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ABSTRACT: We report on the steady-state and time-resolved fluorescence of a linear poly(dimethylsi-
loxane) polymer that is end-labeled with pyrene (Py-PDMS-Py, Mn ) 3100, Mw/Mn ) 1.07) when it is
dissolved at low concentration in an ionic liquid,1-butyl-3-methylimidazolium bis(trifluoromethyl)-
sulfonylimide ([C4mim][Tf2N]), as a function of temperature and added cosolvent (toluene). Toluene is a
good solvent for PDMS. The Py-PDMS-Py behavior in [C4mim][Tf2N]/toluene is reminiscent, in part, of
its behavior in liquid MeOH, a poor PDMS solvent. The Py residues are surrounded by a PDMS-rich
microenvironment at all toluene loadings (0-50 vol %). No detectable excimer-like emission is seen in
pure [C4mim][Tf2N] or [C4mim][Tf2N]/toluene mixtures until 50 vol % toluene. The Py-PDMS-Py ground
state is heterogeneous, containing monomers and preformed dimers prior to photoexcitation. The observed
excimer-like emission does not arise from a dynamic excimer. The Py-PDMS-Py time-resolved intensity
decay data reveal the presence of at least four emitting species. In the [C4mim][Tf2N]/50% toluene mixture
the species are (i) a Py monomer in a PDMS-rich microenvironment, (ii) a Py monomer in a
microenvironment between pure toluene and pure [C4mim][Tf2N], (iii) a static ground-state dimer that
has a geometry akin to a classical dynamically formed excimer, and (iv) a ground-state dimer that has
the Py residues misaligned in comparison to (iii). Steady-state fluorescence anisotropy experiments are
not consistent with the formation of rigid aggregates (i.e., (Py-PDMS-Py)n); results are consistent with
Py residues and PDMS segments of individual Py-PDMS-Py molecules reorienting in a correlated manner.

Introduction

The term ionic liquid (IL) describes a broad class of
low-melting semiorganic salts or salt mixtures with an
appreciable liquid range.1-3 There is consensus that a
salt must melt at or below 373 K to qualify as an IL.
The inherent flexibility afforded by pairing different
cations with a growing number of anions provides
researchers the potential to fine-tune melting point,
water and cosolvent miscibility, viscosity, polarity, acid/
base character, and coordinating ability.1-3 Conserva-
tive estimates of the number of practical ILs that can
be easily prepared from relatively inexpensive materials
reach the tens of thousands; however, there are more
than 10 trillion theoretical combinations.

Over the years, ILs have been explored as replace-
ments for traditional molecular liquids (MLs).1-3 The
main attraction of ILs center on their ability to dissolve
a wide variety of inorganic and organic solutes, their
low volatility, their high thermal stability, and their
tunable physicochemical properties. More recently, ILs
have been investigated as solvents for performing free-
radical, transition-metal-mediated living free-radical,
charge-transfer, cationic, and thermal polymerizations.4-8

How do polymers behave in an IL?
In this paper we investigate the tail segments of a

linear poly(dimethylsiloxane) polymer (Mn ) 3100, Mw/

Mn ) 1.07) that has been end-labeled with pyrene (Py-
PDMS-Py, Figure 1A)9 when it is dissolved in pure
1-butyl-3-methylimidazolium bis(trifluoromethyl)sulfo-
nylimide ([C4mim][Tf2N], Figure 1A) and mixtures of
[C4mim][Tf2N] and toluene between 293 and 373 K. In
pure toluene the Py-PDMS-Py tail-tail cyclization
dynamics follow a classic Birks model (Figure 1B); how-
ever, one can modulate this behavior under certain cir-
cumstances in MLs.9 Bright and co-workers have dem-
onstrated that cosolvents and temperature can alter an
IL’s properties (i.e., viscosity, density, and water mis-
cibility) and solute solvation.10 In related work, Baker
et al.11 have reported on the temperature-dependent
behavior of short chain flexible 1,n-bis(pyrenyl)alkanes
dissolved in pure N-butyl-N-methylpyrrolidinium bis-
(trifluoromethyl)sulfonylimide ([C4mpy][Tf2N]). The cur-
rent study is the first to investigate the behavior of
polymer tail segments dissolved in pure ILs and IL/
cosolvent mixtures. The aim is to determine how the
local microenvironment surrounding the tail segments
is influenced by an IL, cosolvent, and temperature.

Theory Section
Figure 1B presents a simplified energy-level diagram

describing the behavior of isolated flexible molecules like
Py-PDMS-Py undergoing intramolecular excimer for-
mation (i.e., tail-tail cyclization) within a Birks frame-
work.12 This model suffices to describe the behavior of
molecules like Py-PDMS-Py in a good PDMS solvent like
toluene.9,12b,c Here, monomeric Py-PDMS-Py molecules
(1) are photoexcited (hνex) to produce an excited-state
(*) monomer (2). In this scheme, the excited-state
monomers have two possible fates. They can deexcite
back to the ground state with overall rate kM. In a
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second pathway, the tail residues on the excited-state
monomer can cyclize intramolecularly with rate 〈kcyclize〉,
forming an intramolecular excited-state (*) excimer (3).
The so-formed excimers (dynamically formed excited-
state dimers) also have two possible fates. They can
unfold with rate 〈kunfold〉 to re-form the excited-state
monomer, or they can deexcite back to the ground-state
monomer with overall rate kE. (Note: 〈 〉 is used with
some of the rate terms to remind the reader that all
oligomers and polymers exhibit some degree of polydis-
persity.)

