.0746  ).



With the intensity uncertainty from a single vial characterized, we next considered how consistent the solutions are between vials. To determine this variance, we measure the five different vials five times each and compute their spectral averages and uncertainties. The resulting average peak intensities are shown in Figure 4b, with the single vial average and uncertainty added for reference. From Figure 4b, we find that three of the five intensities are within uncertainty of each other, while two of the vials are outliers.




3.4. Effect of      P O  4    3 −    on Fluorescence


To determine the effect of     PO 4    3 −    contamination on Eu(cpboda)(DMF  ) 2  ’s fluorescence in an aqueous solution, we first prepared a large batch of Eu(cpboda)(DMF  ) 2   in water. We then separated the phosphor solution into twelve vials and added an equal amount of phosphate solution to each vial with a different     PO 4    3 −    concentration from 0 nM to 8335 nM. These vials were then measured five times (using 280 nm excitation) with the solution agitated between each measurement. Each spectral measurement took 4 s, with the excitation source turned off between measurements to minimize photodegradation and ensure that each vial received the same dose of UV radiation. Note that we agitated the sample between measurements and only had the UV light on during measurements to minimize any impact on our results due to concentration gradients and photodegradation, respectively. These steps are found to work well to ensure that the observed fluorescence changes are due to the phosphates and not some other influence.



Once these five spectra were measured, we then computed the average and standard deviation of the spectra for each concentration, with Figure 5 showing the average spectra for each phosphate concentration. Note that we also attempted to perform fluorescence lifetime and absorbance measurements on the different solutions to further determine the impact of     PO 4    3 −    contamination, but found that the phosphor concentration was so low that both measurements were indistinguishable from the noise of the detection systems. Our fluorescence spectral measurements were successful because we used a long integration time of 4 s. For reference, our measurements of the powder used an integration time of 1 ms.



From Figure 5, we find that for     PO 4    3 −    concentrations ≤625 nM the spectral intensity slowly decreases as the concentration increases, but once it passes 625 nM, there is a sharp drop in intensity, with the fluorescence almost being completely quenched. We characterize this behavior by calculating the peak intensity ratio    I 0  / I  , where   I 0   is the zero-phosphate solution’s peak intensity and I is the contaminated solutions peak intensity, with the resulting ratios shown in Figure 6. From Figure 6, we find that the ratio follows a linear trend for concentrations ≤ 625 nM, which is typically associated with collisional quenching between the phosphate ions and excited phosphor molecules [34]. However, above this concentration, the ratio function becomes nonlinear and increases super-linearly before settling to an asymptotic value. This behavior is consistent with Yang et al.’s paper on the Tb-doped version of this complex [19], but differs from the observed functionalities of the ratio for other phosphors, where the nonlinear range displays sublinear growth [20,39,40]. Most likely, this difference in nonlinear behavior arises due to the nature of the phosphor-phosphate complex formed at high concentrations and whether it is luminescent or not. For instance, one phosphor found to behave sublinearly, Eu(acac  ) 3  , is found to interact at high phosphate concentrations to produce EuP  O 4  , which is still luminescent. This remaining Luminescence “slows” the quenching curve, which leads to the sublinear behavior. However, in the case of Eu(cpboda)(DMF  ) 2   the phosphate-phosphor complex formed at high concentrations is non-luminescent, which leads to a more rapid “cut-off” of fluorescence as the phosphate concentration increases.



Having measured the intensity ratio as a function of phosphate concentration we next determine the quenching coefficient (  K  S V   ) and level of detection (LOD) by fitting the linear range of the ratio to the Stern–Volmer equation:


       I 0  I  = 1 +  K  S V   C ,     



(1)




where C is the phosphate concentration. Fitting the linear range of Figure 6 to Equation (1), we find the quenching coefficient to be 1.083 (±0.081)   ×    10 6      M  − 1   . Next, we calculated the LOD—defined as   3 σ /  K  S V     (where  σ  is the uncertainty in the reference intensity ratio determined earlier)—and find it to be 0.208 ± 0.016  μ M.



