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Abstract:



We present steady-state and time-resolved fluorescence spectroscopic data derived from coumarin 153 (C153) in a binary solution comprised of trihexyltetradecylphosphonium chloride ([P6,6,6,14]+Cl−) and supercritical CO2 (scCO2). Steady-state fluorescence of C153 was measured in neat scCO2 and ionic liquid (IL)-modified scCO2 solutions. The steady-state excitation and emission peak frequency data in neat scCO2 and IL/scCO2 diverge at low fluid density (ρr = ρ/ρc < 1). The prominent spectral differences at low fluid density provided clear evidence that C153 reports different microenvironments, and suggested that the IL is solubilized in the bulk scCO2 and heterogeneity of the C153 microenvironment is readily controlled by scCO2 density. C153 dimers have been reported in the literature, and this formed the basis of the hypothesis that dimerization is occurring in scCO2. Time-dependent density functional theory (TD-DFT) electronic structure calculations yielded transition energies that were consistent with excitation spectra and provided supporting evidence for the dimer hypothesis. Time-resolved fluorescence measurements yielded triple exponential decays with time constants that further supported dimer formation. The associated fractional contributions showed that the dominant contribution to the intensity decay was from C153 monomers, and that in high density scCO2 there was minimal contribution from C153 dimers.
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1. Introduction


Room temperature ionic liquids (RTILs) are salts that consist of ions that are typically combinations of organic cations paired with inorganic anions that exist in the liquid state at room temperature. RTILs are also designer solvents in the sense that a wide variety of cations and anions can be combined to tailor ILs for task-specific processes or reactions [1,2]. RTILs have unique characteristics, such as low volatility, non-flammability and water miscibility, that make them candidates for use in many applications, and has given rise to their use as cosolvents [3,4,5,6] in numerous applications [1,3,4,5,6,7,8,9,10,11,12,13] that include electrochemistry [14,15,16], organic synthesis [17,18], gas separation/SLM’s [19,20] and catalysis [17,21]. The inherent polar and nonpolar nanodomains that form in ILs allow them to readily solvate polar and non-polar solutes, and this has given rise to a significant increase in their study over the last decade [8,14,15,17,19,20,21,22].



Supercritical fluids, carbon dioxide (scCO2) in particular, have been recognized as alternative, green solvents for use in industrial processes [1,23]. The interest stems from the ability to tune the solvent characteristics by simply adjusting the system pressure, and therefore, the fluid density [24]. However, one of the main drawbacks to wider implementation is their limited ability to solubilize polar media. One means of circumventing this problem has been to use small amounts (3–5 mol %) of a polar organic cosolvent, such as methanol or acetone, to modify the solvating power [25]. At least to some extent, this defeats the purpose of using an “environmentally friendly” alternative solvent in chemical processes. For almost two decades, many groups have studied CO2 interactions with ILs, which has led to IL applications such as CO2 capture [26,27], catalyst recycling [23,28] and nanomaterial processing [1]. Much of the work to date, both experimental and theoretical, has focused nearly exclusively on various 1-alkyl-3-methyl imidazolium cations in combination with a variety of anions, where the cation alkyl chains used have been typically from C2 to C6 [1,23,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42]. This body of literature can be summarized by two main goals: (1) the measurement of the phase behavior of CO2 dissolved in ILs; and (2) the quantitation of CO2 solubility in a bulk phase IL. As an example, in one recent study the solubility of CO2 gas in [C9-imidazolium][PF6] was shown to increase by ~22% over a [C4-imidazolium][PF6], as estimated from the liquid phase volume increase on going from low to high pressure at 298 K [43]. The main conclusion from all of this work is that CO2 is effectively captured in the bulk IL phase. It has also been reported that ILs are not appreciably soluble in a bulk scCO2 phase [44].



In contrast to the imidazolium work, only a few studies have used phosphonium cation ILs, such as the trihexyltetradecylphosphonium cation ([P6,6,6,14]+), Figure 1 [45,46,47]. To the best of our knowledge, we reported the first instance of a phosphonium IL that was shown to be soluble in a bulk scCO2 phase [47]. A variable volume view cell was used to demonstrate the phase behavior of trihexyltetradecylphosphonium chloride ([P6,6,6,14]+Cl−) dissolved in scCO2, and we showed that this IL was soluble up to about 7 mass % [47]. In that report, we also included an emission spectrum of the dye coumarin 153 (C153), Figure 1, in [P6,6,6,14]+Cl−/scCO2 that supported the assertion that the IL had a measurable effect on the probe’s emission. That preliminary spectroscopic data showed us that the C153 was able to report on the presence of IL in scCO2 and prompted us to investigate the [P6,6,6,14]+Cl−/scCO2 system in more detail given the general interest in ILs and scCO2. In this paper, we present a more complete spectroscopic study of the [P6,6,6,14]+Cl−/scCO2 system. Specifically, we report on the steady-state and time-resolved spectroscopy of C153 as a reporter of [P6,6,6,14]+Cl− dissolution in scCO2 at 323 K. C153 was chosen for these studies because it has a rich history of use as a probe of solvation and solvation dynamics in liquids and supercritical fluids [22,24,48,49,50], and represents a nearly ideal probe of solvation. The photophysics are simple and the S0 → S1 transition is not complicated by any nearby transitions [51,52]. Moreover, semiempirical quantum calculations show good agreement with experiments, suggesting that its spectroscopic properties can be accurately modeled [48,53,54].


