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Abstract: Fluorescence spectroscopy was used to study a solution comprised of coumarin 153 (C153)+
trihexyltetradecylphosphonium bis(trifluoromethylsulfonyl)imide ([Pg 66141 [Tf2N]7)+ supercritical
CO; (scCOy). We compare the spectroscopy of C153 in neat scCO; to that of C153/scCO, with the
addition of ionic liquid (IL). Excitation and emission peak frequencies of C153 in scCO; and in
IL/scCO, diverged at reduced densities (pr = p/pc) below the CO; critical density. Atlow fluid density,
spectral changes in the IL/scCO, solutions showed evidence that C153 experiences a very different
microenvironment—one that is unlike neat scCO;. The data show that the presence of IL clearly
influences the C153 excitation and emission profiles. Excitation was broadened and red shifted by
>2000 cm~! and the presence of an additional low-energy emission component that was red shifted
by ~3000 cm~! was clearly visible and not observed in neat scCO,. The solution heterogeneity
was controlled by changing the scCO, density and at high fluid density, both the excitation and
emission spectra were more similar to those in neat scCO,;. Steady-state anisotropy also showed that
at low fluid density, the C153 emission was significantly polarized. Aggregation of C153 has been
reported in the literature and this led us to hypothesize the possibility that C153 dimer (aggregation)
formation may be occurring in scCO,. Another possible explanation is that dye-IL aggregates
may dissolve into the scCO, phase due to C153 acting as a “co-solvent” for the IL. Time-resolved
intensity decay measurements yielded only slightly non-exponential decays with accompanying time
constants of ~3—4 ns that were significantly shorter than the 5-6 ns time constants in neat scCO,,
which are suggestive of C153-IL interactions. However, these data did not conclusively support
dimer formation. Pre-exponential factors of the time constants showed that almost all of the emission
was due to monomeric C153.

Keywords: ionic liquid; trihexyltetradecylphosphonium bis (trifluoromethylsulfonyl) imide;
supercritical fluid; carbon dioxide; time-resolved fluorescence

1. Introduction

Ionic liquid solutions (ILs) have been studied extensively in recent decades. ILs are considered to
be “designer” solvents because of the ability to choose pairings of cation and anions to create a medium
that is “task specific” [1] for chemical processes or reaction media. There are many review articles
available that discuss the features and applications of ILs [2-5]. With respect to physical and chemical
properties, ILs have attractive characteristics including non-flammability, low volatility and water
miscibility, which garners attention for use as cosolvents [6-9], and in numerous applications [6—17]
that include electrochemistry [18-20], organic synthesis [21,22], gas separation/supported liquid
membranes (SLMs) [23,24], and catalysis [21,25]. On the whole, IL structuresshow microheterogeneity,
and work has identified that nanodomains in ILs allow them to solvate both non-polar and polar
solutes, which has further increased their study [11,18,19,21,23-26].
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Over many years now, supercritical fluids (scf) in general, and specifically carbon dioxide (CO5),
have been studied because of their demonstrated potential as solvents for more green chemical
processing [12,27]. The simplicity of tuning solvent characteristics by only changing pressure, and
subsequently density, is one significant feature of the medium [28-30]. At the same time, one of the
primary problems is the difficulty with which polar media can be dissolved. For CO, this is mainly
because of its low dielectric constant [31]. One means by which the impact of this limitation has been
reduced was to modify CO; by the addition of a few mole percent of a polar organic cosolvent such as
methanol or acetone [32]. However, if the intent is to create green(er) chemical processes, then the
inclusion of an organic cosolvent is somewhat counterproductive.

For nearly two decades, CO,-IL interactions have been the focus of much research. Some examples
for IL applications have been used for gas capture/solubility, e.g., CO, and SO, [33-36], catalyst
recycling [27,37], and processing of nanomaterials [12]. Much of this work has focused has been heavily
concentrated on 1-alkyl-3-methyl imidazolium cations (Imy 1), where the alkyl chain length (x) most
commonly has been C; to Cg [12,27,35,37-51]. Much of this work has sought to address the phase
behavior when CO; is dissolved in bulk ILs and then to quantify the solubility of CO, gas in the IL
phase. In one case, CO;, gas solubility in [Co-imidazolium][PF¢] increased by approximately 22% in
comparison to the shorter butyl chain [C4-imidazolium][PF¢] determined from the volume increase of
the liquid phase when pressure at 298 K was increased [52]. All of the recent work collectively shows
that CO, gas is effectively captured by a bulk IL phase. Moreover, several imidazolium ILs with cation
alkyl chains of C; to Cg are reported not to be appreciably soluble in scCO, [53].

While much of the IL literature still focuses on the imidazolium cation, by comparison, much less
attention has been given to phosphonium cations. This is beginning to change and, of the phosphonium
cations, the trihexyltetradecylphosphonium cation ([P ¢ 6,14]*) shown in Figure 1 has been the cation
of choice [54-57]. Some time ago, we reported that a phosphonium IL was dispersed into scCO; [56].
In that work, the phase behavior of trihexyltetradecylphosphonium chloride ([P¢ 6 6,14]" C17) in scCO,
was observed using a variable volume view cell and the data suggested that the phosphonium chloride
has a solubility of up to ~7 mass% IL [56]. As part of that work, the fluorescence emission spectrum
of laser dye coumarin 153 (C153), Figure 1, showed that the presence of IL had a measurable effect
on the C153 emission. This observation prompted to perform a systematic study of [Pg¢6,14]" Cl™ in
scCO; [57]. In that work, we observed an unusually broad excitation spectrum at low fluid density
that appeared much more similar to C153 in neat scCO; as density was increased above p; (= p/p.)
~1. Moreover, the C153 emission spectra clearly showed two distinct peaks at p, < 1. These spectral
features led us to hypothesize C153 dimer formation as a possible explanation of the observed data.
Fluorescence intensity decay data yielded three time constants, which further supported the notion
of C153 aggregation in the presence of IL given that the intensity decay of C153 in neat scCO is
monoexponential. This work led us to question whether the [Pg ¢ ¢14]" C1™ result was anomalous or
whether other [Pg 6 ¢,14]* ILs display the same behavior.

