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The room temperature ionic liquid (RTIL) 1-decyl-3-methyl-imidazolium bromide [Cj;mim][Br], dissolved
in water, was studied using 'H and “C NMR spectroscopy. The manifestation of phase transitions and fine fea-
tures of molecular motion in NMR spectra upon changing temperature and composition have been analyzed.
The 'H NMR line shape typical for anisotropic fluids with zero biaxiality (asymmetry) of magnetic shielding
and the chemical shift anisotropy (CSA) of ca 0.33 ppm was observed and attributed to water molecules. CSA
values for *C nuclei have been found in the range of 1.2-1.7 ppm. The difference between lyotropic liquid-crys-
talline (LC) ionogel phase and the solid one has been revealed, where the motions of RTIL and water molecules
have been found to be dynamically segregated. The anisotropic *C NMR signal shape at 16.89 ppm shows the
difference between LC ionogel and the lamellar phases, where usually the decreasing order parameter moving
along hydrocarbon chain from the polar head is observed. It indicates that the terminal ~CH, groups are more
ordered and the supramolecular structures of [C, jmim][Br], similar to some higher micellar RTIL aggregates
are expected. In order to explain the experimental observations, the quantum chemistry DFT calculations of 'H
and "*C magnetic shielding tensors of [C 'mim][Br] and various H-bond structures of H,0 were performed.
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1. Introduction

Technological developments of so-called ‘smart’
materials are continuously boosting over the
whole past decade [1-7]. Materials are classified
as ‘smart’ if they possess an intrinsic ability to
sense and definitely to respond to various external
stimuli in a predictable way [2 and the references
therein]. The research of these features open
new technological vista for various sensors, mo-
lecular machines, switches, controllers, efc. Ionic
liquids (ILs), or sometimes specifying more pre-
cisely - room temperature ionic liquids (RTILs),
which, according to definition, are compounds
consisting entirely of ions, but in contrast to ‘tradi-
tional salts they are liquids already at, or close to,
room temperature [8, 9], are widely and success-

tully applied in creating multifunctional materials
and compositions [3-7]. Selecting combinations
of anionic and cationic subsystems one can alter
defined physical and chemical properties of RTILs
getting possibilities to sense and to control vari-
ous molecular processes in these media. In many
of their applications RTILs are employed as co-
solvents in composition together with other sub-
stances that can vary the properties of the systems
very significantly, supplying them many appealing
features. Moreover, these systems get into the class
of so-called ‘complex fluids. The defining feature
of a complex fluid is the presence of mesoscopic
length scale that plays a key role for the properties
of the system [10]. All these make RTILs very at-
tractive not only for technologies, but for research
as well.
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Gels, an important class of soft matter, have at-
tracted considerable attention in areas of biomate-
rials, electrooptics and as templates for the prepa-
ration of mesoporous materials and ordered thin
films [3]. In certain cases some gels and ionogels
can be considered behaving as ‘smart’ materials.
Recently it was demonstrated that a lyotropic liq-
uid-crystalline gel can be formed at certain condi-
tions by interactions between long chain imidazo-
lium-based RTILs and water [3, 4]. The purpose
of present work was to study the temperature and
composition effects on the phase transitions and
molecular motion of one of imidazolium-based
room-temperature ionic liquid, namely, the 1-de-
cyl-3-methyl-imidazolium bromide ([C mim]
[Br]) in aqueous solutions applying 'H and “C
NMR spectroscopy. In order to obtain addition-
al insight into the experimental observations,
the quantum chemistry DFT calculations of the
electronic structure and the '"H and "*C magnetic
shielding tensors of [C jmim][Br] and various H-
bond structures of H,O were performed.

2. Experiment

The  1-decyl-3-methyl-imidazolium  bromide
([C,;mim][Br], from Merck KGaA, Darmstadt)
was dried under vacuum at 80 °C for one day. Its
structure and atom numbering are shown in Fig. 1.
The water used was freshly bidistilled. The samples
containing [Cwmim] [Br] in water solution were
prepared by weighing (+0.1 mg) the components.

NMR experiments were carried out on a Bru-
ker Avance II 400 NMR spectrometer operating
at 400 and 100 MHz for 'H and "*C respectively
using 5 mm BBO probe-head. The temperature
in a probe over the range of 288-368 K was con-
trolled with an accuracy of +0.5 K. The signal of
4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS)
in D,O solution in capillary insert was used as the
reference and then converted in §-scale respect te-
tramethylsilane (TMS) taking §(DSS) = 0.015 ppm
[11]. The D,O in the same capillary insert was used
for locking.

