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A B S T R A C T

Self-diffusion of methanol in highly concentrated methanolic solutions of LiCl confined in a mesoporous silica gel 
was investigated using 1H Pulse Field Gradient (PFG) NMR and fast field-cycling (FFC) NMR relaxometry. The 
effect of both the salt and the porous matrix were evaluated by examining confined pure methanol and solutions 
characterized by salt concentrations ranging between 10 and 30 wt% as well as their bulk counterparts. Both the 
salt and the matrix slow down methanol self-diffusion, with the salt exerting a significantly stronger effect. The 
observed slowdown corresponds to the disruption of the hydrogen bonding network, as revealed by the tem
perature dependence of the 1H chemical shift of the methanolic hydroxyl group. The analysis of the PFG and FFC 
NMR data as a function of temperature (25–50 ◦C) revealed that self-diffusion is less activated for methanol 
molecules near the surface than for those further away and that the slowdown caused by silica is due to an 
entropic effect. The role of the matrix was also investigated in the most concentrated solution using 29Si and 7Li 
NMR, which allowed the presence of Si-O-Li+ bond to be excluded and a slowdown of the dynamics of confined 
Li+ to be revealed, respectively.

1. Introduction

Electrolyte solutions confined within nanopores are relevant in both 
technology and nature. Indeed, they play a crucial role in applications in 
the fields of energy conversion, nanofluidics, catalysis, and desalination 
on the one hand, while ion channels are fundamental in governing the 
biological functions of living cells on the other. Due to their significance 
across various fields, the structure and dynamics of confined electrolyte 
solutions have been extensively studied using both experimental and 
computational methods [1–7]. However, a complete understanding re
mains challenging. Considerable effort has been devoted to studying 
aqueous solutions of inorganic salts confined within silica materials, 
given their technological significance. For example, in aqueous solutions 
of alkaline and alkaline earth chlorides confined within amorphous 
silica matrices, water molecules organize in layers [8,9], while the 
cation partially disrupts the hydrogen bonding between them [10–12].

Regarding the dynamics of electrolyte solutions confined in silica 
materials, both salt and water diffusion have been extensively investi
gated. The transport diffusion of aqueous alkaline chlorides confined 

within mesoporous silica in contact with bulk water was found to slow 
down slightly when the pore diameter exceeded 5 nm, while a signifi
cant decrease was observed for smaller pores [13]. A similar trend was 
observed for self-diffusion of water in the same confined solutions, as 
revealed by 1H NMR, suggesting that the diffusional mobilities of ions 
and water are coupled [13]. A similar dependence of cation diffusivity 
on silica pore diameter was observed for aqueous nickel [14] and 
chromium [15] nitrate using optical absorption. Neutron scattering 
studies revealed that the translational diffusion of nanoconfined water is 
slowed down by the presence of certain alkaline earth metal chlorides 
and LiCl [4,5,16,17]. The rotational correlation time of water molecules 
bound to Ca2+ and Na+ is longer when these hydrated ions are confined 
in MCM-41 compared to bulk solutions, as shown by NMR analysis [18].

In spite of these efforts, our understanding of confinement effects on 
the dynamics of both electrolytes and their solvent remains incomplete 
in several aspects. Non-aqueous electrolyte solutions confined within 
silica materials have been rarely studied [19], and only a few experi
mental investigations provide molecular-level insights into their struc
ture [6] or ion dynamics in nanopores [20] at electrolyte concentrations 
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above 1 M [3,12]. Similarly, the dynamics of solvent-poor solutions, 
where the solvent molecules are not sufficient to fill the solvation shell of 
the ions, has been rarely explored [4,5]. These super-concentrated 
confined electrolytes have significant technological relevance in chem
ical engineering and process design. Schneider et al. [21] investigated 
LiCl⋅7H2O solutions confined in MCM-41 and SBA-15 from ambient 
temperature down to their glass transition, passing through a super- 
cooled regime and characterized the structure and the dynamics of the 
water molecules and of the lithium ions using NMR relaxometry and 
diffusometry. Confinement was found to cause a slowdown of the dy
namics of both water and Li+ compared to the bulk solution. While the 
presence of narrower pores further decreases water and Li+ mobility 
[21], the variation of the surface charge, obtained through the func
tionalization of the silica wall, only moderately affects the dynamic 
behavior [22].

This study presents experimental evidence on the structure and dy
namics of LiCl methanolic solutions confined within mesoporous silica 
gel pores. Silica gel encapsulating LiCl is a promising composite adsor
bent material for environmentally sustainable energy technologies 
based on adsorption cooling driven by low-temperature heat sources, 
such as solar heat or waste heat. Methanol has been suggested as a 
refrigerant instead of water when lower temperature cooling is required 
[23]. The incorporation of LiCl into the porous matrix enhances the 
affinity of the refrigerant for the adsorbent, resulting in improved 
adsorption cycle performance [24–27]. However, the formation of 
methanolic LiCl solutions inside the silica pores restricts the mobility of 
methanol, thus negatively impacting the performance of the thermal 
system. Gaining insight into the structure and dynamics of the meth
anolic solution within the matrix at the microscopic level is crucial for 
identifying strategies to overcome this issue.