Figure 1B predicts12 that the monomer time-resolved
fluorescence intensity (IM(t)) will decay as the sum of
two exponentials and the excimer time-resolved emis-
sion intensity (IE(t)) will decay as the difference of two
exponentials:

with the following constraints: λ1 ) λ3, λ2 ) λ4, and a4/
a3 ) 1. If Figure 1B describes the system photophysics,
one can recover all the kinetic terms from the apparent
decay times.12 If the system photophysics are more
complex than is portrayed by Figure 1B, more complex
models can sometimes be utilized.

In the current work, we use a global analysis strat-
egy13 by acquiring time correlated single photon count-
ing fluorescence data at two or more emission wave-
lengths across the Py-PDMS-Py emission spectrum, and
we analyze these data sets simultaneously to recover
the preexponential terms and decay times.

In dilute solution one can study aggregation by
recording the steady-state fluorescence anisotropy, r:14,15

In this expression I| and I⊥ represent the parallel and
perpendicular components of the polarized fluorescence
intensity when the sample is excited with vertical
polarized electromagnetic radiation.14,15 G is an instru-
mental factor that corrects for differing sensitivities of
the sample cell windows, lenses, optical filters, gratings,
and detector envelope to the emission polarization. In
the simplest case of isotropic rotational reorientation, r
is given by the Perrin equation:14

where r0 is the fluorophore limiting anisotropy, τ is the
fluorophore excited-state lifetime, and φ is the fluoro-
phore rotational reorientation time. r0 is measured for
the fluorophore in the absence of rotational diffusion and
is determined experimentally in vitrified solution (e.g.,
glycerol at 223 K). Under our experimental conditions,
the 1-pyrenyl (Py) residue r0 value is 0.20 ( 0.03.16

The Debye-Stokes-Einstein expression14a,b

provides a link between φ and the volume, V, of the
rotating fluorophore along with anything attached to the
fluorophore (e.g., a tether or an aggregate).14,15 R and
T are the gas constant and Kelvin temperature, respec-
tively. A variation of eq 5 is often used to estimate the
rotational reorientation time for “globular” species:14a,b

In this expression, M is the molecular weight of the
rotating body/entity, vs is its specific volume, and s is
the solvation (grams of solvent/gram of solute).

Experimental Section
Chemicals and Reagents. The following chemicals were

used as received: toluene (Sigma-Aldrich, 99.8%, anhydrous),
ethyl acetate (Aldrich, 99.8%, anhydrous), lithium bis(trifluo-
romethanesulfonyl)imide (3M Specialty Chemicals), NH2-
PDMS-NH2 (United Chemical Technologies), 1-pyrenebutanoic
acid succinimidyl ester (Molecular Probes), and 1-ethylpyrene
(1-EP, Molecular Probes). 1-Methylimidazole (Aldrich, g99%)
and 1-bromobutane (Aldrich, ReagentPlus g99%) were redis-
tilled immediately prior to use.

Synthesis of 1-Butyl-3-methylimidazolium Bis(trifluo-
romethanesulfonyl)imide. The synthesis of 1-butyl-3-me-
thylimidazolium bis(trifluoromethanesulfonyl)imide ([C4mim]-
[Tf2N]) followed a modification of a method reported by Baker
et al.17 Under dry N2 on a Schlenk line, a 20% molar excess of
freshly distilled 1-bromobutane (39.2 mL, 0.365 mol) was
added dropwise over 30 min to stirring 1-methylimidazole (24.2
mL, 0.304 mol) in a 250 mL round-bottom flask at 273 K. The
flask was covered with aluminum foil, and the reaction
proceeded at room temperature for 96 h. After removing
volatiles by rotary evaporation, the mixture was seeded with
solid 1-butyl-3-methylimidazolium, [C4mim]Br, frequently re-
sulting in rapid solidification within 1-2 h. The resulting

Figure 1. Chemical structure of Py-PDMS-Py and [C4mim]-
[Tf2N] (panel A) and simplified schematic describing the
photophysics of Py-PDMS-Py within a Birks framework (panel
B). Rate coefficients (all unimolecular) are as follows: kM,
excited-state monomer to ground-state monomer relaxation;
kE, excited-state excimer to ground-state monomer relaxation;
〈kcyclize〉, excited-state intramolecular tail-tail cyclization; and
〈kunfold〉, excited-state tail-tail unfolding.