3. DFT calculations

The calculations of the magnetic shielding tensors
of 1-decyl-3-metil- imidazolium bromide [C, mim]
[Br] and various H-bond structures of H,O have

Fig. 1. Molecular structure of [C, mim][Br] predicted by
DFT calculation (full optimization using B3LYP/6-31-
++G**, in vacuo).

been performed using the density functional theory
(DFT). The applied approach was checked in vari-
ous cases earlier [12-14] and found to be adequate
for this purpose.

The full geometry optimization in the ground
state was performed in vacuo using the B3LYP
functional combined with the 6-31++G** ba-
sis set (Fig. 1). The magnetic shielding tensors
(0) have been calculated also in vacuo apply-
ing the modified hybrid functional of Perdew,
Burke and Ernzerhof (PBE1PBE) with the
6-311++G(2d, 2p) basis set. Gaussian 03 pro-
gram [15] was used for all our calculations.
The gauge-including atomic orbital (GIAO) ap-
proach [16] was used to ensure gauge invariance
of the results.

The principal components of the 'H and “C
chemical shift tensors (6), i, j =X, Y, Z) were ob-
tained subtracting those of ¢ from the isotropic part
of magnetic shielding tensor of TMS (¢*°(TMS)
values for '"H and *C nuclei were taken from [17]),
i.e.d=10"(TMS) - ¢ and used to construct other
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parameters of magnetic shielding. These param-
eters, namely,

isotropic chemical shift:

§%=(1/3) (6,,+98,,+96,),

chemical shift anisotropy (CSA):

6 aniso — 6ZZ _ 8 iso’ (1)
biaxiality (asymmetry):

r] — (syy _ 6XX) / (Saniso)

are directly related to the NMR signal shape ([18]
and Fig. 2) and thus are more useful when analyz-
ing the measured spectra for practical aspects.
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Fig. 2. NMR signal shape dependences on the anisotro-
pic properties of magnetic shielding parameters &
(chemical shift anisotropy) and n (asymmetry).

4. Results and discussion

It is known from prior studies that some of imida-
zolium-based RTILs [C mim][X] with sufficiently
long alkyl chains (n = 12-18) can form in the neat
compound and in aqueous solution various liquid
crystalline (LC) phases [3, 4, 19]. For those with
shorter alkyl chains (n = 2-10) an isotropic lig-
uid phase was deduced at room temperature [3].
This is only partially true. As it follows from 'H,

PC and *Br NMR spectra of [C, mim][Br] that
have been analyzed [20, 21] studying the mes-
oscopic effects, only the cationic subsystem, i. e.
C,,mim*, in the neat RTIL, indeed behaves as
being in the isotropic liquid phase. The shape of
'Hand “"C NMR peaks in the neat [C, mim][Br]
at room temperature was found to be perfectly
Lorentzian, while the complex contour of %Br
NMR signal, typical for anisotropic liquid, was
registered. Also note that the complex shaped
NMR signal of *C-H...Br proton has been reg-
istered in the very initial stage, when [C, mim]
[Br] was just mixed with water [22]. This signal
changes (within minutes) to Voigt profile with
Gauss contribution as dominant and later on
starts slowly to evolve towards Lorentz-shaped
contour. This observation was attributed to the
appearance of long-lived nonequilibrium ag-
gregates and micro-heterogeneities in [C, ;mim]
[Br] / water solution [22].

Addition of water to [C, mim][Br] causes its
conversion from a viscous liquid to a gel posses-
ing the optical birefringence [3]. It was identi-
fied as LC ionogel. This gel was found to be stable
over ~5-40% w/w range [3]. For [C ;mim][Br] the
LC phases were determined more precisely being
lamellar (L ) and hexagonal (H,) ones [4]. Moreo-
ver, depending on the temperature and the com-
position, the regions of various coexisting phases
(solid, LC and liquid ones among them) may ap-
pear on the phase diagram [4].

The samples containing 5 and 15% w/w of H,O,
i. e. those at the onset and close to the middle of
the composition range, where LC ionogel phase
was certainly stated by means of the polarized
optical micrography [3], have been prepared and
their 'H and *C NMR spectra investigated. Some
selected '"H NMR spectra around the phase tran-
sition point are shown in Fig. 3. The main peak
positions in spectra are comparable with those for
[C,mim][Cl] and [C ,mim][Br] given respectively
in [23,24]. The spectra registered at room temper-
ature consist of narrow and symmetrical in shape
peaks that are common for the isotropic liquids.
Thus [C, jmim][Br] / water mixture with the low-
er content of water exhibits at room temperature
typical isotropic liquid phase behavior.

