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ABSTRACT: The rotational dynamics of coumarin 153
(C153) in imidazolium-based ionic liquid 1-butyl-3-methyl-
imidazolium hexafluorophosphate ([bmim][PF6]) and tetra-
ethylene glycol dimethyl ether (TEGDME) mixtures across all
mole fractions have been investigated to determine the local
viscosity of the microenvironment surrounding the probe
molecules. The excimer-to-monomer fluorescence emission
intensity ratio (IE/IM) of a well-known microviscosity probe,
1,3-bis(1-pyrenyl)propane (BPP), is also employed to study
the microviscosity of the mixtures as a complementary measurement. The rotational dynamics of C153 show that there are
incompact and compact domains within the heterogeneous structural [bmim][PF6], resulting in fast and slow components of
C153 rotational dynamics. The microviscosity in different structural domains of [bmim][PF6] before and after adding cosolvent
TEGDME with different mole fractions is further investigated by studying the fluorescence anisotropy decay of probe molecules.
The obtained average rotation time constants show that the microviscosity of [bmim][PF6] is enhanced after mixing with a
certain amount of TEGDME, although the bulk viscosity of TEGDME itself is much lower than that of the ionic liquid. This
unusual behavior of microviscosity enhancement is further proven by the steady state fluorescence measurement with the
microviscosity probe of BPP. The microviscosity enhancement is reasonably demonstrated by the fast time constant of C153
rotational dynamics and the departure between the experimentally observed and calculated ratio of IE/IM of BPP, which shows
that this effect is most pronounced at intermediate mole fractions of the [bmim][PF6] and TEGDME mixtures. The
strengthening effects caused by the molecular interactions between TEGDME and structural heterogeneous ionic liquid
[bmim][PF6] are proposed to interpret the unusual microviscosity behaviors.

1. INTRODUCTION

Room temperature ionic liquids (RTILs), with several special
properties such as negligible vapor pressure, high thermal and
chemical stability, and broad electrochemical window, have
received a great deal of attention, which emerged as potential
environmentally benign solvents for a large number of
reactions, catalysis, separation, and electrochemical studies.1−5

Especially, consisting of organic cation and organic/inorganic
anion, RTILs are usually able to dissolve various organic and
inorganic compounds, which makes them more environmental
friendly solvents with respect to the conventional volatile
organic compounds.6−10 Moreover, RTILs can be designed for
many specific properties by choosing proper cationic and
anionic components or mixing them with other solvent media,
which makes them even more attractive. Therefore, a deep
insight into the solvent property of RTILs, especially the
microenvironmental property, is a key factor to design the new
RTILs and extend their applications.
The UV−visible absorption, fluorescence spectroscopic,

time-resolved fluorescence spectroscopic, as well as many
other spectroscopic studies have been carried out to investigate

the physicochemical properties of RTILs by several groups such
as the Samanta group,11−15 Maroncelli group,16−20 Sarkar
group,21−23 Quitevis group,24−28 Bhattacharyya group,29−33 and
so on.34−36 These studies revealed that the nature of RTILs is
more complicated than conventional solvents due to the
presence of structural heterogeneity of the microenvironment
in RTILs, which affects the solvation and rotational dynamics
and other processes of the solute in RTILs.16,29,33 Furthermore,
molecular dynamics (MD) simulation studies have indicated
that RTILs based on the 1-alkyl-3-methylimidazolium cation
([Cnmim]

+) with alkyl chains C4 and longer are spatially
heterogeneous,37−41 where two types of structural domains
with alkyl chains of C4 or longer in the ionic liquid were
expected. Nonpolar domains arising from aggregation of the
alkyl chains are formed mainly through the weak essentially van
der Waals interactions, and polar domains arising from charge
ordering of the anions and imidazolium rings of the cations are
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formed through the strong electrostatic interactions. The
nonpolar and polar domains are interconnected and permeated
into a nanostructurally organized network. Our previous study
also suggested that, in some imidazolium-based ionic liquids
with short alkyl chains less than C4, a hydrogen bond probably
resulted in their structural heterogeneity related to an ordered
microscopic network, instead of random intermolecular
interaction.42 Many specific features, such as the significant
difference between the bulk viscosity and microviscosity, have
been observed due to this heterogeneous nature in RTILs.43

Recently, a growing number of studies focused on the
investigation of the physicochemical properties of the mixtures
of RTILs and conventional solvents because the fine-turning
solvent property after adding conventional solvents may
broaden the scope of the applications of the RTILs.44−57

Many studies on the effects of water, alcohols, and other polar
or nonpolar organics in RTILs were carried out. It is found that
the addition of a cosolvent into RTILs results in a series of
significant changes to physicochemical properties of RTILs
such as the viscosity,44−46 polarity,47−49 and solvation and
rotational dynamics.50−54 For example, the presence of
hydrogen-bonding interaction between RTILs and cosolvent
molecules could reduce the electrostatic attraction between
cations and anions in ionic liquids, and in turn decrease the
overall cohesive energy, resulting in a decrease in viscosity.52−54