IM(t) ) a1 exp(-λ1t) + a2 exp(-λ2t) (1)

IE(t) ) a3 exp(-λ3t) - a4 exp(-λ4t) (2)

r ) (I| - GI⊥)/(I| + 2GI⊥) (3)

r ) r0/[1 + (τ/φ)] (4)

φ ) ηV/RT (5)

φ ) ηM/RT(νs + s) (6)
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white to off-white precipitate was then washed with cold ethyl
acetate (5 × 25 mL) followed by solvent removal on a rotary
evaporator and overnight drying in a vacuum oven at 313 K
to afford [C4mim]Br in about 90% yield. 1H NMR (400 MHz,
acetone-d6, δ/ppm relative to TMS): 10.31 (s, 1H), 7.98 (s, 1H),
7.89 (s, 1H), 4.46 (t, 2H, J ) 7.2 Hz), 4.11 (s, 3H), 1.93 (m, 2H,
J ) 7.2 Hz), 1.38 (m, 2H, J ) 7.2 Hz), 0.94 (t, 3H, J ) 7.2 Hz).

For spectroscopic applications, the [C4mim]Br must be
further purified prior to metathesis. Toward this end, [C4mpy]-
Br was dissolved at ca. 0.5 g/mL in 18.2 MΩ‚cm doubly
distilled, deionized water and refluxed overnight with decol-
orizing carbon. The charcoal was subsequently removed by
centrifugation at 5000 rpm for 15 min followed by decanting
into a fresh Eppendorf tube. This was repeated once followed
by filtration through a 0.45 µm nylon syringe filter. The
resulting solution was flash frozen in liquid nitrogen and
lyophilized to dryness over 48 h. Metathesis was performed
by mixing, in a single addition, a 0.5 mg/mL aqueous solution
of the so-purified [C4mim]Br and lithium bis(trifluoromethane-
sulfonyl)imide (1.05 equiv) dissolved in a minimal amount of
deionized water. The mixture was vigorously stirred overnight
at room temperature whereupon the dense lower ionic liquid
phase was collected using a separatory funnel and repeatedly
extracted with water using at least 15 equivalent volumes. The
[C4mim][Tf2N] was then dried at room temperature under high
vacuum (10-4 bar) for 96 h to afford the color-free “spec-grade”
IL. The water content in the final IL was less than 150 ppm
as determined from a Karl Fischer conductometric titration.
1H NMR (400 MHz, acetone-d6, δ/ppm relative to TMS): 9.04
(s, 1H), 7.78 (s, 1H), 7.72 (s, 1H), 4.37 (t, 2H, J ) 7.2 Hz), 4.07
(s, 3H), 1.93 (m, 2H, J ) 7.2 Hz), 1.39 (m, 2H, J ) 7.2 Hz),
0.94 (t, 3H, J ) 7.2 Hz).

[C4mim][Tf2N] was prepared at Los Alamos National Labor-
atories and packaged under argon in Sure/Seal bottles. To
avoid the sorption of environmental moisture, all [C4mim]-
[Tf2N] storage and transfers were performed within an argon-
purged drybox (Vacuum Atmospheres Co., model no. HE-43-
2).

Synthesis of Py-PDMS-Py and PDMS-Py.9a NH2-PDMS-
NH2 or PDMS-NH2 were reacted in anhydrous toluene at room
temperature with a 10-fold molar excess of 1-pyrenebutanoic
acid succinimidyl ester for 24 h with stirring in the dark under
N2 or argon atmospheres. The desired products were isolated
by gel permeation chromatography, and their structures were
confirmed by matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry. Py-PDMS-Py had the following
characteristics: Mn ) 3100; Mw/Mn ) 1.07. There was no
significant (<0.3%) single-labeled product in the Py-PDMS-
Py samples. The PDMS-Py polymer had the following char-
acteristics: Mn ) 2800; Mw/Mn ) 1.09.

Instrumentation. All electronic absorbance measurements
were performed by using Milton-Roy model 1201 or HP model
8452A UV-vis spectrophotometers.

Viscosities were determined by using a cone plate viscometer
(Brookfield DV-II+). The viscometer sample temperature was
regulated to (1 K with a temperature bath (Brookfield TC-
602). The viscometer was housed within the argon-purged
drybox.

Steady-state excitation and emission spectra were recorded
with an SLM-AMINCO model 48000 MHF spectrofluorometer.
The excitation source was a 450 W xenon arc lamp. Wave-
length selectors were single grating monochromators. The
spectral band-pass for a given scan was 1 nm. All spectra were
corrected by using appropriate blanks. The blank contribution
to the total emission was always <5%.

Steady-state anisotropy measurements were also performed
by using the SLM-AMINCO model 48000 MHF spectrofluo-
rometer. Samples were excited with vertically polarized light
at 325 nm. The pyrene monomer fluorescence was monitored
using a 380 nm band-pass filter (Oriel). All data were ap-
propriately blank and G-factor corrected.