In this work, we investigated methanol self-diffusion in LiCl solutions 
confined within mesoporous silica gel pores at salt concentrations 
ranging from 0 up to 30 wt% over a temperature range of 15–45 ◦C, 
using 1H High-Resolution Magic Angle Spinning (HRMAS) Pulse Field 
Gradient (PFG) NMR spectroscopy. HRMAS NMR spectroscopy is the 
method of choice for studying liquids adsorbed into porous materials, as 
it minimizes residual anisotropies caused by sample inhomogeneities, 
enabling the acquisition of well-resolved spectra that are otherwise 
unattainable using standard liquid-state NMR spectrometers [28]. By 
distinguishing the methyl and the hydroxyl signals of methanol, it also 
allowed us to reveal additional aspects related to the hydrogen bond 
network. Since self-diffusion probed by HRMAS PFG NMR is dominated 
by molecules far from the matrix surface, 1H Fast Field-Cycling (FFC) 
NMR relaxometry was used as a complementary technique to highlight 
the dynamics of the molecules close to the surface. Although less com
mon than PFG NMR, the latter method is extremely powerful for 
investigating dynamic processes of confined guest molecules [29–31]. 
The activation energies for methanol self-diffusion in the two different 
environments were extracted, revealing details on the nature of motion 
and the role of the surface.

In order to gain insight into the effect of the porous matrix, the data 
were compared with those obtained on the bulk solutions at the corre
sponding salt concentration. To the best of our knowledge, self-diffusion 
coefficients of methanol in concentrated salt solutions have never been 
reported using both HRMAS PFG NMR and FFC NMR techniques.

Furthermore, details on the reorientation of Li+ and on its possible 
proximity to the silica surface in the most concentrated solution were 
accessed using 7Li and 29Si nuclei, respectively. Both nuclei are 
commonly exploited to obtain information on structure and dynamics of 
mesoporous silica materials [13,21,32]. Specifically, 7Li longitudinal 
relaxation times, T1, were measured at different temperatures, whereas 
different types of 29Si NMR experiments, namely MAS Direct Excitation 
(DE) and Cross Polarization (CP), were conducted on silica loaded with 
the most concentrated solution and, for comparison, on silica loaded 
with only methanol.

2. Materials and methods

2.1. Preparation of the samples

A mesoporous silica gel by Sorption Technologies GmbH with a grain 
size of 0.5–0.8 mm was employed as the porous matrix. Its porosity was 
previously characterized by nitrogen adsorption[33], and the main re
sults are summarized here for reference. The BET surface area, total pore 
volume, and average pore size are 397 m2/g, 0.95 cm3/g, and 8 nm, 
respectively. Lithium chloride (technical grade, >95% purity, Sigma- 
Aldrich) and methanol (liquid chromatography grade, 99.8% purity, 
Sigma-Aldrich) were used. Silica gel and LiCl were dried at 150 ◦C for 5 h 
before use, whereas methanol was dried by contact with microporous 
Fuji RD silica gel overnight. Methanolic solutions of LiCl characterized 
by salt concentrations of 10, 20, 25, and 30 wt% were prepared. These 
amounts correspond to the solvent/salt molar ratios of 11.9, 5.3, 4.0, 
and 3.1, respectively. The highest concentration corresponds to the 
solubility limit of LiCl in methanol at 25 ◦C [34]. Silica gel grains were 
placed into either a 4 mm HRMAS rotor or an FFC NMR tube. Methanol 
or a methanolic LiCl solution was then added to fill 90% of the total pore 
volume, thus minimizing the amount of liquid located outside the 
grains. The solution was allowed to remain in contact with the matrix for 
at least 2 h to ensure uniform distribution before the measurements.

2.2. 1H HRMAS NMR

NMR experiments were carried out on a Bruker AVANCE NEO 500 
MHz NMR spectrometer using a 4 mm single magic-angle gradient triple 
resonance 1H/13C/31P HRMAS probe operating at the 1H Larmor fre
quency of 500.13 MHz. A 50 μL HRMAS rotor (4 mm external diameter) 
was used for confined solutions and the rotor was spun at 4 kHz. For bulk 
liquids, diffusion experiments were conducted at the same spinning rate 
using a 12 μL HRMAS rotor to minimize artifacts [35].

Sample temperature was measured using the methanol thermometer 
method [36]. The original equation was corrected for differences in the 
spectrometer frequencies according to the following expression: 

T = 435.5 − [1.193|Δν| ] −
[
29.3(0.01⋅|Δν| )2

]

where Δν is the chemical shift separation in Hz between the methyl and 
the hydroxyl protons in methanol at the 1H Larmor frequency of 60 MHz.

The 1H HRMAS PFG diffusion experiments used a stimulated echo 
sequence with bipolar gradient pulse pairs and longitudinal eddy cur
rent delay (BPLED pulse sequence) [37]. The intensity of the applied 
gradient was linearly increased from 2 to 95% of the maximum strength 
in 25 increments. The gradient pulse length, δ, and the echo interpulse 
delay, Δ, were optimized for each sample in order to achieve 90% 
dephasing of the signals by passing from the minimum to the maximum 
gradient strength applied, with values in the range 1–5 ms for δ and 
10–200 ms for Δ. For each experiment, 16 scans were acquired.

The self-diffusion coefficient (D) of methanol in the different samples 
was derived by monitoring the trend of the methyl signal as a function of 
the gradient strength. The signal decay was then fitted as a function of 
the gradient strength, using the standard Stejskal − Tanner equation: 

S(q) = S(0)exp
[
− q2⋅Δ⋅D

]
(1) 

with q = γ⋅δ⋅g, where γ is the 1H gyromagnetic ratio. For each sample, 
monoexponential attenuation curves as a function of q2 were obtained 
and the diffusion coefficient D was found to be independent of Δ, as 
expected for unrestricted diffusion.

