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A B S T R A C T

Here, hydrogen/deuterium (H/D) exchange in hydrophobic ionic liquid (IL)-propanol solutions were investi-
gated by Raman spectroscopy. The ILs were 1-alkyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide,
[Cnmim][TFSI] (n = 2–6). Fully deuterated methanol (MeOD-d4), acetone‑d6, and 2-propanol (2-PrOD-d8) were
used. H/D exchange was not observed in [C2mim][TFSI]-based mixtures. The constant fraction of D over the en-
tire concentration range of 2-PrOD-d8 studied was observed in [C3mim][TFSI]-based mixtures. The distinct H/D
exchange in [C4mim][TFSI]-based mixtures was dependent on the 2-PrOD-d8 concentration. The H/D exchange
had no cationic alkyl chain length dependencies. Kinetic H/D exchange depended on the types of additives.

1. Introduction

Hydrogen/deuterium (H/D) exchange has been investigated using
Raman [1,2] and nuclear magnetic resonance (NMR) [3,4] spec-
troscopy. Molecular conformations are typically related with the H/D
exchange fractions. H/D exchange mass spectroscopy (HDX-MS) has
been utilized as a powerful tool to clarify the folding dynamics of pro-
teins [5–9]. The interaction sites of a protein complex were determined
by the HDX-MS by monitoring the exchange rate.

Ionic liquids (ILs) have been applied as green materials in CO2 cap-
ture [10,11], catalysts [12,13], and electrochemical devices [14–16].
Various ILs have been designed by changing the combinations of
cations and anions. 1-Alkyl-3-methylimidazolium ([Cnmim]+) is re-
garded as a representative cation in ILs, where n is the alkyl chain
length. H/D exchange in IL-based mixtures has been observed by NMR
and Raman spectroscopy [17–28]. Particularly in [Cnmim][X]-D2O, the
H/D exchange occurred in the second carbon of the cation (C(2)-H ∙∙∙
D-O-D → C(2)-D ∙∙∙ H O D). In Raman spectroscopy, the H/D ex-
change was distinguished by the peak area ratio of Raman bands at
1010 and 1024 cm−1, which were attributed to C(2)-D and C(2)-H, re-
spectively [21–23]. Kinetic H/D exchange of [C10mim][X]-D2O using
Raman spectroscopy was comparable to NMR [22]. In [C4mim][X], the
H/D exchange was also examined systematically by Raman spec-
troscopy [23]. The trans and gauche conformers of the [C4mim]+ cation
were dependent on the H/D exchange fractions. Moreover, it has been
found that fully equilibrated H/D exchange fractions are influenced by
the types of anions [23]. On the D2O concentration scale, the H/D ex-

change of [C4mim][X] was classified as extended-N shape ([BF4]-), ex-
tended-S shape (Cl-, SCN-, and CH3COO–), linear shape ([PF6]-), and
none ([NO3]-). In [C4mim][NO3]-D2O, the H/D exchange was com-
pletely suppressed even for 58 days [29]. In contrast, the H/D exchange
in [C6mim][NO3]-D2O was faster (i.e., finished within 2hrs) [28]. In
systematic experiments using [Cnmim][NO3] (n = 2, 4, 6, and 8), only
[C6mim][NO3]-D2O showed a distinct H/D exchange.

Hydrophobic 1-alkyl-3-methylimidazolium bis(trifluoromethane-
sulfonyl)imide ([Cnmim][TFSI]) is freely soluble in alcohols [30,31]. In
the liquid–liquid equilibria (LLE) of [Cnmim][TFSI]-alcohol, an alcohol
isomer effect was observed markedly. Moreover, conformers of the
[TFSI]− anion varied, depending on the types of alcohol isomers and al-
cohol concentration. The [TFSI]− anion has two stable conformers,
namely cis (C1) and trans (C2). Moreover, the liquid structures of pure
[Cnmim][TFSI] have been examined by small- and wide-angle X-ray
scattering (SWAXS) [32]. In ILs with n ≥ 6, nanoheterogeneity of pure
[Cnmim][TFSI] developed proportionally to the alkyl chain length. Fur-
thermore, propanol isomer effect in [Cnmim][TFSI] has been obtained
by SWAXS [33]. Critical scattering that was derived from a phase sepa-
ration coexisted in the prepeak. This revealed the nanoheterogeneity in
the mixtures.

