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Abstract

Aiming at the evaluation of the viscosity of the interfacial solid-like structure of ionic
liquids (ILs), we performed total internal reflection fluorescence (TIRF) spectroscopy
for N, N-diethyl-N’-phenyl-rhodamine (Ph-DER), a fluorescent probe that is sensitive
to viscosity in a high viscosity range. TIRF spectra at the glass interface of trioctyl-
methylammonium bis(nonafluorobutanesulfonyl)amide (TOMAC4C4N), a hydropho-
bic IL, showed that the fluorescence intensity of Ph-DER increases with decreasing the
evanescence penetration depth, suggesting that there exists a high-viscosity region at
the interface. In contrast, glycerol, which is a molecular liquid with a bulk viscosity
similar to TOMAC4C4N, did not show such a fluorescence increase, supporting that
the formation of a highly-viscous solid-like structure at the interface is intrinsic to
ILs. A model analysis suggested that the high viscous region at the glass interface of
TOMAC4CA4N is at least twice thicker than the ionic multilayers at the air interface,
implying that the solid substrate enhances the ordering of the interfacial structure of
ILs. The viscosity at the glass interface of TOMAC4C4N was found to be at least 40

times higher than the liquid bulk.



Introduction

Tonic liquids (ILs) are low-melting-point salts composed of cations and anions with a wide
potential window, non-volatility, flame resistance, and ionic conductivity.! Because of

these features, ILs are promising candidates as alternative electrolytes in lithium-ion bat-

2,3

teries and electric double-layer capacitors. Since the interfacial structure dynamics of

ILs greatly affects the rate of redox reactions and mass transfer, it is important to un-
derstand the interfacial structure dynamics in order to apply ILs to electrochemical de-
vices.? In our previous study using X-ray reflectometry (XR), a multi-layered ordering
structure was revealed at the gas interface of an ionic liquid, trioctylmethylammonium

bis(nonafluorobutanesulfonyl)amide (TOMAC4C4N).® The study was followed by subse-

8,12

quent XR studies at the gas interface®!! and the water interface®!? of various ILs, confirming

the generality of the characteristic of ILs to form ionic multilayers even at the soft interfaces

without the help of solid substrates. At the solid interface of ILs, studies using XR,?17

18-20

atomic force microscopy (AFM), and surface force apparatus (SFA)?'23 confirmed the

existence of ionic multilayers and furthermore AFM and SFA studies unveiled that the layers
are highly viscous and solid-like. Molecular dynamics (MD) simulation studies illustrated

that intra-layer diffusion of ions in the ionic multilayers are slower than the bulk counter-

£18,24-28 25,29 18,27

par and inter-layer diffusion is further slower, sometimes unevaluable on the

30-36 and other electro-

time scale of simulation. Electrochemical impedance spectroscopy
chemical techniques3™3® found strong potential hysteresis and ultraslow process in the ion
dynamics at the electrode interface of ILs. The potential hysteresis has also been observed

40-42 and

in sum frequency generation,? surface enhanced infrared absorption spectroscopy,
XR."? Also, XR!'61743 and electrochemical surface plasmon resonance (ESPR)* ¢ showed
a slow relaxation of the interfacial structure of ILs, including TOMAC4C4N,* on the order
of seconds that cannot be explained by bulk properties.

It would be invaluable if we could evaluate the viscosity of the interfacial solid-like struc-

ture of ILs. In fact, SFA studies reported that the shear viscosity of ILs measured using two



atomically flat solid substrates exponentially increases when the inter-substrate distance is

2122 However, a recent AFM study proposes that such a confined

narrowed below 10 nm.
situation between two solid walls induce a dramatic change of ILs to a solid-like phase.?® To
investigate the interfacial viscosity as an intrinsic characteristic of ILs, a study at the soft
interfaces or at least at the one-solid open (not confined) interface would be desirable.

In the present study, in order to evaluate the interfacial viscosity of ILs, we adopted
another approach, that is, total internal reflection fluorescence (TIRF) spectroscopy with
a viscosity-sensitive fluorescent molecular probe. TIRF is a powerful technique sensitive

47,48

and selective to fluorescent molecules on the interface and applied to time-resolved mea-

surements for inter-molecular energy transfer® and molecular reorientation dynamics5%5!