All time-resolved fluorescence experiments were carried out
by using an IBH model 5000 W SAFE time-correlated single
photon counting fluorescence lifetime instrument. An N2-filled
coaxial flash lamp served as the excitation source. The flash

lamp repetition rate was maintained at 40 kHz. Single grating
monochromators were used for wavelength selection. The
excitation wavelength was adjusted to 337 nm (band-pass of
8 or 16 nm). To avoid pulse pileup, the count rate at each
detector was always <2% of the flash lamp repetition rate.
The instrument response function (IRF) and the time-resolved
fluorescence intensity decay traces (under magic angle polar-
ization conditions)18 were simultaneously recorded. In a typical
experiment we acquired the IRF plus the time-resolved
intensity decay at four emission wavelengths distributed
across the emission spectrum. In some experiments we re-
corded time-resolved intensity decay data at up to 14 emission
wavelengths. The typical time resolution for an experiment
was 0.47 ns/channel, and we used 1024 channels within the
multichannel analyzer (MCA). A dilute solution of 9-cyanoan-
thracene in ethanol was regularly used as a reference lifetime
standard (τref ) 11.73 ns)19 to confirm proper instrument
operation. All experiments were conducted until there were
at least 104 counts in the peak MCA channel. The time-
resolved intensity decay data were analyzed using Globals WE
(Globals Unlimited), a commercially available global analysis
software package.

Sample Preparation. O2 quenching can seriously bias
fluorescence experiments. To avoid this problem and any
problems with adventitious water, we prepared all of our
samples within an argon-purged drybox. All samples for
spectroscopic investigation were prepared within 1 cm2 fused
silica freeze-pump-thaw cuvettes. Five freeze-pump-thaw
cycles were used to remove O2. The Py-PDMS-Py, Py-PDMS,
and 1-EP concentrations were <20 µM.

The sample temperature was controlled to within 0.1 K by
using a Neslab model RTE-111 refrigerated bath circulator.

All experiments were carried out from 293 K to at least 353
K, but most were run up to 373 K. There was no evidence of
hysteresis. To ensure equilibration following a temperature
change, excitation and emission spectra were recorded 20-30
min after each temperature change. Replicate spectra were
always recorded to ensure that we were at equilibrium and to
provide a statistical measure of the measurement imprecision.

Reporting. All results are reported as the measured mean
and the standard deviation from at least five separate experi-
ments.

Results and Discussion

Steady-State Fluorescence. In a ML pyrene excites
between 310 and 350 nm and it fluoresces between 370
and 550 nm. The pyrene monomer emits primarily
between 370 and 420 nm, and excimer emission appears
between 440 and 550 nm. Figure 2 presents typical
steady-state emission spectra for Py-PDMS-Py in [C4-
mim][Tf2N] at 293 (s), 323 (‚ ‚ ‚), and 353 K (- - -) in
the presence of 0 (panel A), 1 (panel B), 10 (panel C),
and 50% (v/v) toluene (panel D). All spectra have been
normalized to the highest energy peak in the monomer
portion of the spectrum. The monomer emission can be
clearly observed between 370 and 430 nm in all samples.
The excimer-like emission is typically seen in the 440-
550 nm region. There is no evidence of excimer emission
from 1-EP or Py-PDMS, the model monomer com-
pounds, at the same fluorophore concentrations and
experimental conditions (results not shown).

The excimer to monomer emission intensity ratio (E/
M, ) I480/I376) provides a qualitative measure of relative
chain conformation, system dynamics, and/or intermo-
lecular chain interactions.9,12 Figure 3 summarizes the
Py-PDMS-Py E/M as a function of solvent composition
and temperature. There is very little excimer-like emis-
sion from the Py-PDMS-Py in pure [C4mim][Tf2N] or
the [C4mim][Tf2N]/toluene samples that contain up to
10% toluene. The E/M for these samples increases
slightly with increasing temperature. In the [C4mim]-
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[Tf2N]/50% toluene samples at 293 K, we note a signifi-
cant increase in the E/M in comparison to the other
[C4mim][Tf2N]/toluene mixtures at the same tempera-
ture (see Figure 2D also). As we increase the solution
temperature, the Py-PDMS-Py E/M from the sample
that contains 50% toluene decreases, approaching val-
ues near the [C4mim][Tf2N]/10% toluene samples above
350 K. There are several possible explanations for this
behavior.

We began to investigate these result by exploring the
[C4mim][Tf2N]/toluene mixture phase behavior. Samples

that contained 10% or less toluene remained visually
homogeneous over the temperature range investigated
(i.e., 293-383 K). As shown in Figure 4A, the [C4mim]-
[Tf2N]/50% toluene sample also remained homogeneous
between 293 and 323 K; however, the solution split into
two discrete phases above 323 K. The less dense,
toluene-rich phase is at the top. Thus, as we increase
the [C4mim][Tf2N]/50% toluene mixture temperature,
the concentration of toluene that is dissolved in the [C4-
mim][Tf2N] phase decreases.