In this study, H/D exchange of hydrophobic [Cnmim][TFSI]-
deuterated methanol (MeOD-d4), acetone‑d6, and 2-propanol (2-PrOD-
d8) solutions were examined by Raman spectroscopy. The cation effect
in the H/D exchange was distinguished by changing the alkyl chain
length of the [Cnmim]+ cations. The types of H/D exchange fractions
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were classified as a function of 2-PrOD-d8 concentration. Additive effect
was also observed in the kinetic H/D exchange.

2. Experimental

The ILs used in this study are hydrophobic [Cnmim][TFSI]
(n = 2–6). The second carbon (C(2)) of the [Cnmim]+ in Fig. 1 is the H/
D exchange site. The [TFSI]− possesses two stable conformers, namely
cis (C1) and trans (C2) as shown in Fig. 1. [C4mim][TFSI] was purchased
from Kanto Chemical Co. (Tokyo, Japan). The other [Cnmim][TFSI]
(n = 2, 3, 5, and 6) were obtained from IoLiTec GmbH. The additives
used were non-deuterated 2-propanol (2-PrOH) from Kanto Chemical
Co., MeOD-d4 and 2-PrOD-d8 from Acros Organics, and acetone‑d6 from
Cambridge Isotope Laboratories. In the same manner with the previous
study [30], clouding and phase separations did not occur at room tem-
perature in [Cnmim][TFSI] (n = 2–6) based mixtures. We obtained the
Raman spectra of fully equilibrated mixtures, which were stored at
room temperature for ∼ 48hrs after mixing. In the kinetic experiments,
we started to count time just after mixing.

An NRS-5100 Raman Spectrometer from JASCO Co., which was
equipped with a monochromator and Peltier-cooled camera was used.
The excitation was triggered by a 5.8 mW green laser with wavelength
of 532 nm.

3. Results and discussion

3.1. H/D exchange of [C2mim][TFSI]-2-PrOD-d8 and [C3mim][TFSI]-2-
PrOD-d8

H/D exchange rate by Raman spectroscopy is typically determined
by the two bands at 1010 and 1024 cm−1 for C(2)-D and C(2)-H, respec-
tively [21,23]. In [C2mim][TFSI]-2-PrOD-d8, the C(2)-D signal was not
observed in all the propanol concentrations studied (Fig. 2). Therefore,
the H/D exchange was suppressed completely in the [C2mim][TFSI]-
based mixtures. Previously, critical scattering in [C2mim][TFSI]-
propanol was observed by SWAXS [33]. Therefore, we deduced that ad-
ditional fluctuations could interrupt the H/D exchange.

Meanwhile, partial H/D exchange was observed in [C3mim][TFSI]-
2-PrOD-d8 (Fig. 3). Notably, the Raman peak area ratio was consistent
at 2-PrOD-d8 concentrations of 10–98 mol%. Almost constant and in-
complete HD exchange were observed initially in the IL-based mixtures.
For quantitative analysis, the H/D exchange fraction (fD) is introduced
and given by equation (1).

(1)

Where, IH and ID are the peak areas of C(2)-H and C(2)-D Raman
bands, respectively. The observed Raman bands were decomposed us-
ing an asymmetric pseudo-Voigt profile fitting. In the fD plot of the
[C3mim][TFSI]-based system (Fig. 4), a constant fD was observed at all
the propanol concentrations. Compared with [C4mim][X]-D2O in a pre-
vious study [23], the fD tendency of [C3mim][TFSI]-2-PrOD-d8 was not

Fig. 1. Molecular structures of [C2mim]+ and [TFSI]−. H/D exchange occurs at
the C(2) of the [C2mim]+. [TFSI]− has two conformers, namely cis (C1) and trans
(C2).