52,53

and imaging measurements for bio-sensing and cell analysis. In the present study,

TOMAC4CA4N, for which we previously studied the interfacial structure®*' and dynam-

STALALSAST wag chosen as an IL to be investigated. N, N-diethyl- N’-phenyl-rhodamine

ics
(Ph-DER, ®® see Fig.Sla for the structure) was used as a probe whose fluorescence intensity is
sensitive to the viscosity even for highly viscous liquids like TOMAC4C4N. Ph-DER is one
of rhodamine derivatives that have a phenyl moiety attached to one of the rhodamine nitro-
gen atoms. Ph-DER shows a viscosity sensitivity in a high viscosity range, as was observed

for other aryl-substituted rhodamine dyes.*?%* By using Ph-DER in TIRF spectroscopy we
explored the interfacial viscosity of TOMAC4C4N.

Experimental

TOMACA4CAN (refractive index, m; = 1.411 at 532 nm) was prepared and purified as de-

2461 Glycerol (n; = 1.474 at 532 nm), as a molecular solvent with a

scribed previously.
viscosity similar to TOMACA4C4N for comparison, was used as purchased (Nacalai Tesque).
The viscosity, n, of TOMAC4C4N, glycerol, and other liquids was measured using a viscome-

ter (TVE-22, Toki Sangyo). The n values for TOMAC4C4N and glycerol were measured to



be 2000 and 1300 mPa s at 20°C, respectively. Ph-DER was synthesized®® and dissolved in
TOMAC4CAN and glycerol. Rhodamine B (Wako, hydrochloride salt), whose structure is
shown in Fig.S1b, was also added to the liquids as an internal reference dye.

TIRF spectra for Ph-DER and RB at the glass interface of the liquids were measured
using a slab optical waveguide spectrometer (SIS-5100, System Instruments). A schematic
diagram of the experimental setup is shown in Fig.Slc. A glass plate (K-LaSFnl, Sumita
Optical Glass; refractive index, n, = 1.813 at 532 nm) was used as a slab optical waveguide.
The glass plate was mounted on an xy stage whose surface is micro-roughened to prevent
attenuation of the beam on the back surface of the glass plate. Just before measurements,
the glass surface was cleaned by chemical etching with a saturated ethanol solution of KOH,
followed by washing with methanol and drying in air. A liquid drop of the dye solutions was
placed on the surface of the glass plate. A diode-pumped solid-state laser (LCX-532S-300-
CSB-PPF, Oxxius) was mounted on a goniometer arm, which enabled us to finely adjust the
incident angle. A beam with a wavelength, A, of 532 nm from the laser was introduced from
the polished edge surface of the glass plate. The laser beam propagated in the glass plate
by repeated TIR and generated the evanescent wave on the liquid side of the glass/liquid

interface. The evanescence penetration depth, d, can be written as,

5 A

= —— (1)
2my/ng sin” 0 — nj

where n, and n; are the refractive indices of the glass and a liquid at 532 nm and 6 is the

incidence angle of the laser at the glass/liquid interface (Fig.S1c). It should be noted that eq
1 is derived without taking into account the existence of the solid-like ionic multilayers at the
interface, which can have moderately higher n than the bulk IL.%%% However, the existence
of such interfacial layers with a molecular-level thickness causes a negligible change in the

local electric field and the penetration depth of evanescent wave. Fluorescence from dyes



excited by the evanescent wave was collected with a lens and detected by a spectrometer
(USB2000, Ocean Optics). No matching oil was required in this arrangement and the
incident angle was extremely reproducible and finely adjusted by the goniometer.

By evaluating the relative fluorescence intensity of Ph-DER with respect to RB, Iy, we
canceled out 6 dependent instrumental function and was able to focus on the interfacial
viscosity of the liquids. This is possible because Ph-DER is sensitive to the viscosity on
the order of 1000 mPa s whereas the fluorescence intensity of RB is saturated at this high
viscosity range (Fig.3). The fluorescence spectrum of each dye in each liquid was separately
measured at @ = 63°, which was used to evaluate Iy in the liquids at various § by using
classical least squares (CLS).