The maximum gradient strength was determined by applying the 
BPLED pulse sequence on a water static sample at 25 ◦C with Δ = 10 ms. 
The signal decay was fitted to eq (1), with the self-diffusion coefficient 
set to 2.3⋅10− 9 m2/s. The maximum gradient strength determined was 
56.4 G/cm.
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2.3. 1H FFC NMR relaxometry

1H longitudinal relaxation time T1 values were measured for the bulk 
solution at 30% salt concentration, as well as for confined pure methanol 
and confined 10 and 30% solutions, over a 0.01 − 35 MHz Larmor 
frequency range using a SpinMaster FFC-2000 fast field-cycling NMR 
relaxometer to obtain NMRD curves (Stelar srl). T1 measurements were 
performed using the prepolarized and non-prepolarized pulse sequences 
below and above 12 MHz, respectively. The polarizing and detection 
fields were 0.60 and 0.50 T, corresponding to 1H Larmor frequencies of 
25.0 and 21.5 MHz, respectively. The switching time was 3 ms, and the 
90◦ pulse duration was 9.8 μs. The dead time was 14.5 μs. A single scan 
was acquired. All the other experimental parameters were optimized for 
each measurement. The 1H magnetization curves vs time were mono
exponential within experimental error, and the errors on the relaxation 
rates R1 (= 1/T1) obtained from curve fitting were below 3%. Mea
surements were conducted over the temperature range of 25 to 60 ◦C. 
The temperature was controlled within ± 0.1 ◦C with a Stelar VTC90 
variable temperature controller.

2.3.1. Analysis of the FFC NMR data: bulk 30% solution
The self-diffusion coefficient D of methanol in the bulk solution 

characterized by the salt concentration of 30% was extracted from the 
NMRD curves using the fact that, irrespective of the microscopic model 
of translational diffusion, at low frequencies R1 shows a square root 
dependence on the frequency [38–44], according to the following 
equation: 

R1(ν) = R1(0) −
B

D3/2

̅̅̅
ν

√
(2) 

where R1(0) is the value of R1 extrapolated at zero frequency and 

B =
π

30

(
1 + 4

̅̅̅
2

√ )(μ0

4π ℏγ2
H

)2
NH (3) 

with NH representing the proton density. We used a NH value equal to 
5.4⋅1028 m− 3, as derived from the density in the examined temperature 
range [45,46].

2.3.2. Analysis of the FFC NMR data: confined solutions
Because the R1 values of the bulk solutions are significantly lower 

than those of the corresponding confined ones (see the paragraph 3.3), 
the R1 values of the confined solutions are primarily influenced by the 
methanol molecules close to the surface, as commonly observed in 
confined liquids [47]. The data were interpreted according to a model 
proposed by Korb et al. for liquids confined in porous materials con
taining paramagnetic impurities [48,49]. At low frequencies, R1 exhibits 
a linear dependence on the logarithm of the frequency, which was 
ascribed to 2D translational diffusion [44,48,49]; specifically, this 
behavior is observed when 2πντtrasl,2D≪1, with τtrasl,2D being the trans
lational correlation time of a molecule experiencing a 2D translation; 
below 0.1 MHz, the data were fitted to the equation: 

R1 = A⋅τtrasl,2Dlnν + B (4) 

with A being a constant dependent on the interaction considered.
According to eq (4), the slope of R1 vs lnν is equal to A⋅τtrasl,2D. Since A 

is unknown, it is not possible to determine τtrasl,2D from the slope. 
However, assuming that A does not depend on temperature, the loga
rithm of the slope is expected to reflect the temperature dependence of 
the logarithm of τtrasl,2D. The activation energy for 2D translational 
diffusion was determined by assuming an Arrhenius temperature 
dependence of τtrasl,2D and fitting the logarithm of the slope against 1/T, 
according to the following equation: 

log
(
A⋅τtrasl,2D

)
∝

Eact,2D

RT
(5) 

2.4. 7Li NMR

Experiments were performed on confined and bulk methanolic so
lutions at 30% salt concentration using a 4 mm probe operating at 
194.37 MHz with a spinning speed of 4 kHz. Both samples were packed 
in HR MAS rotors. The spectra were acquired with a single pulse 
sequence accumulating 64 scans. Spin lattice relaxation times T1 were 
obtained by the inversion recovery pulse sequence 
(180◦− delay− 90◦− acq) accumulating 16 scans at each delay. The 
length of the 90◦ pulse was 4.5 µs and the relaxation delay was set to 2 
and 3 s, for the confined and bulk solutions, respectively. Topspin three- 
parameter nonlinear least-squares program was used for the extraction 
of the relaxation time.

2.5. 29Si NMR

Experiments were conducted using a 4 mm probe operating at 99.35 
MHz and 500.13 MHz on 29Si and 1H, respectively, with a spinning rate 
of 8 kHz. The 90◦ pulse on 1H was 3.8 μs. DE spectra were acquired with 
a recycle delay of 300 s and 276 scans in each experiment. CP MAS 
spectra were collected using the ramped CP sequence [50], where the 
RF-field amplitude for 1H was linearly ramped from 50% up to 100% of 
its nominal value. Spectra were acquired with a recycle delay of 6 s, a 
contact time value of 8 ms and 4000 transients.