Figure 1. Structures of coumarin 153 (C153) and the trihexyltetradecylphosphonium chloride ionic liquid, [P6,6,6,14]+Cl−.



[image: Chemengineering 01 00012 g001]







2. Materials and Methods


Trihexyltetradecylphosphonium chloride (Cyphos® 101, [P6,6,6,14]+Cl−) was synthesized by Cytec Industries Inc. (Niagara Falls, ON, Canada) [55]. We have reported physicochemical properties of this IL both neat and in binary methanol solutions as a function of mole fraction and temperature [56]. Density varies only slightly from 897 kg·m3 at 298 K to 878 kg·m3 at 323 K whereas IL viscosity (η) changes from 2000 mPa·s at 298 K to 325 mPa·s at 323 K. The value of ln(η) showed a linear variation with inverse temperature. Initial water contamination was determined by Karl Fischer coulometric titration using a Mettler Toledo C20 titrator equipped with a DM 143-SC double platinum pin electrode at 295 K and replicate measurements showed that the [P6,6,6,14]+Cl− contained 0.11 ± 0.02 mass % water. We treated the IL by stirring in activated carbon for 7 days, after which the sample was filtered and dried by stirring under vacuum for 12 days at ~65 °C. The resulting IL was still slightly pale yellow. Water determinations on this treated sample showed a water content of 0.020 ± 0.003 mass % water. Carbon dioxide (99.99% purity) was from Scott Specialty Gases and used as received. Isothermal physical properties for CO2 were calculated for experimental temperatures and pressures using the NIST webbook [57]. The equation of state used to calculate CO2 densities was reported by Span and Wagner [58] and is incorporated into the NIST webbook. The CO2 critical parameters used in the equation of state are reported on the NIST website and include: critical temperature (Tc) = 304.1282 K, critical pressure (Pc) = 1070.0 psia, and critical density (ρc) = 0.467600 g·mL−1. Coumarin 153 (laser grade) was purchased from Exciton (West Chester, OH, USA), stored under desiccation, and used as received.



A stainless steel high-pressure cell was constructed using quartz windows and Teflon® O-rings as sealing devices. The internal volume was determined to be 3.9 mL. Measurements were performed at 323.3 K. Thermal control was accomplished using an Omega Engineering CN76133 controller with 2 CIR-1031 resistive cartridge heaters and a JMQSS-125G-6 thermocouple to monitor temperature in the cell. Temperature was maintained at the desired temperature to within ±0.5 K for data measured at 323 K. Pressure was generated using an Isco Model 260D microprocessor controlled syringe pump and measured using a Heise CC Dial pressure gauge. Uncertainty in pressure was ±2 psia. The pump’s thermal jacket allowed for warming the CO2 prior to injection into the cell, which helped speed solution equilibration.



All samples were prepared by first pipetting a 30 µL aliquot of C153 from a 1 mM stock C153/MeOH solution into the cell and then evaporating MeOH using a gentle stream of dry nitrogen gas. Final probe concentration in solution was not more than 8 µM, even at the highest pressure (density) measured where the C153 is most soluble. Addition of the IL to the cell was performed inside a nitrogen glove box, in which water was always maintained at less than 0.1 ppm and oxygen less than 2 ppm. The cell was sealed prior to removal from the glove box. Upon connection to the syringe pump gaseous CO2 was flowed through the cell as a final step to displace nitrogen prior to heating and pressuring the sample for measurement. A series of up to 15 fluorescence spectra were recorded as pressure was varied from low to high pressure, typically over a range of approximately 1000–4000 psia (ρr = ρ/ρc ~ 0.2–1.8) at 323.3 K. To begin a series, the cell was charged with CO2 and the pressure adjusted to the desired initial value and equilibrated overnight. In between each pressure adjustment, the contents of the cell were stirred thoroughly using a magnetic stirrer, with at least 5 min of equilibration time per pressure increment. Because of physical size limitations in the instrument sample compartment, stirring was discontinued just prior to measurement and the solution was equilibrated for an additional 5 min. Visual inspection of the cell contents showed that the resulting solution was optically transparent and there was no indication of a biphasic solution. Our previous work using a variable volume view cell for phase behavior studies was reported and mapped out the phase boundaries for this system [47].



