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A B S T R A C T

In this study molecular dynamics of ionic liquids in poly(vinyl alcohol) scaffolds were investigated. The binary
poly(vinyl alcohol) – ionic liquid (PVA-IL) compound was prepared from initial solutions of water, ionic liquid
(IL) and poly(vinyl alcohol) (PVA) at different concentrations. Subsequently water was evaporated under open
conditions, leaving the scaffold/IL system of interest. Low field nuclear magnetic resonance (NMR) relaxation
and diffusion measurements, as well as 2D T1-T2 correlated NMR experiments were performed to determine
specific local and translational dynamics properties at different time scales. Data suggest that during water
evaporation, partial demixing of IL from the polymeric matrix leaves the remaining solvent confined in the
porous structure formed by the PVA polymer. The results show that the translational diffusion, as well as the
local rotational molecular dynamics is comparable to the bulk liquid state. Moreover, in partial saturation
conditions, diffusion shows enhancements relative to the bulk.

1. Introduction

Poly(vinyl alcohol) (PVA) is a well-known hydrophilic polymer with
biocompatibility properties. PVA-derived porous media find applica-
tions commonly in biomedical and food industry. Mixed with certain
solvents and water, it has been used for preparations of hydrogels [1].
PVA is a suitable material for developing scaffolds with a three-di-
mensional interconnected porous structure with a variety of archi-
tectural configurations [2]. This structure is usually achieved by re-
peated freeze–thawing cycles, which induces hydrogen bonding
(physical cross-links), crystallization, and phase separation. The pre-
sence of microcrystals in these PVA scaffolds displays high mechanical
strength and stiffness [3,4]. Other techniques to develop PVA scaffolds
include solvent casting-particulate leaching [5], melt molding [6] and
thermal induced phase separation [7]. Cross-linking can be as well in-
duced via chemical agents and by use of γ-irradiation [8]. However, the
fabrication of PVA structures combining high porosity, controllable
pore morphology, and adequate mechanical properties for specific ap-
plications remains a challenge. Regarding electrochemical applications,
pure PVA does not possess protonic conductivity, unless organic func-
tional groups are added (sulfonate, hydroxyl, carboxylate, amine,
phenolic). Considering the contemporary interest of ionic liquids [10]
in the field of energy storage and release, the combination of PVA with
ILs can be used for the purpose of adding ionic conductivity in these

compounds. IL combined with polymers form different structures de-
pending on concentration and nature of ions [11]. In materials called
ionogels [12], IL are hybridized with another organic or inorganic
components like low molecular weight gelators, (bio)polymers, carbon
nanotubes or silica, in order to form hybrid materials where the IL is
kept confined, acting as structuring media. In this case, the IL is taking
place in the intrinsic organization of these materials, influencing the
building of the solid host network and affecting their physicochemical
properties [12,13]. Ionogels are used in electrolyte membranes, optical
devices, catalysts and sensors. Apart from the cases where im-
mobilization of the ions in the wall of the porous materials can make
them more suitable for specific applications [15], there are many topics
where the (translational) mobility of ions under confinement is re-
quired. A number of reports are related with the study of dynamics if ILs
confined in materials like silica nanopores [9,15], biopolymers like
gelatin [17], carbon nanotubes [18] and membranes [19].

The knowledge of the dynamical characteristics of the solvent IL
inside the polymeric or inorganic silica porous matrix together with its
pore structure becomes crucial in order to determine whether one can
extend the application field of these compounds to electrodes, batteries,
capacitors [14] or as a tailored biocompatible porous medium, even in
the case when IL is removed. It is well known that thermodynamic
properties such as melting point and glass transition temperatures are
modified when liquids are under geometrical restrictions [15]. Normal
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liquids under confinement exhibit, in general, restricted dynamics when
compared to the bulk due to constraints in space at sufficient small
poresize, and due to physico-chemical interactions between IL mole-
cules and the surface of the pore walls [33] (i.e. absorption-desorption
processes). However, in the case of ILs the situation becomes more
complex, for instance demonstrated by the finding of enhanced diffu-
sive mobility of confined IL [9,14,18–21].