2.6. Differential Scanning Calorimetry (DSC)

In order to verify that LiCl methanolic solutions are completely liquid 
and no precipitation occurs in the temperature range investigated by 
NMR experiments, DSC measurements of LiCl solutions were performed 
(Fig. S1). DSC experiments were carried out using a TA Instruments 
Discovery DSC model 250 calibrated with Indium at 10 ◦C min− 1. 
Around 2–4 mg of each sample was weighted, hermetically sealed into 
an aluminum DSC pan, and subjected to a temperature cycle that 
imitated the conditions used in the NMR experiments: starting from 
25 ◦C a rapid cooling to 0 ◦C (at 50 ◦C min− 1) was performed, at which 
point the sample was subjected to 10 min of isotherm. The ramp and the 
isotherm were repeated stopping at − 40 ◦C, − 80 ◦C, − 90 ◦C. A final 
heating ramp at 5 ◦C min− 1 until 40 ◦C (or 0 ◦C in case the expected 
transition was lower) was carried out. The procedure was performed 
under a nitrogen gas flow of 50 mL min− 1 using an empty pan as a 
reference. The DSC thermograms were analyzed by the software Trios 
(v33), subtracting from the raw data a baseline obtained with two empty 
pans subjected to the same heating/cooling procedure. The phase 
transition temperature was identified as the onset temperature of the 
melting process, calculated by the software as the intersection of the 
tangent to the curve before the transition and the line passing through 
the first inflection point. The data for pure MeOH and pure LiCl were 
taken from ref. [51]. The phase transition temperatures found for so
lutions with concentrations of 10, 15, 20, 30 wt% are < 80 ◦C, − 62 ◦C, 
− 43 ◦C, − 2◦C, respectively (Fig. S1).

2.7. Inductively Coupled Plasma Optical Emission Spectroscopy (ICP- 
OES)

In order to test the feasibility of applying Korb’s model [48,49] to 
analyze our FFC NMR data, silica gel was analyzed by ICP-OES to esti
mate the amount of selected metals. The mineralization was carried out 
with HNO3 (Fluka, TraceSELECTTM for trace analysis > 69%) in a 
Milestone Start D microwave digestion system (FKV S.r.l., Torre Bol
done, Italy). These conditions ensure that only the metals located at the 
silica surface dissolve. After sample digestion and dilution with ultra
pure water (18.2 MΩ⋅cm, PureLab Pro, ELGA LabWater, High Wycombe, 
Bucks, UK), Fe, Ni, Cr, and Pb contents were determined with an 
inductively coupled plasma optical emission spectrometer Optima 8000 
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ICP-OES (Perkin Elmer, Waltham, MA, USA) operating at 1500 W and 
equipped with an autosampler S10, MiraMist® Nebulizer and cyclonic 
chamber. Calibration solutions were obtained by dilution of commercial 
standard solutions (Fluka TraceCERT©) in HNO3 2%. Each element was 
measured at the following wavelengths: Fe (238.204 nm), Ni (231.604 
nm), Cr (267.716 nm), Pb (220.353 nm). Argon (420.069 nm) was 
employed as the internal standard. The amount of Fe was found to be 15 
ppm, whereas the Ni, Cr, and Pb contents were below the detection limit.

3. Results

3.1. The hydrogen bond network

Figs. 1 and 2 present the 1H HRMAS NMR spectra of bulk and 
confined methanolic solutions, respectively, at different LiCl concen
trations. For all samples, the methyl signal occurs at about 3.3–3.4 ppm, 
while the hydroxyl signal is observable between 4.7 and 5.0 ppm. In all 
liquids (Fig. 1) the OH and methyl protons produce a single signal, 
indicating an averaging of the possible environments experienced by 
methanol molecules due to fast exchange. Interestingly, in bulk solu
tions, but not in pure methanol, the methyl and hydroxyl signals appear 
as doublets and quartets, respectively. This multiplicity is absent in pure 
methanol, indicating that the presence of salt slows down the hydroxyl 
proton exchange rate to below πJ/

̅̅̅
2

√
≈ 10 Hz, where J represents the 

scalar coupling constant.
Compared to bulk solutions, confined samples present broader 

spectral peaks, likely due to trace paramagnetic species in the silica 
matrix, as also evidenced by ICP-OES and FFC NMR measurements (see 
paragraphs 2.7 and 3.3). Notably, the methyl signal shifts downfield as 
the salt concentration increases in both bulk and confined solutions. The 
hydroxyl signal shifts to higher chemical shifts when passing from pure 
methanol to the 10% LiCl solution; this effect likely results from the 

deshielding caused by Li+ ions. As the salt concentration increases from 
10 to 30%, the hydroxyl signal shifts in the opposite direction in both 
bulk and confined solutions, likely due to the disruption of the hydrogen 
bond network caused by the electrolyte [52]. A similar trend was 
observed in 1H NMR spectra of LiNO3 in water, and attributed to the 
shrinking number of hydrogen bonds [53]. The gradual disruption of the 
hydrogen bond network upon increasing LiCl concentration was 
observed by X-ray diffraction, where an increase of the O-O distance in 
concentrated LiCl methanolic solutions was detected [24].

For all samples, the chemical shift of the hydroxyl protons, δ, varies 
linearly with temperature. Indeed, the variation of the chemical shift of 
hydrogen bonding protons with temperature reflects the increase of the 
H⋅⋅⋅O H-bond length upon heating, resulting in a less pronounced 
deshielding effect induced by the oxygen. The slopes |dδ/dT| decrease 
with increasing salt concentration in both bulk and confined solutions, 
as shown in Table 1, indicating a gradual disruption of the hydrogen 
bond network by the salt. Notably, the |dδ/dT| values in bulk solutions 
with salt concentrations ≤ 20% are slightly larger than those in confined 
solutions. However, at higher concentrations, no significant differences 
were observed, suggesting that the porous matrix contributes to 
hydrogen bond network disruption at low salt concentrations. At higher 
concentrations, the effect due to the matrix is negligible compared to 
that of the salt.