Fig. 2. No H/D exchange on Raman bands of [C2mim][TFSI]-2-PrOD-d8. The
1010 and 1024 cm−1 Raman bands are caused by C(2)-D and C(2)-H, respec-
tively. These Raman bands are indicated by the arrows. Numbers in the figure
reveal × mol% 2-PrOD-d8.

extended-N shape ([BF4]-), extended-S shape (Cl-, SCN-, and CH3COO–),
linear shape ([PF6]-), or none ([NO3]-) (Table 1). On the other hand,
[C6mim][NO3]-D2O indicated full H/D exchange at 10 ≤ x ≤ 98 mol%.
Thus, the constant fD values were classified into three types: fD = 0 of
[Cnmim][NO3]-D2O (n = 2, 4, and 8); fD ∼ 0.2 of [C3mim][TFSI]-2-
PrOD-d8; and fD = 1 of [C6mim][NO3]-D2O (Table 1). Cationic confor-
mational degrees of freedom are changed generally by the alkyl chain
length. Since constant fD appeared at n = 2, 3, 5, and 6 of the [Cnmim]
[TFSI]-2-PrOD-d8, the constant fD values were not derived from the con-
formations of the [Cnmim]+ cations. Furthermore, the constant fD type
was not connected with liquid structures, which are quite sensitive to
water or propanol concentrations [33].
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Fig. 3. H/D exchange on the Raman bands of [C3mim][TFSI]-2-PrOD-d8. Con-
stant H/D exchange fraction appeared at the entire propanol concentration
range. These Raman bands are indicated by the arrows. Numbers in the figure
reveal × mol% 2-PrOD-d8.

3.2. H/D exchange of [C4mim][TFSI]-2-PrOD-d8

The Raman bands obtained for [C4mim][TFSI]-2-PrOD-d8 are
shown in Fig. 5. With the increase in propanol concentration, the C(2)-
D and C(2)-H Raman intensities increased and decreased, respectively.
Thus, the H/D exchange was influenced extensively by the propanol
concentration. In the fD plot shown in Fig. 4, [C4mim][TFSI]-2-PrOD-d8
showed a linear shape such as [C4mim][PF6]-D2O in Table 1 [23], sug-
gesting that the H/D exchange rate was proportional to the number of
propanol molecules, which surrounded the [C4mim]+ cation. However,
the linear fD was restricted at < 40 mol% D2O at room temperature for
[C4mim][PF6] (Table 1) [23]. This was explained by the phase separa-
tion in [C4mim][PF6]-D2O at > 40 mol% at room temperature.

Stable gauche and trans confirmers in the liquid state exist in the
[C4mim]+ cation [23]. The 600 and 620 cm−1 Raman bands were as-
signed to the gauche and trans conformers, respectively. Both Raman
bands varied depending on the propanol concentration (Fig. 6). It has

Fig. 4. H/D exchange fraction, fD, as × mol% 2-PrOD-d8 in [Cnmim][TFSI]
(n = 3, 4, 5, and 6). Constant fD was observed in [C3mim][TFSI]-2-PrOD-d8.

Table 1
Classification of H/D exchanges in IL-based solutions. Constant & linear rep-
resents that constant fD appeared in the 2-PrOD-d8 poor region and linear in-
crease of fD was observed in the 2-PrOD-d8 rich region.
fD type Hydrophilic IL-D2O Hydrophobic IL-2-PrOD-d8

Extend-N [BF4]- [23]

Extend-S Cl-, SCN-, CH3COO– [23]

Linear
low x [PF6]- [23]

whole x [C4mim][TFSI]
Constant
fD = 0 [Cnmim][NO3] (n = 2, 4, and 8)[28] [C2mim][TFSI]
fD ∼ 0.2 [C3mim][TFSI]
fD = 1 [C6mim][NO3] [28]
Constant [Cnmim][TFSI] (n = 5 and 6) & Linear

been noticed that the conformer ratio in hydrophobic IL-non-
deuterated propanol solutions was affected by the amount of non-
deuterated propanol additives [30,31,34]. Thus, we obtained the Ra-
man spectra of [C4mim][TFSI]–non-deuterated 2-propanol (2-PrOH).
For quantitative comparison, the peak area ratio of gauche to trans
(Igauche/Itrans) was calculated after a peak profile fitting. The Igauche/Itrans
values of [C4mim][TFSI]-2-PrOH are summarized in Fig. S1(a). At 2-
PrOH concentrations of < 90 mol%, the Igauche/Itrans was almost con-
stant (Table 2). At concentrations of > 90 mol%, the peak area ratio in-
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Fig. 5. H/D exchange on the Raman bands of [C4mim][TFSI]-2-PrOD-d8. H/D
exchange was pronounced at higher concentrations of propanol. These Raman
bands are indicated by the arrows. Numbers in the figure reveal × mol% 2-
PrOD-d8.