We also investigated the temperature-dependent vis-
cosity of the IL phase in pure [C4mim][Tf2N] and the
[C4mim][Tf2N]/50% toluene mixture (Figure 4B). If
solvent viscosity alone were the reason for the observed
E/M behavior, E/M would scale inversely with viscosity.
Although there is clearly more excimer-like emission in
the less viscous [C4mim][Tf2N]/50% toluene mixture at
293 K, the E/M values for Py-PDMS-Py in [C4mim]-
[Tf2N]/50% toluene are not 5-6 times larger than those
for Py-PDMS-Py dissolved in pure [C4mim][Tf2N]. This
result indicates that the behavior seen in Figure 3 is
not solely due to differences in solvent viscosity. In
addition, above 350 K, the two IL solutions (pure IL and
IL + toluene) exhibit nearly equal viscosities. The
recovered activation energies for viscous flow (Ea,η) are
31.6 ( 0.3, 11.0 ( 0.1, and 8.9 ( 0.2 kJ/mol20 for pure
[C4mim][Tf2N], [C4mim][Tf2N]/50% toluene, and toluene,
respectively. The Ea,η for the pure IL is nearly 3 times
that of the IL with 50 vol % toluene, which is close to
the value for pure toluene.

We next questioned the effect of solvent composition
and temperature on the local microenvironment that
surrounds the Py residue within the Py-PDMS-Py
molecules in pure [C4mim][Tf2N] and the [C4mim][Tf2N]/

Figure 2. Effects of temperature and composition on the Py-PDMS-Py steady-state emission spectra in [C4mim][Tf2N]: (panel
A) pure [C4mim][Tf2N]; (panel B) [C4mim][Tf2N]/1% toluene; (panel C) [C4mim][Tf2N]/10% toluene; (panel D) [C4mim][Tf2N]/50%
toluene. In each panel spectra are shown at 293 (s), 323 (‚ ‚ ‚), and 353 K (- - -).

Figure 3. Effects of temperature and added toluene on the
Py-PDMS-Py excimer-to-monomer intensity ratio (E/M, ) I480/
I376) in the IL phase. λex ) 325 nm. Excitation band-pass ) 16
nm. Emission band-pass ) 1 nm. The uncertainty in each
datum is smaller than the size of each point.
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toluene mixtures. The local micorenvironment sur-
rounding pyrene molecules can be assessed by recording
the intensity ratio of the I1 to I3 emission bands.21,22

Figure 5 summarizes the temperature-dependent I1/I3
emission band ratio for 1-EP and Py-PDMS-Py in pure
[C4mim][Tf2N] and [C4mim][Tf2N]/toluene mixtures.
(Note: The behavior of Py-PDMS was indistinguishable
from Py-PDMS-Py under equivalent conditions.) Al-
though the Py residue’s I1/I3 is not equivalent to the
well-know I1/I3 for pyrene molecules,22 the Py residue’s

I1/I3 is still very sensitive to the physicochemical proper-
ties of its local microenvironment. For example, using
1-EP as our benchmark, I1/I3 at 308 K ranges from 1.13
( 0.01 in pure methyl-terminated PDMS to 2.11 ( 0.01
in pure amino-terminated PDMS to 3.27 ( 0.01 in pure
methanol. Inspection of the data presented in Figure 5
shows several interesting trends. First, as the temper-
ature increases, I1/I3 decreases. This is consistent with
predictable changes in the frequency-dependent dielec-
tric response of the system. Second, the 1-EP I1/I3 in a
given solvent at a given temperature is significantly
greater in comparison to the corresponding I1/I3 for Py-
PDMS-Py in the same solvent system (e.g., at 293 K,
the 1-EP I1/I3 in pure [C4mim][Tf2N] is ∼3.4 whereas
the Py-PDMS-Py I1/I3 in pure [C4mim][Tf2N] is ∼2.2).
These results demonstrate that in the ILs the local
microenvironment that surrounds the Py residue (cy-
botactic region) in Py-PDMS-Py is similar to pure
PDMS. That is, the Py residue cybotactic region is
enriched in PDMS when the Py-PDMS-Py is dissolved
in [C4mim][Tf2N]. Together, these results are consistent
with the Py residues on Py-PDMS-Py molecules inter-
acting preferentially with the same or other PDMS
segments.

It is important to distinguish between dynamic exci-
mers that are formed exclusively during an excited-state
reaction and static “dimers” or “higher-order species”
(e.g., aggregates) that result from the preassociation of
the Py residues in the ground state prior to optical
excitation. To address this issue, we acquired a series
of emission wavelength-dependent excitation spectra as
a function of solvent composition and temperature.9,23