In this paper, we present a study in parallel to our previous work with the phosphonium
chloride analog, but here report on the C153/[P¢ 6 6,14]" [Tf2N]/scCO; system. The objective of this
work was to determine whether the anion paired with [Pg ¢ ¢,14]*, specifically through the use of the
bis(trifluoromethylsulfonyl)imide anion, has any measurable effect on C153 fluorescence. Part of the
impetus for this choice of IL was driven by previous studies of fluorinated surfactants in scCO;. In the
late 1980s and early 1990s, an extensive search was undertaken to find a CO,-philic surfactant that
was soluble in scCO; and, further, would form reverse micelles in scCO,. Although more than 150
surfactants were tested, none formed reverse micelles except for tailor-made fluorinated surfactants [31]
(and references therein). Johnston, O'Rear, and co-workers reported that fluorination of the surfactant
tail(s) overcame scCO, solubility limitations because of the decrease in the Hildebrand solubility
parameter, 6, and polarizability-to-volume ratio, /v, relative to purely hydrocarbon tail surfactants [31].
Subsequent work further demonstrated the formation of reverse micelles by solubilizing a protein
(BSA) [58] and polar dyes in a scCO, continuous phase [59]. In addition, the medium has been used
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to synthesize TiO, nanoparticles [60,61]. Clearly, fluorine has an impact on “CO,-philicity” and thus
is our reason for selecting the [Tf,N]~ anion for our work here. Both spectral and time-dependent
fluorescence data from C153 in [P 6 6,14]" [Tf2N]~ /scCO; at 323K are reported. We selected the C153
probe both for our own internal consistency and because C153 has been extensively studied as a
solvation probe by the Maroncelli group (among others) in conventional liquids and in supercritical
fluids [26,28,62-64]. C153 is a nearly ideal probe of solvation primarily because the Sy — S; transition
is not complicated by any nearby transitions [65,66]. Both experimental and computational work are in
good agreement and show that the C153 spectroscopic properties make it an ideal probe of molecular
solvation [62,67,68].
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Figure 1. The top structure is the laser dye coumarin 153 (C153) and the lower structures are the ions in

trihexyltetradecylphosphonium bis(trifluoromethylsulfonyl)imide [Pg 6 614]* [Tf2N]
2. Materials and Methods

Trihexyltetradecylphosphonium bis(trifluoromethylsulfonyl)imide ([Pgg¢14]" [Tf2N]7) was
provided by Cytec Canada [69]. The IL was treated in activated carbon to remove organics and filtered
through a 0.2 micron nylon mat and then dried under vacuum for 5 days at ~60 °C. The resulting IL was
colorless by eye. The Karl Fischer titration method was used to assess water content at 295 K. For this,
we used a C20 titrator from Mettler Toledo, Co that was fitted with a double platinum pin electrode
(model DM 143-SC). Replicate measurements showed water content less than 0.015 + 0.003 mass%
water. Carbon dioxide (Scott Specialty Gases, 99.99% purity) was used as received. Isothermal
properties for CO, were computed at 323 K using the National Institute of Standards and Technology
(NIST) webbook [70]. CO, densities were calculate using the Span and Wagner equation-of-state
(EOS) [71]. The CO, critical parameters are also reported on the NIST website, T, = 304.128 K, P, =
1070.0 psia, and p, = 0.4676 g-mL~!. Laser grade coumarin 153 was purchased from Exciton and used
as received.

The details of the pressure apparatus have been reported previously [57] and consist of a stainless
steel optical cell that uses quartz windows and Teflon®O-ring seals. All measurements were made at
323.3 K with temperature controlled with a CN76133 Omega Engineering controller unit that drove
two model CIR-1031 resistive cartridge heaters. Temperature feedback from the cell was through a
JMQSS—-125G-6 thermocouple and was maintained to +0.5 K. Pressure control was from an Isco Model
260D syringe pump and read using a Heise CC Dial gauge with an uncertainty of +2 psia.

Samples were prepared by pipetting 30 uL of stock 1 mM C153 from a methanol solution into
the cell and evaporating using dry nitrogen. Probe concentration in the final solution was less than
10 uM. Prior to sealing the cell, gaseous CO, was allowed to flow through the cell as a final purge prior
closure, heating and pressuring. Fluorescence spectra were recorded with pressure varying over a
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range 1070-3500 psia at 323.3 K, which equates to pr = p/p. ~ 0.4 — 1.8. The pressure was set to the
initial value and equilibrated for 12-15 h overnight by stirring with a magnetic stirrer. During the
measurements, we allotted at least a five minute equilibration period per pressure increment. Due to
sample compartment size restrictions, stirring was discontinued before measurement, but the solution
was further equilibrated for an additional (at least) five minutes after the cell was transferred into the
instrument. The cell contents were examined visually to confirm optical transparency at all pressures.
There was never any indication of a biphasic solution.

A Fluorolog-3 spectrometer from Spex (now Horiba Instrument) was used to acquire fluorescence
excitation and emission spectra. The spectrometer is outfitted with a single grating excitation
monochromator and a double-grating emission monochromator. Choice of instrument settings were
selected to produce a spectral resolution of 2 nm. Initial calibration was done by measuring the Raman
signal from distilled-deionized water. Post-acquisition blank subtraction and was performed on all
spectra. Spectral uncertainties were <250 cm~!. Steady-state polarization measurements were made
using the instrument’s Glan-Thompson polarizers. Polarizer calibration was performed using a dilute
scattering solution and the resulting anisotropy was 0.990, exceeding the manufacturer’s specification
tolerance of >0.97. Polarization data were collected at several excitation/emission pairs: vex = 27,397
and 24,691 cm ™! with vem = 22,222 cm ™! and then at vey = 22,222 cm™! with vem = 19,608 cm™! and
signal averaged 10 replicates.

