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Effects of Solubilized Water on the Relaxation Dynamics
Surrounding 6-Propionyl-2-(N,N-dimethylamino)naphthalene
Dissolved in 1-Butyl-3-methylimidazolium Hexafluorophosphate at

298 K
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We report on the picosecond time-resolved fluorescence of 6-propionyl-2-(N,N-dimethylamino)-
naphthalene (PRODAN) dissolved in 1-butyl-3-methylimidazolium hexafluorophosphate ([bmim]-
[PFg]) at 298 K as a function of solubilized water in the [bmim][PF¢] phase. The observed solvent
relaxation dynamics can be described by three components with apparent relaxation times that
occur over a large time regime (<15 ps to >10 ns). The average relaxation dynamics become
faster as the water concentration in the [bmim][PFs] phase increases. Libration and vibration,
ion ballistic motion, ion local basin exploration, and ion basin hopping, ion diffusion, and/or the
ultrafast relaxation from water (or other small molecules/impurities) are suggested as possible
reasons for the yet unquantified sub-15-ps dynamics. The sub-nanosecond dynamics are
consistent with [PFg] anion relaxation. This process was found to be water-dependent, slowing
as the amount of solubilized water in the [bmim][PFs] phase increased. We speculate that this
slowing arises from the formation of 1:2 H-bonded [PFg]--*HOH-::[PF¢] complexes. The
nanosecond dynamics are consistent with the cation, decreasing slightly with an increase in
the amount of solubilized water. We suggest that the decrease in this relaxation time arises

from a decrease in the bulk viscosity on adding water.

Introduction

The unique properties of room-temperature ionic
liquids (RTILs) have led to their use as environmentally
responsible solvents.!~® Given their wide utility, it
should not be surprising to learn that RTILs are being
investigated as alternatives to volatile organic solvents
inseveralindustrial processesandlarger scaleseparations.”1°
However, despite their growing use, we await a com-
plete molecular-level picture of solute solvation in pure
RTILs and liquid/RTIL mixtures. Although numerous
papers have appeared on the topic of solute solvation
in RTILs,'1-20 most have focused on static aspects of
solute solvation. Despite its importance, only a limited
number of experimental?1~27 and theoretical?®29 reports
have appeared on time-dependent solvation in ionic
liquids. In fact, only a handful of reports have appeared
on time-dependent solvation in RTILs near room
temperature?=2° and there have not been any time-
dependent solvation studies on liquid/RTIL mixtures.

When a dipolar solvent, at equilibrium with a dis-
solved solute, is perturbed locally by an instantaneous
change in the solute’s dipole moment (as would occur
during solute optical excitation), there will ensue a time-
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dependent re-equilibration/reorientation of the solvent
molecules around the solute’s newly created charge
distribution. This time-dependent re-equilibration of
solvent molecules is referred to as solvent relaxation/
reorganization.3=34 If the solute is fluorescent, solvent
relaxation can manifest itself as a time-dependent shift
in the solute’s fluorescence spectrum. Thus, by recording
time-resolved fluorescence intensity decay data across
the solute’s emission spectrum, one can assess the time
course of solvation. This approach has been used previ-
ously to study “solvation” dynamics in pure liquids,
liguid mixtures, electrolyte solutions, micelles, emul-
sions, vesicles, lipid bilayers, sol—gel-derived xerogels,
cyclodextrins, and biomolecules.33:34