Experimental I data depending on § was fitted with a model function of the fluorescence
quantum yield ¢r(z) around the interface which can be different from that in the bulk, ¢r pu.
The model, the so-called one-box model, assumes a uniform interfacial layer with a thickness

of d. The model function is written as

0o L s 2
7 :IPh—DER _ kfo or(2) (Eoe /5) dz

[F<5) [ref fooo (Eoe*2/5)2 dz (2)
with
_ f (0<z<d)
or(z) =
1 (d<z2)

where the z axis represents the surface normal direction with z = 0 at the interface and
z > 0 in the liquid, Ej is the electric field intensity of the evanescent wave at the interface,
Eye~ /% indicates that the electric field decays as it is further away from the interface, k is
a constant that represents the fluorescence intensity ratio in the IL bulk ((Slggo Ir () = k),

or = ¢r/ ®F bulk, and f is the fluorescence quantum yield in the interfacial layer normalized



with the bulk counterpart. The denominator in eq 2 does not have the ¢p term because
the fluorescence intensity of RB is not viscosity sensitive in the viscosity range investigated
in the present study (Fig.3). In the model, we assumed no effect of adsorption of dyes on
the glass surface, which was confirmed to be valid from control experiments (see Results
and Discussion below). Also, it is possible that the Ph-DER concentration in the solid-like
ionic multilayers is different from that in the bulk IL. However, what we analyze is not the
absolute fluorescent intensity of Ph-DER but the fluorescent intensity ratio of two dyes (Ph-
DER and RB) that share the same rhodamine structure (Fig.Sla,b). Therefore, these two
dyes would have similar partition behavior between the bulk IL and the ionic multilayers.
Possible accumulation or depletion effect in the ionic multilayers is largely canceled out in

the fluorescent intensity ratio. Eq 2 can be calculated as,

Te =k {f + (1 — ) exp(~2d/6)} (3)

Here we assume that 2d/0 < 1 because d is on the order of the ion size and § is on the order

of wavelength, and then

Iy :k{1+2d(f(5_1)} (4)

This equation was fitted to the experimental Ix vs. §~! plots to evaluate the parameters.
Unfortunately, this equation shows that we cannot separately evaluate d and f. This is
because the evanescent field is significantly thicker than the interfacial layer. Nevertheless,

if we reasonably estimate d, we can evaluate f semi-quantitatively.

Results and Discussion

TIRF spectra of Ph-DER and RB in TOMAC4CA4N are shown in Fig.1a. Single fluorescence

peaks are discernible in the spectra at around 577 nm. These peak positions are between



572 and 589 nm that are the peak wavelength for fluorescence spectra (Fig.1b) for RB and
Ph-DER alone dissolved in TOMAC4C4N, respectively. This indicates that the single peaks
in Fig.1la are actually composed of two peaks from the two dyes. The fluorescence intensity
decreases with decreasing §. This tendency is as expected because thinner evanescent field
leads to less fluorescent dyes excited. A closer look at the spectra in Fig.1la finds the redshift
of the peaks with decreasing . This is more obvious in Fig.1c, which are the spectra already
shown in Fig.1a but normalized with individual peak height to ease the comparison, and also
in Fig.S3a where the peak wavelength is plotted as a function of §. The redshift implies
that the relative contribution of two dyes to the “single” peak is changing, i.e., Ph-DER
that fluoresces at longer wavelength increases its relative contribution with decreasing .
Combined with the fact that smaller § corresponds to more surface contribution, this behavior
indicates that Ph-DER emits more fluorescence at the interface of TOMAC4C4N than in
the liquid bulk. Because Ph-DER is a viscosity sensitive fluorescent probe, this suggests the
existence of a high-viscosity region at the glass interface of TOMAC4C4N. This agrees with
previous studies that reported ultraslow interfacial dynamics at the electrochemical interface
of TOMAC4C4N ,37:44,54-57