Directly comparing these results to those previously reported by Yang et al. for the Tb version of this complex, we find that the Eu version’s quenching coefficient is larger—1.083 (±0.081)   ×    10 6      M  − 1    vs. 0.668   ×    10 6      M  − 1   —which demonstrates that switching from Tb to Eu has improved the phosphor’s phosphate sensitivity, which is further supported by the observation that the ratio’s nonlinear behavior begins around 0.7  μ M for the Eu version, while the ratio remains linear til about 1.5  μ M for the Tb version.



However, this direct comparison is actually inappropriate, as the quenching coefficient depends on the phosphor concentration [39]. The more appropriate parameter to compare phosphors is the concentration-independent sensitivity  κ , which is equal to   ρ  K  S V    , where  ρ  is the phosphor concentration. For phosphors that are soluble in water, this procedure is relatively straightforward, as the concentration is easily determined. However, for the phosphors currently under comparison, they are not soluble in water, which makes their concentration poorly defined. On the other hand, we can make a rough comparison by noting that Yang et al. prepared their initial suspension with 10 mg of phosphor in 50 mL of water, while we used 100 mg of phosphor in 100 mL of water. If we blindly assume these are the actual concentrations, we can calculate a concentration-independent sensitivity of 194 for the Tb version and 1570 ± 120 for the Eu version, which is approximately an eight-fold improvement. This qualitative comparison shows that switching to the Eu dopant makes the phosphor more sensitive. However, the actual quantitative numbers need to be taken with a grain of salt given the assumptions used.



Lastly, despite this evidence for the greater sensitivity of the Eu-based complex, we note that Yang et al.’s reported LOD is smaller than we report (45 nM vs. 208 ± 16 nM). This discrepancy is due to our determination of significantly higher uncertainties in the no-phosphate ratio than Yang et al. used (e.g., 0.075 vs. 0.01). While it is unclear from their paper how they determined their uncertainties, the small value they used of 0.01 suggests that they only measured the uncertainty of their spectroscopy system and neglected to include the uncertainty due to phosphor concentration variations, which we have shown are of greater significance than the spectroscopy system uncertainties. Note that if we only consider the uncertainty due to the spectroscopy system, our LOD becomes 22 nM.




3.5. Applications


Based on the results above we find that Eu(cpboda)(DMF  ) 2   is more sensitive to phosphates than the currently most sensitive phosphor Tb(cpboda)(DMF  ) 2  . We also anticipate that it will have similar selectivity to Tb(cpboda)(DMF  ) 2   (which displays high selectivity [19]), as the selectivity of the phosphor is primarily due to the ligands [34,41], which are the same for both phosphors. For instance, Pierre and Wilharm characterized a range of phosphors’ selectivities to different ions and found that the selectivity of the phosphors depended on the “basicities of the coordinating ligand and of the targeted anion, the acidity of the lanthanide ion, and the geometry of the ligand” [41]. While there is some dependence on the lanthanide ion (namely its acidity), we note that both Eu and Tb have similar acidities [42]. This is further supported by Zhou et al., who compared the selectivities of Ln(PMBB  )  1.5   (  H 2  O2 (Ln = Eu,Tb) for different ions and found them to have similar selectivities despite the different metal ion [43]. Additionally, we plan on experimentally testing this hypothesis in a future project.



The phosphors phosphate sensitivity and selectivity alone suggest that Eu(cpboda) (DMF  ) 2   is an excellent phosphor for aqueous phosphate detection. However, our results also show two major challenges to any real-world application of Eu(cpboda)(DMF  ) 2   as an aqueous phosphate sensor, namely, the phosphor undergoes significant photodegradation under UV illumination and it has poor solubility in water.



To address the challenges presented by photodegradation, we note that photodegradation primarily occurs due to the organic ligands absorbing UV light, which results in photochemical reactions. This process can be mitigated by directly exciting the   Eu  3 +    ions using a wavelength not absorbed by the ligands. Based on the excitation spectra shown in Figure 2a, the most promising wavelength for this purpose is 394 nm, which has an intensity similar excitation with 280 nm. Note that there are a number of commercially available inexpensive LEDs at 395 nm, which would be suitable for this purpose.



