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Abstract
Critical scattering, derived from the phase separation of room-temperature ionic liq-
uid (RTIL)–propanol solutions, was observed by small- and wide-angle X-ray scattering 
(SWAXS). The RTILs were 1-alkyl-3-methylimidazolium bis(trifluoromethanesulfonyl)
imide,  [Cnmim][TFSI] (n = 2–8). Critical scattering of the  [C2mim][TFSI]–propanol sys-
tem was enhanced in a propanol-rich region and corresponded to liquid–liquid equilibria 
in the mixture. The propanol isomer effect was obtained from a correlation length that rep-
resents fluctuations in density. By SWAXS, RTIL–propanol solutions had a prepeak that 
indicates nanoheterogeneity, and two kinds of fluctuation coexisted in the RTIL–propanol 
system.

Keywords Room-temperature ionic liquids · Critical scattering · Nanoheterogeneity · 
Density fluctuation · Propanol isomer effect · Small- and wide-angle X-ray scattering

1 Introduction

Room-temperature ionic liquids (RTILs) are well known as novel solvents [1–3] and their 
outstanding properties include nearly zero vapor pressure and thermal, electrochemical, 
and chemical stability. Because of their intrinsic properties, RTILs have been applied to 
electrochemical devices [4–6],  CO2 capture [7–9], dissolution of cellulose [10, 11], lubri-
cants [12], catalysts [13–15], and so on. In fundamental science, the nanoheterogeneity of 
the RTILs has been investigated theoretically [16, 17] and experimentally [18, 19]. Propor-
tional to alkyl chain length, the n of nanoheterogeneous RTIL 1-alkyl-3-methylimidazoli-
ums, which are  [Cnmim]+, is enhanced by the growth of the polar/non-polar nanodomains. 
A variety of nanoheterogeneous RTILs are summarized in the literature [20–22]. By fur-
ther research, the types of nanoheterogeneous RTILs increase, reflecting their diversity.

A fourth evolution of RTILs occurs by mixing RTIL with solutions [23]. 
Salt–solvent mixtures expand the possibilities for further industrial applications. Focusing 
on RTIL–alcohol mixtures, their liquid structures have been examined and the structures 
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were explained by their inherent assemblies [24–28]. For instance, binary mixtures of 
RTIL–methanol are characterized by a sponge-like structure over the mesoscopic scale 
[25]. The RTIL is ethylammonium nitrate, which is one of the protic RTILs. The hierarchy 
of the liquid structure in the mixtures is induced by a strong hydrogen bonding network. 
In other protic propylammonium nitrate–octanol systems, the nanostructure is quite dif-
ferent from a typical amphiphilic assembly [26]. Bicontinuous nanostructures are visual-
ized in a simulation box by referring to diffraction data. Very recently, molecular dynamics 
(MD) simulations have been carried out to estimate the hydrogen bond interaction in the 
binary  [C4mim][TFSI]–propanol and  [C4mim][TFSI]–butanol mixtures [28].  [TFSI]−, is 
bis(trifluoromethanesulfonyl)imide. It is found that the oxygen atoms of the  [TFSI]− anion 
interacted strongly with the hydroxyl hydrogen of the alcohol. In simulated total X-ray 
scattering, a low-Q component below 4 nm−1 increases in an alcohol-rich region [28]. The 
thermodynamic properties of the RTIL–alcohol system were examined by determining liq-
uid–liquid equilibria (LLE), which reveal phase separations [29–32]. By selecting a com-
mon  [TFSI]− anion, the upper critical solution temperatures (UCSTs) in LLE depend on 
the alkyl chain length of  [Cnmim]+ [29, 30]. Propanol [29] and butanol [30] isomer effects 
are clearly observed at UCSTs in LLEs, reflecting the hydrophobicity of the alcohols.

The LLE of  [C4mim][BF4] + H2O or + D2O have been determined, and thermodynamic 
characteristics such as excess molar enthalpies in the mixtures were estimated quantita-
tively [33]. By small-angle neutron scattering (SANS), fluctuations of  [C4mim][BF4]–D2O 
were detected [34, 35]. Relating to a critical phenomenon of phase separation, SANS inten-
sities are enhanced in the water-rich region. A picture of an inverse microemulsion on a 
nanoscale is provided to explain the experimentally obtained SANS intensities.

In this study, critical scattering and prepeak of the  [Cnmim][TFSI]–propanol system are 
investigated by small- and wide-angle X-ray scattering (SWAXS). Fluctuations in density 
near the critical point coexist with the nanoheterogeneity of the mixtures.