However, a remarkable feature of this system is
very weak dependence of the chemical shift of H2
proton on temperature (AS/AT ~ +107 ppm / deg,
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Fig.3.'HNMR of spectra of [C, mim][Br]/water solution
(5% w/w of H,O) in the solid (T = 278, 283, 288 K, from
up to down, respectively) and liquid (at 300 and 310 K)
phases; *marks the HDO signal from the D,0O / DSS cap-
illary insert; for the signal numbering see Fig. 1.
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Fig. 4. 'H NMR shift dependences on temperature with

respect to the external DSS signal (the upper graph)

and respect to the terminal —~C(16)H, group protons

(i. e. the ‘internal’ standard; the lower graph). More
comments in text.

Fig. 4) in comparison with that for H O (in so-
lution) or HDO (in D,O capillary insert) signals
(AS/AT ~ -107* ppm / deg) [25]. Moreover, the
slopes AS/AT even have the opposite signs. It re-
veals that the Br...H-C2" bridge in [C, mim] [Br]
behaves quite differently from the ‘traditional’ H-
bonds. These observations can somehow correlate
with the results of FTIR studies on the other imi-
dazolium-based ILs, where the C2-H and C4,5-H
stretching bands yielding a drastic blue-shift at
increasing dilution in water have been found [26].
Also note the mutual convergence of H4 and H5
signals in '"H NMR spectra at increasing tempera-
ture (Fig. 4), similarly to that observed at the dilu-
tion of [C, ;mim][Br] in media of increasing polar-
ity [25]. It could have happened that the bromine
anion was pushed by the intensified thermal mo-
tion from the equilibrium position of [C, mim]
[Br] (Fig. 1) closer to the vertical mirror plane of
the imidazolium ring. This would make the posi-
tions 4 and 5 more equivalent and thus cause the
mutual convergence of H4 and H5 signals.

The phase transition in the sample of this com-
position (5% w/w of H,O) occurs at the cooling
at ca 295 K (Figs. 3 and 4). Instead of narrow
symmetric peaks the broad more or less asym-
metrically shaped signals are seen in 'H NMR
spectra (Fig. 3) that are common for lyotropic LC
phases [27]. The degree of asymmetry of the sig-
nal contours indicates that the biaxiality of this
phase should be rather close to 1 (see the shapes
in Fig. 2). On the other hand, the changes and
high distortion in relative intensities of the peaks
points to the heterogeneity of this phase. It should
be discussed in more detail. Comparing the dras-
tic drop in the signal heights with those of DSS
and HDO from the capillary insert below the
phase transition temperature (Fig. 3) it becomes
clear that some part of protons in the sample do
not longer contribute the high resolution NMR
signals. It means their motion gets frozen in this
phase. This is in a good agreement with the phase
diagram of [C mim][Br] / H O data [4] that the
solid, lamellar (L ) or hexagonal (H,) phases can
coexist at low content of water. Furthermore,
very intensive signal at ~4 ppm composed of the
overlapped 'H NMR signals of H6, H7 and wa-
ter protons is observed (Fig. 3). According to the
molecular structure of [C, mim][Br] and the fact
that the composition of 5% w/w of H,O sample
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corresponds to 0.6 mole fraction of RTIL and
0.4 mole fraction of water, the integral intensity
of those signals should be only 2-6 times higher
than for H2, H4, H5 or H16 and almost one order
lower than for H8...H15 protons in the hydrocar-
bon chain (signal group at 0-2 ppm, Fig. 3). The
opposite was observed in reality. This unusually
intensive peak can be attributed to the signal of
H,0O molecules averaged over various water H-
bond states and sites around RTIL. Some of them
were identified in Raman spectra using principal
components and 2D correlation analysis [21]. It
means that the mobility of water molecules in the
lyotropic phase survives and is intensive and high
enough whereas the dynamics of most RTIL units
is significantly restricted or even frozen.