3.2. Methanol self-diffusion in bulk and confined solutions

Methanol self-diffusion in both confined and bulk solutions was 
investigated using HRMAS PFG NMR. The monoexponential attenuation 
of the signal as a function of the squared gradient strength suggests that, 
in all samples, methanol molecules experience an averaged environment 
due to fast exchange within the experimental diffusion time Δ (10–200 
ms). The fast exchange encompasses all the environments experienced 

Fig. 1. 1H HRMAS NMR spectra of the bulk methanolic solutions at the indicated LiCl concentrations at 25 ◦C at the spinning rate of 4 kHz. The spectrum of pure 
methanol is shown in the bottom trace. The left and right panels show expansions around the hydroxyl proton and the methyl protons, respectively.
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by a methanol molecule, namely: 1) being surrounded solely by other 
methanol molecules, 2) interacting with Li+, and 3) interacting with the 
silica surface, when present. As a result, an effective self-diffusion co
efficient D is measured, which accounts for self-diffusion of methanol 
molecules in all the three environments [54]. Fig. 3 shows the self- 
diffusion coefficient of methanol as a function of the inverse tempera
ture for confined and bulk solutions at different LiCl concentrations, as 
determined by HRMAS PFG NMR.

For the 30% bulk solution, an independent measurement of the self- 
diffusion coefficient was conducted using FFC NMR, confirming the 
values derived with HRMAS PFG NMR. The coefficients, reported in 
Fig. 3, were extracted from the data according to the method described 
in the Materials and methods section.

The presence of salt significantly reduces the self-diffusion coeffi
cient, with values differing by more than one order of magnitude be
tween pure methanol and the most concentrated solution, in both bulk 
and confined liquids. The porous matrix also slightly slows down 
methanol diffusion at all LiCl concentration, though this effect di
minishes as the salt concentration increases. At low salt concentrations, 
the reduced methanol diffusion in confined solutions, compared to bulk 

Fig. 2. 1H HRMAS NMR spectra of the confined methanolic solutions at the indicated LiCl concentrations at 25 ◦C at the spinning rate of 4 kHz. The spectrum of pure 
confined methanol is shown in the bottom trace. The left and right panels show expansions around the hydroxyl proton and the methyl protons, respectively.

Table 1 
Temperature dependence of the chemical shift of the hydroxyl proton, dδ/dT, for 
the investigated solutions.

LiCl concentration (wt%) dδ/dT (ppb/K, ± 0.3)

Bulk solutions Confined solutions

0 − 9.3 − 8.0
10 − 6.8 − 5.6
20 − 4.3 − 3.9
25 − 3.4 − 3.5
30 − 3.0 − 3.3

Fig. 3. Self-diffusion coefficient of methanol, D, as a function of the inverse 
temperature in the confined (filled symbols) and bulk (empty symbols) solu
tions at the indicated LiCl concentrations. All the coefficients were derived from 
1H HRMAS PFG NMR except for the data represented by the empty stars, which 
were extracted from the FFC NMR dispersions of the 30% bulk solution. The 
straight lines represent Arrhenius fits.
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solutions, is primarily due to the matrix. As the salt concentration in
creases, this difference decreases, with LiCl becoming the dominant 
factor in restricting methanol mobility rather than confinement effects 
imposed by the matrix. The modest slowdown in self-diffusion induced 
by the matrix suggests that, in confined solutions, D is influenced by 
rapidly diffusing methanol molecules located far from the surface [47]. 
This effect could be attributed to the relatively large pore size of the 
investigated silica gel. Indeed, significant effects on the dynamics of 
water confined in silica particles were observed for pore sizes smaller 
than 2 nm  [11,13].

For each sample, the temperature dependence of the self-diffusion 
coefficients was fitted to an Arrhenius law, enabling the determination 
of the activation energy of this motion (Eact). The fitted curves are shown 
in Fig. 3. The value of Eact derived for pure methanol agrees with that 
reported in ref. [55]. The dependence of Eact on LiCl concentration in 
both bulk and confined solutions is shown in Fig. 4. Eact increases with 
higher salt concentrations, with no significant differences between 
confined and bulk solutions at each concentration. This effect could be 
ascribed to the greater ion aggregation in more concentrated solutions, 
leading to higher coulombic frictions between ions, resulting in addi
tional viscous drag to any moving species, including the neutral meth
anol molecules. Similarly, electrolyte conductivity in non-aqueous 
solvents often follows a temperature dependence governed by the 
Arrhenius law, with activation energies varying significantly with con
centration, often in the tens of kJ/mole [56–60]. The similar Eact values 
found for bulk and confined solutions confirm that, in confined solu
tions, D is primarily dominated by the contribution of methanol mole
cules far from the surface. In this case, Eact value is expected to be similar 
to that measured in the bulk.

3.3. Dynamics of methanol close to the surface

FFC NMR was used to gain insight into the translational dynamics of 

confined methanol close to the surface. Fig. 5 compares the dispersion 
curves of the most concentrated bulk solution, recorded at 25 and 50 ◦C, 
with those of the confined solution at the same salt concentration. In the 
bulk solution, R1 is significantly lower than in the confined solution at 
the same temperature, indicating that R1 in the confined solution is 
primarily promoted by the dynamics of methanol molecules close to the 
surface. The bulk solution profiles remain relatively flat up to a Larmor 
frequency of 10 MHz at both temperatures, whereas in the confined 
solutions they exhibit a more pronounced frequency dependence. At 
about 10 MHz a peak appears in the dispersion curves of the confined 
solution. This feature resembles the high-frequency profile observed by 
Korb et al. in brine confined in rocks containing paramagnetic impu
rities, attributed to water molecules trapped in the ligand field of 
paramagnetic sites [49]. Similarly, in our sample, methanol molecules 
are likely to be trapped in the ligand field of paramagnetic impurities, 
which are commonly present in silica gel matrices [61]. Indeed, an 
amount of iron located at the silica surface equal to 15 ppm was found by 
ICP-OES for this silica gel.