Solvent relaxation experiments have been reported
previously in pure ionic liquids.22=26 For example,
Huppert and co-workers reported on the time-resolved
fluorescence of coumarin 153, coumarin 102, and 6-(N-
(4-methylphenyl)amino]-2-naphthalene-N,N-dimethyl-
sulfonamide dissolved in molten tetraalkylammonium
ionic liquids above 373 K.21=23 The authors reported that
their spectral shift correlation function could be de-
scribed by two discrete relaxation times. The two
recovered time constants were assigned to cation and
anion translational motions, and both terms depended
on the cation size. The instrument response time for
these experiments was ~55 ps. As a result, faster
dynamics were not observed nor was the magnitude of
any such fast component(s), if any, to the fully spectral
shift correlation function, estimated. Karmakar and
Samanta?*2> reported on the solvent relaxation sur-
rounding coumarin 153 and 6-propionyl-2-(N,N-dimeth-
ylamino)naphthalene (PRODAN) dissolved in 1-butyl-
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3-methylimidazolium tetrafluoroborate, [bmim][BF,],
and 1-ethyl-3-methylimidazolium tetrafluoroborate,
[emim][BF,4], at 293 K. The solvent relaxation kinetics
in these RTILs were described by two relaxation pro-
cesses. The faster of the recovered relaxation times was
assigned to the anion. The slower relaxation time was
assigned to collective cation and anion diffusion. These
authors also showed that more than 50% of the total
solvent relaxation dynamics occurred on a time scale
below 50 ps (their instrument time resolution). More
recently, Maroncelli and co-workers?6 reported the sol-
vation dynamics of 4-aminophthalimide (4-AP) dissolved
in 1-butyl-3-methylimidazolium hexafluorophosphate,
[bmim][PFs], between 298 and 355 K. These authors
showed that dynamics occurred on two distinct time
scales: (1) a very rapid, unquantified component (<5
ps) that was responsible for about half the dynamics
and (2) slower dynamics taking place in the 100 ps to
10 ns regime.

There have also been molecular dynamics studies on
[bmim][PF¢],282° the most widely studied RTIL. The
Berne group®® computed the time-dependent mean
square center of mass displacement of the [bmim] and
[PFe] ions at 303 K between 0 and 40 ps. The results of
these simulations showed that there are three time
scales: [1] a fast 3—4 ps process, [2] a nonlinear
intermediate event, and [3] diffusive linear behavior
after ~15 ps. The short time process was assigned to
ion ballistic motion on a femtosecond time scale and ion
local basin exploration on the low picosecond time scale.
The intermediate time regime was assigned to ion basin
hopping. The longer time term was ascribed to ion
diffusion. In related work, Morrow and Maginn?® re-
ported molecular dynamics studies on [bmim][PFs] at
298 K between 0 and 2.8 ns. Their “cage correlation
function” was described by [1] a rapid decay at short
times (<0.5 ns) assigned to ion vibrational motion near
a cage edge, [2] a plateau, and [3] a 1.5 ns time constant
assigned to the average time for any ion to leave another
ion’s vicinity. Taken together, the aforementioned ex-
periments and simulations show that the solvation
dynamics in RTILs are [1] multimodal and [2] they occur
over a remarkably wide time window (femtoseconds to
nanoseconds).

The presence of small amounts of water are known
to affect a RTIL'’s viscosity, density, conductivity, and
solvent capacity®>~3° and trace amounts of water in a
RTIL can alter the local microenvironment that sur-
rounds a solute (i.e., the solute’s cybotactic region) to a
significant degree.'1=20 The effects of added water on
solvent relaxation in a RTIL are, however, unknown.
In this paper, we report new picosecond solvent relax-
ation results on PRODAN (chemical structure shown
in Figure 1 inset) dissolved in dry [bmim][PFe¢] and
[bmim][PFg] that contains 0.3, 0.8, 1.3, and 1.8 wt %
water in the [bmim][PFs] phase. The liquid—liquid
equilibrium for water with [bomim][PFg]at 298 K is ~2.3
wt %;%° hence, all experiments are performed below
saturation.