In addition, a microviscosity enhancement was recently
observed in the mixture of imidazolium-based ionic liquid 1-
butyl-3-methylimidazolium hexafluorophosphate ([bmim]-
[PF6]) and poly(ethylene glycol) (PEG) in comparison to
the individual solvent.55 The formation of a hydrogen-bonded
network by [bmim][PF6] with PEG had been considered to be
the main reason for the observed microviscosity enhance-
ment.55−57

Anyway, most of these previous studies mainly paid attention
to microviscosity changes of cosolvents which mainly affect the
polar domains of ionic liquid through the hydrogen-bonding
effect involved in cations and/or anions of ionic liquid and
cosolvent mixtures. To fully understand the microviscosity in a
hybrid system including an ionic liquid with different structural
domains such as [bmim][PF6], it is better to choose a
cosolvent, which can influence polar and nonpolar domains of
the ionic liquid at the same time. Tetraethylene glycol dimethyl
ether (TEGDME) can be a more proper candidate as a
cosolvent with [bmim][PF6] to study the interactions and
properties of the polar and nonpolar domains in such a hybrid
system. It is expected that TEGDME could interact with the
imidazolium ring of [bmim][PF6] cations in polar domains
through the hydrogen-bonding effect with the ethers of
TEGDME which may act as a hydrogen bond acceptor proved
by previous studies,55−57 and TEGDME could also affect the
nonpolar domains in [bmim][PF6] composed from the
nonpolar butyl side chain of [bmim][PF6] through van der
Waals interactions. Furthermore, unlike water or ethanol,
TEGDME and [bmim][PF6] are completely miscible; there-
fore, we can obtain the mixtures with any mole fractions of the
two neat compositions, which provides a larger range for
scrutinizing the molecular interaction. The significance of this
study is twofold. First, the microviscosity of polar domians in
[bmim][PF6] is expected to decrease because the cosolvent
screens the Coulombic interactions between ions of ionic
liquid. Second, the TEGDME molecules could possibly
increase the microviscosity of nonpolar domains via van der
Waals interactions with the alkyl chain of [bmim][PF6]. Thus,

it is a crucial aspect of investigating the properties of the
structural heterogeneous microevironment like microviscosity
about RTILs and their mixtures with other cosolvents.
In the present work, we try to reveal the microviscosity in

such a hybrid system of [bmim][PF6] with TEGDME by
studying the time-resolved fluorescence spectroscopy of
coumarin 153 (C153) and the steady-state fluorescence
emission spectra of 1,3-bis(1-pyrenyl)propane (BPP). The
structures of [bmim][PF6], TEGDME, and fluorescent probes
used in the present study are shown in Scheme 1. C153 is

considered to be an ideal probe because the dynamics probed
by C153 have been found to be primarily related to nonspecific
solute−solvent interactions in many RTIL systems.17,52,53,58

BPP is a particularly sensitive probe of microviscosity especially
in the heterogeneous environment such as ionic liquid
systems.55−57,59−62 As a result, the microviscosity enhancement
effects in the [bmim][PF6] and TEGDME hybrid system were
observed by probing the microviscosity through the two
complementary experimental methods. Both the methods with
excimer-to-monomer fluorescence emission intensity ratio of a
well-known microviscosity probe, 1,3-bis(1-pyrenyl)propane
(BPP), and the rotational dynamics of C153 show similar
microviscosity enhancement effects which exist in the [bmim]-
[PF6] and TEGDME hybrid system.

2. MATERIALS AND EXPERIMENTAL METHODS
2.1. Materials. Ionic liquid [bmim][PF6] (purity >99%,

water content <500 ppm) was purchased from Lanzhou
Greenchem ILS, LICP, CAS, China, and stored under a dry
nitrogen atmosphere. TEGDME (purity 99%) was obtained
from Adamas. C153 and BPP were from Aldrich and
Invitrogen, respectively, and used as received. The concen-
trations of C153 and BPP in all samples are about 1.25 × 10−5

and 1.0 × 10−6 M, respectively.
2.2. Steady-State Spectroscopy. Ultraviolet/visible (UV/

vis) absorption and fluorescence emission spectra were
recorded on a spectrophotometer (UV1601, Shimadzu,
Japan) and a fluorescence spectrometer (F4500, Hitachi,
Japan), respectively. All the measurements were carried out at
room temperature.

2.3. Time-Resolved Fluorescence Anisotropy Meas-
urements. The time-resolved fluorescence anisotropy meas-
urements were carried out using a time-correlated single-
photon counting (TCSPC) spectrometer (F900, Edinburgh

Scheme 1. Structure of the [bmim][PF6], TEGDME, and
Probe Molecules C153 and BPP
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Instrument). The samples were excited at 442 nm using an 80
ps laser diode (PicoQuant PDL 808). The instrument response
function (IRF) of the detection system is 200 ps. The
fluorescence anisotropy was measured by using the single-
channel method. An expression for time-resolved anisotropic
decay r(t) is given by
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where I∥(t) and I⊥(t) are the fluorescence decays polarized
parallel and perpendicular to the polarization of the excitation
light, respectively, when the excitation polarizer is mounted
vertically. The factor G is the ratio of the sensitivity of the
detection system for vertically and horizontally polarized light
when the excitation polarizer is mounted horizontally.63

3. RESULTS AND DISCUSSION
3.1. Steady-State Behavior of C153. The absorption and

fluorescence spectra of C153 (Scheme 1) in [bmim][PF6] and
TEGDME mixtures are shown in Figure 1, and the extracted
data are listed in Table 1.