For time-dependent emission, our instrument was modified to include time-correlated single
photon counting (TCSPC) components, which has been previously discussed [57,72]. For these
experiments, all time-resolved decay measurements were excited using a 405 nm diode laser, high output
NanoLED, from Horiba. Laser output was passed through a vertical polarizer and the emission
polarization was controlled by a Glan-Thompson polarizer set at “magic” angle (54.7°) for lifetime
measurements. Emission wavelength selection was accomplished with the Fluorolog-3 emission
monochromator and detected with an air-cooled IBH TBX-850 photomultiplier. The instrument
response was measured with a dilute scattering solution that was intensity matched to the sample in a
separate, identical stainless steel cell. The nominal instrument response was <200 ps. The C153 intensity
decays were measured with a 7.1 ps per channel resolution. Data fitting was performed with the iterative
reconvolution method as provided by the IBH DAS6 version 6.6 software. A sum-of-exponentials
algorithm was used to model the intensity decay,

I(t) = ) Biexp(~t/7;) (1)

where B; represents pre-exponential coefficients, ¢ is the time and 7; represents the component lifetimes.
We estimate that after reconvolution, the instrument time resolution is effectively ~60 ps [57,73-75].
Fitting quality was assessed by the reduced chi-squared method (x;%) with an “acceptable fit” defined as
the x,2 value ~1.0~1.2 accompanied by the residual autocorrelations that displayed no clear systematic
pattern. We imposed an “improvement threshold” for including additional lifetimes only when the
resulting fits yielded at least a 10% x> reduction with accompanied residual and autocorrelation
improvement. For multi-component fitting models, we computed lifetime fractions (f;) using

Bit;

.fi = n
Y. Bit;
i=1

@

with B and 7 as described above. Lifetime uncertainties were < + 70 ps as determined from replicate
measurements.
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3. Results and Discussion

3.1. Fluorescence Excitation and Emission Spectroscopy

A set of normalized excitation and emission spectra are presented in Figure 2 for C153 in scCO,
(see upper panel) and for [Pg 66 14]* [THrN]7/scCO; (in the lower panel) at T = 323K. The C153/scCO,
excitation and emission spectra are in good agreement with previous measurements [28,57] and show
a consistent red shift as scCO, density increased. The C153 spectral shapes in CO, are similar to
what one observes in conventional liquid solvents that have polarities which are comparable with
COs,. Blank scans in neat scCO, and IL+ scCO; showed only background-level signal with no obvious
spectral features in either excitation or emission. The lower panel of Figure 2 shows examples of
C153-normalized excitation and emission in IL-modified scCO, at reduced densities that cover the
entire density range in these measurements. What is immediately noticed is that excitation spectra of
IL/scCO; at pr <1 showed a completely different shape compared to that in neat scCO;. The entire
spectrum was shifted to lower energy (blue line, p; = 0.44, centered at 24,000 cm~') and the excitation
spectrum is substantially broader than the neat scCO, counterpart. The set of excitation spectra
up to approximately pr ~ 1 showed two distinct contributions to the excitation envelope that were
never completely resolved. At the lowest few densities studied (pr ~ 0.42-0.48), peak separation
was not readily apparent but became noticeable at approximately pr ~ 0.55. As density was further
increased, the lower frequency shoulder intensity rapidly decreased and red shifted by ~1500 cm™!.
The diminution and red shift of the low-energy spectral component disappeared entirely above the
critical density. The dotted excitation spectrum shows the last of the clearly discernable lower energy
feature relative to the main peak, at ~22,500 cm™!. For completeness, the set of normalized excitation
spectra at p; = 0.42 — 1.08 are presented in Figure S1. Excitation spectra at p; > 1 for C153 in neat and
IL-modified scCO; have very similar profiles in both shape and position and at the highest densities,
the spectra are nearly indistinguishable; see red-dashed excitation lines at p; ~ 1.7.

The emission spectra from IL solutions showed patterns similar to the excitation spectra, with a
clear distinction between spectra at densities pr <1 and p; > 1. At p; = 0.44, the emission shows two
clearly resolved peaks centered at ~20,000 cm™' and ~23,000 cm~!. We noted that the peak resolution
was sensitive to bulk fluid density and the best resolution was achieved at low fluid density, typically p,
< 0.66. At higher density, the lower energy peak intensity was too weak relative to the main emission
peak so that it was impossible to determine its actual position. We attempted to isolate the ~20,000 cm™~!
emission by using excitation at 24,691 cm™~! (=405 nm). However, we were unable to fully isolate the
lower energy emission peak. As with the spectra shown in Figure 2, the emission spectra showed
the same two distinct peaks. So when using either of these two excitation energies, we observed two
emission peaks at low densities, consisting of one peak that was initially at much lower energies than
expected, which blue shifted with increased density, and a second peak with an energy that was more
typical for C153, which red shifted with increased density. This pattern was observable up to p, ~1.1
after which the emission produced the unfeatured C153 emission. Emission was examined at one
additional excitation wavelength, 22,222 cm™! (=450 nm), which is presented in the lower panel of
Figure S2. These spectra clearly show the isolated low-energy part of the total emission.