Steady-state fluorescence excitation and emission data were collected using a Horiba Scientific (Spex) Fluorolog-3 fluorescence spectrometer (Horiba Scientific, Edison, NJ, USA) with single grating excitation and double grating emission monochromators. Instrument parameters were selected to provide 2 nm resolution. The instrument was calibrated using the water Raman signal and all spectra were blank subtracted and corrected for instrument response. Time-resolved emission intensity decays were measured using the Fluorolog-3 instrument, modified with time-correlated single photon counting (TCSPC) components from Horiba Scientific as described elsewhere [59]. In this work, all time-resolved measurements were excited with a 405 nm NanoLED (405-L) high output diode laser operating at a 1 MHz repetition rate, controlled through a FluoroHub controller that was run by DataStation (2.6) software. Excitation photons were passed through a vertically aligned polarizer prior to entering the sample. Emission was passed through a Glan-Thompson polarizer set at “magic” angle (54.7°) and spectrally resolved with the Fluorolog-3 double grating monochromator prior to detection with a cooled photocathode IBH TBX 850 detector (Horiba Scientific, Edison, NJ, USA). Instrument response was measured using an intensity matched scattering solution in a second, identically constructed stainless steel cell. Typical values for the instrument response of this system was routinely <200 ps per pulse. Emission intensity decays were measured over a 50-ns time window (~8000 channels) using a bin size of 14.1 ps per channel. Intensity decay data was measured at the steady-state emission peak, 450 nm. Taken together, the instrument response function and the intensity decay data were analyzed using the iterative reconvolution algorithm contained within the IBH DAS6 (6.6) software and decays were fit to a sum of exponentials models,
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(1)




where Bi is the pre-exponential factor and τi is the lifetime of the ith component of the decay. The estimated effective time resolution was about 50–60 ps after deconvolution of the instrument response [60,61,62]. Quality of fit to a specific model was assessed using reduced chi-squared values (χr2) and a fit was judged to be acceptable if χr2 < 1.2 and the autocorrelation of residuals showed no systematic trend. When the data seemed to require a multi-exponential decay model we allowed the inclusion of an additional time constant only if there was at least a 10% improvement (decrease) in χr2 along with a discernable improvement in fit residuals and/or the fitted autocorrelation function. In multi-exponential models, fractional contributions of the individual lifetime components were calculated according to the following equation.


[image: ]



(2)







We used Spartan’16® Parallel Suite [63] to compute all C153 parameters reported in this work. Except for molecular mechanics and semi-empirical models, Spartan utilizes the Q-Chem ab-initio quantum chemistry code [64,65]. In the present work, initial geometry calculations were performed using the Hartree–Fock (H-F) 3-21G level of theory followed by a density-functional theory (DFT) geometry optimization using the B3LYP functional and 6-31G(d), 6-31+G(d,p) basis sets to be sure that we obtained the best geometry. Single point energy calculations were then performed using time-dependent DFT (TD-DFT) with the B3LYP functional and the 6-31+G(d,p) and 6-311G(d,p) basis sets to compute C153 transition energies. We did not observe a significant difference in energies using these basis sets so computational efficiency was the determining factor that was used to choose a basis set. The electronic absorption spectrum was obtained from calculation of the first six excited states using the optimized ground state geometry. For each excited state, the wavelength and intensity (oscillator strength) were calculated and these data were used to display the absorption spectra. The computed data were fitted to a Gaussian function in which the peak width (full width at half height, FWHH) is treated as a single parameter used to fit all 6 peaks; this fitting procedure was used to estimate spectral line broadening. Spectra shown in this work were visualized using a 40 nm FWHH and the accompanying discrete oscillator strengths were plotted by using 0 nm FWHH. The spectral intensity output for all results was plotted using the program’s default base-10 logarithmic scale that ranged from 1.0 × 10−6 to 1.0.