Due to instrumental limitations, it was not possible to record the 
dispersions of pure methanol and for the bulk solution at the 10% salt 
concentration in the 25–50 ◦C temperature range, as the R1 values were 
too low (< 1 s− 1). However, in confinement, these two liquids exhibit 
significantly higher R1 values (Fig. 6 panels a,b), indicating that, for 
these samples as well, R1 is primarily influenced by the dynamics of 
methanol molecules close to the surface.

The dispersion curves of confined pure methanol, along with those of 
the confined solutions at the salt concentrations of 10% and 30%, are 
shown in Fig. 6 (panels a-c) in the temperature range of 25–60 ◦C. For all 
frequencies, R1 tends to increase with increasing salt concentration. The 
profiles of all the confined solutions exhibit a peak at about 10 MHz, 
attributed to paramagnetic impurities in the silica matrix, as described 
above.

For all the confined samples, R1 exhibits a linear dependence on the 
logarithm of the frequency at frequencies below 0.1 MHz, with a slope 
decreasing as the temperature increases (Fig. 6, panels d-f). This 
dependence was independently predicted for 2D translational diffusion 
and experimentally observed by Fries in planar fluids experiencing inter- 
molecular proton dipolar coupling [44], and by Korb [48,49] in 
confined liquids bearing protons subjected to dipolar coupling with 
paramagnetic impurities fixed at the surface of the pores. In both 
models, R1 is proportional to the product of the translational correlation 
time of a molecule experiencing a 2D translation, τtransl,2D, and the 
logarithm of the frequency (R1∝τtrasl,2Dlnν), according to eq (4), with the 

Fig. 4. Salt concentration dependence of the activation energies of methanol 
self-diffusion, Eact, in the confined (filled black squares) and bulk (empty red 
circles) solutions, derived from 1H HRMAS PFG NMR measurements, and of 2D 
translational diffusion, Eact,2D, in the confined solutions (filled black stars), 
derived from FFC experiments. The activation energy values were derived from 
Arrhenius fits of the data reported in Fig. 3 (Eact) and in Fig. 7 (Eact,2D). (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)

Fig. 5. Comparison between the 1H FFC NMR dispersion curves of the confined 
(filled symbols) and bulk (empty symbols) methanolic solutions at the salt 
concentration of 30% recorded at the indicated selected temperatures.
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proportionality constant A depending on the interaction with the 
surface.

In our case, we assumed that R1 is primarily governed by 2D trans
lational diffusion in the presence of paramagnetic impurities fixed at the 
matrix surface, following Korb’s model [48,49]. Based on ICP-OES 
analysis and the specific surface area of our silica, we estimated an 
average distance between iron ions at the surface of approximately 500 
Å. This distance is comparable to those observed in the glass beads 
studied by Korb [48]. From the linear fitting of the data below 0.1 MHz, 
the slope of R1 vs ln ν (i.e., A⋅τtransl,2D) was determined. Assuming that A 
does not depend on temperature, the slope is expected to reflect the 
temperature dependence of τtransl,2D (eq (5)). The logarithm of the 
extracted slopes follows a linear trend as a function of the inverse 
temperature (Fig. 7), consistent with an Arrhenius temperature depen
dence of τtransl,2D. The linear fittings of these data provided the activation 
energies associated with the 2D translational diffusion, Eact,2D, for the 
examined samples, within the adopted model. For confined methanol 
and for confined 10% and 30% solutions, the values of the activation 
energies are 6 ± 2 kJ/mol, 4 ± 2 kJ/mol, and 15 ± 3 kJ/mol, respec
tively. These values are significantly smaller than those associated to 
self-diffusion under confinement obtained from the analysis of HRMAS 
PFG NMR data at each salt concentration (Fig. 4). To notice, no signif
icant differences were observed between Eact,2D of confined methanol 
and of the confined 10% solution, indicating that the salt plays a minor 
role at low concentrations.

3.4. Lithium dynamics

To gain insight into the dynamics of Li+ within the pore space, we 
analyzed the confined solution with a 30% salt concentration using 7Li 
MAS NMR. 7Li spin–lattice relaxation rates were measured at a Larmor 
frequency of 194.37 MHz over a temperature range of 5–55 ◦C and 

compared with those of the corresponding bulk methanolic solution. In 
all cases, signal recovery to equilibrium was monoexponential. The 7Li 
spin–lattice relaxation rates, R1 = T1

-1, are plotted in Fig. 8 as a function 
of 1000/T. The curves exhibit well-defined maxima, occurring when a 
specific motional frequency of the species under investigation closely 
matches the Larmor frequency. The maximum appears at a slightly 

Fig. 6. Upper trace: 1H FFC NMR dispersion curves of the confined methanolic solutions at 0% (a), 10% (b) and 30% (c) salt concentrations in the temperature range 
25–60 ◦C. Lower trace: Linear fitting of R1 vs ln ν at the indicated temperatures at frequencies < 0.1 MHz for the confined methanolic solutions at 0% (d), 10% (e) and 
30% (f) salt concentrations.

Fig. 7. Values of A⋅τtrasl,2D as a function of 1000/T and their fitting to eq (5) for 
the confined methanolic solution at the indicated salt concentrations.
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higher temperature in confinement (~ 30 ◦C) than in the bulk (~ 18 ◦C), 
indicating that Li+ has lower mobility within the silica pores [62].

To determine the activation energy, 7Li spin lattice relaxation was 
assumed to be dominated by the quadrupolar interaction. Other in
teractions, such as 7Li-7Li homonuclear and 1H-7Li heteronuclear dipolar 
couplings, were considered negligible compared to the quadrupolar 
interaction, as found for LiCl in concentrated aqueous solutions [63].