In an effort to quantify the effects of density on the C153 emission, we computed the fluorescence
intensity ratios in two ways. First, we used the intensity at the peak maximum and tracked the peak
maximum as the spectrum changed with density. However, this approach was somewhat problematic
because at mid and higher densities the lower energy spectral peak was at best not well-resolved,
if at all identifiable. The second approach was to select a set of fixed wavelengths and use those
values consistently. The values were determined to be 450 and 510 nm, which equate to 22,222 and
19,608 cm~!, respectively. These values were selected by using the peak positions at the lowest and
highest densities where the spectral features were most clearly observable. The results of our analyses
are shown in Figure 3.
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Figure 2. Excitation and emission spectra for C153 in scCO, and IL-modified scCO, at 323 K.
Representative densities are chosen for values that are below, near and above the CO; critical density
(solid, dotted and dashed lines, respectively). The upper panel is spectra of C153 in neat scCO,.
Emission spectra were measured using ve, = 27,397 cm L. The excitation spectra were measured by
monitoring emission at ve, = 21,053 cm~ L,
[Tf,N]7/scCO,. Emission spectra that are centered at ~23,000 cm~! were excited using 27,397 cm™!

photons. IL/scCO,; excitation spectra at ~26,000 cm~! were measured with emission set at 19,608 cm™!.

The lower panel shows spectra for C153 in [Pg 6 14]"
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Figure 3. Computed emission intensity ratios for C153 in neat scCO, (circles and blue triangles) and
[P 6141 [THN]7/scCO; (pink and green triangles). Emission ratios (all triangles) are calculated from
intensities at 22,222 cm™ /19608 cm™ (= I450nm/I510nm), Whereas open circles are for ratios calculated using
the peak maximum value with an appropriate shift on the spectrum for the “510 nm” position. See text for
details. Uncertainties are contained within the size of the symbol except for the visible error bars.



ChemEngineering 2020, 4, 20 7 of 19

We compared these two methods using C153 in neat scCO; as the test case, shown in Figure 3 for
the open circles and blue triangles. The open circles represent method 1, where the actual peak position
of the ~22,222 cm~! peak was used and the expected position of the 19,608 cm~! peak was estimated
by applying a simple wavelength shift that was determined from the difference between the actual
peak maximum and 22,222 cm™~!. The results showed that the intensity ratio is essentially constant to
within our ability to accurately determine the peak position. However, in some cases, it was difficult to
determine the actual peak position because of poor resolution. The blue triangles show the results
using method 2, the static wavelength approach. With increasing density, the spectrum red shifted, and
the calculated ratio consistently decreased. Although method 2 does not use the actual peak position,
the static wavelengths approach offered a more consistent method of calculating the ratio across all
data sets, even though this introduced a slight bias in the ratio because the spectral shape changes with
density. Thus, the neat CO, results served as a baseline for the ratio calculation. With IL added, the pink
triangles show the calculated emission ratio using excitation at 27,397 cm™! and green triangles show
the ratio using excitation at 24,691 cm~!. These data manifest several points. At the lowest densities,
the ratio is less than unity, indicating that the 19,608 cm™! contribution is greater than the 22,222 cem™!
contribution, which is clearly observed in the low-density spectra. Interestingly, this behavior is
only observed in IL solutions, as compared with C153 in neat scCO; (blue triangles). Below p; ~
1.1, the data indicate that higher energy excitation favors the higher energy (22,222 cm™!) emission
peak but as with the spectra, the difference becomes negligible at high density and, more importantly,
is indistinguishable from the neat CO, data. Whatever the source of the emission, the effects of IL in
solution are not discernable from this measure.

All steady-state results are summarized using the first moment of the peak frequency and spectral
full-width-at-half-maximum intensity (I' ). The density dependence of these data is collected in
Figure 4. The upper panels show C153 excitation and emission peak positions, vex and vem respectively,
in neat scCO, (O) and with added IL in scCO; (filled symbols). With no IL, the C153 frequencies
displayed a systematic shift toward lower energy with increased CO, density. Interestingly, when IL
was present, the excitation peak position decreased by as much as ~3000 cm™! at the lowest density in
contrast with C153/scCO, with emission measured at 19,608 cm™~! (green triangles). On increasing
the density, vex systematically increased to the value observed for C153/scCO;. A much weaker rise
at low density was noted for vex with emission at 22,222 cm™! (blue diamonds). The C153 vy, data
with IL showed a similar energy change at lower density but the extent of the shift depended on the
specific excitation used. Using excitation at 27,397 cm™! (red diamonds), the emission showed the
least change in position relative to neat CO; and correspondingly displayed the larger intensity ratio
(see Figure 3, pink triangles). For all excitation wavelengths, the relatively high intensities from the
lower energy emission in IL solutions contributed significantly to the weighted spectrum. In high
density IL solutions, the peak positions eventually aligned with C153/scCO, values to within a few
hundred wavenumbers, the limit of our experimental uncertainty. The exception is the emission when
excited at 22,222 cm™! (green symbols). Although we saw a small initial blue shift toward the neat
CO, peak value, the peak position remained ~2500 cm™! lower in energy.

Figure 4 includes the spectral width variations (I'). C153 absorption widths in conventional
liquid solvents are directly proportional to solvent polarity but the emission widths are inversely
proportional [68]. Moreover, excitation spectra are broader than emission by ~20%. Here, the C153/scCO,
I'values are in general agreement with liquid results and are also consistent with previous CO, data [28].
However, I'in IL/scCO; solutions deviated from the expected behavior. The excitation and emission
widths show similar patterns with respect to increasing density in that the C153 microenvironment
is significantly more heterogeneous at low density. Excitation widths in IL solution are consistently
narrower than the comparable neat CO, widths. However, emission widths in IL solution are initially
broader than the in CO; but are identical at high density to within-experimental uncertainty.