Theory Section

The time evolution of a fluorescent solute’s emission
spectrum can be used to provide insights into how
the cybotactic region relaxes/reorganizes around the
excited-state fluorophore.30-344L42 This solvent relax-
ation process can be studied by recording the fluoro-
phore’s time-resolved fluorescence intensity decay at
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Figure 1. Steady-state emission spectra for PRODAN dissolved
in dry (—) and wet (1.8 wt % water) (- - -) [omim][PF¢] at 298 K.
(Left inset) PRODAN chemical structure. (Right inset) PRODAN
electronic absorbance spectra in [bomim][PFe].

several wavelengths across the emission profile.*! In this
work we have recorded the time-resolved intensity
decay kinetics at 11 emission wavelengths across the
PRODAN emission spectrum and we use these data to
reconstruct the time-dependent emission center-of-grav-
ity, v(t),*42 the time-dependent emission spectral width,
Av(t),* and the empirical solvent relaxation correlation
function, C(t).*2 C(t) is often described in terms of an
exponential series with time constants (z,i) and ampli-
tudes (a;)30-3441.42

Ct) = [V(t) — V()l/[v(0) — V()] = ¥ & exp(~t/z,) (1)

where the experimental measurables v(t), v(0), and
V(o) represent the emission center-of-gravities at times
t, 0, and o, respectively. Of the three terms that one
needs to compute C(t), v(0), the emission center-of-
gravity that one would observe for a solute that has
vibrationally relaxed prior to any solvent relaxation (i.e.,
a purely Franck—Condon state), is the most difficult to
accurately determine.*?2 (Note: Authors have used
stretched exponentials and multiexponentials to repre-
sent C(t);21726:30-34 however, theories are not available
to justify either form over the other. In the current work
we use the multiexponential representation.) In this
work we estimate v(0) from the steady-state PRODAN
emission spectra in vitrified [omim][PFe] samples at 173
K (20 K below the [bmim][PF¢] glass transition tem-
perature)’ while exciting at the same wavelength that
is used for the time-resolved studies (400 nm).

The overall solvent relaxation process can also
be assessed by the average solvent relaxation time
BrEﬁO—34,4l,42

70= 5 () @
Experimental Section

Reagents. Electrochemical-grade [bomim][PF¢] (stated
99+% pure; <50 ppm water; <50 ppm chloride; pack-
aged under argon in Sure/SealJ bottles) was supplied



by Covalent Associates. PRODAN (Molecular Probes)
and ethanol (Pharmco Products Inc., 200 proof) were
used as received. All water was treated with a Barn-
stead NANOpure Il system to a specific resistivity of
>18 MQ-cm. To avoid the undesired sorption of envi-
ronmental moisture, all [omim][PF¢] storage and sample
preparation were performed under argon within a
drybox.

Sample Preparation. To prepare a given PRODAN/
[bmim][PFg] sample, we micropipetted the appropriate
volume of a PRODAN stock solution (in EtOH) into a
series of clean, dry 1-cm? quartz cuvettes (Starna)
equipped with a sealable cap and a stirring flea. The
PRODAN concentration was ~10 uM. At this concentra-
tion, there was no evidence for PRODAN aggregation.*3
Residual EtOH was evaporated under gentle argon flow
followed by a 30-min evacuation step (50 °C at 1 mbar).
The desired amount of [bmim][PFs] was then trans-
ferred into the cuvettes while they were kept within a
drybox. All samples were then subjected to a 48 h
vacuum step at 70 °C and 1 mbar to ensure water
removal.4044

The water-containing [bmim][PFs] samples were pre-
pared by maintaining the samples at 298 K and
introducing water vapor by using a leak valve until a
desired pressure was achieved.*® The pressure was
monitored by using a digital pressure gauge (Omega,
model DPG10L-15G-HA-2LB) that was accurate to 0.1%
between 0 and 1000 mbar. Samples were maintained
at 298 K at a given pressure for at least 48 h with
stirring to ensure the samples were at equilibrium. The
solubility of water in each sample was determined from
published water solubility vs P/Psat isotherms at 298 K.4°
All experiments are performed below water saturation
in the RTIL phase.

All samples were prepared in triplicate. The reported
results are the average of all experiments. Imprecision
is reported as +1 standard deviation.