Moreover, the Bloembergen-Purcell-Pound (BPP) model was adop
ted [64] and R1 was expressed according to equation (6): 

R1 = C

[
τc

1 + (ω0τc)
2 +

4τc

1 + (2ω0τc)
2

]

(6) 

where ω0 is 7Li Larmor frequency, τc the correlation time of Li+ and C is a 
measure of the strength of the quadrupolar interaction causing relaxa
tion. C is related to the quadrupolar constant e

2qQ
h and to the asymmetry 

parameter η by the equation C ≈

(
2π2

5

)(

1 +
η2

3

)(
e2qQ

h

)2 

[65]. The 7Li 

spin lattice relaxation rates were fitted assuming an Arrhenius temper
ature dependence of τc, according to the equation: 

τc = τ0exp[Eact/RT] (7) 

which introduces the activation energy, Eact, and the pre-exponential 
factor τ0. The best-fitting curves are shown in Fig. 8, and the corre
sponding best-fit parameters are reported in Table 2.

As anticipated, a common value for the activation energy was found 
for the two solutions, while a larger pre-exponential factor, τ0, was 
determined for the confined one. The confined solution is also charac
terized by a slightly larger C value, suggesting that the Li+ environment 
is somewhat more asymmetric under confinement than in the bulk.

Notably, the activation energy of Li+ motion is lower than that of 
methanol at the same salt concentration, as determined from the self- 
diffusion coefficients (see paragraph 3.2). The discrepancy suggests 
that Li+ and methanol motions are not coupled.

3.5. The silica matrix

To investigate the interaction between Li+ in the methanolic solution 
and the silica matrix, 29Si NMR experiments were carried out on silica 
loaded with the most concentrated solution and, for comparison, on 
silica loaded only with methanol.

29Si NMR is a valuable tool for identifying and quantifying silicon 
nuclei in different chemical environments. Specifically, the quantitative 
29Si DE MAS spectra of the two analyzed samples reveal signals of Q3 (Si 
(OH)(OSi)3), and Q4 (Si(OSi)4) sites at about − 101 and − 110 ppm, 
respectively. Their intensity remains largely unchanged between the 
two cases (Fig. 9 panel a, b). No additional signals were detected. The 
identical chemical shift of the Q3 signals in both samples suggests that no 
deprotonation of the silanol group occurs in the presence of LiCl, in 
contrast to what is observed for aqueous LiCl solutions at different pH 
levels confined within silica materials [13]. In fact, in the sample loaded 
with the concentrated solution, the chemical shift of Q3 silicon nuclei 
does not match the expected value for deprotonated Q3 (Si(O-)(OSi)3) 
sites, which appears around − 93 ppm for (Si(O-Li+)(OSi)3) in lithium 
silicate gels [66].

1H-29Si CP MAS experiments were also conducted to detect signals 
from silicon nuclei in rigid environments in close proximity to hydrogen 
nuclei. In this experiment, these signals are significantly enhanced 
compared to the 29Si DE experiment. The 1H-29Si CP MAS spectra 
recorded with a 8 ms contact time (Fig. 9c, d) show the same Q3 and Q4 

signals detected in the 29Si DE MAS spectra, though with different 
relative intensities. Additionally, a signal at − 92 ppm was observed in 
both cases, ascribable to Q2 (Si(OH)2(OSi)2) sites. No signals from 
deprotonated Q2 sites, which would appear at higher chemical shifts 
than their protonated counterparts [66], were detected. For both sam
ples, similar 1H-29Si CP MAS spectra were obtained by varying the 
contact time (data not shown), which also indicates no significant dif
ferences both in the structure and the dynamics of the silicon chemical 
environments. Therefore, for the confined solution with a 30% salt 
concentration, 29Si NMR provides no evidence for the formation of 
SiO-Li+ pairs. This finding is consistent with the small fraction of Li+

involved in SiO-Li+ bonds, as observed using the differential dissolution 
method on a silica gel-LiCl composite, where the relative silica/salt ratio 
is comparable to that of our sample [25].

Fig. 8. 7Li spin–lattice relaxation rates R1 as a function of reciprocal temper
ature in confined (filled black squares) and bulk (empty red circles) methanolic 
solutions with a LiCl concentration of 30%, measured at the Larmor frequency 
of 194.37 MHz. The solid lines represent the fitting curves obtained using eqs 
(6) and (7) with the parameters shown in Table 2. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.)

Table 2 
Best fit parameters obtained by fitting 7Li R1 as a function of the inverse temperature for the confined and bulk methanolic solutions characterized by the LiCl 
concentration of 30% using eqs (6) and (7).

sample τ0  

(ps)
Eact  

(kJ/mol)
C  

(s− 2)

(

1 +
η2

3

)1/2(e2qQ
h

)

(kHz)

confined solution 1.3 ± 0.5 15 ± 1 (2.4 ± 0.1) ⋅109 25
bulk solution 0.4 ± 0.1 17 ± 1 (1.7 ± 0.1)⋅109 21
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4. Discussion

HRMAS PFG NMR experiments enabled the determination of meth
anol self-diffusion coefficients in both bulk and confined methanolic 
solutions. Our data indicate that LiCl significantly reduces methanol 
self-diffusion, with activation energies increasing as LiCl concentration 
increases. The activation energy values likely represent the average 
energy required to the interactions between a methanol molecule and its 
surrounding chemical environment, comprising ions and other meth
anol molecules, before diffusion occurs. In the most diluted case (10% 
salt concentration, corresponding to a methanol/LiCl molar ratio of 
11.9), the number of methanol molecules is barely sufficient to saturate 
the ions solvation shells, leaving almost no free methanol molecules. In 
diluted solutions, each Li+ ion is coordinated by four methanol mole
cules, while 3–6.5 methanol molecules interact with each Cl- ion in the 
first coordination shells [67–71]. At the higher salt concentrations, the 
methanol population is insufficient to fully saturate the first ions coor
dination shells, leading to direct Li+–Cl- interactions. Charged solvated 
salt clusters form, exhibiting a strong tendency to aggregate [72,73]. 
The increase in activation energy with higher salt concentrations reflects 
a progressive change in the chemical environment surrounding meth
anol molecules, which experience increasingly stronger interactions 
with ions.