ChemEngineering 2020, 4, 20

8 of 19

28 T T T T T T T 23 T T T T T T T
| Excitation i | Emission ]
lece) 22 S, .

_ o 7r 0&0003 o3¢ 7 | o © o098 ¢ ¢ %3& |
' L L3 o L 2K R 4
5 I RS £ §xg 1 21f §

e 26 - - .
Z A 2 | ’ i @ Vox© 27,397 cm™ |
:5- i A 1 i " ® Vey=24691cm” |

25 A . & v =22222cm”
& £ ® Ve=22222cm™ | 19T ® o 0% |
I A vg,=19608cm™ | I OG0 60000 ¢ i
24 : i : i : i : 18 : i : i : i :
4.0 | 4 40} .

.g L i L P i

“, 35| PN 4 35| }.0 -
z A o0 O *

:?_ 3 aomo O QA o O E - ‘ ‘ i

0 A A = < o) -
30 %o 00000 & 600 30 Sronoe 88 §°3 §9¢
25 1 1 1 1 1 1 1 25 1 1 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Density (p/p¢) Density (p/p¢)

Figure 4. C153 spectral parameters in the absence (open circles) and presence (filled symbols) of
[Ps,6,6,14]" [TE2N]~. The upper panels show the first moments of excitation and emission frequencies.
Emission data were from several excitation energies, 27,397 em™ (red symbols), 24,691 cm™! (blue
symbols), and 22,222 cm™! (green symbols) whereas the lower panels give FWHM bandwidths.
Uncertainties in peak positions are less than ~180 cm~! and widths are less than 200 cm™.

The spectral data show that inclusion of IL significantly alters the C153 spectral behavior. To what
then can we ascribe these observations? The signal from the [Pg 6 14]" [TfoN]~ /scCO, blank was
negligible at all densities, which indicates that fluorescence from the addition of IL is negligible or
rather any impurities present in the IL are not extracted by scCO,. Furthermore, all data were corrected
for instrument artifacts and blank corrected to remove any spurious contributions to the observed
signal. The peak frequency changes and broadened widths for p; < 1 suggested that [P 6,14]" [Tf2N]~
is somehow affecting the C153 fluorescence, which was also observed with [Pg¢614]" C1™ [56,57].
One hypothesis that may help to explain these spectral results is that the C153 is partitioning into
distinctly different solvent environments. There are at least three possible environments in the solution
that could combine to produce the observed solution heterogeneity: (1) neat scCO;; (2) an IL-rich
environment; (3) a mixed IL/scCO; medium in which IL is somehow dispersed. Amphiphilic molecules
have been reported to dissolve into supercritical fluids that resulted in the formation of a micellar
environment [58-61,76,77]. While we are not implicitly suggesting that [Pg ¢614]" [Tf2N]~, is forming
micelles, these surfactant reports do show that molecules similar to this IL have been solubilized in
supercritical fluids. Partitioning of C153 into a microheterogeneous solution might explain the observed
widths and spectral shifts, but it does not necessarily account for all spectral features. For example,
while excitation and emission peaks for IL solutions red shift at p, >1, in parallel with expected C153
behavior in scCO;, the initial peak position and band shape of the excitation spectra at p, = 0.47 was
quite different than expected. Moreover, C153-IL interactions at low density should be blue shifted
compared to a high-density spectrum, which was also inconsistent with the measured data. What
else may be happening in solution? Solute-solute interactions may also be contributing to the C153
spectroscopy, especially at low fluid density where solubility is most severely limited.
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Aggregation of coumarin dyes in liquid solvents has been reported for C153 [78,79], C481 [80,81],
and C343 [82,83]. Pal and co-workers report blue-shifted C153 emission in ethanol for a dye
concentration of ~10™> M [78]. The conclusion from that work was that in ethanol C153 was
able to form H-aggregates where no evidence for dimerization was reported in acetonitrile. They
also reported formation of H-aggregates for C481 in ethanol and acetonitrile [81] and in binary
solutions comprised of acetonitrile-water [80]. Kasha’s exciton coupling theory [84,85], predicts
that formation of a stacked arrangement molecular dimer that has transition dipoles aligned in
parallel should shift hypsochromically (blue shift) with a simultaneous decrease in emission intensity.
Conversely, J-aggregate dimerization should produce a bathochromic shift. If C153 were to aggregate
because of IL influence, then the spectroscopy should be sensitive to this process. Our C153/IL/scCO,
excitation spectra showed both a broadened and a red-shifted peak at low density relative to C153/scCO,
(Figure 4, green symbols), which might suggest solute-solute interactions. Spectra narrowed and
the peak energy increased up to pr ~ 1, beyond which the spectrum systematically red shifted as
expected up to the highest density. At high density, scCO, solvating power is expected to maximize
and the disappearance of any solute—solute signal is not surprising. This effect could be observed if
only monomers are in solution or if monomer signal is much more intense compared to any dimer
signal. Density dependent solubility in supercritical fluids has long been known and many reports
discuss the idea of local solvent density enhancement near to the critical point, which diminishes by a
sufficient increase in density [28,86-89]. Low solubility is expected at supercritical fluid densities less
than p, = 1 where the bulk fluid density is more gas-like. Therefore, these conditions should most
favor aggregation of any dissolved solute. Above the critical density, the fluid properties become more
liquid-like and solubility improves. The changes we observe for C153 when IL is present mirror these
effects. A second result that pointed us toward aggregation as a tentative explanation was the isolation
of an additional low-energy emission band at ~19000 cm™! that displayed weaker emission intensity
and was undetectable at about the critical density.