creased slightly with increasing concentration. Meanwhile, Igauche/Itrans
of [C4mim][TFSI]-2-PrOD-d8 showed a different behavior with 2-PrOD-
d8 concentration as shown in Fig. S1(b). The Igauche/Itrans values varied
at 0.7−1.9 with increasing 2-PrOD-d8 concentration. It should be no-
ticed that, focusing on the additive concentration dependency, the
Igauche/Itrans of [C4mim][TFSI]-2-PrOD-d8 was similar to that of
[C4mim][BF4]-D2O classified as extended-N shape (Table 2) [23]. This
implies that the cation conformers in [C4mim][TFSI]-2-PrOD-d8 are in-
fluenced by nanoheterogeneous liquid structure, similarly to those in
[C4mim][BF4]-D2O. By small-angle neutron scattering, fluctuations de-
rived from phase separation were enhanced in the center of
[C4mim][BF4]-92.5 mol% D2O [35]. The different Igauche/Itrans between
[C4mim][TFSI]-2PrOH and −2-PrOD-d8 (Table 2) could be originated
from the different of the LLEs.

The [TFSI]− is characterized by the degrees of freedom of its con-
formers as shown in Fig. 1. Raman bands denoted by C1 and C2 in Fig. 7
are for the cis and trans conformers of the [TFSI]− anion, respectively.

Fig. 6. × mol% 2-PrOD-d8 dependence of gauche and trans conformers of
[C4mim]+. These Raman bands are indicated by the arrows. Numbers in the fig-
ure reveal × mol% 2-PrOD-d8.

Table 2
Types of H/D exchange relating to cation and anion effects in hydrophilic
[C4mim][BF4]-D2O and hydrophobic [C4mim][TFSI]-2-PrOD-d8. For a com-
parison, the cation and anion effects of [C4mim][TFSI]-2-PrOH is noted.

fD Igauche/Itrans
(cation)

C2/C1 (anion)

[C4mim][BF4]-D2O Extended-N
shape

Extended-N shape –

[C4mim][TFSI]-2-PrOH – Constant Inverse-S
shape

[C4mim][TFSI]-2-PrOD-
d8

Liner shape Extended-N shape Inverse-S
shape

By the density functional theory (DFT) calculations [36], the C1 and C2
conformers were identified. The C2/C1 ratios of hydrophobic IL-
propanol solutions have been measured by Raman spectroscopy [31,34,
37]. The C2/C1 ratios were modified by additives such as 1-PrOH and 2-
PrOH. The 325 and 339 cm−1 Raman bands were attributed to the C1
and C2 conformers of [TFSI]−, respectively [38]. To distinguish the H/D
exchange from propanol additive effects, we obtained the Raman spec-
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Fig. 7. × mol% 2-PrOD-d8 dependence of cis (C1) and trans (C2) of [TFSI]−.
Numbers in the figure reveal × mol% 2-PrOD-d8.