For confined methanolic solutions, HRMAS PFG NMR experiments 
provided effective self-diffusion coefficients, reflecting the averaged 

diffusion behavior of methanol molecules both near and far from the 
silica surface. A comparison with bulk solution data reveals that meth
anol diffusion near the silica surface is slower than further away, as 
indicated by the lower self-diffusion coefficients under confinement 
(Fig. 3). On the other hand, by assuming that 1H FFC NMR dispersions at 
low frequencies are primarily governed by 2D translational diffusion in 
the presence of paramagnetic impurities fixed at the matrix surface, we 
derived the activation energy for self-diffusion of methanol molecules 
close to the surface, Eact,2D. These values are lower than those exhibited 
by methanol in the bulk, Eact,bulk, at the corresponding salt concentration 
(Fig. 4). Overall, the diffusion of methanol molecules near the surface is 
slower and characterized by a lower activation energy compared to that 
in the bulk.

The Eact,2D values are expected to be affected by the binding of a 
methanol molecule to the silica surface. Since Eact,2D values are lower 
than Eact,bulk, one can state that the average strength of the binding of a 
methanol molecule to the other species in the bulk is larger than that to 
the silica surface.

Further insight into the role of the silica surface can be gained 
considering the slowing down of diffusion of the molecules near the 
surface compared to those in the bulk, and the relative values of the 
activation energies Eact,bulk and Eact,2D. If the diffusional process is 
modeled analogously to the rate of a chemical reaction within the Eyr
ing’s theory [54], as derived in the Supporting Information, the differ
ence between the entropy content of the methanol molecules in the 
transition state and of the methanol molecules in the equilibrium state 
before a diffusional step is smaller for the molecules close to the surface 
rather than for those further away. In other words, when diffusion oc
curs close to the silica, the presence of the surface reduces the number of 
possible configurations of the transition state of a diffusing methanol 
molecule and makes it more similar to the equilibrium state. This sim
ilarity slows down self-diffusion. On the contrary, when diffusion occurs 
in the bulk, the difference between the two states in terms of possible 
configurations is much larger and therefore self-diffusion is accelerated.

Furthermore, 7Li NMR was used to probe Li+ dynamics in the 30% 
LiCl solution. The activation energy for Li+ reorientation was lower than 
that of methanol self-diffusion, suggesting that the ion dynamics is 
decoupled from methanol self-diffusion. 29Si NMR experiments were 
also conducted to assess the formation of SiO-Li+ pairs. The absence of 
these pairs suggests that Li+ segregation phenomena within the pore 
space do not occur. Segregation was excluded also considering the 
temperature dependence of the chemical shift of the hydroxyl proton. In 
fact, the coincidence, within the experimental error, of the values of the 
chemical shift temperature dependence for the bulk and confined solu
tions at salt concentrations larger than 20% suggests that the hydrogen 
bond network is not significantly altered by the presence of the matrix, 
pointing to the absence of segregation effects.

5. Conclusions

A combination of NMR techniques was employed to characterize the 
structure and dynamics of LiCl methanolic solutions, both in bulk and 
under the confinement within a mesoporous silica gel. Various highly 
concentrated LiCl solutions were examined. Methanol self-diffusion was 
investigated using both 1H HRMAS PFG NMR spectroscopy and FFC 
NMR relaxometry, enabling the distinction between the diffusion of 
molecules far from and close to the surface, respectively. The most 
interesting result of these experiments is that, within the adopted model, 
the activation energy associated to self-diffusion of molecules close to 
the surface is lower than in the bulk, and that the surface slows down 
self-diffusion, likely due to an entropic effect. This was observed across 
all salt concentrations investigated. As experimental evidence for this 
effect is difficult to obtain, our results are particularly significant.

Additional evidence from 29Si NMR and from the temperature 
dependence of the chemical shift of the hydroxyl proton monitored by 
1H HRMAS NMR further support the absence of segregation phenomena 

Fig. 9. 29Si DE MAS spectra (a, b) and 1H-29Si CP MAS spectra acquired with a 
contact time of 8 ms (c, d) of silica loaded with methanol (a, c) and 30% LiCl 
methanolic solution (b, d). All spectra were recorded at 298 K at the spinning 
rate of 8 kHz.
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in the most concentrated solution.
From a methodological perspective, the combination of 1H HRMAS 

PFG NMR spectroscopy and FFC NMR relaxometry proved highly 
effective in elucidating fine motional details.

Given the growing scientific interest in studying highly concentrated 
electrolyte solutions through computational modeling, the self-diffusion 
coefficients of bulk methanolic solutions at different LiCl concentrations 
measured in this study provide valuable benchmarks for testing theo
retical models in the physics of electrolyte solutions. Surprisingly, these 
coefficients have not been previously reported in the literature. The 
measured self-diffusion coefficients are highly relevant to adsorption 
cooling technology, as they can aid in modeling the sorption kinetics of 
methanol on silica/LiCl composites under specific operational condi
tions. Future studies on methanol self-diffusion at varying loading levels 
within the porous matrix could provide further insights into sorption 
kinetics under different conditions.
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