3. Results and Discussion


3.1. Steady-State Spectroscopy


Ionic liquids are often reported to contain a small fluorescence background, and our previous work with [P6,6,6,14]+Cl− is consistent with that observation [22,59,66], showing a broad, featureless emission spectrum with [image: ] = 479 nm [59]. Excitation and emission scans of neat CO2 showed that it was free from any fluorescent impurities, however, there was measurable pressure-dependent emission when [P6,6,6,14]+Cl− was added to CO2. Compared to the neat [P6,6,6,14]+Cl− spectra, we observed a weak, blue-shifted emission at [image: ] ~ 450 nm in [P6,6,6,14]+Cl−/CO2 at fluid densities greater than ρc (ρr > 1). For ρr < 1, the emission feature appeared only as an unresolved shoulder on the red edge of the Rayleigh scatter wavelength. Prior to addition of C153, the spectra of [P6,6,6,14]+Cl−/CO2 were measured using different excitation wavelengths (emission scans) and emission wavelengths (excitation scans) to determine what effect, if any, wavelength selection had on the observed spectral characteristics. To that end, we measured excitation scans using emission wavelengths of 480 nm and 525 nm, and emission scans were measured using excitation wavelengths at 365, 405 and 450 nm. The resulting spectra from these measurements showed no wavelength dependence.



Representative normalized excitation and emission spectra of C153/scCO2 and C153/[P6,6,6,14]+Cl−/scCO2 at 323K are shown in Figure 2. In neat scCO2 (Figure 2, upper panel), the C153 excitation and emission spectra show a systematic red shift with increasing CO2 density. We also measured C153 excitation and emission in scCO2 at 308.3 K as a point of comparison to literature values of position and shift. The 308.3 K measurements showed excellent agreement with previous work at 309.3 K [24]. The C153 spectral shapes of our data in scCO2 at 308.3 K and 323 K are very similar to what one observes in liquid solvents with polarities that are comparable with CO2. The lower panel of Figure 2 shows examples of excitation and emission scans for scCO2 solutions containing ionic liquid that were recorded as a function of scCO2 density using the same scanning parameters as for C153 in neat scCO2, specifically using 27,400 cm−1 excitation (365 nm, for emission scans) and 19,040 cm−1 emission (525 nm, for excitation scans). Several features of these data are noteworthy. Excitation spectra measured at ρr < 1 showed a clearly different band shape. First, the entire envelope was shifted to much lower energy that was expected. Second, there was an additional component on the low energy side of the excitation spectrum that was not completely resolved and substantially broadened the spectrum. At the lowest density studied, the “extra feature” intensity was nearly 90% of the main peak’s intensity (Figure 2, lower panel, blue Ex line). As density increased up to ~ρr = 1, the intensity of the “extra feature” decreased and red-shifted by ~1000 cm−1 to ~22,000 cm−1, which can be seen as the low intensity peak in the ρr = 1.03 spectrum (arrow in Figure 2, lower panel). Excitation spectra of C153 in IL/scCO2 recorded at ρr > 1 are similar to the C153/scCO2 data in both shape and position, and the small shoulder at ~22,000 cm−1 was no longer observable. Similar to the excitation spectra at ρr > 1, the C153/IL/scCO2 emission spectra in Figure 2 behave similarly to the C153/scCO2 spectra with respect to peak shapes and positions. However, at ρr < 1 there are observable differences as can be seen in the emission spectrum at ρr = 0.47. At this density, the emission showed a broadened spectrum at ~19,000 cm−1 (see Figure 2, lower panel, blue Em line), where there appears to be an underlying, unresolved contribution to the emission band.


Figure 2. Steady-state excitation and emission spectra for C153 observed at densities below (solid lines), near (dotted lines), and above (dashed lines) the critical density for CO2 (0.4676 g·mL−1) [57,58] at 323 K. Upper panel: emission and excitation spectra, respectively, for C153 in neat scCO2. Emission spectra were collected exciting at νex = 27,400 cm−1 (λex = 365 nm) and excitation spectra were measured using νem = 19,050 cm−1 (λem = 525 nm). Lower panel: observed spectra for C153 in [P6,6,6,14]+Cl−/scCO2. Emission spectra centered at ~19,000 cm−1 were measured using 22,220 cm−1 excitation (λex = 450 nm, orange and green lines) and those at ~23,000 cm−1 were excited using 27,400 cm−1 (λex = 365 nm, blue, dots and red lines) photons. Excitation spectra shown here at ~26,000 cm−1 were measured by monitoring the emission at 19,050 cm−1 (λem = 525 nm, blue, dots and red lines).
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After noting the spectral effects from the low-density spectroscopy using 365 nm excitation, we measured the emission using excitation at 22,200 cm−1 (=405 nm) in an effort to move away from any potential IL contributions to the spectra. The analysis from this data indicated that the most intense emission occurred at 22,730 cm−1 with the expected red shift as density increased, but in addition for ρr < 1 the data displayed a second emission band at ~19,420 cm−1 that was most substantial at low density, and that rapidly disappeared as ρr → 1 to produce the typical unfeatured C153 emission spectrum. We further examined the emission at one final excitation wavelength, 22,220 cm−1 (=450 nm). Two emission spectra from this C153/IL/scCO2 series are included in Figure 2 and appear at ~19,000 cm−1 (orange and green lines). These spectra clearly illustrate the low energy contribution to the overall emission profile.