Results from electronic structure calculations were used to compute anticipated C153 dimer
energies [57]. From those calculations, the C153 absorption for the calculated monomer was expected
at 26,810 cm™!, which reasonably agreed with the low-density scCO, experimental data (Figure 2,
blue line). The calculated H-aggregate spectrum showed an absorption that was correlated with the
expected monomer position and a low-energy feature at 22,727 cm™!, which is similar to what we
observed experimentally (Figure S1). For completeness, we also considered J-aggregate energies but
the dominant contribution to the spectrum was predicted to be at 25,445 cm™! with a low-energy
line predicted at 20,367 cm™! that were not observed in our data. Although Kasha’s model predicts
that H-aggregates should be non-fluorescent because of the forbidden electronic transitions, Pal and
co-workers observation of C153 fluorescent H-aggregates showed that weak, fluorescent H-aggregates
did form that were red shifted relative to monomer emission [78]. They discussed the effect in terms of
the vibronic coupling and rotational twisting that perturbs the C153 molecular planes so that emission,
although weak, can be observed. This model appears to provide at least some insight to explain our
low-density scCO, data.

Finally, an equally plausible explanation could also be based on the interactions between C153
and IL, with the C153 acting as a sort of “co-solvent” such that a dye-IL aggregate is present in the
scCO, phase. While we can conjecture about all of these various possibilities, it still remains that the
exact nature of the solution microheterogeneity that gives rise to our observations cannot be inferred
directly from these measurements.

3.2. Steady-State Anisotropy

Fluorescence depolarization measures the rotational mobility of a dissolved fluorophore as
described by Perrin [90],

— "o
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where 1y is the limiting anisotropy value, 7 is the excited-state fluorescence lifetime, 7 is the solution
viscosity, and V is the fluorophore hydrodynamic radius derived from the fluorophore size and shape.
From Equation (1), depending on the known and measured parameters, the anisotropy data can be
used to either determine molecular size and shape parameters or the solution viscosity if molecular
parameters are already known. Thus, in these experiments, we expect that the solution anisotropy
should be able to reveal direct information about C153 and its mobility characteristics and thus help to
test our dimerization hypothesis. Before discussing the results, it is useful to calculate the expected
anisotropy values. As a simple anisotropy prediction, we calculated values using the bulk scCO ;
viscosity [71], excited-state lifetime of 3 ns (see next section), C153 molecular volume of 246 A3[72],
and limiting anisotropy of 0.375 [91]. The values ranged from 0.0001 to 0.0006 at pr = 1.8 for a C153
monomer and only up to 0.0011 for a dimer (= 2x monomer volume with no further corrections).
Figure 5 presents the measured anisotropy using several excitation/emission pairs to probe the
C153 fluorescence response. As mentioned, the monomer emission is presumed to be at ~22,222
cm™! (blue symbols) as determined by C153 in neat scCO, and at high density in the IL + scCO,
solution and the dimer emission at 19,608 cm~! (green symbols) using the low-density data. Monomer
anisotropy was measured by exciting with 27,397 cm~! (blue inverted triangles) and 24,691 cm™!
(blue squares). The low-density results show substantial anisotropy, as large as 0.1 for excitation at
27,397 cm~! and 0.33 for excitation at 24,691 cm~!—both of which rapidly decreased as density was
increased. Similar results are observed for these two excitation energies when emission is measured
at 19,608 cm™! (green inverted triangles and squares). Of note for these data is that at low density,
the anisotropy is unexpectedly large, but becomes unmeasurable above p; ~ 0.7. However, what is
particularly interesting in these data are the results when using excitation at 22,222 cm~! with emission
at 19,608 cm™~! (green circles). Presumably, under these spectroscopic conditions, we are directly exciting
the C153 dimer—the anisotropy of which surprisingly persisted over nearly the entire range of density.

0.2 -

<r>

01

0.0 1
0.0

Density (p/ p¢)

Figure 5. Density dependence of the anisotropy of C153 in [Pg ¢ 61417 [TfN]~/scCO,. Blue symbols
show data acquired with emission fixed at 22,222 cm™~!, whereas green symbols are the anisotropy with
emission at 19,608 cm™1. Excitation was varied for each emission using 27,397 cm™! (inverted triangles),
24,691 cm™! (squares), and 22,222 em™! (circles). Uncertainties are contained within the size of the
symbol except for where there are visible error bars.