If the Py-PDMS-Py/[C4mim][Tf2N]/toluene system is
described by a purely dynamic excimer (e.g., Figure 1B),
the normalized excitation spectra will be superimpos-
able and independent of emission wavelength.9,23 If the
emission wavelength-dependent excitation spectra are
shifted relative to one another, this indicates the pres-
ence of static ground-state dimers/multimers in the
polymer system.9,23 Figure 6 presents a typical series
of normalized emission wavelength-dependent excita-
tion spectra for Py-PDMS-Py in pure [C4mim][Tf2N] and
[C4mim][Tf2N]/toluene mixtures at 293 K. Similar spec-
tra were recorded at all other temperatures. The spectra
within each panel (solvent composition) are not super-
imposable. (Note: The corresponding spectra for 1-EP
and Py-PDMS are superimposable.) The correlation
coefficients for the I376(λex) vs I480(λex) plots23a (not
shown) are substantially less than unity. However, we
note that the correlation coefficient for the I376(λex) vs
I480(λex) plots get closer to unity as the added toluene
vol % increases (compare Figure 6A to Figure 6D). These
results argue that the observed excimer is not formed
in a purely dynamical manner in the excited state a la
Figure 1B. These results are consistent with a hetero-
geneous ground state (i.e., some degree of inter- or
intramolecular preassociation of the Py residues in the
ground state prior to photoexcitation). Thus, the model
presented in Figure 1B will not suffice to describe the
Py-PDMS-Py photophysics in pure [C4mim][Tf2N] and
[C4mim][Tf2N]/toluene over the solvent composition and
temperature range studied.

Time-Resolved Intensity Decay Studies. The
steady-state spectroscopy argues that the Py-PDMS-Py
ground state is heterogeneous, and the local microen-
vironment surrounding the Py residues in Py-PDMS-
Py in pure [C4mim][Tf2N] and [C4mim][Tf2N]/toluene

Figure 4. Phase behavior and viscosity dependence of [C4-
mim][Tf2N] and [C4mim][Tf2N]/50% toluene: (panel A) pho-
tographs of [C4mim][Tf2N]/50% toluene mixture between 293
and 323 K (left, one phase) and above 323 K (right, two
phases); (panel B) temperature-dependent viscosity profiles for
pure [C4mim][Tf2N] and [C4mim][Tf2N]/50% toluene. The
uncertainty in each datum is smaller than the size of each
point.

Figure 5. Effects of composition and temperature on the Py
residue I1/I3 in 1-EP and Py-PDMS-Py in pure [C4mim][Tf2N]
and [C4mim][Tf2N]/toluene mixtures. The behavior of Py-
PDMS (not shown) parallels Py-PDMS-Py. The uncertainty in
each datum is smaller than the size of each point.
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mixtures is rich in PDMS. To explore the system
photophysics in more detail, we carried out a series of
time-resolved intensity decay experiments on 1-EP and
Py-PDMS-Py in pure [C4mim][Tf2N] and [C4mim][Tf2N]/
toluene mixtures. The 1-EP time-resolved intensity
decay in pure [C4mim][Tf2N] and [C4mim][Tf2N]/toluene
mixtures between 293 and 393 K is single exponential
over at least four lifetimes (øglobal

2 e 1.12). The recov-
ered excited-state fluorescence lifetime (τ) decreases
with increasing temperature and follows Arrhenius
behavior with an activation energy for thermal quench-
ing (Ea,T) that is solvent independent (i.e., Ea,T(pure [C4-
mim][Tf2N]) ) 1.8 ( 0.3 kJ/mol, Ea,T([C4mim][Tf2N]/50%
toluene) ) 1.6 ( 0.3 kJ/mol, and Ea,T(toluene) ) 1.7 (
0.2 kJ/mol24).

On the basis of the steady-state results, we antici-
pated that the Py-PDMS-Py time-resolved intensity
decay results in pure [C4mim][Tf2N] and [C4mim][Tf2N]/
toluene mixtures would be complex. To investigate this
system in more detail, we recorded the time-resolved
intensity decay traces at up to 14 emission wavelengths
distributed across the Py-PDMS-Py emission spectrum,
and we used global analysis13 to determine the best
model. (Note: To clarify the presentation that follows,
we only present the data and fits at one monomer and
one “excimer” emission wavelength (i.e., 376 and 480
nm). However, all 14 time-resolved intensity decay data
sets were used during the global analysis.)

On the basis of an analysis of all 14 residual and
autocorrelation profiles plus the øglobal

2 , we conclude
that the single-exponential (øglobal

2 ) 622), double-expo-
nential/Birks (øglobal

2 ) 14.9), and triple-exponential
models (øglobal

2 ) 2.09) do not describe the Py-PDMS-Py/
[C4mim][Tf2N] intensity decay data well. Of the models

tested, the quadruple exponential decay model (øglobal
2

) 1.10, Figure 7) describes the Py-PDMS-Py/[C4mim]-
[Tf2N] time-resolved intensity decay data best. (Note:
We also investigated unimodal and multimodal continu-
ous lifetime distribution models; the fits were not better
in comparison to a quadruple exponential decay model.)
The quadruple exponential decay model was also the
best model for all solvent compositions and tempera-
tures. (Note: In experiments with Py-PDMS, the best
fit was a double-exponential model, but there were no
negative preexponential terms. This is discussed further
below.)