The steady-state spectroscopic results for all of the data acquired are summarized in terms of the average peak frequency (νpk, 1st moment) and full widths at the intensity half maximum (Γ) calculated from the spectra, and the reduced density dependence for this data is presented in Figure 3. The upper graphs show [image: ] and [image: ] for C153 in scCO2 (○) and in IL/scCO2 (filled symbols). In the absence of IL, both the excitation and emission frequencies of C153 show a systematic and smooth variation toward lower energy as CO2 density was increased. When IL was added to solution, [image: ] was decreased by ~2500 cm−1 at the lowest scCO2 density compared to C153/scCO2. As density was increased, [image: ] systematically increased to the value for C153 in neat scCO2. This behavior was observed independent of the purification process used (all filled symbols), but carbon filtering prior to drying under vacuum (diamonds) appeared to have a small influence on the absolute peak frequencies. The [image: ] data for C153 emission in the presence of IL also showed similar energy reduction behavior at low density, but the extent of the shift was dependent on the excitation wavelength used. When excited with 365 nm photons (diamonds), the resulting emission spectra were most similar to the neat scCO2 data in both position and shift magnitude. The small difference in energy between ~22,000 cm−1 (for C153/scCO2, ○) and ~21,500 cm−1 on addition of IL (red symbols) at low density, compared to the changes in emission with 405 and 450 nm excitation, blue and green symbols respectively, is indicative of the degree to which we are able to isolate the effects of IL on the C153 spectroscopy. The increased intensity in the red edge tail of the ρr = 0.47 emission spectra (see Figure 2) contributed to the weighted spectrum such that the peak position at low density was at slightly less energy. By changing the excitation wavelength, we were able to better isolate the lower energy contributions to the C153/IL emission. For the IL solutions at high density, the excitation and emission peak positions eventually matched the values of C153/scCO2 to within experimental uncertainties, except for the emission data excited at 450 nm (Figure 3, green symbols). While we observed a small shift toward the neat CO2 peak value with increasing density, the peak position was still ~2200 cm−1 lower in energy. The reason for this lack of agreement stems from the scan ranges used when exciting with 450 nm photons, in that emission data was only available as high as 20,830 cm−1. Therefore, the weighted average reported in Figure 3 did not include any contribution from the higher energy, higher intensity emission.


Figure 3. Density dependence of the spectral parameters of C153 in the absence (open circles) and presence (filled symbols) of [P6,6,6,14]+Cl−. Diamond symbols are frequencies and widths from activated carbon treated IL samples whereas the triangle symbols were only treated by drying under vacuum (see experimental section for further details). Upper panels: excitation and emission frequencies calculated from first moments of the spectra. Emission spectra were acquired at several excitation wavelengths, λex = 365 nm (red symbols), λex = 405 nm (blue symbols), λex = 450 nm (green symbols). Lower panels: spectral bandwidths computed as full width at half maximum from the normalized spectra.
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Figure 3 also depicts the variation in peak widths (Γ). Absorption (and/or excitation) spectral widths of C153 in liquid solvents are reported to be directly proportional to solvent polarity, whereas emission widths show an inverse proportionality [54]. In addition, the excitation widths are broader than emission widths by about 20%. Our width data for C153/scCO2 are in agreement with both of these points and are also consistent in magnitude with previous measurements [24]. Further, as CO2 density was increased the polarity increased and the spectral widths changed as expected [24] (based on liquid solvent data [54]), in that the excitation widths increased and emission widths decreased. In contrast, the widths in IL/scCO2 solutions showed a significant departure from the expected behavior, particularly at low density. While the excitation widths are still broader than the emission widths, the density dependence is unexpected.



In an effort to explain the observed spectral changes on adding IL into scCO2, we considered what role the IL might play. Choice of excitation (or emission) energy was important because measurement of the [P6,6,6,14]+Cl−/scCO2 blanks indicated that the IL absorbed photons above 25,000 cm−1 and it displayed a small emission background. Thus, one challenge arose from the spectral similarity that occurred between C153 and the [P6,6,6,14]+Cl− blank, both of which exhibited an excitation peak energy at about 26,100 ± 250 cm−1. However, the signal from [P6,6,6,14]+Cl− was always less than 1% of the total signal at any density and all data was blank corrected prior to processing to remove any small contribution to the signal by [P6,6,6,14]+Cl− and so [P6,6,6,14]+Cl− background signal cannot account for the low density C153 spectral changes. At the same time, the mere presence of IL in solution clearly influenced the signal and so we conclude that IL must be present in solution.