Increased anisotropy suggests that, from a mobility perspective, C153 experiences a more restrictive
environment through either physical constraints or intermolecular interactions or both. Considering the
current context, there are several physical phenomena that would support this observed behavior: (1)
local density augmentation of neat scCO, about C153 [28]; (2) the presence of IL in scCO, that forms
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a dispersed type phase; (3) C153 dimer formation; (4) C153/IL association that has been dissolved
into the scCO; phase. Local density augmentation and the presence of IL could effectively increase
the local viscosity about C153, thereby decreasing its mobility. Enhanced local scCO, density alone
is the least likely of these three possibilities because the effects from CO, augmentation for C153
in neat scCO; is at best only a factor of 4 larger at p, ~ 0.5 than p, ~ 1.8 at 308K (T ~1.02) [28].
In addition, at 323 K, the higher temperature also further reduces the augmentation effects. Dimer
(aggregate) formation increases the volume of the rotating species, which also slows rotational motion.
However, the volume change alone if considering only C153 dimerization is insufficient to account
completely for the observed anisotropy. Therefore, we are left with the only other contribution—the
presumption that somehow the IL is entering solution is occurring. Using Equation (1), we estimated
the solution viscosity required to produce the observed low-density anisotropy. Using the Perrin
equation, we estimated first the viscosity and then the molecular volume that would be required to
produce <r> = 0.1. First, using the C153 monomer volume of 246 A3 [72], we estimated the solution
viscosity to be ~25 mPa-s, and if we simply double the volume, then the estimated solution viscosity for
a C153 dimer is ~12 mPa-s. Given that the neat IL has a viscosity of 277 mPa-s at 298K [26], and guessing
a value of 100 mPa-s to account for the experimental temperature of 323K, a dilute IL solution could
create the observed anisotropy effect. On the other hand, if we only use the p; = 1 scCO, viscosity and
compute the molecular radius of the rotating species assuming a spherical shape then we find that the
radius is a 10x larger than the monomer size. However, a molecular dimer does not have 10 times
the radius of the monomer. While these measurements alone do not confirm any specific underlying
interactions, the spectroscopic and anisotropy data do show that the chemical environment about C153
is clearly different than in neat scCO, alone. From the very early stages of work with ILs and scCO,,
it has been reported that IL does not appreciably dissolve into bulk scCO, and for [bmim][PFg] the
solubility was 5x1077 as assessed by UV-Vis spectroscopy [53]. That work also included five other
imidazolium ILs and the same conclusion was reached for each of those ILs. However, here we are
using fluorescence from C153 (a laser dye) to measure the effect of [Pg 66 14]* [Tf2N]~, and fluorescence
detection is orders of magnitude more sensitive than absorbance. In addition, [P ¢,14]* [Tf2N]™ is a
wholly different type of IL and thus the interactions between IL and CO, will be necessarily different.
Thus, there is no reason to expect that our results should be so similar to the imidazolium IL results.
Importantly, a recent report by Sivaraman and co-workers using a tetraalkylammonium IL, similar to
the phosphonium used here, did show appreciable solubility, on the order of (0.5 - 12.7) x 107 in neat
scCO; at 313, 323, and 333K over a pressure range of 10-30 MPa [92]. It is interesting to note that only
after many attempts to show surfactant dissolution in COj, only a few designer fluorinated surfactants
were shown to appreciably dissolve in scCO; [31,58,59,93,94]. These works showed the importance of
molecular considerations and structural motifs when considering interactions with scCO;.

3.3. Time-Resolved Spectroscopy

While our spectroscopy and anisotropy data seem to hint at C153 aggregation, the inclusion
of time-resolved intensity decay measurements also can be used to detect multiple emitting
species [73-75,95]. Thus, if dimers are present in solution, we expect that multiple time constants
should be needed to describe the excited-state intensity decay. In our C153/[Pg¢614]" Cl7/scCO,
work, we noted that three time constants were needed to fit the measured intensity decays [57].
Here, we present intensity decays and residuals for C153/scCO, and C153 in [Pg 6 6 14]* [T£2N]7/scCO,
in Figures 6 and 7, respectively. The C153/scCO, decays were measured at p, = 0.571 (“a”, blue traces)
and p; = 1.659 (“b”, green traces). Best fits were to a double exponential decay model (x> = 1.05 for
trace “a” in Figure 6) that resulted when a short time constant (< 70 ps) was added to the fit. This short
time constant was always required to achieve the best fits, but the contribution was quite small at <
0.2%. We assigned this time constant to scattered photons. Thus, the data suggested that a single time
constant adequately described the C153 emission. The longer lifetime component ranged between 6.85
and 5.17 ns at p; = 0.571 and p; = 1.659, respectively.
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Figure 6. C153/scCO, intensity decays at 323 K; excitation was at 24,691 cm~1 with emission at 22,222 cm™!.
In the lower panel, dots are the measured decays and the solid lines are the resulting fits. The label “IF”
shows the instrument response function. Blue trace “a” was at pr = 0.571 and green trace “b” was at
pr = 1.659. The upper panels are the residuals to the sum-of-exponentials model with two time constants.

Residuals
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Figure 7. C153 intensity decays and subsequent fits in [Pg .6 141 [Tf2N]7/scCO; at 323 K with excitation
at 24,691 cm~! and emission at 22,222 cm™!. In the lower panel, dots are the measured decays and
solid lines are the multi-exponential fits. The label “IF” shows the instrument response function. Blue
trace “c” was measured at p; = 0.754 and green trace “d” was at p; = 1.726. The upper panels are the
residuals to the sum-of-exponentials model with two time constants. Black lines are fits to a single
exponential decay and colored lines are fits to a double exponential model.
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Sample decays at p; = 0.754 (blue trace “c”) and p, = 1.726 (green trace “d”) for C153 in [Pg 6 6 14]*
[Tf,N]7/scCO; are in Figure 7. Again, a sum-of-exponentials model was used to fit the decays with the
shorter time constant used to account for scattered photons. The residuals show that at low density
(Figure 7, panel (c)), a single time constant is not completely adequate to describe the intensity decay,
whereas, at high density (Figure 7, panel (d)), there is very little difference between the one and the
two component models. We noted improved fits were achieved by including a second time constant
as evidenced by both the diminution of x,? and by increased randomness in the residuals and their
autocorrelations (not shown). Comparing the neat scCO; and IL/scCO; traces, it is immediately clear
that the C153 lifetime is significantly shorter in the presence of IL.