The C153 absorption and fluorescence behaviors in neat
[bmim][PF6] agree with previous studies.17,52,58 The absorp-
tion peak of C153 is almost unaffected (between 424 and 425
nm) in the mixtures with the mole fraction of TEGDME from
0 to 0.8, and blue-shifted to 417 nm with further addition of
TEGDME. The emission maxima of C153 in [bmim][PF6] and
TEGDME mixtures are gradually blue-shifted from 529 to 507
nm with the TEGDME mole fraction increased from 0 to 1.
With the gradual addition of TEGDME, the fluorescence
Stokes shifts (Δν = νAbs − νEm) of C153 decrease from 4681 to
4257 cm−1.
In solution phase, the solvent reorganization energy (λs) is

widely used as a measure of the interactions between the
chromophore and its surrounding solvent and as a parameter of
the polarity of solvent.64 The solvent reorganization energy
from the steady-state spectra is given as

∫λ σ σ= ℏ ϖ ϖ − ϖ ϖ
∞

2
[ ( ) ( )] ds

0
a f (2)

where σa(ϖ) and σf(ϖ) are the normalized absorption and
emission spectra and ϖ is the frequency. The estimated values
of λs of C153 molecules in [bmim][PF6] and TEGDME
mixtures are also listed in Table 1. Generally, the λs values are
between the neat [bmim][PF6] and TEGDME, and gradually
decrease with the addition of TEGDME. Therefore, from both
the Stokes shifts and the solvent reorganization energy (λs) of
C153, we conclude that the polarities of these mixtures are
between the neat [bmim][PF6] and TEGDME and do not
show any specific behaviors such as “hyperpolarity”.

3.2. Rotational Dynamics of C153. The rotational
dynamics of excited probe molecules are very sensitive to the
microstructure and the local viscosity of the microenvironment
around the probe molecule.65 In our previous study, the
microviscosity enhancement in neat RTILs induced by a
hydrogen-bonding effect was successfully investigated through
observing the rotational dynamics of the excited probe.42 To
determine the effect of the solvent−solvent interactions on the
microviscosity in [bmim][PF6] and TEGDME mixtures, we
further perform the time-resolved fluorescence anisotropic
measurements of the excited C153 molecules by using the
TCSPC techniques. The anisotropy decay profiles are well
fitted with a biexponential function (x = 2) when the
TEGDME mole fraction is from 0 to 0.8 in the mixtures, and
a single exponential function (x = 1) with the mole fraction of
TEGDME from 0.9 to 1 by eq 3.
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where ai is the amplitude and τi is the time constant. The
average rotational relaxation time ⟨τr⟩ was calculated using eq 4.
Three typical anisotropy decay profiles are shown in Figure 2,
and all the corresponding fitted parameters are listed in Table
2.
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As shown in Figure 2 and Table 2, two different time
constants are obtained by fitting the decay of the time-resolved
anisotropy of C153 in neat [bmim][PF6]. The fitted values of
the fast decay time constant (τ1) and the slow decay time
constant (τ2) in neat ionic liquid are about 0.32 (49%) and 4.90

Figure 1. Steady-state absorption (left) and emission (right) spectra of
C153 in [bmim][PF6] and TEGDME mixtures of different
compositions. The emission spectra are obtained under the excitation
(λexc) at 430 nm. All spectra are normalized at the corresponding peak
maxima.

Table 1. Steady-State Absorption and Fluorescence
Properties of C153 in [bmim][PF6] and TEGDME Mixtures

χTEGDME
a λAbs

b (nm) λEm
c (nm) Δνd (cm−1) λs

e × 107 (cm−1)

0 424 529 4681 2.74
0.1 425 529 4625 2.80
0.2 425 528 4590 2.79
0.3 425 528 4590 2.63
0.4 425 526 4518 2.66
0.5 425 525 4481 2.70
0.6 425 524 4445 2.57
0.7 424 523 4465 2.58
0.8 424 521 4391 2.57
0.9 422 518 4392 2.48
1 417 507 4257 2.50

aThe mole fraction of TEGDME in [bmim][PF6] and TEGDME
mixtures. bThe absorption peak wavelength. cThe fluorescence
emission peak wavelength. dThe Stokes shift. eThe solvent
reorganization energy.
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(51%) ns, respectively. The observed average rotational
relaxation time of C153 in neat [bmim][PF6] is 2.66 ns.
Since there is not any special frictional coupling between the
C153 probe molecules and [bmim][PF6],

17,52,53,58 the
measured rotational relaxation time is mainly correlated with
the local viscosity of the microenvironment around C153. It is
expected that there are two types of domains with different
microviscosities related to the fast and slow rotational dynamics
experienced by C153 due to the heterogeneous nature of ionic
liquid.16,29,33 The cation of [bmim][PF6] is composed of a
polar headgroup, where most of the electrostatic charge is
concentrated, and a nonpolar butyl chain. The polar
imidazolium ring of cations and anions could connect each
other to form the polar domain, while the nonpolar butyl
chains may aggregate to form the nonpolar domain.38−41