The fluorescence from any fluorophore or mixture of
fluorophores is a function of time and emission wave-
length.25 Given this, one can extract the individual
kinetic parameters and the corresponding spectra from
a heterogeneous population of emissive species, if the
species exhibit different spectral profiles and/or excited-
state fluorescence intensity decay kinetics.25 The decay
associated spectra (DAS)25 for Py-PDMS-Py in [C4mim]-
[Tf2N]/50% toluene at 293 K are presented in Figure 8.
These DAS show that the observed Py-PDMS-Py emis-
sion in [C4mim][Tf2N]/50% toluene arises from at least
four species with apparent excited-state lifetimes of 240
( 5, 166 ( 2, 28 ( 0.5, and 2 ( 0.4 ns. There are no
negative preexponential factors recovered at any wave-
length at any composition or temperature studied.
(Note: The corresponding results for Py-PDMS are
double exponential with decay times of 235 ( 4 and 159
( 2 ns.) As a benchmark, the excited-state lifetime for
1-EP at 303 K in pure toluene, [C4mim][Tf2N], and
methyl-terminated PDMS are 190 ( 3, 160 ( 8, and
245 ( 7 ns, respectively.

Figure 6. Normalized emission wavelength-dependent fluorescence excitation spectra for Py-PDMS-Py in pure [C4mim][Tf2N]
and [C4mim][Tf2N]/toluene mixtures at 293 K recorded while monitoring the emission at 376 (s) and 480 nm (- - -): (panel A)
pure [C4mim][Tf2N]; (panel B) [C4mim][Tf2N]/1% toluene; (panel C) [C4mim][Tf2N]/10% toluene; (panel D) [C4mim][Tf2N]/50%
toluene. Emission and excitation spectral band-passes were 16 and 1 nm, respectively.
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The 240 ns component emits in the monomer region
only. This result is consistent with Py residues that are
encountering a significant amount of PDMS. The 166
ns component also emits in the monomer region. This
result is consistent with Py residues that encounter a
microenvironment between pure toluene and pure [C4-
mim][Tf2N]. The 28 ns component emits in the excimer
region only, and its maximum appears near 480 nm.
This component is consistent with a static species (e.g.,
a ground-state dimer) that has classic12a dynamically
formed excimer geometry.12a The 2 ns component also
emits in the excimer region only; however, this compo-
nent’s emission spectrum is blue-shifted in comparison
to the standard excimer.12a These features are consistent
with a second type of ground-state dimer/static excimer
wherein the Py residues are in close proximity but not
aligned like in a traditional excimer.26 For example,
blue-shifted excimers have been observed previously for
16-(1-pyrenyl)hexadecanoic acid and stearic acid Lang-
muir-Blodgett monolayers,26a,b vacuum-deposited films
of T-(1-pyrenyl)alkanoic acids,26c pyrene-labeled hy-
droxypropyl cellulose polymers in water,26d multilayer

films of pyrene-labeled cellulose octadecanoate,26e di-1-
pyrenyl-substituted organosilanes,26f 1,3-dipyrenylpro-
panes with partial ring overlaps,26g and Langmuir-
Blodgett films composed of pyrene and stearic acid.26h

In each of the aforementioned systems an excimer
feature is observed to the blue of the traditional excimer,
arising from incomplete pyrene ring overlap and/or a
symmetrical structure wherein the pyrene/pyrenyl resi-
dues are not parallel relative to each other.

Steady-State Fluorescence Anisotropy Studies.
Aggregation of the Py-PDMS-Py molecules would result
in the highest rotational correlation time values, fol-
lowed by lower values for nonaggregated Py-PDMS-Py
molecules with collapsed PDMS arms. The lowest
rotational correlation time values are anticipated for
well-solvated, isolated Py-PDMS-Py molecules where
there is minimal interaction between the PDMS arms
and the Py reporter molecule.

Figure 9A presents the temperature-dependent fluo-
rescence anisotropy (λem ) 380 ( 5 nm) for Py-PDMS-
Py in pure [C4mim][Tf2N] and [C4mim][Tf2N]/50% tolu-
ene. The solid lines that pass through the data are

Figure 7. Typical time-correlated single photon counting data, instrument response function (IRF), residuals, and autocorrelation
traces for Py-PDMS-Py in pure [C4mim][Tf2N]. The monomer and excimer emission were acquired simultaneously at 376 nm
(closed circles) and 480 nm (open circles), respectively. Fit (solid curve) to a quadruple exponential decay is shown. øglobal

2 ) 1.10.
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provided only to guide the reader’s eye; they do not
represent a model. There is a 3-fold decrease in Py-
PDMS-Py steady-state fluorescence anisotropy in pure
[C4mim][Tf2N] as temperature increases. This is con-
sistent, in part, with the decrease in solvent viscosity
(cf. Figure 4B). Interestingly, within our measurement
precision, the steady-state fluorescence anisotropy is

temperature-independent for Py-PDMS-Py in [C4mim]-
[Tf2N]/50% toluene.