Spectroscopic Instrumentation. All steady-state
fluorescence measurements were performed with an
SLM-Aminco Model 48000 MHF spectrofluorometer
(Spectronic Instruments). All spectra were background-
corrected. The low-temperature spectra were recorded
at 173 K by using our custom temperature stage.*®> The
emission spectra for each sample remained constant for
at least 2 weeks, if they were stored in the dark at room
temperature.

The [bmim][PF¢] relaxation dynamics were studied
by recording the PRODAN time-resolved intensity decay
traces across the emission spectrum by using a laser/
streak camera system. The laser consisted of a frequency-
doubled femtosecond mode-locked Ti:sapphire laser
(Coherent, Model Mira 900F) that was pumped by a cw
Nd:vanadate laser (Coherent, Model Verdi). The laser
output was tuned to 800 nm (400 nm after frequency
doubling). The laser repetition rate was ~76 MHz, the
pulse width was ~200 fs fwhm, and average laser power
at the sample was 15—25 mW. The resulting PRODAN
fluorescence was spectrally and temporally resolved by
using a spectrograph—streak camera system (Hamamat-
su Photonics K.K., Model C4334-11 Streakscope) that
exhibited <15 ps temporal resolution and <20 ps jitter.
The emission wavelength-dependent time-resolved in-
tensity decay traces were fit independently to an
exponential decay law (i.e., I(t) = > a; exp(—t/t;)) by using
nonlinear least squares (Table Curve 2D v3) and v(t),
Av(t), and C(t) generated as described elsewhere,30-3441.42
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Figure 2. Representative wavelength-dependent time-resolved
fluorescence intensity decay traces for PRODAN dissolved in
[bmim][PF¢] at 298 K. (Panel A) Dry [bmim][PFg]. (Panel B)
[bmim][PFe] with 1.8 & 0.1 wt % water. The traces are off-set along
the y-axis for clarity.

Results and Discussion

Figure 1 presents typical steady-state emission spec-
tra for PRODAN (left inset) dissolved in [bomim][PFg]
at 298 K at two water loadings (dry, —, and 1.8 wt %,
- - -). The corresponding electronic absorbance spectra
are also shown (right inset). These spectra are similar
to those seen for PRODAN dissolved in solvents such
as liquid chloroform, DMF, acetone, glycerol, and etha-
nol.’® These spectra show that an increase in the
amount of solubilized water in the [bmim][PFs] phase
causes a substantial change in the average PRODAN
cybotactic region. Specifically, PRODAN dissolved in dry
[bmim][PF¢] encounters a microenvironment that lies
between chloroform and DMF/acetone. In “wet” [bmim]-
[PFe], PRODAN encounters a microenvironment similar
to an alcohol.

Figure 2 presents a typical series of raw PRODAN
emission wavelength-dependent time-resolved fluores-
cence intensity decay traces in [bomim][PFs] at 298 K at
two water loadings. Parts A and B of Figure 2 present
results for dry and wet (1.8 wt % water) samples,
respectively. One can clearly see that the time-resolved
intensity decays for both samples are characterized by
a prompt emission in the blue portion of the spectrum
that gives way, at the red edge, to decay traces that grow
in with time and then decay away.

In Figure 3 we present typical time-resolved intensity
decay traces (O) and fits (—) for PRODAN dissolved in
[omim][PFg] at 298 K. These particular data were
recorded for dry (Figure 3A,B) and wet (1.8 wt % water)
samples (Figure 3C,D) while monitoring the emission
at 430 nm (Figure 3A,C) and 490 nm (Figure 3B,D).
There are three key features associated with these decay
traces. First, the intensity decay data are always
multiexponential at all emission wavelengths. Second,
the red-edge emission (cf., Figure 3B,D) is always
characterized by one apparent component with a nega-
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Figure 3. Typical time-resolved fluorescence intensity decay data
(O) and corresponding fits (—) for PRODAN dissolved in [bmim]-
[PFg]. (Panel A) Dry [bmim][PF¢] at 430 nm. (Panel B) Dry [bmim]-
[PFe] at 490 nm. (Panel C) [bmim][PFg] with 1.8 wt % water at
430 nm. (Panel D) [bmim][PFg] with 1.8 wt % water at 490 nm.
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Figure 4. Typical time-resolved emission spectra (TRES) for
PRODAN dissolved in [bmim][PF¢] at 298 K. (Panel A) Dry [bmim]-
[PFe]. (Panel B) [bmim][PFeg] with 1.8 £ 0.1 wt % water. At “0”
(@), 0.5 (0), 2 (m), 6 (O), and 10 (a) ns following optical excitation.
The solid traces represent the best fits to a log-normal function.