While the issue of photodegradation can be addressed simply, the phosphor’s poor solubility in water presents a bigger challenge. To address this challenge, we propose two different approaches: using a buffer solution and an experimental redesign to average over concentration variations. For the buffer solution approach, we first need to determine a solvent in which the phosphor is soluble. Note that these solvent tests are planned for a future project. The resulting solution with dissolved phosphor would then be mixed with contaminated water to precisely control the phosphor’s concentration. Note that we have successfully used this approach with the phosphor Eu:(acac  ) 3   [39], which is soluble in methanol, but not water.



If no suitable solvent can be identified for Eu(cpboda)(DMF  ) 2  , our next approach will be to design an experimental configuration to both minimize concentration variations and perform averaging over concentration variations. A schematic of such a design is shown in Figure 7. The system design begins with a storage tank containing the phosphor dispersed in distilled water, which is maintained in a uniform suspension using an immersion sonicator. When analyzing a contaminated water sample, a portion of the phosphor suspension will be extracted and split into two analysis loops, one mixed with the contaminated water and one mixed with distilled water (to act as a reference). Both analysis loops use recirculating pumps to cycle the sample solution through the optical path of a collimated 394 nm LED, with the resulting fluorescence detected using bandpass filtered photodiodes (PDs). These signals are then compared to calibration data to check that the phosphate-free signal is as expected and to calculate the phosphate concentration of the contaminated water sample. At the same time, we also use a third photodiode to measure the intensity of the LED to account for pump intensity variations.





4. Conclusions


In this study, we have characterized the optical properties, phosphate sensitivity, photodegradation, and solubility of the phosphate-sensitive phosphor Eu(cpboda) (DMF  ) 2  . Optically, the material is found to be most efficiently excited using UV light below 350 nm, which corresponds to the absorption band of the ligand. This observation implies that there is good energy transfer between the ligand and   Eu  3 +    ion. The resulting emission spectrum has an observable      5   D 0    →    7   F 0    transition, which when coupled with the material’s known triclinic crystal structure, suggests that the   Eu  3 +    ions reside in sites having either   C 1   or   C i   symmetry. We also determined the material’s quantum efficiency to be 0.25.



For phosphate sensitivity, we find that the materials has a quenching coefficient of 1.083 (±0.081)   ×    10 6      M  − 1   , which corresponds to a level of detection (LOD) of 0.208 ± 0.016  μ M. This quenching coefficient is larger than reported for the Tb-based phosphor and a rough calculation of the concentration-independent sensitivity shows that the Eu version is about eight times more sensitive than the Tb version. These observations confirm our hypothesis that utilizing Eu’s hypersensitive transition improves the phosphate detection sensitivity relative to the Tb version.



While Eu(cpboda)(DMF  ) 2   has excellent phosphate sensitivity, we do observe two challenges to practical application of both this phosphor and Tb(cpboda)(DMF  ) 2   (as they have the same ligands) to in situ phosphate detection. Namely, the ligands are found to have poor photostability under UV excitation and poor solubility in water. To address the challenge of photodegradation, we propose to use a longer wavelength light source that can directly excite the   Eu  3 +    ions and not damage the organic ligands. The most promising wavelength for this purpose is 394 nm, which is found to have an excitation peak with an intensity similar to observed for 280 nm. To address the issue of solubility, we propose two approaches. First, there may be a solvent in which the phosphor is soluble. If identified, this solvent can be used as a buffer solution to precisely control the phosphor concentration when mixing with a contaminated water sample. Alternatively, we can use a systematic approach to average over concentration variations by using a recirculation pump and multiple measurements of a test sample.
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Figure 1. Chemical structure of Eu(cpboda)(DMF)2. Note that the structure was drawn based on a figure from ref. [19]. 






Figure 1. Chemical structure of Eu(cpboda)(DMF)2. Note that the structure was drawn based on a figure from ref. [19].