Quitevis and co-workers proposed a schematic representation
that provides a reasonable pattern to visualize the nano-
structuring present in the ionic liquids.24−28 It is not surprising
that because of the strong electrostatic interactions among
cations and anions of [bmim][PF6] the structure of polar
domains is more closely packed than that of nonpolar domains
in which the interaction is from van der Waals force between
nonpolar butyl chains within [bmim][PF6]. Therefore, as
shown in Figure 3, since C153 is a neutral molecule and there is

no specific solute−solvent interactions between C153 and
[bmim][PF6], C153 could disperse into incompact nonpolar
and compact polar domains of [bmim][PF6]. The two different
time constants observed from the rotational dynamics of C153
could correspond to such kinds of two typical microenviron-
ments. The fast composition of C153 rotational dynamics is
attributed to the incompact nonpolar domain in neat
[bmim][PF6], in which the microenvironment is built up by
the aggregation of butyl chains of [bmim][PF6] in a relatively
loose microstructure, leading to a lower microviscosity, where
the molecular probe C153 is easier to rotate. The slow
composition of C153 rotational dynamics is accordingly
contributed from the compact polar domain with more closely
packed microstructure connected by imidazolium ring cations
and anions, resulting in a relatively higher microviscosity;
therefore, the rotation of C153 is more confined and becomes
slow. Since C153 is considered to be an ideal probe related to
nonspecific solute−solvent interactions in many RTIL

Figure 2. Three typical decays of the time-resolved fluorescence
anisotropy, r(t), of C153 in [bmim][PF6] and TEGDME mixtures
with the mole fractions of TEGDME of 0 ([bmim][PF6]), 0.5, and 1
(TEGDME), respectively. The solid line represents the fitting result.

Table 2. Rotational Relaxation Parameters for C153 in [bmim][PF6] and TEGDME Mixtures

fitting resultsa stretched exponential fittingb

TEGDME mole fraction A1 τ1 (ns) A2 τ2 (ns) τr
c (ns) τ (ns) β τr

d (ns)

0 0.49 0.32 0.51 4.90 2.66 2.13 0.70 2.69
0.1 0.39 0.39 0.61 4.45 2.87 2.19 0.67 2.90
0.2 0.41 0.48 0.59 3.90 2.50 2.04 0.68 2.66
0.3 0.50 0.65 0.50 3.61 2.13 1.81 0.69 2.32
0.4 0.45 0.73 0.55 2.88 1.91 1.56 0.70 1.97
0.5 0.50 0.77 0.50 2.64 1.71 1.41 0.72 1.74
0.6 0.65 0.76 0.35 2.13 1.24 1.16 0.83 1.28
0.7 0.65 0.74 0.35 1.63 1.05 0.98 0.90 1.03
0.8 0.74 0.70 0.26 1.19 0.83 0.84 0.95 0.86
0.9 0.63 0.63 0.63 0.64 0.99 0.64
1 0.46 0.46 0.46 0.46 1.00 0.46

aExponential fitting using eq 3. bStretched exponential fitting using the function r(t) = r0 exp[−(t/τ)]β.
66 cThe average rotation time from

biexponential fitting using eq 4, Ai = ai/∑i=1
2 ai, ∑i=1

2 Ai = 1. dThe rotation time from stretched exponential fitting using ⟨τr⟩ = τΓ(β−1)/β, where Γ is
the gamma fuction.66

Figure 3. Schematic representation of the C153 probe molecules in
structural heterogeneous ionic liquid [bmim][PF6] with incompact
nonpolar and compact polar domains.
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systems,17,52,53,58 the microviscosity around C153 in ionic
liquid mainly affects the rotation behaviors and leads to the
different rotational relaxation times. Therefore, it is important
to investigate the changes of microviscosity in different
structural domains of [bmim][PF6] before and after adding
cosolvent TEGDME at different fractions by obtaining different
time constants from the fitted anisotropy decay of probe
molecules and further estimate the average rotational relaxation
time for getting a general insight of the microviscosity changes
in the mixtures.
Figure 4 shows the fast component of C153 rotation time

correlated with different TEGDME mole fractions in [bmim]-

[PF6] and TEGDME mixtures. It is found that, with the
addition of TEGDME, the value of the fast rotation time
constant (τ1) in [bmim][PF6] and TEGDME mixtures
increases first and reaches a maximum when the TEGDME
mole fraction reaches about 0.5, then decreases with further
addition of TEGDME. Since the fast decay of C153 rotational
dynamics is correlated with the microviscosity of the incompact
domain within the mixtures, it is reasonable that by gradually
adding TEGDME the relatively loose microenvironment of the
incompact domain in ionic liquid becomes a little tighter at first
with increased microviscosity because of the van der Waals
interaction between nonpolar TEGDME and butyl chains of
[bmim][PF6], and then loosens again with further addition of
the cosolvent because the heterogeneous microstructure within
ionic liquid is totally broken by mixing with a large amount of
TEGDME, resulting in the decrease of microviscosity. An
obvious fact is also revealed by Figure 4 that, in all intermediate
mole fractions of the mixtures, the value of the fast rotation
time constant (τ1) is always larger than that in neat
[bmim][PF6], which implies that the microviscosity of the
incompact domain in ionic liquid is enhanced due to the mixing
of TEGDME, reasonably resulting from the van der Waals
interaction between nonpolar TEGDME and butyl chains of
[bmim][PF6].
Regarding the values of the slow time constant (τ2) obtained