The complete set of fitting results are in Figure 8, and show the pre-exponential factors and
excited-state lifetimes across the range of scCO, density for C153 in neat scCO; (open circles) and
[Ps,6,6,14]" [TE2N]7/scCO; (inverted triangles). The C153/scCO, results represent the monomer lifetime
benchmark. Interestingly, for gas phase C153 a lifetime of ~7 ns is the expected value in the absence of
any solute-solvent coupling [96], consistent with what might be expected in a low-density supercritical
fluid. However, since prior steady-state measurements clearly indicated density augmentation in neat
scCO, [28], lifetimes must also include the effects. Comparatively, when IL is included in the solution,
two time constants yield the best fit to the decay data—the faster time constant accounts for scattered
light (circles), and the slower time constant is the C153 lifetime (triangles). The fractional contributions
for each time constant, upper panel of Figure 8, shows that the intensity decay is dominated by the
3—4 ns time constant. Three points are immediately apparent from these data. First, in low-density
IL/scCO,, the C153 excited-state lifetime was 3.9 ns, significantly less than the corresponding neat
scCO; lifetime by more than 2 ns, which far exceeds the + 70 ps uncertainty. As density was increased,
the C153 lifetime decreased to 2.9 ns. We ascribe the diminution of lifetime across all densities to the
presence of IL. McRae and Kasha discussed the effect of aggregation (dimerization) on dye emission and
suggested that aggregation enhances the quantum yield for phosphorescence at the expense of that for
fluorescence [97]. However, there are several parameters that directly influence dye behavior including
intersystem crossing rates, aggregate geometry, and dye transition moment alignment. Thus, while
dimerization might not contribute significantly to a reduced radiative rate through solute-solute
coupling, it is not clear from our data whether this mode of decay is present. Second, we note the
lack of additional time constants needed to fit the decay data such as would be expected for multiple
emissive forms of C153, as we saw with the phosphonium chloride analog [57].

For [P 66,1417 [Tf,N]7, the anion is much more non-polar compared to chloride and we would
expect more favorable interactions with scCO;. At least from the perspective of lifetimes, it would
appear that C153 may be less strongly driven to aggregate. Third, the intensity decays measured
with emission set at 22,222 cm~! (blue symbols) and 19,608 cm™~! (green symbols) are the identical to
within-experimental uncertainty. Thus, these points from the intensity decay data do not appear to
support or confirm the existence of C153 dimers, in contrast to the steady-state emission and anisotropy
data. In an attempt to help reconcile this difference, we point out that the laser excitation does not
uniquely excite the low energy peak at 19,608 cm™~! and reiterate that emission from the 22,222 cm™!
peak is always more intense as shown by the emission intensity ratio Iyx222/l19608 > 1 across the density
range. Therefore, any signal from the dimer at 19,608 cm™!
if both species were emitting simultaneously, the monomer signal would dominate, by at least up to
four times the intensity over the density range studied here. At least from these data, it appears that in
high-density scCO;, solubilization is effective enough so that any C153 dimer formation (solute-solute
aggregation) is negligible.

was never completely isolated. In fact,
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Figure 8. Decay parameters at 323 K for C153/[Pg ¢ 6,14]* [Tf2N]7/scCO; (blue and green filled symbols).
Open circles in the lower panel are from the C153 fits in scCO, at 323 K. All IL data were acquired
using excitation at 24,691 cm™!, with emission at 22,222 cm™~! (blue symbols) and emission at 19,608
cm™! (green symbols). Uncertainty is contained within the symbol size.

4. Summary and Conclusions

We have presented both steady-state and time-resolved fluorescence data for C153 in neat and
IL-modified scCO, solutions. Our results suggest that the presence of trihexyltetradecylphosphonium
bis(trifluoromethylsulfonyl)imide, [Pg¢¢14]* [Tf2N]7, in these experiments influences the C153
spectroscopy. Evidence from excitation spectra of C153 in IL/scCO, solutions at pr < 1 showed a
large red shift and a significant change in spectral width (FWHM), features that both differed markedly
compared to C153 in neat scCO, at 323K. Similarly, the emission of C153 in the IL/scCO, solution
at pr < 1 also showed large differences relative to the neat scCO, spectra that varied with choice of
excitation wavelength. The most notable feature was observed when exciting at 22,222 cm™! (= 450 nm),
which isolated a clean emission peak at 19608 cm™'. This peak was still discernable with higher
energy excitation but the ability to differentiate the peak was rapidly lost as density was increased.
Literature reports have demonstrated the formation of C153 dimers and discussed the observation
of weak emission from H-aggregate formation [78,80,81]. This led us to hypothesize that we could
possibly explain the seemingly anomalous C153 spectroscopy, at least in part, by invoking the presence
of C153 aggregation when IL is included. We measured steady-state anisotropy that showed values
approximately 1000-fold greater than the expected simple hydrodynamic response. The evaluation of
potential contributions that might be responsible for the C153 response observed herein, including local
density augmentation, C153 dimerization (aggregation), and the presence of IL and/or C153/IL aggregates
in solution, led us to conclude that the observed effects suggest that IL influences our measurements.
The recent demonstration of IL solubility in neat scCO, by Sivaraman and co-workers [92] provides
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context against which we consider our spectroscopic data. Time-resolved fluorescence measurements
showed two time constants, with the shorter component used to account for scattered light and the
longer time associated with C153 lifetimes. Fractional contributions of the emission indicated that >99%
of the intensity decay was associated with C153 emission. Lifetime data were inconclusive as to the
presence of C153 dimers. However, the (essentially) exponential intensity decay yielded a time constant
that was substantially shorter than measured for C153 alone in neat scCO,.

In summary, while these measurements themselves cannot provide quantifying data on solution
concentrations or molar ratios substantiating that IL is soluble in the scCO, phase, the composite
data suggested that the presence of [Pg¢¢,14]" [Tf2N]7, among other contributions, does directly
affect the C153 fluorescence. We further noted that the resulting supercritical fluid solution was
optically transparent and single phased as judged by careful visual inspection at every pressure studied.
As discussed, there is no spectral evidence for C153 aggregation in neat scCO, and so it appears from
these data that the presence of IL somehow mediates the observed spectroscopy, particularly for p, < 1.
At pr > 1, the solution behaves increasingly like that observed for C153 in neat scCO5.

Supplementary Materials: The following are available online at http://www.mdpi.com/2305-7084/4/2/20/s1,
Figure S1: Steady-state excitation and emission spectra of C153 in [P6,6,6,14]+ [Tf2N]—/scCO2 at 323 K; Figure S2:
Low-energy emission spectra of C153 in [Pg 66141 [Tf2N]7/scCO;.
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