Nuclear Magnetic Resonance (NMR) provides a suitable non-in-
vasive experimental access to confined fluids. It allows the determina-
tion of diffusion coefficients related with intermolecular dynamics, and
characteristic relaxation times related to local rotational dynamics. In
particular, NMR diffusion in porous media uses the fluid molecules as
tracers providing the pore space of the material of interest. This allows
the determination of surface-to-volume ratios, average pore sizes or
connectivity.

In the present work porous structures are prepared combining PVA
with ILs. The samples are rigid non-transparent films (see below). The
IL remains confined inside the PVA scaffold retaining its fluid character.
The structure of the samples is further characterized using X-ray dif-
fractometry and scanning electron microscopy. NMR is used in this
setting to gain dynamic information on the ILs molecules, as well as to
determine their averaged pore size.

The interest of the authors in this work focused on characterizing
the interaction type between IL molecules and PVA and its influence on
(i) the dynamics of the confined liquid and (ii) the structural mor-
phology of the entire sample. Additionally, the possibility to remove the
host IL and retain only the pure PVA-porous scaffold will be addressed.

2. Materials and methods

PVA (average molecular weight 67 kg/mol), acetone with a purity
of> 99.7%, and the room temperature ionic liquids 1‑ethyl‑3‑methy-
limidazolium‑bis(trifluoromethylsulfonyl)imide (EMIM+ Tf2N−),
(Mw=391.31 g/mol and density 1.52 g cm−3 @ 293.15 K), 1‑bu-
tyl‑3‑methylimidazolium - tetrafluoroborate (EMIM+ BF4−),
(Mw=226.02 g/mol and density 1.21 g cm−3 @ 293.15 K), all with a
purity of> 97%, were purchased from Sigma Aldrich, Germany. All
chemicals were used without further purification. Distilled water was
used in all the preparations.

The preparation of the samples is performed as follows: a mixture of
a predetermined volume of IL with water was heated to 80 °C using a
magnetic stirrer, followed by the addition of a defined quantity of PVA
in order to obtain the desired concentration of PVA and IL. The pro-
cedure is based on previous preparations of film consisting of PVA in
water, from reference [16], and films of ILs in gelatin, from reference
[17]. The mixture was stirred at the same temperature until the
polymer was completely solubilized. The solution was then cast onto a
Petri dish of 65mm diameter and kept at ambient temperature and
humidity (20 °C, RH around 46% within 5%). In these conditions the
water was allowed to evaporate until the samples were formed and no
further weight loss was observed. The height of the samples was typi-
cally 1mm. Due to their negligible vapor pressure, the ionic liquids
remained within the polymer. The amount of water in the initial solu-
tion is approximately the same as the IL. The exact amount of water is
not critical because water is used to help in the dissolution of PVA. The
water content in each final sample was<3%, determined by com-
paring the weight of the samples before and after oven drying at 100 °C,
under vacuum of 5mbar, over 24 h. All samples were measured several
days after preparation. The description of the relative component of IL
and polymer is found in Table 1, where a label was given to each
sample. Sample 3-U and Sample 4-U (U for “unsaturated”) are obtained
from Sample 3 and Sample 4, respectively, by dilution of the IL with
acetone after the following protocol: around 0.5 g of each sample was
imbibed in 5ml of acetone and kept in a closed vial at room tempera-
ture under stirring for> 48 h. No visible degradation was observed.
The samples were then dried under vacuum (~5mbar) overnight at