Taken together, the changes in peak frequencies and broadened widths for ρr < 1 showed that addition of [P6,6,6,14]+Cl− to a bulk scCO2 results in solubilization of this IL, consistent with our previous report [47]. More recently, we presented the C153 spectroscopy in binary solutions of [P6,6,6,14]+Cl−/MeOH [59]. Variation of xIL from 0 to 1 allowed us to examine the C153 response to the varying cosolvent microenvironment formed between MeOH and [P6,6,6,14]+Cl−. In that work, we observed that on going from neat MeOH to neat [P6,6,6,14]+Cl−[image: ], blue shifted by ~1100 cm−1 and the emission spectral width increased by 10% in response to decreased polarity of the C153 microenvironment. Based on that data, we would expect that if C153 is sensing an increasingly nonpolar environment through IL dissolution, then we should see a blue shift and broadening of the emission spectrum. However, the C153 data in IL/scCO2 are inconsistent with these expected changes, so apparently polarity change does not account for our observations. There are at least two other hypotheses that may help to explain the current results. A broadened spectrum could also result from increased solution heterogeneity, which is conceivable if C153 is partitioning into distinctly different solvent environments. Dissolution of amphiphilic molecules into a bulk supercritical fluid phase, including scCO2, has demonstrated the formation of a micellar environment in supercritical fluids [67,68,69,70,71,72]. While we are not suggesting micellization of [P6,6,6,14]+Cl−, these reports show that molecules similar to this IL have been solubilized in supercritical fluids. Therefore, it is plausible that dissolution of a small amount of IL into scCO2 could produce the solution heterogeneity to which C153 responds. While partitioning in a microheterogeneous solution might explain the Γ trends, and might also provide a rationale for the observed spectral shifts, it may not necessarily account completely for all of the spectral features. For example, while the spectral red shift in excitation and emission with increasing density at ρr > 1 is consistent with expected C153 behavior, the initial peak position and band shape of the excitation spectra at ρr = 0.47 coupled with the expectation that C153/IL interactions should result in a blue-shifted spectrum was inconsistent with the measured data. Therefore, we also considered the idea that C153 solute–solute interactions (dimerization) may contribute to the observed results, particularly at low density scCO2 where solubility is limited.



Several recent reports have discussed coumarin dye aggregation in liquid solvents, including work with C153 [73,74], C481 [75,76] and C343 [77,78]. Pal and co-workers observed a blue-shifted fluorescence emission for C153 in ethanol when the dye concentration approached 10−5 M [73], a concentration commonly used in solvation studies. They demonstrated that C153 undergoes H-aggregate formation under these conditions, whereas no spectral evidence for dimerization was observed in acetonitrile. The same authors also reported H-aggregate formation of C481 in ethanol and acetonitrile [76], as well as in acetonitrile–water binary mixtures [75]. In the context of Kasha’s molecular exciton coupling theory that describes molecular aggregation [79,80], the formation of a stacked molecular dimer (parallel transition dipole alignment, H-aggregate) should display a hypsochromic (blue) spectral shift with a concomitant diminution of intensity, whereas alignment of the J-aggregate type results in a bathochromic (red) spectral shift. If C153 aggregation is driven by IL dissolution in scCO2, then the spectral response should allow us to characterize this process. Our excitation spectra of C153/IL/scCO2 showed a red-shifted average peak at low density that was much broader than anticipated compared to C153/scCO2 (Figure 3). C153 dimer formation could explain these spectral observations. With increased density, the spectra narrowed and the average spectral peak increased in energy up to ρr = 1, after which it followed the expected red shift up to the highest densities measured. Increased solvating power of scCO2 is expected at high density and the dissolution of dimers back to monomers could be explained by improved solubility. Density-dependent behavior in supercritical fluids has been known for decades, and there are many reports that discuss density augmentation effects below the critical density (ρr = 1), which are then diminished by a sufficient increase in fluid density [24,81,82,83,84]. Limited solubility in supercritical fluids is expected below the critical density (ρr = 1), where the fluid density is more gas-like, and therefore, any potential aggregation would be expected at these lowest densities. Above the critical density, the physicochemical properties of the fluid become characteristically liquid-like and solubility is much improved. These effects coincide with the changes we see in C153/IL spectroscopy that showed a markedly different low-density behavior that became more similar to the neat scCO2 data at high density. A second indicator from our data that pointed toward aggregation effects as a plausible explanation was that we isolated a second emission band at 19,000 cm−1 that displayed weaker emission and diminished with increased density.