To compare with the behavior observed for TOMAC4C4N, which is an IL, we performed
the same measurements for glycerol, which is a molecular liquid and has a viscosity sim-
ilar to TOMACA4C4N (1300 and 2000 mPa s at 20°C, respectively). Fig.S2 shows TIRF
spectra in glycerol. Glycerol exhibited the same tendency: smaller fluorescence intensity
at smaller § and peaks at around 582 nm (Fig.S52a) that is in between 577 and 589 nm for
the corresponding 1-component spectra (Fig.S2b). However, in stark contrast to the case
with TOMAC4CA4N, the peak position remained almost unchanged for glycerol (Fig.S2c and
Fig.S3b), suggesting that no Ph-DER, fluorescence enhancement occurs at the glass interface
of glycerol.

To quantitatively discuss the relative fluorescence intensity change, we extracted the

relative contribution of the two dyes from the spectra using CLS. The extracted relative



fluorescence intensity, Iy, for TOMAC4C4N is shown in Figure 2. I increased with decreas-
ing d, as qualitatively discussed above. For glycerol (Fig.S4), in contrast, the fluorescence
intensity ratio was constant with respect to d, which agrees with no peak shift observed in
the spectra (Fig.S2c and Fig.S3b). This indicates that the viscosity of glycerol does not
change at the interface.

A question is, does possible adsorption of Ph-DER and RB at the glass interface affect
Ir at small 67 A clean glass surface has silanol groups that may attract these dyes on the
surface, although such an attraction should also work more or less onto IL ions (TOMA™ and
C4C4N7) and glycerol molecules. If the concentration of either or both of Ph-DER and RB
at the interface is different from that in the bulk we would see § dependence of Iy irrespective
to the viscosity change. To answer this question, we performed control experiments by using
a glass plate whose surface is silanized to cap silanol groups with methyl groups. The glass
was soaked in a hexane solution of chlorotrimethylsilane (10wt%) to silanize the surface. The
It vs 6~ from the control experiments are shown in Fig.S5. In both cases for TOMAC4C4N
and glycerol, the behavior was the same as without the silanization treatment, illustrating
that the adsorption effect is negligible. A possible explanation is that the attraction to
surface silanol groups is similar for the dyes, IL ions, and glycerol. Also, a thin water layer
may cover the glass surface even in organic solvents® and TOMAC4C4N, a hydrophobic IL,
preventing the approach of any other ions and molecules onto the glass surface.

To obtain the information on the extent that the viscosity of TOMAC4C4N increases at
the interface, we fitted eq 4 from the one-box model to the Ir vs §~* plot with k and d(f —1)
as fitting parameters. The obtained parameters are k = 0.86 +0.11 and d(f — 1) = 72+ 16
nm. The f value contains the interfacial viscosity information because Ph-DER is a viscosity
fluorescent probe. ¢r (= fér pux) can be related to n by making a calibration curve between
these parameters. The calibration curve was obtained by determining ¢ for Ph-DER in
three liquids (TOMAC4C4N; glycerol, and ethylene glycol) and at several temperatures (5-

50°C with an increment of 5°C) with a relative method% using ¢r = 0.65 for RB in ethanol



as a standard value. At the temperatures other than 20°C, ¢r in a liquid was evaluated
by using the value in the liquid at 20°C as a reference. In other words, we neglected the
temperature dependences of density, molar absorption coefficient, and refractive index, which
will cause minor effects on the calibration curve. Fig.3 shows log ¢r vs logn plots, where
7 = 1n/NToMAC4CAN bulk- Lhe ¢p for TOMACACAN at 20°C, which is ¢p puik, was determined
to be 0.145. From the linear regression using least squares, we obtained the parameters
in the Férster-Hoffman type equation® log ¢ = log ag + a1 log(7): ag = 0.114 £ 0.005 and

59,6066 oyen RB shows

a1 = 0.598 £ 0.013. a; = 0.6 is a typical value for fluorescence dyes;
a; ~ 0.6 viscosity dependence,®” but at low viscosity regime, ~1 mPa s, much lower than
the order of 1000 mPa s for the liquids in the present study. ¢r for RB is saturated at unity
over 10 mPa s% as shown as open diamond in Fig. 3 and that is why we can use RB as an
internal reference dye that does not show viscosity dependence in the present study. With
all the relations between d and f, between f and ¢, and between ¢r and 7 altogether, we

finally obtained a relation between d and 7 as follows (see Supporting Information for the

derivation)