60 °C.
A single-sided NMR scanner (NMR MOUSE, Magritek, Germany)

with a sensor providing a sensitive circular area of about 75mm2 was
employed for the NMR diffusion measurements. The MOUSE device
[31] is operated at a 1H Larmor frequency of 18.7MHz, and possesses a
static magnetic field gradient of 21.6 T/m. It has an accessible vertical
range of 3.0 mm. The digital resolution is determined by the combi-
nation of the spectral width, acquisition time, and gradient strength
[22,31]. The minimum 180° pulse separation (TE) is determined by the
acquisition time of the echo preceded and followed by the dead-time of
the system. The echo time (TE) was 52 μs and the dead-time of the
system is in the order of 20 μs. The Carr−Purcell−Meiboom−Gill
(CPMG) pulse sequence [28,29] is applied in the NMR MOUSE device to
accumulate T2-weighted echo trains after the usual diffusion and spin-
lattice relaxation time pulse sequences in order to increase sensitivity
[31]. As explained in detail in reference [17], due to the strong gradient
and frequency of excitation, both 1H and 19F nuclei fulfill the condition
ω= γB0 inside the field of view of the scanner, above the radio-
frequency (RF) coil, allowing a selection of either 1H or 19F when the
thickness of the film is less than the distance between the location of 1H
and 19F resonances. The magnet in the single-sided NMR scanner is
mounted on a lift, allowing the acquisition of vertical profiles moving
the scanner relative to the sample [17,31]. In the present work, the
vertical profiles were used only to locate the middle of the samples and
select the nucleus of interest. The 90° RF pulse length was set to 4.75 μs.
The diffusion measurements were carried out using the stimulated echo
pulse sequence [22,30] … … …∆…( )τ cpmgπ π

2 2 , combined with the con-

stant gradient of the device. ( )π
2 represents the 90° pulses, Δ is the

diffusion time and τ the encoding time. All the echoes after the third 90°
pulse are integrated to increase sensitivity.

2D T1-T2 correlated NMR experiments were run in a low-field
spectrometer (Spinsolve, Magritek, Germany) working at 1H Larmor
frequency of 43MHz. The inversion recovery [22] pulse sequence was
used for T1 determination using a CPMG pulse sequence as acquisition,
for every recovery time in combination with FID acquisition between
the second 90° pulse and the first 180° pulse of the cpmg train. The data
were recorded in a 2 dimensional matrix and inverted [23]. The tem-
perature of the sample in this spectrometer is 27 °C.

X-ray diffraction (XRD) measurements, a Philips X'Pert PRO dif-
fractometer, equipped with a wide-range PW 3050/6× goniometer
capable to measure 0.001°/step was used. The XRD pattern were ob-
tained at room temperature using Cu K-α radiation (λ=0.154 nm)
generated at a voltage of 35 kV and 30mA current. The sample was
scanned between 2θ=1.5 to 60° with a step size of 0.050°, scanning
speed of 2°/min and a count time of 100 s per point.

For analyzing the effect of the ILs on the polymer microstructure,
scanning electron microscope (SEM) images were obtained with a
Hitachi S218 4800 II.

3. Results and discussion

The microstructure of the PVA matrix was studied using X-ray and
electron microscopy. Fig. 1 shows the X-ray diffraction profile of

Table 1
Sample description with the relative proportion of IL and PVA. The saturation
indicates the percentage of IL that fills the pores in each sample.

Name Emim Tf2N:PVA Bmim BF4:PVA Saturation

Sample 1 2:1 – 100%
Sample 2 1:2 – 100%
Sample 3 1.5:1 – 100%
Sample 3-U 1.5:1 – Approx. 40%
Sample 4 – 1:1 100%
Sample 4-U – 1:1 Approx. 50%
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Sample 1. The pattern is characteristic of the pure PVA solid polymer as
can be found in literature [3]. The X-ray diffraction profile is practically
independent of the concentration if IL used in the different samples in
this work. This provides an evidence that IL inside the porous matrix is
not altering the microstructure of the pure PVA, as in the case of a rigid
gel, or in so-called ionogels. As has been shown in literature listed in the
Introduction section, porous structures can be created from pure PVA
hydrogels after leaching of water. It becomes evident that the IL re-
maining in the samples listed in Table 1, is hosted inside the solid PVA
in a kind of porous structure. This study aims at possibilities to probe
this statement and to quantify the molecular mobility of IL under
confinement.