from the C153 rotational dynamics measurements, it is found
that τ2 linearly decreases and is well correlated with the mole
fraction of TEGDME in the mixtures, as shown in Figure 5. As
the slow decay of C153 rotational dynamics is related to the
microviscosity of the compact domain of the mixtures, it is
possible that the interactions between the two neat

compositions of the mixtures destroy the structure of the
compact domain which is built by imidazolium ring cations and
anions and lead to the decrease of microviscosity. Many groups
studied the effects of the cosolvents in ionic liquids through
testing the rotational dynamics of C153, and these inves-
tigations showed that the presence of cosolvent molecules
reduced the electrostatic attraction between ions through
solvent−solvent interactions like hydrogen bonds, resulting in a
decrease in local viscosity,50−54 and therefore, the slow rotation
of C153 in ionic liquid becomes fast. In our case, we observe a
similar effect by investigating the slow component of C153
rotational dynamics.
Compared to the cosolvent such as poly(ethylene glycol)

(PEG) or tetraethylene glycol (TEG) which mainly affects the
polar domains of ionic liquid through hydrogen-bonding
interactions with the cations and anions,55−57 the nonpolar
cosolvent TEGDME without the presence of a hydroxyl group
could efficiently affect the nonpolar domains and the polar
domains of [bmim][PF6]. As TEGDME molecules have a
certain length nonpolar chain, they could change the chain
conformation to arrange themselves into the incompact
nonpolar domain of [bmim][PF6] and also interact with the
cations of the compact polar domain through the weak
hydrogen-bonding interactions between the oxygen of the ether
bond in TEGDME and the imidazolium ring proton at the
same time. In the incompact nonpolar domains, TEGDME and
[bmim][PF6] interact with each other through the packing and
stacking effects by van der Waals interaction between the
TEGDME molecule and the butyl chain of ionic liquid. When
the TEGDME mole fraction is in the region from 0 to 0.5 and
the mixture is in the ionic liquid enrichment phase, the
heterogeneous nature with two types of structural domains by
[bmim][PF6] mainly remains within the mixtures (see also the
results of the departure between C153 average rotation time
from experiment and from calculated bulk viscosity in Figure
6). The packing and stacking effects of the TEGDME
molecular chain gradually make the incompact domain more
and more dense with the TEGDME mole fraction increasing
from 0 to 0.5. This strengthening effect causes the micro-
viscosity of incompact domains in the mixtures to increase,
becomes more pronounced when the mole fraction of
TEGDME is larger than 0.2, and reaches a maximum when
the TEGDME mole fraction is up to 0.5, as shown in Figure 4.
When the mole fraction of TEGDME is further increased from
0.5 to 1, while the mixture is in the TEGDME enrichment

Figure 4. Fast component of C153 rotation time correlated with
different TEGDME mole fractions in [bmim][PF6] and TEGDME
mixtures.

Figure 5. Slow anisotropy time constants of C153 in [bmim][PF6]
and TEGDME mixtures with different TEGDME mole fractions.
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phase, the heterogeneous structure of the mixture is gradually
destroyed by adding more and more TEGDME. It is found that
there is only one type of microenvironment in the mixture
when the TEGDME mole fraction reaches about 0.9, while a
single exponential fitting of the C153 rotational decay is
obtained (see Table 2), suggesting that, in high TEGDME
mole fractions, the difference of compact and incompact
domains within the mixture mostly disappears, and the mixture
becomes more homogeneous. Since the heterogeneous
structure (Figure 3) disappears when the TEGDME mole
fraction is larger than 0.5 of the mixtures, the gradually
increased strengthening effect in the incompact domain with
the TEGDME fraction from 0 to 0.5 is weakened, which leads
to the microviscosity decrease, as shown in Figure 4.
As shown in Table 2, the rotational relaxation time of C153

in neat TEGDME is about 0.46 ns in our measurement. When
the TEGDME mole fraction is around 0.9, the C153 rotational
relaxation time is 0.63 ns, which is a little slower than that in
the neat TEGDME, indicating that a small amount of
[bmim][PF6] could possibly change the microenvironment of
neat TEGDME to be more compact. The inter/intramolecular
interactions in neat TEGDME molecules are mainly van der
Waals force which is weaker than the systems containing strong
hydrogen-bonding or electrostatic interactions. When the neat
TEGDME mixes with [bmim][PF6], the hydrogen-bonding
interactions between the oxygen of ether bond in TEGDME
and the imidazolium ring proton as well as the interactions
between ions of ionic liquid cause a more compact structure,
which results in the slower rotation of C153 and the higher
microviscosity compared to the neat TEGDME. Judging from
the values of the fast time constant (τ1) as shown in Table 2
and Figure 4, it is found that the microviscosity enhancement is
more obvious when adding a slight amount of [bmim][PF6]
into TEGDME with a mole fraction of TEGDME from 1 to
0.9, compared to that from 0 to 0.1. Therefore, it is concluded
that, once a small amount of TEGDME is added into
[bmim][PF6], the microviscosity enhancement effect is mainly
due to van der Waals interactions which is reasonably weaker
than the hydrogen-bonding interactions when adding a small
amount of ionic liquid into TEGDME. In one word, the