Note this phase transition is stronger pronounced,
viz. the discontinuous changes are much clearly seen,
on the temperature dependences of the ‘internal
chemical shifts of imidazolium ring protons, i. e. the
chemical shifts with respect to the signal of terminal
—CH, group (Fig. 4). While referring to the ‘external’
DSS signal (see Sec.2) the changes in the macro-
scopic parameters (e. g. bulk magnetic susceptibility)
can affect the resonances of both the sample and the
insert capillary significantly. In consequence, rather
fine effects of this phase transition on the ‘external’
chemical shifts are faded.

aqueous solution

at high dilution
[

LC ionogel T

15 % w/w of H O |

S
HDO (lock)
neat RTIL

At the higher content of water (~15% w/w of
H O) the sample converts into stable gel, which
resists flow upon gravity, already at room tem-
perature. New signals appear in 'H and “C NMR
spectra (Figs. 5 and 6) that are absent in isotropic
liquid phase. The shapes of these signals are typical
for anisotropic liquids, however, with the biaxiality
close to zero (Fig. 2). Thus they differ from the case
above of 5% w/w of H O in the mixture (Fig. 3).
The experimental NMR contours were processed
using the chemical shift anisotropy (CSA) shape
fitting [28]. The fitted parameter values have been
found: 6**° = 0.33 ppm, nj = 0.06, §*° = 3.89 ppm
for 'H (Fig. 5) and for two processed *C NMR con-
tours 6™ = -1.69 ppm,n =0.11, 8 = 129.49 ppm
and 6**° = -1.25 ppm, n = 0.12, 6" = 16.89 ppm
(Fig. 6), respectively.

In order to obtain additional insight into
these experimental observations, the quantum
chemistry DFT calculations of '"H and “C mag-
netic shielding tensors of [C, mim][Br] and vari-
ous H O structures ((H,0) , with n = 1,...,5, i. e.
from monomer to H-bonded pentamer) were
performed. The results are shown in Figs. 7 and 8.
First of all it becomes obvious why the anisotropic
shaped signal was observed in "H NMR spectra at
the position of 3.89 ppm only. According to the
experimental CSA fitted and DFT calculated &*°

DSS

10 8 6 4 2
'"H NMR shift, ppm

Fig. 5. "H NMR of spectra of neat [C, mim][Br], in LC ionogel phase and at high dilution in water at
room temperature. The fitted anisotropic signal shape after removing H6 and H7 signals is shown in
zoom sector. The CSA fitting parameter values are: §*° = 0.33 ppm, 1 = 0.06, §*°= 3.89 ppm.
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Fig. 6. "C NMR of spectra of [C, mim][Br] in LC ionogel phase (15% w/w of H,O) at
room temperature. The fitted anisotropic signal shapes are shown in zoom sectors. Thes
CSA fitting parameter values for two processed contours are: §*"° = - 1.69 ppm,n =0.11,

§°=129.49 ppm and §*"*° = -
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Fig. 7. Calculated '"H chemical shift anisotropy
o™i ys. isotropic chemical shift §* for various
sites in [C jmim][Br] and H,O structures ((H,0),,
with n = 1,...,5); for the site numbering see Fig. 1.
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Fig. 8. Calculated “*C chemical shift anisotropy

& ys. isotropic chemical shift §*° for various

sites in [C ;mim][Br]; for the site numbering
see Fig. 1.
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values (Figs. 5 and 7) the signal at this position
can be undoubtedly attributed to the water pro-
tons in H-bonded structures. The values of chem-
ical shift anisotropies (8*°) for these structures
are much higher than those for various protons
in [C, mim][Br], except H2 (Fig. 7). However,
its anisotropy is very significantly affected (aver-
aged) by H-bond dynamics in *C2-H...Br™ bridge
(Fig. 1) and thus not pronounced in 'H NMR
spectra. For the same reason, also CSA of C2 car-
bon has not been revealed in C NMR spectra.
The calculated values of biaxiality (1) for water
structures were found to be close to the fitted val-
ue (n =~ 0.06). However the calculated values of
chemical shift anisotropies (§**°) as for 'H as well
as for C are much higher than those observed
experimentally. As mentioned above, the applied
DEFT level was checked in many cases [12-14] and
found to be quite adequate for magnetic shielding
calculations. Hence such discrepancies between
measured and calculated values of chemical shift
anisotropies cannot be attributed to the level of
theory. It can be supposed that this discrepancy is
due to the molecular ordering effects in the lyo-
tropic LC phase [27].