[image: Photonics 11 00250 g001]







[image: Photonics 11 00250 g002] 





Figure 2. UV excitation (a) and visible emission (b) spectra of Eu(cpboda)(DMF  ) 2   with transition assignments labeled. Note that the broad excitation peaks below 350 nm are due to absorption by the cpboda ligand, while the sharp peaks above 350 nm are due to direct excitation of the Eu ions. 
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Figure 3. Normalized peak intensity as a function of time during photodegradation for a powder sample (a) and a stirred solution (b). Note that each data point was collected over 1 s and are spaced by 20 s. 






Figure 3. Normalized peak intensity as a function of time during photodegradation for a powder sample (a) and a stirred solution (b). Note that each data point was collected over 1 s and are spaced by 20 s.



[image: Photonics 11 00250 g003]







[image: Photonics 11 00250 g004] 





Figure 4. Peak intensity of spectra measured from a single vial (with agitation between measurements) (a) and from five different vials (b). 
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Figure 5. Spectra of aqueous solution containing Eu(cpboda)(DMF  ) 2   phosphor and phosphate using 280 nm excitation.      5   D 0    →    7   F 2    hypersensitive transition. 
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Figure 6. Peak intensity ratio as a function of     PO 4    3 −    concentration with a linear fit to data below 625 nM, but extended to width of graph to show onset of nonlinear behavior. Inset: zoomed in view of linear fit to low concentration data. 
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Figure 7. Schematic of in situ analysis system for fluorescence-based phosphate detection. To collect a sample for testing, the unit will use a series of filters and a pump to collect water and filter out large debris and particulates. The sample is then mixed with the phosphor suspension in a recirculating pump (RP) unit, which loops the sample through the optical beam path multiple times, after which it is dumped into a waste container. Additionally, we include two diagnostics to ensure that the system is operating properly: (1) a beam splitting pick-off with a photodiode to monitor the LED intensity and (2) a reference loop in which the phosphor suspension is mixed with clean water. 
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Table 1. Peak locations and transition assignments determined multipeak fitting of excitation and emission spectra.
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Transition

	
Peak Locations

	
Transition

	
Peak Locations




	
 E   (eV)

	
 λ   (nm)

	
eV

	
nm






	
      7   F 1    →    5   D 1    

	
2.316

2.338

2.358

	
535.36

530.33

528.82

	
      5   D 0    →    7   F 4    

	
1.761

	
704.12




	
1.767

	
701.88




	
1.771

	
700.34




	
1.784

	
694.97




	
1.803

	
687.69




	
1.811

	
684.53




	
      7   F 0    →    5   D 2    

	
2.617

2.670

	
472.80

464.47

	
      5   D 0    →    7   F 3    

	
1.829

	
678.04




	
1.858

	
667.66




	
1.897

	
653.63




	
1.909

	
649.56




	
      7   F 0    →    5   D 3    

	
2.980

	
416.13

	
      5   D 0    →    7   F 2    

	
2.000

	
620.15




	
2.026

	
617.53




	
2.030

	
616.30




	
2.017

	
615.08




	
      7   F 0    →    5   L 6    

	
3.094

	
400.74

	
      5   D 0    →    7   F 1    

	
2.094

	
592.04




	
3.144

	
394.42

	
2.100

	
590.44




	
      7   F 0    →    5   G 2    

	
3.233

	
383.58

	
      5   D 0    →    7   F 0    

	
2.141

	
579.08




	
3.291

	
376.74




	
      7   F 0    →    5   D 4    

	
3.415

	
363.14

	

	

	











 





Table 2. Judd-Offelt parameters for Eu(cpboda)(DMF  ) 2   determined using JOES software and the emission spectrum for 355 nm excitation.
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	Parameter
	Value





	  Ω 2   (  10  − 20    c  m 2  )
	5.58



	  Ω 4   (  10  − 20    c  m 2  )
	3.46



	  A 1   (  s  − 1   )
	54.0



	  A 2   (  s  − 1   )
	185



	  A 4   (  s  − 1   )
	56.3



	  τ  c a l c    (ms)
	3.45



	  η  
	0.25
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