tive pre-exponential term. Third, the decay Kinetics are
affected by the amount of solubilized water in [bmim]-
[PFs] phase.

From the time-resolved intensity decay parameters
and the steady-state emission spectra, we can construct
the time-resolved emission spectra (TRES).*! Figure 4
presents a series of TRES for PRODAN dissolved in
[bmim][PF¢] at 298 K at “0” (@), 0.5 (O), 2 (m), 6 (O),
and 10 ns (a) following optical excitation. These par-
ticular TRES are for dry (Figure 4A) and wet (1.8 wt %
water) (Figure 4B) samples. The TRES shift to the red
in a time-dependent manner for both samples, a char-
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Figure 5. Summary of PRODAN transient solvation in dry (@)
and wet (1.8 wt % water) (O) [bmim][PFe] at 298 K. (Panel A)
Average time-dependent spectral widths. (Panel B) Average time-
dependent emission center-of-gravity. (1 kK = 103 cm1).

acteristic of solvent relaxation. Inspection of these
results also reveals that the magnitude and rate of this
shift are a strong function of the amount of solubilized
water in the [bmim][PF¢] phase. Specifically, at any
given time following excitation, the PRODAN emission
maximum from the [bmim][PFs] sample that contains
more water is always more red-shifted in comparison
to the less wet sample, suggesting that PRODAN is
emitting from a more relaxed state (on average) in the
wetter [bmim][PF¢] samples. This result is consistent
with the steady-state emission spectra (Figure 1).

The TRES were used to construct the time-dependent
emission spectral width and emission center-of-grav-
ity.“0 Figure 5 presents average results for dry (®) and
wet (1.8 wt % water) (O) samples. Figure 5A shows that
the spectral width for the dry (®) sample remains
essentially constant with time. This behavior is consis-
tent with solvent relaxation occurring by a continuous
relaxation process.*! The time-dependent width results
for [bomim][PFe] that contains 1.8 wt % water (O) are
not constant with time. At short times the spectra are
broader than they are at longer times. One explanation
for these results is that there are multiple microenvi-
ronments (e.g., water and [bmim][PFg] rich) surround-
ing the PRODAN molecules in the wet samples. Figure
5B presents the time-resolved emission center-of-gravity
for PRODAN dissolved in dry (®) and wet (1.8 wt %
water) (O) [omim][PF¢]. These results show that [bmim]-
[PFg] relaxation surrounding PRODAN occurs on nano-
second and sub-nanosecond time scales and there are
substantial differences (vide infra) that depend on the
amount of water solubilized in the [bmim][PFg] phase.

To recover the true solvent relaxation kinetics (i.e.,
C(t)), we require an accurate estimate of v(0). Toward
this end, we recorded the steady-state PRODAN spec-
trum in dry (®) and wet (1.8 wt % water) (O) [bmim]-
[PFg] at 173 K (Figure 6). The recovered v(0) values are
22800 =4 200 (@) and 22600 4 200 cm~1 (O) for the dry
and wet samples, respectively. In Figure 7 we present
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Table 1. Recovered C(t) Decay Parameters for PRODAN in [bmim][PFg] at 298 K as a Function of Solubilized Water in