The structure of the samples can be further explored by using
electron microscopy. Fig. 2 shows the SEM images of Emim-Tf2N in
solid PVA (Sample 1) and Bmim-BF4 in solid PVA (Sample 4), respec-
tively. A porous microstructure is observed with pore sizes in the order
of few micrometers, but still little can be said about interconnectivity of
porous voids. SEM images are not able to provide precise information
about pore sizes in the samples that are smaller than few micrometers.
NMR can extend the range of estimation of pore sizes, through mea-
surements of relaxation times and diffusion of the IL molecules confined
in the PVA matrix, is used to estimate the pore dimensions of the
samples.

1H NMR relaxation times were measured in Sample 1 which cor-
responds to EmimTFSI in PVA in the proportion 2:1 (see Table 1). The
T1-T2 correlation maps showing the separate 1H relaxation values

corresponding to both the liquid and confining matrix are presented in
Fig. 3a. Similar measurements were performed in a pure PVA sample
prepared following the same protocol as the sample in Table 1, without
including any IL (Fig. 3b). The low T2 relaxation values correspond to
the solid PVA porous matrix, with a broad distribution of T1 relaxation
times centered around 700ms corresponding to the amorphous region
of the solid matrix. The long T1 component is related to the crystalline
PVA. Interestingly, no major changes are observed in the solid poly-
meric matrix component in Sample 1, except a small decreasing in the
long T2 component of the crystalline part. The long component values
of T2 and T1 in the diagonal correspond to the confined IL and are
identical, within experimental errors, to the bulk values [27]. This ex-
periment shows that the discrimination of the IL and solid PVA com-
ponents is possible because of the T2 encoding, but cannot be resolved
from a pure T1 experiment.

The determination of the diffusion values was carried out for all the
samples described in Table 1. The different ions of the ILs studied in this
work can be encoded separately in an NMR experiment because they
contain 1H nuclei only in the cations and 19F nuclei only in the anions.
As explained in Section 2 and in reference [17], the single sided NMR
scanner is able to measure these nuclei separately, provided that the
sample has a thickness below the distance between the two corre-
sponding 1H and 19F resonances above the surface of the radio-
frequency coil in the device (~1.3mm). This condition is fulfilled in all
the samples listed in Table 1.

Fig. 4 shows the results of the diffusion experiment performed on
Samples 1 and 2. The diffusion constants were measured at different
observation times (Δ). The difference in the diffusivity between the
cations and anions is well known and reported in literature [32]. The
values of diffusion at short Δ times are identical to the bulk IL in both
samples. This result, in agreement with the findings of the relaxation
experiments above, confirm that translational and local rotational dy-
namics are not affected by the confinement. However at longer ob-
servation times, the samples prepared with different proportion of IL
and PVA, have different influence in the translational diffusion due to
the different confining properties. Using the fact that at short diffusion
times D(t) provides information about the surface-to-volume ratio, an
estimation of the pore size can be obtained assuming spherical pore
shape, from the equation [24,25].

∆ = ⎛
⎝

− ∆ ⎞
⎠

D D S
V

D π( ) 1 4
9

/ ,0 0 (1)

where S/V is the surface to volume ratio and D0 the bulk diffusion of the

Fig. 1. X-ray pattern of the Sample 1.

Fig. 2. SEM images of Sample 1 (left) and Sample 4 (right).
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confined species.
By fitting the experimental data using Eq. (1), from the surface to

volume ratio, average pore sizes of 3 μm and 6 μm were derived
(samples 1 and 2, respectively). This result shows that by varying the
proportion of IL and PVA, one is able to tune certain geometrical
properties of these hybrid materials.