2  Experiments

2.1  Materials

The RTILs used in this study are hydrophobic  [Cnmim][TFSI] (n = 2–8) (IoLiTec GmbH 
and Kanto Chemical Co.), and as an additive for the mixtures, we used 1-propanol (purity: 
greater than 99.5%, water content, less than 2000  ppm) and 2-propanol (purity: greater 
than 99.7%, water content, less than 1000 ppm) (Kanto Chemical Co.). Further information 
of water contents in  [Cnmim][TFSI] is provided in the Supporting Information in Ref. [29].

2.2  Small‑ and Wide‑Angle X‑ray Scattering

SWAXS was carried out using an X-ray diffractometer (rint 2200, Rigaku Co.). In 
small-angle X-ray scattering (SAXS) experiments, the incident beam was collimated by 
a 0.15  mm slit (Q < 4  nm−1). Wide-angle X-ray scattering (WAXS) data were collected 
using a 0.30 mm slit (4 nm−1 ≤ Q). Here, the scattering vector (Q) is defined as 4π(sinθ)/λ 
 (nm−1), where the scattering angle is 2θ. Cu Kα radiation (λ = 0.1542 nm) was selected for 
incident X-ray. The scattered beam  was monochromated using highly oriented pyrolytic 
graphite (002). To obtain high S/N data, a few thousand counts were collected for both 
sample and background using the step-scan mode at a fixed time. Kapton films (polyimide 
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films), whose thickness was 7.5 μm, were selected for X-ray windows to reduce the back-
ground in the SAXS region. Since Kapton films were used on both sides of the sample 
holder, the total thickness of the Kapton films was 15.0 μm. To estimate the background 
(tail of direct beam, air scattering, and scattering from Kapton), the SWAXS pattern was 
measured without a sample (Fig. S1a).

Quartz glass capillaries (Hilgenberg Co.) were utilized to compare the background of 
Kapton windows, where the diameter and thickness of the glass capillaries were 0.5 and is 
0.1 mm, respectively. The glass capillaries provided broad scattering in the WAXS region 
(Fig. S1b). Thus, we measured SWAXS intensities using Kapton-assembled sample hold-
ers for quantitative analysis. In fact, using pure 1-propanol having no SAXS intensity, a 
tail of the direct beam with or without 1-propanol coincided with another (Fig. S1c). A 
distinct and small peak in the low-Q position, which is derived from the Kapton films, was 
removed from the total scattering (sample + Kapton + a tail of the direct beam + air scatter-
ing). After subtraction, the small peak from the Kapton films disappeared.

Sample thickness was 1.0  mm, and data were collected by transmission geometry at 
room temperature (297 K). By direct beam scanning with or without a sample, absorption 
coefficients were obtained experimentally. After removing the background, polarization 
and absorption corrections for SWAXS were calculated.

2.3  Density Functional Theory Calculations

Density functional theory (DFT) calculations were performed to investigate the propanol 
isomer effect of the  [Cnmim][TFSI]–propanol system. The conformations of the  [TFSI]− 
anion with a cation and propanol were optimized by DFT. All DFT calculations were per-
formed using the B3LYP hybrid functional and 6–31++G** basis sets of the PC-GAMESS 
package (Firefly) [36, 37].