microviscosity of incompact domains in neat [bmim][PF6] and
neat TEGDME is enhanced by the strengthening effect in their
mixtures through the van der Waals and hydrogen-bonding
interactions, and becomes most pronounced when the mole
fraction of the two neat compositions is about equal.
In the compact polar domains of the mixtures, the main

interactions are the Coulombic and hydrogen-bonding
interactions between cations and anions in ionic liquid as
well as the hydrogen-bonding effects between the oxygen of the
ether bond in TEGDME and the imidazolium ring proton.
TEGDME molecules could form new hydrogen bonds with
ionic liquid and insert into strong Coulombic interaction areas
between cations and anions, which screens the electrostatic
interactions of ions in compact domains of the mixtures. This
force loosens the compact microstructure around the molecular
probe C153, and makes an easier microenvironment for the
C153 rotation. Therefore, as shown in Figure 5, with the
gradual addition of TEGDME into [bmim][PF6], the value of
the slow time constant (τ2) of C153 decreases with a good
consistency with the increasing mole fraction of TEGDME,
showing a linearly decreasing effect of the microviscosity within
the compact domains of the mixtures.
To further understand the microviscosity changes in

[bmim][PF6] and TEGDME mixtures with different mole
fractions, the experimental average rotational relaxation time
(τaverage) of C153 is further considered. Figure 6 shows the
average rotation time of C153 in [bmim][PF6]−TEGDME
mixtures with different TEGDME mole fractions. The
calculated average rotation time of C153 from the bulk
viscosity is also obtained by estimating the bulk viscosity of the
mixtures and the linear correlation between the bulk viscosity
and the C153 experimental average rotation time fixed by neat
ionic liquid and TEGDME according to the Debye−Stokes−
Einstein equation.52−54 The bulk viscosities of the neat
[bmim][PF6] (∼300 cP) and TEGDME (3.313 cP67) are
used to calculate the bulk viscosity of the mixtures by using the
equation of ln ηmix = ∑i=1

2 ωi ln ηi,
68 where ηi and ωi represent

the bulk viscosity and weight component of the individual
constituent, respectively. The departure between experimental
average rotation time and calculated average rotation time
estimated from the bulk viscosity of C153 reflects the difference
between the microviscosity and viscosity caused by the
heterogeneous nature of the mixtures from the new interaction
between ionic liquid and TEGDME, such as van der Waals and
hydrogen bonding interactions.43

With the gradual addition of TEGDME, the experimental
average rotation time of C153 in the mixtures is found to
increase first and then decrease, as shown in Figure 6. Especially
the obtained average rotational relaxation time is 2.87 ns when
the TEGDME mole fraction is 0.1 of the mixture, which is
unexpectedly a little slower than that in neat [bmim][PF6]
(2.66 ns). It is possible that in the high [bmim][PF6]
enrichment phase of the mixture the enhancement effect of
microviscosity by the interactions within the nonpolar domains
between TEGDME and ionic liquid could compensate the loss
of Coulombic interaction in the polar domains and even slow
down the rotation of C153. In Figure 6, it is found that, in the
whole TEGDME mole fraction range of the mixtures, the value
of the observed C153 average rotation time is larger than that
calculated from the bulk viscosity, indicating that the new
interactions (such as van der Waals and hydrogen-bonding
interactions, as well as screening effects of the Coulombic
interactions) in [bmim][PF6] and TEGDME mixtures are

Figure 6. The experimental average rotation time of C153 (●) in
[bmim][PF6]−TEGDME mixtures with different TEGDME mole
fractions. The dashed curve shows the C153 average rotation time
calculated from the bulk viscosity of the mixtures. The departure (○)
between experimental average rotation time and calculated average
rotation time estimated from bulk viscosity. The inset shows the C153
rotation time obtained from the stretched exponential fitting (●, left
axis) and the fitted parameter β (○, right axis) as a function of
TEGDME mole fraction.
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involved, which is not considered in the calculated bulk
viscosity condition. From the values of the departure between
experimental and calculated average rotation time of the
mixtures, it is found that the heterogeneous structure of the
mixtures obviously remains in the ionic liquid enrichment
phase and gradually is destroyed by adding more TEGDME.
Although the biexponential fitting is found to be somewhat
better than the stretched exponential fitting, the value of the
C153 average rotation time from exponential fitting is very
similar to the rotation time from stretched exponential fitting
(as shown in Table 2 and Figure 6). The departure results are
in agreement with the values of β (0 ≤ β ≤ 1) obtained from
the stretched exponential fitting, as shown in the inset of Figure
6, which typically reflects the heterogeneity of the cosolvent
mixture, as the smaller value of β represents the more
significant heterogeneity.16 Therefore, as the TEGDME
molecules interact with the ionic liquid [bmim][PF6] within
the nonpolar incompact and polar compact domains, the
microviscosity of the mixtures is enhanced in contrast with both
of the two neat compositions when the TEGDME mole
fraction is 0.1 and the heterogeneous structure mainly remains
in the ionic liquid enrichment phase of the mixture.
3.3. Fluorescence Emission Behavior of Microviscosity