In a second step, the possibility to fabricate porous materials from
the IL-PVA samples, without IL, with specific structural properties or
specific functionalized surfaces was explored. This procedure further
allows the study of dynamics of the solvents under two conditions:
saturation and partial saturation. Therefore, an attempt to extract the
IL, from Sample 3 and Sample 4, was made. Diffusion measurements
were carried out in Sample 3, Sample 3-U, Sample 4 and Sample 4-U.
The results are shown in Figs. 5 and 6. Diffusion is enhanced drama-
tically in the Sample 3-U containing the shorter alkyl chain in the cation
combined with the anion Tf2N. A single measurement was done for
determining the diffusion of the anion in the same sample, at Δ=2 ms.
The result is consistent with what was observed in the cations, showing
as well a clear diffusion enhancement. In the sample where the IL Bmim
BF4 was used, practically no enhancement in the diffusion values was
observed. The echo decays obtained in the Sample 4-U during diffusion
measurements were showing a small deviation from a single

exponential decay.
The molecular mechanisms underlying the increasing in the trans-

lational dynamics in Sample 3-U are not yet clear. In other systems, like
water and some organic solvents in unsaturated glass-porous media,
diffusion is enhanced [34,35] due to the presence of the vapor phase of
the same liquid inside the porous, allowing the molecules to escape
from the liquid wetting the pore-walls and make excursion into the

Fig. 3. 1H T1-T2 correlation maps of Emim Tf2N in PVA scaffold (Sample 1, left) showing the decoupled relaxation values corresponding to the liquid and the
confining matrix, respectively. The diagonal indicates the values corresponding to T1= T2. The right panel shows the pure PVA matrix without IL. The 1H T1
relaxation time of the Emim Tf2N in bulk at 27 °C is (420 ± 30) ms.

Fig. 4. Diffusion constants of cations and anions of EmimTf2N in two different
PVA scaffolds: Sample 1, solid symbols and Sample 2, open symbols). Δ is the
diffusion time. The lines correspond to the model in Eq. (1). The bulk IL dif-
fusion values are indicated as diamond symbols (solid and open corresponds to
cation and anion, respectively).

Fig. 5. Diffusion constants of cations and anions of EmimTf2N in saturated
Sample 3 (solid symbols) and unsaturated Sample 3-U (open symbols).

Fig. 6. Diffusion constants of cations and anions of Bmim BF4 in saturated
Sample 4 (solid symbols) and unsaturated Sample 4-U (open symbols).
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vapor phase. However, the negligible vapor pressure of the ILs hinders
such mechanism.

The nature of the intermolecular interaction may play a role in the
explanation of the phenomena. Apart of the coulombic electrostatic
interaction, the ILs under study in this work form hydrogen bonded
(HB) three dimensional networks [36,37]. HB depends on the inter-
molecular distance between the H-donor in the imidazolium ring and
the Oxygen in the sulfonyl groups in the anion Tf2N and the Fluor in the
BF4 anions, and the angle between the C…H bond and the acceptor
atom. The HB interaction in the Bmim BF4 IL is stronger than the
corresponding HB interaction in the Emim Tf2N IL [38]. When the IL
content is reduced inside the pore, the effective three dimensional HB
network may be disrupted in the case of Emim Tf2N, but remaining still
effective in the case of Bmim BF4.

Fumino et al. [39], on the other hand, have reported that whereas
molecular liquids are stabilized by hydrogen bonding, ionic liquids can
instead be fluidized by hydrogen bonds. They have shown using FTIR
spectroscopy that highly directional H B introduce “defects” into the
Coulomb network resulting in reduced melting points and decreased
viscosities. Whether this is the reason for the diffusion enhancement
remains still not clear and further investigation is necessary in order to
interpret the results.

4. Conclusions

Polymeric rigid porous matrix with pore size in the order of few
micrometers, confining ionic liquids can be fabricated opening possi-
bilities to tune pore size by setting the concentration and type of IL.

The samples are acting more as hosting solid matrices confining IL
with bulk mobility, putting our materials on the other extreme of the so
called ionogel hybrid materials.

Estimation of pore sizes could be performed using NMR diffuso-
metry. The results are in agreement with SEM estimations.

In saturation NMR relaxation and diffusion show that bulk trans-
lational and rotational dynamics is retained at short diffusion times.
The geometric restrictions appears at long diffusion times.

The unsaturated samples with ionic liquids containing the Tf2N
anion exhibit enhanced dynamics relative to the bulk.
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