To further explore our dimer formation hypothesis, we performed a series of electronic structure calculations using Spartan’16® to compute dimer interactions. H- and J-aggregate structures were prepared, and initial gas phase geometries and orientations were calculated using the Hartree–Fock (H–F) method with the 3-21G basis set. The optimized H–F dimer geometries were re-computed with DFT by using the B3LYP/6-31G(d) functional and basis set to calculate a refined geometry. We performed geometry optimizations with higher level theories but observed no significant differences in the final geometries. To estimate the transition energies for gas-phase C153 and C153 dimers, TD-DFT calculations were performed at the B3LYP/6-31+G(d,p) level of theory, from which the excitation spectrum was computed. Figure 4 presents the results for C153 structures and dipole moments for the monomer (top), H-aggregate dimer (middle) and J-aggregate dimer (bottom). The strongest absorption in the calculated C153 monomer spectrum appeared at 373 nm and shows reasonable agreement with low density scCO2 experimental data, 376 nm, with the difference ascribed to solvation effects. The calculated H-aggregate spectrum showed that the strongest absorption was observed at 375 nm, which correlated well with the expected position of the monomer and a lower energy spectral feature at ~440 nm. This calculation also predicted the presence of a higher energy feature at about 320 nm but we saw no corresponding experimental evidence. The J-aggregate calculation also predicted a spectrum that was similar to the measured data. However, here the dominant contribution to the spectrum is observed at 393 nm accompanied by a lower energy contribution that was predicted at 491 nm. Unfortunately, the computational results only offer a limited amount of insight to differentiate between the two dimers, since both anticipated aggregate forms yield transition energies that show energies similar to the experimental data. However, it does appear that the calculated H-aggregate spectrum is more consistent with the measured data with respect to actual peak wavelengths. Although the Kasha model predicts that H-aggregates are non-fluorescent because of forbidden electronic transitions, fluorescent H-aggregates have been reported [73,76,77,85]. Pal and co-workers have discussed this at length for C153. They showed that C153 formed weakly fluorescent H-aggregates that were red-shifted in comparison to monomer emission [73]. They further pointed out that this may be explained through vibronic coupling and slight rotational twisting that misaligns the C153 molecular planes enough so that emission, albeit weak, is observed. In our present case, that model would appear to explain our steady-state data in low density scCO2.


Figure 4. Direct output of Spartan’16 electronic structure calculations showing the results of TD-DFT calculations using the B3LYP functional and 6-31+G(d,p) basis set for estimated solute-solute excitation spectra of C153 plotted as log(I) versus wavelength (nm). The top spectrum is the C153 monomer, the middle spectrum is the H-aggregate (stacked) dimer, and the bottom spectrum shows the head-to-tail C153 J-aggregate dimer. Vertical lines represent the positions and oscillator strengths of the first six excited states.
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3.2. Time-Resolved Spectroscopy


While our steady-state spectroscopy results suggest the presence of C153 aggregates, time-resolved intensity decay measurements are more sensitive to detecting multiple emitting species [60,61,62,86]. Figure 5 shows two C153/scCO2 intensity decays and corresponding residuals that were recorded at ρr = 0.571 (“a”, blue) and ρr = 1.659 (“b”, green). The best fits were described by a double exponential model. A significant improvement in the autocorrelation of the residuals (Figure S1) and reduction in χr2 values (e.g., 1.14 to 1.05 for trace “a” Figure 5) resulted when the second component was added to the fitting model. The additional time constant was always required to achieve the best fits as determined by residuals and autocorrelation of residuals, but its fractional contribution was negligibly small, <0.2%. We attributed this small contribution time constant (<70 ps) to photon scattering by the optical windows and stainless-steel cell interior. Thus, the data suggested a single exponential decay for C153 itself. The recovered lifetimes of the longer time constant for the data shown were 6.85 and 5.17 ns, and ρr = 0.571 and 1.659 respectively, which was typical of the magnitude across the density range. Example decays for C153 in [P6,6,6,14]+Cl−/scCO2 are shown in Figure 6 for data recorded at ρr = 0.754 (trace “c”, blue) and ρr = 1.726 (trace “d”, green). A triple exponential decay model was used to describe the intensity decays, again with one time constant used for scattered light. While the randomness in the double exponential model residuals for these decays (black lines in Figure 6) suggested that the decays might be adequately described by two time constants, significant improvement in the fit resulted by including a third time constant as judged by not only χr2, but more importantly, by randomness in the residual autocorrelations and fits to the decays (Figures S2 and S3, respectively). The complete set of fitting results for C153 in neat scCO2 and [P6,6,6,14]+Cl−/scCO2 are collected in Figure 7, which shows the recovered lifetimes and pre-exponential factors across the range of CO2 density. The smallest time constant was included to account for scattered light (Figure 7, blue circles on the x-axis) and the additional two-time constants described the lifetimes of monomeric and dimeric C153. The open symbols in the bottom panel of Figure 7 display the lifetimes for C153/scCO2 as a function of reduced density, and these results represent the benchmark for C153 monomer emission in neat scCO2. In the absence of solvent coupling, a 7 ns lifetime is a reasonable estimate for gas phase C153 [87]. The C153 intensity decay in low-density IL/scCO2 displayed a gas-like lifetime of 5.8 ns (squares), a difference only 0.7 ns less than the corresponding lifetime in neat scCO2. As density was increased, the C153 lifetime in IL/scCO2 decreased to 4.5 ns. The second time constant (triangles) showed a diminished C153 radiative rate, resulting in a lifetime of ~3 ns at the lowest density. A diminished lifetime is consistent with solute–solute interactions that quenched the fluorescence. The fractional contributions of the time constants indicated that the predominant form of C153 detected in solution (>98%) was monomeric at all densities. As the highest experimental density is approached, the contribution of C153 dimer decreased to nearly zero. Evidently, the high-density solubilizing capability of scCO2 is effective enough to minimize the tendency of C153 molecules to form dimers.