Probe BPP. We have measured the microviscosity of
[bmim][PF6] and TEGDME mixtures by the rotational
dynamics of C153, and in order to further confirm the
microviscosity enhancement effects in this mixture, as a
complementary experiment, we perform the steady-state
fluorescence emission experiments of a microviscosity probe
BPP which is especially sensitive in the heterogeneous
system.55−57,59−62,69−71 1,3-Bis(1-pyrenyl)propane (BPP)
(Scheme 1) is a well-established fluorescent probe which can
be employed to detect the microviscosity by measuring the
excimer emission band located in about the 450−500 nm
region in fluorescence emission spectra. In a low-viscous
solvent, the two pyrene units of BPP easily fold together to
form an intramolecular excimer, and the emission spectra of
these compounds exhibit a usual structured monomer
fluorescence band and a broad structureless excimer
fluorescence band. As the microviscosity of the environment
increases, the efficiency of the excimer formation decreases and
a corresponding reduction in the intensity of the excimer band
is observed. From such a scenario, the excimer to monomer
emission intensity ratio (IE/IM) of BPP can be used to measure
the microviscosity. In our case, BPP is chosen due to its several
advantages as follows. First, BPP is a neutral molecule, and
previous studies have shown that the observed results from
BPP are mainly caused by the solvent−solvent interactions in
the [bmim][PF6]−TEG and [bmim][PF6]−PEG systems
which are quite similar to our [bmim][PF6]−TEGDME
system.55−57 Second, BPP is very sensitive to the microviscosity
enhancement in the heterogeneous [bmim][PF6] and PEG
mixtures, even though the bulk viscosity does not increase
significantly.55 Consequently, we can further clarify the
microviscosity enhancement effects in our system through
studying the steady-state emission spectra of BPP. Third, BPP
is not very sensitive to the polarity of the media; therefore, the
influences of the polarity in our system are mainly neglected.61

Fourth, since the solubility of BPP in water is extremely low, we
can mostly eliminate the effects of water in our experiment if
there are any.60

Figure 7 shows the steady-state emission spectra for BPP
dissolved in the mixtures of [bmim][PF6] and TEGDME. It is

found that, when the TEGDME mole fraction is below 0.5, the
excimer peak of BPP fluorescence is not obvious, whereas,
when the TEGDME mole fraction is above 0.5, the excimer
peak of BPP is clearly observed and becomes much more
pronounced with further addition of TEGDME. It is
unexpected that, when the TEGDME mole fraction is from
0.1 to 0.4, the relative amount of excimer emission is slightly
less than that in neat [bmim][PF6], as shown in the inset of
Figure 7, indicating that, in this [bmim][PF6] enrichment phase
condition, two terminal pyrenyl moieties of the probe BPP are
harder to fold together compared to that in neat ionic liquid.
The observed values of the excimer-to-monomer emission
intensity ratio IE/IM(obs) of BPP under ambient conditions in
the [bmim][PF6] and TEGDME system are shown in Figure 8.

Generally, it is expected that the value of IE/IM(obs) would
monotonically increase as the less viscous TEGDME is added
to the more viscous [bmim][PF6], but our result shows that,
with the addition of TEGDME to [bmim][PF6], the IE/IM(obs)
value of BPP decreases first and then reaches a minimum with
the mole fraction of TEGDME around 0.2, and finally increases
to its value in neat TEGDME. Importantly, the IE/IM(obs)

Figure 7. Steady-state fluorescence emission spectra normalized to the
peak of the monomer fluorescence band (IM(380 nm) = 1.00) for about 1
μM BPP in [bmim][PF6] and TEGDME mixtures; excitation
wavelength: 330 nm. The inset shows the excimer fluorescence band
(IE(490 nm)).

Figure 8. Experimentally observed IE/IM(obs) (○) of BPP in the
[bmim][PF6] and TEGDME mixtures. All fluorescence emission
spectra of BPP in the mixtures were averaged from three time
measurements. The dashed curve shows the TEGDME mole fraction
weighted ideal calculated BPP IE/IM(cal) according to eq 5. The
departure between the experimental IE/IM(obs) and calculated IE/
IM(cal) values of BPP is presented alongside (●). The red profile
shown is only a guide to the eye.
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shows a smaller value than that in neat [bmim][PF6] and
TEGDME when the mole fraction of TEGDME is in the region
between 0.1 and 0.4. Since the value of BPP IE/IM(obs) is
correlated with the microviscosity, it is found that the
microviscosity of the mixture is higher than both of the neat
compositions with the TEGDME mole fraction from 0.1 to 0.4,
and in the TEGDME enrichment phase when the mole fraction
of TEGDME is above 0.5, the microviscosity decreases with the
addition of TEGDME. Such a microviscosity enhancement
effect is observed especially in the ionic liquid enrichment
phase because of some strengthening effect in the mixture, such
as the packing and stacking interaction between butyl chains of
[bmim][PF6] and TEGDME molecular chains around the BPP
probe molecules. Similar behavior is also seen from the average
rotational relaxation time (τaverage) of C153, as shown in Figure
6.
In order to further determine the degree of the micro-

viscosity enhancement effects in [bmim][PF6] and TEGDME
mixtures, we investigate the departure between the exper-
imental observed value and ideal additive calculated value of IE/
IM (|IE/IM(obs) − IE/IM(cal)|), which could reflect the
difference between the observed microviscosity and that in
calculation condition without considering extra special
interactions in the mixture. As shown in Figure 8, the ideal
additive calculated IE/IM(cal) of BPP in the [bmim][PF6] and
TEGDME mixtures is calculated using eq 572