3  Results and Discussion

3.1  SWAXS of  [C2mim][TFSI]–Propanol Mixtures

Figure  1a reveals the SWAXS patterns of  [C2mim][TFSI]–x mol% 1-propanol. The 
WAXS pattern of pure 1-propanol was exactly the same as that in a previous study 
[38]. In addition to the principal peak denoted by the arrow in the figure, the prepeak 
of pure 1-propanol appeared in the lower Q position. It was interpreted that the pre-
peak was derived from a local chain structure based on the intermolecular bonds of 
O–H···O. When 1-propanol was diluted using  [C2mim][TFSI], the prepeak shifted to 
higher Q positions and the prepeak intensity decreased (Fig. 1b). The abrupt increase of 
prepeak intensity above 90 mol% propanol (Fig. 1b) implies that the local chain struc-
ture propanol developed and polar/non-polar nanodomains collapsed. Moreover, down 
to 90  mol% 1-propanol, the SAXS intensities at Q < 4  nm−1 gradually increased and 
exceeded the intensity of the principal peak. The maximum SAXS intensity appeared 
at around 90  mol% 1-propanol. The increment of SAXS intensity in this study was 
also supported by simulated SWAXS using MD [28]. The experimentally determined 
maximum concentration of 90 mol% coincided with the simulated one. In contrast, by 
further decreasing the 1-propanol concentration, a gradual decrease in SAXS intensi-
ties was observed. Finally, there was low SAXS intensity below 40  mol%. With pure 
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 [C2mim][TFSI], the  [C2mim]+ cation, which has a short alkyl chain, provided a weak 
prepeak as reported previously [19]. Here, we emphasize that, in the same manner as 
that of the  [C4mim][BF4]–D2O system [34, 35], the increase of the SAXS intensities in 
the  [C2mim][TFSI]–1-propanol system was derived from the critical scattering of the 
phase separation. In the LLE of  [C2mim][TFSI]–propanol [29], the UCST of  [C2mim]
[TFSI]–1-propanol was determined to be 295.75  K (= TC) at around 85  mol% 1-pro-
panol. In fact, pure  [C2mim][TFSI] and pure 1-propanol had no SAXS intensities below 
4 nm−1 at all (Fig. 1a). On the other hand, the prepeak existed in the whole region of 
the 1-propanol concentrations. In the 1-propanol-rich region, the SAXS intensity was 
superimposed to the prepeak. By mixing  [C2mim][TFSI] with 1-propanol, the prepeak 
shifted between the position of pure  [C2mim][TFSI] and that of pure 1-propanol. In 
order to examine the propanol isomer effect associated with nanoheterogeneity, SWAXS 
data of  [C2mim][TFSI]–x mol% 2-propanol were collected (Fig. 2a). The tendency for 
nanoheterogeneity in 2-propanol-based mixtures was similar to that in 1-propanol-based 

(a)

(b)

 100 %
 99.8%
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 99.0%
 97.4%
  95.0%
  92.4%
  90.0%
  85.0%
  79.9%
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  59.8%
  40.1%
   0.0%

Fig. 1  a SWAXS patterns of  [C2mim][TFSI]–x mol% 1-propanol mixtures. b Propanol concentration 
dependences of prepeak position and intensity
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mixtures. In Fig. 2b, a crossover point from the IL to propanol is provided by the posi-
tion and intensity of the prepeak. In LLE, the TC of  [C2mim][TFSI]–85  mol% 2-pro-
panol is 293.65 K [29]. 

To estimate the density fluctuations quantitatively, we used the Ornstein–Zernike 
(OZ) correlation function [39]. The OZ function, χ(r), is provided by

where ξ is the OZ correlation length. By Fourier transform of Eq. 1 [40], the SAXS inten-
sity, I(Q), is expressed by

(1)χ(r) =
1

r
e−r∕� ,
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Fig. 2  a SWAXS patterns of  [C2mim][TFSI]–x mol% 2-propanol mixtures. b Propanol concentration 
dependences of prepeak position and intensity
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Furthermore, Eq. 2 is rewritten as

In the 1/I(Q)–Q2 plot (the OZ plot) of  [C2mim][TFSI]–x mol% 1-propanol (Fig. 3a), the 
linearity of 1/I(Q) is clearly seen in the Q2 scale [39]. This means that the observed SAXS 
intensities obeyed Eq. 2. Generally, the OZ function is applied to explain a fluctuation in 
density near the critical point. The OZ correlation length, ξ, was calculated using Eq. 3 
(Fig. 3b). The maximum value of ξ was located at around 87 mol% both in 1-propanol- 
and 2-propanol-based mixtures, reflecting almost the same behavior of the propanol con-
centration in LLE [29]. In the previous studies [34, 35], the SANS intensities of  [C4mim]
[BF4]–D2O, which were also analyzed using the OZ correlation function, appeared as a 
crossover point from RTIL-dominant to water-dominant regions. The maximum correlation 
length, ξmax, of  [C4mim][BF4]–D2O was 1.4 nm [34]. In this study, the ξmax of  [C2mim]
[TFSI]–propanol was evaluated to be 0.8 nm. Owing to hydrogen bonding of water, the 
density fluctuations in  [C4mim][BF4]–D2O could be higher. In the case of the  [C2mim]
[TFSI]–propanol system, the propanol concentration dependence of the OZ correlation 
length resembled that of an UCST-type LLE [29]. Therefore, the SAXS intensities are 
directly related to the critical scattering in propanol-rich regions. Moreover, the propanol 
isomer effect of SAXS was consistent with that on LLE [29]. In 1- and 2-propanol-based 

(2)I(Q) =
I(0)

1 + �2Q2

(3)1

I(Q)
=

1

I(0)
+

�2

I(0)
Q2

Fig. 3  a Q2 dependence of 1/I(Q) 
of  [C2mim][TFSI]–x mol% 
1-propanol. b Propanol concen-
tration dependence of correlation 
length, ξ. The distinct propanol 
isomer effect was not determined 
on correlation length

(b)

(a)
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mixtures, the longer correlation length of  [C2mim][TFSI]–85 mol% 1-propanol (Fig. 3b) 
corresponded to higher TC in LLE. This is because critical scattering was enhanced close to 
the critical point. Thus, the propanol isomer effect of nanoheterogeneities was induced on 
the  [C2mim][TFSI]–propanol system. It is noteworthy that the SAXS intensity and prepeak 
in the WAXS region coexist in a specific region of propanol concentration.