Figure 5. Intensity decay data and fits for C153 in [P6,6,6,14]+Cl−/scCO2 at 323 K. Excitation was at 405 nm and emission at 450 nm for all traces. Lower panel: dots are measured data and solid lines are the multi-exponential fits to these data. “IF” is the instrument function. Trace “c” (blue) was recorded at ρr = 0.754 and trace “d” (green) was at ρr = 1.726. Upper panels: Residuals from the fits to a sum of exponentials model with the black lines showing fits to a double exponential decay whereas colored lines are fits to a triple exponential model.
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Figure 6. Intensity decay data and fits for C153 in [P6,6,6,14]+Cl−/scCO2 at 323 K. Excitation was at 405 nm and emission at 450 nm for all traces. Lower panel: dots are measured data and solid lines are the multi-exponential fits to these data. “IF” is the instrument function. Trace “c” (blue) was recorded at ρr = 0.754 and trace “d” (green) was at ρr = 1.726. Upper panels: Residuals from the fits to a sum of exponentials model with the black lines showing fits to a double exponential decay whereas colored lines are fits to a triple exponential model.
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Figure 7. Fitted decay parameters for C153 in [P6,6,6,14]+Cl−/scCO2 at 323 K (blue symbols). Open circles (lower panel) are for C153 in neat scCO2 at 323 K. All data was acquired using 405 nm excitation with 450 nm emission.
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4. Conclusions


We have reported steady-state and time-resolved fluorescence data using C153. The data showed that the ionic liquid trihexyltetradecylphosphonium chloride, [P6,6,6,14]+Cl−, was dissolved into scCO2 at 323 K. Low density (ρr < 1) C153 excitation spectra in IL/scCO2 solutions showed markedly different behavior compared to that of C153/scCO2. Low-density C153/IL/scCO2 emission spectra also showed significant differences compared to the neat scCO2 that were strongly dependent on choice of excitation wavelength. Recent reports in the literature discussed the observation of C153 H-aggregate (dimer) formation [73,75,76], and we therefore hypothesized the presence of C153 dimers in scCO2. Electronic structure calculations were undertaken to study the effects of dimerization on C153 electronic transitions, and excitation spectra were computed. The calculated spectra for C153 dimers showed transition energies that were indeed consistent with experimental observations. Time-resolved fluorescence showed triple exponential behavior, with one component accounting for scattered light and two components associated with monomer and dimer lifetimes. Fractional contributions indicated that more than 98% of the intensity decay was due to C153 monomer emission and about 1% of the decay was contributed by C153 dimers.



The picture that emerges from the collective data presented here is that for low-density IL/scCO2 mixtures, small amounts of IL dissolve into the bulk scCO2 phase to form an optically transparent, single phase system. The hydrophobic nature of C153 drives association with the IL in solution, wherein C153 aggregates. As discussed, we (and others) observe no C153 aggregation in neat scCO2, and so it is clearly the IL that mediates aggregation. At high density, the propensity of C153 to aggregate diminishes and the solution behaves increasingly like neat scCO2. Our data demonstrate that IL/scCO2 mixtures can behave similar to supercritical fluids that have been modified by organic cosolvents, and therefore provide a potential alternative to using volatile organic cosolvents as modifiers of supercritical fluids.
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