the [bomim][PFs] Phase

water content au? Tuf (PS)? ai 7r1 (NS) az 7r2 (NS) #(ns)°
<50 ppm 0.50 + 0.04 <15 0.11 +0.03 0.59 + 0.02 0.39 +£0.01 16.34 £ 0.23 6.47 +£0.20
0.3 wt % 0.56 + 0.04 <15 0.10 + 0.03 0.65 + 0.04 0.34 +0.02 16.01+ 0.35 5.52 +0.32
0.8 wt % 0.59 + 0.03 <15 0.13+0.04 0.75 + 0.05 0.28 +0.01 1593 +1.24 4.57 + 0.55
1.3wt% 0.61 +0.04 <15 0.12 +0.02 0.81+0.10 0.27 £ 0.02 15.66 + 1.47 433+0.71
1.8 wt % 0.62 + 0.05 <15 0.13 +0.02 0.87 +0.02 0.25 +0.01 15.24 +£1.28 3.93+0.63

a Component(s) that is (are) not resolved with our existing instrumentation (ays + a1 + a2 = 1.00). ° 0= Y ayrx.
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Figure 6. Steady-state emission spectra for PRODAN dissolved
in dry (@) and wet (1.8 wt % water) (O) [bmim][PF¢] at 173 K.
The solid lines are best fits to a log-normal function.
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Figure 7. Recovered average C(t) for PRODAN dissolved in
[bmim][PFe¢] at 298 K. (Panel A) Dry [bmim][PFs]. (Panel B)
[bmim][PFe] with 1.8 £+ 0.1 wt % water. Best fits (one component
less than 15 ps) to double (- - -) and triple (—) exponential decay
models.

the true C(t) traces for PRODAN dissolved in dry
(Figure 7A) and wet (1.8 wt % water) (Figure 7B) [bmim]-
[PFe] at 298 K along with fits to double (- - -) and triple
(—) exponential models. (Note: One of the “apparent
relaxation times” is <15 ps.) C(t) is well-represented by
a triple exponential model at all water levels. The
recovered kinetic terms for C(t) at all water loadings
are collected in Table 1.

Inspection of Figure 7 and Table 1 show several
interesting trends. First, the solvent relaxation dynam-
ics within the local microenvironment that surrounds
PRODAN in [bmim][PFe] at 298 K occur over at least
three time regimes. Second, our recovered C(t) does not
have a value of unity at time zero, as would be the case
when all relaxation processes are recorded. Instead,
between 50 and 62% (depending on water loading) of
the total C(t) relaxation occurs on a time scale that is
faster than our 15-ps time resolution. Hence, the
contribution from the sub-15 ps relaxation process(es)
dominates C(t) and its contribution increases by ~15%
as the wt % of solubilized water in the [bmim][PF¢]
phase increases. Third, the average relaxation time, [#,[]
decreases by >60% as the wt % of solubilized water in
the [bmim][PF¢] phase increases. Fourth, the longest
of the recovered relaxation times (zr2) decreases by 7%
as the wt % of solubilized water in the [bmim][PF¢]
phase increases. Fifth, the observed solvent relaxation
is dominated by the nanosecond 7, term. Finally, the
intermediate relaxation time (zr1) increases from 0.59
t0 0.87 ns as the wt % of solubilized water in the [omim]-
[PFs] phase increases.

The overall relaxation process that we observe for
PRODAN dissolved in [bomim][PFg] is consistent with
earlier studies;*'~26 however, our recovered relaxation
dynamics are 2—5 times slower than previous results.
We do not have an explanation for this apparent
discrepancy. The presence of sub-15 ps dynamics is
consistent with previous transient solvation experi-
ments,?1~26 recent molecular dynamics simulations,28:29
and recent ultrafast optical heterodyne-detected Raman-
induced Kerr effect spectroscopy experiments.?’