3.2  Alkyl Chain Length Effects of  [Cnmim][TFSI]–Propanol Mixtures

The alkyl chain length dependence of the  [Cnmim][TFSI]–alcohol was obtained by deter-
mining the UCSTs in LLE. In previous studies on propanol [29] and butanol [30] isomer 
effects, intermolecular interactions that depend on the alkyl chain length of  [Cnmim]+ cati-
ons were extracted from LLE. The UCSTs of the mixtures were decreased by a longer 
alkyl chain length. As a critical phenomenon of phase separation, density fluctuations 
could be enhanced near the critical point. Thus, the SAXS intensities of the  [Cnmim]
[TFSI]–propanol mixtures (n = 2–8) were measured, with the propanol concentration fixed 
at x = 85 mol% as shown in Fig. 4. With the increase in alkyl chain length, the OZ correla-
tion length decreased monotonically. The result corresponded to the temperature depend-
ence of UCSTs. Since the UCSTs of the long alkyl chain length were quite low, critical 
scattering was not induced at room temperature. From the alkyl chain length dependence of 
the correlation length, it was found that the experimentally obtained SAXS intensities were 
derived from the critical phenomenon of phase separation.

Next is the propanol isomer effect on the ξ plot (Fig. 4a). The propanol isomer effect on 
ξ was clearly determined up to the long alkyl chain length. Generally, order parameters of a 

Fig. 4  Alkyl chain length, n, 
dependence of a correlation 
length, ξ, and b the reduced 
temperatures (see text). 
Propanol concentration was 
fixed at 85 mol%. The reduced 
temperatures were calculated on 
T = 297 K

(a)

(b)
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critical phenomenon are expressed by the reduced temperature [39]. The reduced tempera-
ture, � , is provided by,

where TC represents the critical temperature of phase separation. Using room temperature 
of T (= 297 K) and TC of  [Cnmim][TFSI]–propanol [29], the reduced temperatures are plot-
ted in Fig.  4b. Then, we notice that the correlation length contradicted that with � . � of 
1-propanol-based mixtures became larger than those of 2-propanol-based ones (Fig. 4b). 
The � values mean that room temperature is far from the critical point and critical scatter-
ing should be smaller. Different UCSTs in  [Cnmim][TFSI]–propanol were caused by the 
different hydrophobicity of 1-propanol and 2-propanol [30]. In spite of the large � values of 
the 1-propanol-based mixtures, the correlation length of the 2-propanol-based mixtures did 
not exceed those of the 1-propanol-based ones. Thus, the propanol isomer effect, as shown 
in Fig. 4a, could have originated from the other reason.

3.3  Propanol Isomer Effect by Density Functional Theory (DFT) Calculations

DFT calculations were carried out to resolve the contradiction in propanol isomer effect 
mentioned in the previous section. Even though DFT implies a gas state of molecules, the 
optimized conformations of the  [TFSI]− anion were connected to phase stability [29–32]. 
For quantitative analysis, we defined a torsion angle, α, of the  [TFSI]− anion (Fig.  5a). 
Generally, the strength of ion pairing in mixtures is evaluated by a diffusion process as 
a dynamic property. Recently, the self-diffusion coefficients of  [C4mim][BF4]–alcohols 
were measured by NMR [41]. Above 80  mol% alcohol, the self-diffusion coefficients 
of the  [C4mim]+ cation and  [BF4]− anion increased drastically. Alcohol additives could 
stay between a cation and an anion in the alcohol-rich region, and the molecular distance 
between a cation and an anion is increased by alcohol additives. Then, the weakened ion 
pairing caused by the alcohol enables it to accelerate the self-diffusion of the ionic species. 