By using the average excited-state fluorescence life-
times at each temperature and the Perrin equation (eq
4), we can estimate the rotational correlation times for
Py-PDMS-Py. The temperature-dependent “Py-PDMS-
Py” rotational correlation times in pure [C4mim][Tf2N]
and [C4mim][Tf2N]/50% toluene are presented in Figure
9B. (Note: The y-axis in Figure 9B is logrithmic.) To
predict the temperature-dependent behavior of isolated
Py-PDMS-Py molecules in pure [C4mim][Tf2N] and [C4-
mim][Tf2N]/50% toluene, we used eq 5 or 6, respectively,
to estimate the rotational reorientation time of the Py
residue alone or a globular molecule with a molecular
weight equal to the Py-PDMS-Py absolute molar mass
(M ) 3100 g/mol) and temperature-independent values
for νs and s (i.e., νs ) 1.03 mL/g27 and s ) 0). The upper
and lower solid curves in Figure 9B are the predictions
in pure [C4mim][Tf2N] if the rotational reorientation
dynamics were governed by the global motion from
isolated Py-PDMS-Py molecules or the local motion from
the Py residue on an isolated Py-PDMS-Py molecule,
respectively. (Note: To estimate the steady-state ani-
sotropy for a Py residue, we assumed a volume of an
isolated pyrene molecule, 200-230 Å3.28) The upper and
lower dashed curves in Figure 9B are the estimates in
[C4mim][Tf2N]/50% toluene if the rotational reorienta-
tion dynamics were governed by the global motion from
an isolated Py-PDMS-Py molecule or the local motion
from the Py residue on an isolated Py-PDMS-Py mol-
ecule, respectively.

Although steady-state anisotropy experiments have
limitations,29 and our assumptions preclude quantita-
tive conclusions, differences between the experimental
and estimated rotational correlation times can be used
to qualitatively sense temperature- and composition-
dependent changes in Py-PDMS-Py. For example, if we
were forming rigid intermolecular aggregates (e.g., (Py-
PDMS-Py)n), one would expect the observed rotational
correlation time to exceed the upper solid and dashed
curves in Figure 9B. The experimental results are not
consistent with this type of behavior. If the rotational
dynamics were consistent with the Py residues moving
independently of the PDMS segments, the observed
rotational correlation times would follow the lower solid
and dashed curves in Figure 9B. The experimental
results are not consistent with this scenario. The overall
behavior is consistent with Py residues and PDMS
segments of individual Py-PDMS-Py molecules reorient-
ing in a correlated manner. (Note: The behavior of Py-
PDMS was equivalent to Py-PDMS-Py.)

Conclusions

We present the first results on the behavior of
polymer tails in pure ionic liquids and ionic liquid/
cosolvent mixtures. We report on the behavior of Py-
PDMS-Py in [C4mim][Tf2N] as a function of added
toluene (a good solvent for PDMS) and temperature. The
Py-PDMS-Py dynamics are different in comparison to
the behavior seen in good and Θ molecular solvents
(toluene and ethyl acetate, respectively). The observed
behavior is reminiscent, in part, of the behavior seen
in a poor molecular solvent (methanol). The Py I1/I3 data
suggest that the average Py residue is surrounded by a
PDMS-rich microenvironment at all toluene loadings.
We do not see any significant excimer-like emission in
pure [C4mim][Tf2N] or [C4mim][Tf2N]/toluene mixtures

Figure 8. Decay associated spectra (DAS) for Py-PDMS-Py
in [C4mim][Tf2N]/50% toluene at 293 K. The apparent lifetimes
for the individual spectral features are given in the figure. The
corresponding steady-state spectrum is also shown. The
uncertainty in each DAS datum is smaller than the size of
each point.

Figure 9. Temperature-dependent steady-state fluorescence
anisotropy (panel A) and rotational reorientation times (panel
B) for Py-PDMS-Py in pure [C4mim][Tf2N] (open symbols) and
[C4mim][Tf2N]/50% toluene (closed symbols). In panel B are
also shown predictions for the rotation reorientation times for
intact Py-PDMS-Py molecules (upper set of curves) and the
Py residue in isolated Py-PDMS-Py molecules (lower set of
curves) in [C4mim][Tf2N] (s) and [C4mim][Tf2N]/50% toluene
(- - -).
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until we reach 50 vol % toluene. The Py-PDMS-Py
ground state is heterogeneous, containing monomers
and preformed excimer-like species prior to photoexci-
tation. The observed excimer-like emission does not
arise from a classic dynamic excimer, or the rate of
excimer formation is faster than our instrumental time
resolution (,2 ns). The Py-PDMS-Py time-resolved
intensity decay data reveal that there are at least four
emitting species in the IL phase. In the [C4mim][Tf2N]/
50% toluene mixture at 293 K there are the following
species in the IL phase: (i) a Py monomer in a PDMS-
rich microenvironment, (ii) a Py monomer in a microen-
vironment between pure toluene and pure [C4mim]-
[Tf2N], (iii) a static ground-state dimer that has a
geometry akin to a classical dynamically formed exci-
mer, and (iv) a ground-state dimer that has the Py
residues misaligned in comparison to (iii). Finally,
steady-state anisotropy experiments are not consistent
with the formation of rigid aggregates (i.e., (Py-PDMS-
Py)n). The results are consistent with Py residues and
PDMS segments of individual Py-PDMS-Py molecules
reorienting in a correlated manner.
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