We assign the unquantified sub-15 ps dynamics (i.e.,
7uf), which dominate C(t), to one or more of the following
processes: libration and vibration, ion ballistic motion,
ion local basin exploration, and ion basin hopping, ion
diffusion,?’=29 or ultrafast relaxation of water (or an-
other small agent).*® We assign the two quantifiable
relaxation times (z1 and 72) to anion and cation
relaxation, respectively, with 7,1 and 7., also depending
on the cation size.21=25 Our logic for these assignments
is 6-fold. First, experiments2® and simulations?”-28 show
dynamics, occurring on a wide time scale, below 15 ps.
Second, molecular dynamics simulations on [bmim][PFg]
at 298 K showed?® that the anion and cation rotational
reorientation time constants were 29 ps and 4.3 ns.
Third, one cannot remove all the water from [bmim]-
[PFe] (even more difficult for the [BF,] salts),”** the
contribution from the sub-15 ps, ultrafast component
increased as the wt % of solubilized water in the [bmim]-
[PFs] phase increases, and there is sub-picosecond
solvent relaxation in pure water*® and water within
restricted environments (e.g., reverse micelles).#"48
Fourth, there is a significant slowing of 7,; as water is
added. This result surprised us given that the bulk
[bmim][PFg] viscosity decreases by ca. 12% when we go
from dry to water-saturated [bmim][PFg].”*° We specu-
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late that this slowing results from hydrogen-bonding
between water and the mobile [PFs] anion. This view
is consistent with recent FT-IR studies by Kazarian and
co-workers on the molecular state(s) of water in ionic
liquids, including [bmim][PF].38 These authors found
that water, at the level studied in the current work,
exists in a 1:2 H-bonded complexes of the type [PF¢]-*
‘HOH:---[PF¢] with a H-bonding enthalpy of nearly 8 kJ/
mol. These FT-IR results suggest why the anion motion
is hindered in the wet [bomim][PFs] because these [PF¢]-
+*HOH--+[PF¢] interactions must be broken for the [PFg]
anion to reorient. Fifth, Huppert, and co-workers
showed?223 that the ratio of the pre-exponential terms
in C(t) are a function of the relative ratio of the anion-
to-cation diameters (A/C). Specifically, in their studies
of coumarin 153 dissolved in molten tetraalkylamonium
perchlorate salts, the authors found that afast/asiow
decreased as the A/C decreased when the anion re-
mained fixed (perchlorate). We see a corresponding
trend here in that aj/a, increases as we go from dry to
wet [bmim][PF¢]. This result is consistent, given that
cation size is not changing upon the addition of water,
with an increase in the size of the “anion” relative to
the cation on adding water (i.e., [PFg]--*HOH:---[PFg]
formation). Finally, there is a small 7% decrease in 7,2
as we add water. Given our measurement precision (zr,
is at least 4 times longer than the PRODAN mean
excited-state fluorescence lifetime), this small change
is consistent with the decrease in the bulk [bomim][PFg]
viscosity and the interaction of the [bmim] cation with
pRODAN_ll,13,14,18,50,51

Conclusions

The solvation dynamics of PRODAN dissolved in
[bmim][PFg] as a function of added water in the RTIL
phase have been measured with 15 ps time resolution.
The solvation dynamics occur over a much wider time
window in comparison to that of normal liquids (e.g.,
<15 ps to several nanoseconds). Libration and vibration,
ion ballistic motion, ion local basin exploration, and ion
basin hopping, ion diffusion, and/or the ultrafast relax-
ation from water (or other small molecules/impurities)
could account for the yet unquantified sub-15 ps dy-
namics. The second apparent relaxation time, which
increases as we add water, is assigned to anion relax-
ation. The increase in the relaxation time on adding
water is explained in terms of 1:2 hydrogen bonding
between water and [PFg] anion, thus hindering the
anion’s ability to reorient. The longer relaxation time
is assigned to the cation. As water is added, this
relaxation time shortens in proportion to the overall
decrease in the solvent viscosity. The anion and cation
relaxation times depend on one another.
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