tra for 2-PrOH- and 2-PrOD-d8-based mixtures. The C2/C1 ratio of
[C4mim][TFSI]-2-PrOH is shown in Fig. S2(a). The C2/C1 ratios de-
creased slightly at 2-PrOH concentrations of < 80 mol%. The ratios
then decreased drastically at concentrations > 90 mol%. Here, the
C2/C1 ratio curve is named as inverse-S shape (Table 2). In [C4mim]
[TFSI]-2-PrOD-d8, slightly different C2/C1 behaviors were observed as
shown in Fig. S2(b). At 2-PrOD-d8 concentrations of < 60 mol%, the
C2/C1 values were almost constant. The decrease in the C2/C1 values at
2-PrOD-d8 concentrations of > 90 mol% was similar to 2-PrOH at the
same concentrations. Thus, the C2/C1 of [C4mim][TFSI]-2-PrOD-d8 is
also classified to the same group (inverse-S shape). Since the C2/C1 be-
haviors in both systems were similar, [TFSI]− cannot contribute to the
H/D exchange. Thus, the main contribution for the H/D exchange could
be the cation effect in [C4mim][TFSI]-2-PrOD-d8. In the previous study
[33], the observed C2/C1 values implied solution stability. The C2 con-
former of [TFSI]− has been found to be more stable than C1 by the DFT
calculation of [Cnmim][TFSI]-2-PrOH. In the [C4mim][TFSI]-98 mol%
2-PrOD-d8 mixture, the C2/C1 value was small (i.e., 0.22); thus, an un-
stable liquid state was realized in the propanol-rich region.

Linear shape of fD as shown in Fig. 4 appeared in [C4mim][TFSI]-2-
PrOD-d8, although Igauche/Itrans was extended-N shape (Fig. S1(b)). In
case of [C4mim][BF4]-D2O [23], extended-N shape of fD coincided with
that of Igauche/Itrans. The discrepancy between [C4mim][BF4]-D2O and
[C4mim][TFSI]-2-PrOD-d8 implies that some additional factor for H/D
exchange effect could be superimposed to [C4mim][TFSI]-2-PrOD-d8.
In [Cnmim][TFSI]-2-PrOD-d8 (n = 4, 5, and 6), linear shape of the H/D
exchange was still unclear.

3.3. H/D exchange of [C5mim][TFSI]- and [C6mim][TFSI]-2-PrOD-d8

The 2-PrOD-d8 concentration dependence of the Raman bands ob-
tained for [C5mim][TFSI] is shown in Fig. 8. At < 80 mol%, C(2)-D Ra-
man band was not observed; therefore, the H/D exchange was not acti-
vated in the propanol-poor region. At 80 mol%, the C(2)-D Raman band
appeared and the C(2)-H Raman intensity decreased. After comparison
with other fD shapes [23], [C5mim][TFSI]-2-PrOD-d8 was classified as a
combination of none (fD = 0) and linear shape. Although the H/D ex-
change of [C4mim][PF6]-D2O occurred at the water-poor region due to
phase separation [23], the linear shape of fD in [C5mim][TFSI]-2-PrOD-
d8 was formed in the propanol-rich region (Fig. 4). Consequently, the
combined fD (constant + linear) is considered as a new fD shape (Table
1). The systems in the [C4mim][TFSI]- and [C5mim][TFSI]-based mix-
tures were resolved in the entire propanol concentration region [30]
and their nanoheterogeneities were similar [33]. In the same manner
with linear shape of [C4mim][TFSI]-2-PrOD-d8, partial linear shape of

Fig. 8. H/D exchange on the Raman bands of [C5mim][TFSI]-2-PrOD-d8. These
Raman bands are indicated by the arrows. Numbers in the figure re-
veal × mol% 2-PrOD-d8.
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fD in [C5mim][TFSI]-2-PrOD-d8 could be modified by some additional
factor, which is different from the nanoheterogeneous liquid structures.

The effect of solvent concentration in [C6mim][TFSI]-2-PrOD-d8 to
the Raman bands were similar as shown in Fig. S3. At 2-PrOD-d8 con-
centrations of > 80 mol%, the C(2)-D Raman band behaved similarly
to the [C5mim][TFSI]-based mixtures. The fD curves shown in Fig. 4
suggest a similar behavior in the H/D exchange of both [C5mim][TFSI]-
and [C6mim][TFSI]-based mixtures. Thus, [C5mim][TFSI]-2-PrOD-d8
and [C6mim][TFSI]-2-PrOD-d8 belong to the same H/D exchange
group. The new type of fD curve with propanol suggests that the H/D ex-
change mechanism in the [Cnmim][TFSI]-2-PrOD-d8 system was quite
complicated.