=15 (1 + d;fmym (5)

Here we do not know the exact value of d, but it is worth to put a plausible value into eq
5. In our previous x-ray reflectivity study on the air interface of TOMAC4C4N, we revealed
that there are ionic multilayers formed with several layers where each layer has a thickness
of 1.5 nm, corresponding to the ionic size.® If we say the number of layers is four, as can
be estimated from the electron density profile at the air interface of TOMAC4C4N, d would
be 6.0 nm and from eq 5 7 is estimated to be 109. This value is significantly high and a
solid-like layering structure reported at the interface of several kinds of IL*? would have
such a high viscosity. But the 7 value of 109 has a problem when looking at Fig.3. The

vertical axis of Fig.3 is a logarithmic scale of fluorescence quantum yield and it should not

10



exceed zero, i.e., the upper limit of ¢ is naturally unity. This upper limit in ¢r leads to an
upper limit to 7, which is 7 = 38 +£ 6 at ¢r = 1 in the calibration curve in Fig.3. Therefore
this viscosity fluorescent probe Ph-DER cannot detect the relative viscosity higher than 40
for TOMAC4C4N and the fluorescence signal will be saturated. By going back to eq 5
and inserting 1 = 38, we estimate the lower limit of d, which is 12 nm. This thickness
corresponds to 8 ionic layers for the TOMAC4C4N case and is twice as thick as what we
found at the air interface of TOMAC4C4N. Solid substrates are known to enhance the
structuring of ILs and also liquid molecules at the interface. For example, 13 ionic layers
are found to be in a solid-like structure at the mica interface of 1-ethyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)amide,?® while no ionic multilayers detectable via XR have been
reported at the air interface.'® TOMAC4CA4N is likely to form ionic multilayers at the glass
interface at least twice thicker than at the air interface. Our previous study using ESPR as a
probe of the interfacial structure relaxation against the electrode potential change revealed
that the relaxation time constant is three orders of magnitude longer than RC' constant
estimated from bulk conductivity and the interfacial capacitance.** That implies that the
interfacial viscosity is three orders of magnitude higher than the bulk viscosity; 7 ~ 10* and
n ~ 10° mPa s at the interface. A liquid having such high viscosity may be categorized
into semi-solids rather than liquid, which agrees with the results reporting the existence of
a solid-like interfacial structure of ILs. A fluorescent probe that is sensitive to viscosity at

higher viscosity range would be interesting to be used for future study.

Conclusions

A strategy using TIRF spectroscopy combined with a viscosity-sensitive fluorescent probe
successfully detected the enhancement of interfacial viscosity at the interface of an IL. Al-
though precise evaluation of the interfacial viscosity is impossible due to intrinsically lower

spatial resolution of this method compared with the scale of the interfacial structure, a

11



semi-quantitative evaluation was still valid.
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Fig.1. (a) TIRF spectra of Ph-DER (10 pM) and RB (0.5 M) simultaneously dissolved
in TOMAC4C4N at various § and (b) TIRF spectrum of each dye in TOMAC4C4AN. The

dotted lines are the fluorescence maximum wavelength for Ph-DER and RB. (c) Normalized

TIRF spectra shown in (a).
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5 5 TOMAC4C4N §H} i

Fig.2. Iy vs 0! plots for TOMACA4C4N. The error bars are the standard errors from CLS.

The solid line is the fitted line using eq 4 with d(f — 1) = 72 4+ 16 nm.
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logdr

Fig.3. Experimental plots of loggr vs logn for Ph-DER in TOMACA4C4N (circle), glycerol
(square), and ethylene glycol (triangle) at various temperatures from 5 to 50°C for the latter
two. The horizontal axis 7 is 7 normalized with that for TOMAC4C4N at 20°C (2000 mPa
s). The solid line is the linear regression line. The data for RB (open diamond) was taken

f. 68

from Ref.”® in ethanol at various temperatures.
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