Following this idea, any second-rank tensor that
represents a certain macroscopic (i. e. experimental-
ly measurable) feature of partially ordered system
due to the statistical averaging is related to the mic-
roscopic (individual, defined by molecular or aggre-
gate structure) tensor via a set of so-called order
parameters (S). In the present treatment it would
mean that the experimentally measured and calcu-
lated &*"*° are related as

(6aniso)exp z| S| (6aniso)calc’ 2)
where || is the ‘magnitude’ of the order parame-
ter. This is only a very rough approach, because the
precise expressions of S contain a complex averag-
ing of angular dependencies of the orientations of
molecular and tensor principal axes frames [27]. It
is also known that the values of order parameters
for many lyotropic LC and micellar phases are
spread ~0.01-0.2 depending on the site [27]. This
allows to explain the significant (~ two orders)
discrepancies between measured and calculated
CSA values. Also note that the magnitudes of S,
evaluated from 'H as well as from "CNMR data,
have very close values, i. e.,

8 aniso (1 H)
6 aniso (1 H)

6 aniso (13 C)
6 aniso (13 C)

exp exp

~

~Is]. (3)

calc cale

It reveals the difference of lyotropic LC gel phase
from the solid one, where the motions of RTIL and
water molecules were found from 'H NMR spec-
tra to be dynamically rather segregated (Fig. 3 and
the comments above). However, the observed ani-
sotropic ®C NMR signal shape at 16.89 ppm (Fig.
6) points to the difference between LC ionogel and
the lamellar phases, where usually decreasing order
parameter moving along hydrocarbon chain from
the polar head is observed [27]. It means, that the
terminal ~CH, groups are more ordered. Hence, the
supramolecular structures of [C mim][Br], similar
to some higher micellar RTIL aggregates [23], are
expected in the present case.

5. Conclusions

1. The analysis of the composition and temperature
effects on 'H and “C NMR spectra of RTIL pro-
vides new valuable information concerning the
phase transition molecular motion and ordering in
lyotropic liquid-crystalline ionogels.

2. The difference between lyotropic liquid-crys-
talline (LC) ionogel phase and the solid one has
been revealed, the motion of RTIL and water mole-
cules in the latter one was found to be dynamically
segregated.

3. The observed anisotropic "C NMR signal
shape for the terminal ~-CH, group points to the
difference between LC ionogel and the lamellar
phases, where usually a decreasing order param-
eter moving along hydrocarbon chain from the
polar head is observed. The supramolecular struc-
tures of [C, mim][Br], similar to some higher mi-
cellar RTIL aggregates are expected.
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JONINIY SKYSCIU, FORMUOJANCIU LIOTROPINIUS SKYSTAKRISTALINIUS
JONOGELUS, FAZINIU VIRSMU IR MOLEKULINIU JUDESIU TYRIMAS 'H IR C
BMR SPEKTROMETRIJOS METODU

V.Balevicius, L. Dziaugys, E Kuliesius, A.s Marsalka

Vilnaius universieto Fizikos fakultetas, Vilnius, Lietuva

SANTRAUKA

Labai daZnai geliai ir jonogeliai, veikiant jvairiems
iSoriniams trikdziams, elgiasi kaip i$maniosios me-
dziagos. Liotropiniai skystakristaliniai jonogeliai gali
susiformuoti tam tikromis salygomis maisant joninius
skys¢ius su vandeniu. Eksperimentigkai itirti vieno i§
joniniy skys¢iy - 1-decil-3-metil-imidazolio bromido
([C,ymim][Br]) vandens tirpaly - 'H ir *C BMR spektrai
kintant kompozicijai ir temperatirai. Aptiktas naujas 'H
BMR signalas, kuris buvo priskirtas vandens moleku-
léms. Buvo nustatyta jo anizotropija (0,33 m. d.) ir nuli-
né asimetrija. Stebéta kai kuriy [C10mim][Br] “C BMR
signaly anizotropija yra 1,2-1,7 m. d. srityje. Atskleisti
molekuliniy judesiy tirpalo kietojoje ir jonogelio fazé-
se skirtumai. Kietojoje fazéje joninio skysc¢io ir vandens

molekuliy dinamika vyksta labai skirtingose laiko ska-
lése, ir H,O molekuliy dinamika yra Zenkliai spartesné.
Jonogelio fazéje jo sandy judesiy sparta yra panasi. Kaip
parodé kvantinés chemijos skai¢iavimai, stebétaja van-
dens signalo anizotropija lemia didelé neasocijuoty H,O
molekuliy ir jy H-rySio spieciy protony magnetinio
ekranavimo tenzoriy anizotropija, palyginus su joninio
skys¢io protonais. Zenkli galinés joninio skys¢io ~CH,
grupés “C BMR signalo anizotropija iSry$kina jonogelio
ir lamelarinés faziy skirtumus. Pastarojoje dazniausiai
aptinkamas tvarkos parametro mazéjimas, judant nuo
polinio fragmento, link ,,uodegos® Tuo tarpu stebimas
didesnis galinés —~CH, grupés susitvarkymas jonogelyje
byloja, kad $ioje fazéje supramolekuliniai dariniai savo
struktira yra artimesni joniniy skys¢iy miceléms.