3.4. Kinetic H/D exchange of [C6mim][TFSI]-MeOD-d4, -acetone‑d6 and
−2-PrOD-d8

The kinetic isotope effect is a clue to interpret H/D exchange mecha-
nism by the observed exchange rates [39–42]. Thus, we measured time-
resolved Raman spectra at room temperature. Furthermore, additive ef-
fect for the H/D exchange is indispensable for the HDX-MS applica-
tions. For instance, in hydrophobic proteins, deuterated alcohol addi-
tives are necessary for the H/D exchange.

Fig. 9 reveals kinetic fD of [C6mim][TFSI]-90 mol% MeOD-d4,
−90 mol% acetone‑d6, and −90 mol% 2-PrOD-d8. Obviously, ace-
tone‑d6 cannot activate the H/D exchange even after 334hrs. In the ILs,
acetone was found to be strong hydrogen bonding acceptor [43].
COSMO-RS calculations predicted that − O − of atom of the acetone is
attractive to hydrogen of C(2)-H. Also, NMR experiments using
[C4mim][TFSI]-acetone supported the strong hydrogen bond acceptor
character [43]. − O − of atom of the acetone could be preferred to
bond to hydrogen of C(2)-H, and deuterium of acetone has a little prob-
ability to exchange with hydrogen of C(2)-H. Theoretical and experi-
mental facts in [Cnmim][TFSI]-acetone did not contradict with no H/D
exchange in [C6mim][TFSI]-90 mol% acetone‑d6 for 334hrs.

Slow H/D exchange of [C6mim][TFSI]-90 mol% MeOD-d4 and
−90 mol% 2-PrOD-d8 was observed at room temperature (Fig. 9). Be-
fore starting the H/D exchange, incubation time, tinc, was observed.
Here, the incubation time is waiting time to start the H/D exchange and
tinc is originated from the activation energy [44]. Since tinc was compa-
rable in both systems, activation energy could be almost the same.
However, H/D exchange rate of the MeOD-d4-based mixture was
greater than that of 2-PrOD-d8-based one. Generally, upper critical so-
lution temperature (UCST) in the LLE indicates the solubility in the

Fig. 9. H/D exchange fraction, fD, as a function of time in [C6mim][TFSI]-
90 mol% MeOD-d4, −90 mol% acetone‑d6, and −90 mol% 2-PrOD-d8. The
curves in the figure are guide for the eye.

mixture. The UCSTs were determined in the various IL-alcohol mixtures
[30,31,34,45,46,47]. By changing anions, [C2mim][TFSI]-alcohol mix-
tures indicated high solubility (lower UCST point) [46]. This means
that the weaker interactions between [TFSI]− anion the solvent are in-
duced. Alcohol molecules could prefer to stay in the cation site. Hence,
the [TFSI]− anion can indirectly promote the H/D exchange of
[C6mim]+ cation and alcohols. Considering the LLEs of [C6mim][TFSI]-
alcohol [45], the effect of the length of the alkyl chain on the alcohol
was clearly observed. When the length of the alkyl chain on the alcohol
decreases, solubility increases. Hence, it is interpreted that well-
dissolved MeOD-d4 can promote the H/D exchange.

4. Conclusions

The cation effect in H/D exchange of hydrophobic IL-propanol solu-
tions was studied by Raman spectroscopy. In addition to an anion effect
for H/D exchange using [C4mim][X]-D2O, [Cnmim][TFSI]-2-PrOD-d8
solutions indicated a variety of H/D exchanges, which are based on a
cation effect. The H/D exchange behaviors were not explained by the
alkyl chain length of [Cnmim]+. The H/D exchange fraction or fD plots
with different concentrations of propanol provided insights on the H/D
exchange reaction process. [C2mim][TFSI]-2-PrOD-d8 showed no H/D
exchange as described by the constant fD = 0 at all the concentrations
studied. [C4mim][TFSI]-2-PrOD-d8 provided the complicated H/D ex-
change behaviors; (i) linear fD (linear shape), (ii) extended-N shape of
[C4mim]+ conformers, and (iii) little anion contribution for H/D ex-
change. Kinetic H/D exchange can extract the activation energy, the H/
D exchange rate, and additive effect.
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