(4)� =
T − TC

TC
,

Fig. 5  a Definition of torsion angle, α, of the  [TFSI]− anion. b Possible molecular aggregations of the 
 [C4mim]+ cation,  [TFSI]− anion, and propanol. Two states of “up” and “down” are alternated by the ori-
entational relationship of the alkyl side chain. Type A and Type B are classified by two linkages of the 
hydroxyl group of 2-propanol
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In a propanol-rich region, propanol is positioned mainly between a cation and an anion. If 
propanol is located at the center of a molecular aggregation, six possible molecular arrays 
of cation, anion, and propanol are considered. As an example, six cases of the optimized 
 [C4mim][TFSI]–propanol system determined by DFT are shown in Fig. 5b. The asymmet-
ric alkyl side chain of  [Cnmim]+ cations provides two different cases as “up” or “down” 
determined by the relative position of 1-propanol or 2-propanol. Furthermore, in the case 
of the central position of 2-propanol, the hydroxyl group of 2-propanol has two linkages to 
a cation (Type A) or an anion (Type B).

The alkyl chain length dependence of the calculated torsion angles, α, is plotted in 
Fig.  6a and b. In previous studies, the C2 conformer of a  [TFSI]− anion revealed phase 
stability at low temperature [42] and high pressure [43]. Experimentally, the C2/C1 ratios 
of the Raman bands increased with a decrease in temperature. In addition, under high 
pressure, the C2/C1 ratio became higher, when pressure was increased. Thus, the C2 con-
former of the  [TFSI]− anion is utilized as a stabilization factor. The ideal C2 conformer is 
expressed by α = 180°, whereas the C1 conformer is expressed by α = 0°. Obviously, the 
propanol isomer effect on α was obtained by DFT calculations (Fig. 6a and b). First, we 
focus on the “up” and “down” of  [Cnmim]+ cations in 1-propanol-based mixtures (Fig. 6a). 
In both “up” and “down” cases, the α of the  [TFSI]− anion was almost constant at 120° 

Fig. 6  Alkyl chain length 
dependence of torsion angle α of 
a 1-propanol-based aggregation 
and b 2-propanol-based one. The 
types of molecular aggregations 
are shown in Fig. 5b

(a) 1-propanol

(b) 2-propanol
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(Fig. 6a). Since both molecular aggregations are equivalently stabilized in the 1-propanol-
based system, the existing probability of the “up” state was nearly equal to that of the 
“down” state. In 1-propanol-based mixtures, the  [Cnmim]+ cations can fluctuate between 
the “up” and “down” states.

By the geometrical effect of 2-propanol, four cases of molecular aggregation were con-
sidered as shown in Fig. 5b. In the case of 2-propanol-based aggregations that are classified 
as Type A, the most stabilized state (α = 180°) was simulated both in the “up” and “down” 
states (Fig. 6b). In Type A, the hydroxyl group of 2-propanol was bound to  [Cnmim]+ cati-
ons (Fig. 5b). Geometrically, the  [TFSI]− anion was screened electrostatically by 2-propanol. 
Thus, the loosely interacted anion was fully stabilized. The existing probability of Type A 
aggregation could be the highest, and its lifetime could be the longest. Then, we deduce that 
fluctuations in 2-propanol-based mixtures are suppressed compared with those in 1-propanol-
based ones. Type B aggregation provides significant bonding that depends on the geometrical 
relation. In the optimized Type B aggregation by DFT, the hydroxyl group of 2-propanol inter-
acted directly with the  [TFSI]− anion (Fig. 5b). In the case of Type B, the calculated α angles 
of the “up” and “down” states varied with the alkyl chain length (Fig. 6b). Hence, the molecu-
lar relation between the  [TFSI]− anion and 2-propanol is influenced by the alkyl chain length. 
At the specific alkyl chain (n = 6), the α of the “up” and “down” states almost coincided each 
other. The small α angles of the Type B aggregation reveal that Type B did not contribute to 
system stabilization. Therefore, in 2-propanol-based mixtures, Type A aggregation (α = 180°) 
was preferred, and it possessed a much longer lifetime. Consequently, 2-propanol-based mix-
tures could be locally stabilized by the formation of a specific molecular aggregation of Type 
A. DFT calculation results support higher density fluctuations in 1-propanol-based mixtures.

4  Summary

The fluctuations in density and nanoheterogeneity of the  [Cnmim][TFSI]–propanol sys-
tem were investigated by SWAXS experiments. In WAXS, the prepeak of the mixtures 
was derived from nanoheterogeneity. SAXS intensities were enhanced in the propanol-rich 
region in addition to the prepeak. Critical scattering of phase separation can coexist with 
nanoheterogeneity. The isomer effect of  [Cnmim][TFSI]–propanol mixtures was observed 
on SAXS intensities. Proportional to the alkyl chain length of the  [Cnmim]+ cation, SAXS 
intensities decreased. Molecular interactions were estimated by DFT calculations. The pro-
panol isomer effect on correlation length was explained by the calculated torsion angle of 
the  [TFSI]− anion.
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