χ χ

χ χ

=

× + ×

× + ×

⎛
⎝⎜

⎞
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I
I

I I

I I

( ) ( )

( ) ( )

E

M cal

E,[bmim][PF ] [bmim][PF ] E,TEGDME TEGDME

M,[bmim][PF ] [bmim][PF ] M,TEGDME TEGDME

6 6

6 6

(5)

in which IE and IM values were measured in neat [bmim][PF6]
and TEGDME under identical experimental conditions and IE/
IM(cal) for [bmim][PF6] and TEGDME mixtures were
calculated using the bulk mole fraction, Xi, for each component.
The result of ideal additive behavior is depicted using the
dashed curve in Figure 8. It is found that all of the values of IE/
IM(obs) of BPP are smaller than the corresponding IE/IM(cal)
across all mole fractions of [bmim][PF6] and TEGDME
mixtures, which clearly indicates that BPP is facing a more
viscous microenvironment than predicted (IE/IM(cal)). This
unusual behavior measured by the value of IE/IM indicates that
the microviscosity of the mixtures could be enhanced by the
molecular interactions between [bmim][PF6] and TEGDME
evidently. Moreover, the deviation of the observed and
calculated IE/IM values reaches a maximum near the equimolar
ratio of [bmim][PF6] and TEGDME. Therefore, it is concluded
that the microviscosity of the mixtures is enhanced, and with
about the equal mole fraction of the two neat compositions the
degree of the enhancement is most significant, which is also in
agreement with the results from the fast time constant (τ1) of
C153 rotational dynamics in these mixtures. Once again, it is
found that the microviscosity enhancement within the mixtures
is possibly caused by the strengthening effects between
[bmim][PF6] and TEGDME molecules.
The difference between the bulk viscosity and microviscosity

obtained by investigating the average rotation time of C153 as
shown in Figure 6 and the departure between the experimental
observed and calculated microviscosity from the IE/IM value of
BPP as shown in Figure 8 prove that there are some extra

special strengthening interactions between [bmim][PF6] and
TEGDME molecules in their mixture with heterogeneity. This
strengthening effect possibly caused by the molecular packing
and stacking interactions through van der Waals force in ionic
liquid enrichment phase, and the hydrogen-bonding inter-
actions in TEGDME enrichment phase of the mixture, which
shows a maximum when the mole fraction of the two neat
compositions is about equal by investigating the fast time
constant (τ1) of C153 rotational dynamics (Figure 4) and the
value of |IE/IM(obs) − IE/IM(cal)| of BPP (Figure 8).
Furthermore, from the results of measured microviscosity by
IE/IM(obs) of BPP in the case of TEGDME mole fraction from
0.1 to 0.4 (Figure 8) and average rotational relaxation time
(τaverage) of C153 rotational dynamics when the TEGDME
mole fraction is 0.1 (Figure 6), it is concluded that in the ionic
liquid enrichment phase of the [bmim][PF6] and TEGDME
mixture the molecular strengthening interactions could
compensate the loss of Coulombic interaction and result in
the larger microviscosity than those of the two neat individual
compositions.

4. CONCLUSIONS

We have performed measurements of the rotational dynamics
of C153 molecules in a completely compatible hybrid system
based on room temperature ionic liquid [bmim][PF6] and
TEGDME to detect the local viscosity enhancement of the
microenvironment surrounding the probe molecules. The
microviscosity enhancement is also investigated by a micro-
viscosity probe BPP through steady-state fluorescence spec-
troscopy. Due to the heterogeneous nature of ionic liquid, it is
found that the C153 probe is experiencing two types of
domains with incompact and compact structures in [bmim]-
[PF6]. With the addition of TEGDME, the microviscosity of
the incompact domain in ionic liquid is increased especially
when the TEGDME mole fraction is about 0.5, while the
microviscosity of the compact domain is linearly decreased. In
the high ionic liquid enrichment phase, the excited C153
molecules show relatively slower rotational dynamics deter-
mined by the average rotation time and the excimer-to-
monomer fluorescence emission intensity ratio (IE/IM) of BPP
is lower than those in both neat [bmim][PF6] and TEGDME,
indicating that independently both of the two probe molecules
are unexpectedly facing a more viscous microenvironment.
Besides the microviscosity enhancement determined from the
fast time constant of C153 rotational dynamics, the enhanced
microviscosity judged from |IE/IM(obs) − IE/IM(cal)| of BPP
also shows that this effect is more obvious when the mole
fraction of [bmim][PF6] and TEGDME is about equal in the
mixtures. The strengthening effects caused by the interactions
of the TEGDME molecules with a certain chain length and
heterogeneous structural ionic liquid [bmim][PF6] are
proposed to interpret the unusual microviscosity enhancement
in our system.
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