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ABSTRACT: For the majority of the water present on earth, the two most important
factors influencing its behavior are confinement, in either inorganic or organic matrixes,
and the presence of solutes. Here, we investigate the effect of confinement in 3 nm pores
on water diffusivity in aqueous solutions with archetypical solutes, a structure making
(kosmotrope) NaCl and a structure breaking (chaotrope) KCl, up to 1.0 M in
concentration. The water diffusivity in bulk aqueous solutions in such a concentration
range is known to decrease very slightly in the presence of NaCl and increase very slightly
in the presence of KCl. However, here we observe the water diffusivity in confined H2O−
KCl increases by a factor of 2 compared to the pure water diffusivity in the same
confinement. This unusually strong cumulative effect of confinement and a structure
breaking additive may have profound implications for the mobility and transport of
aqueous species in nature.

As a ubiquitous and versatile solvent, water is often found
in solutions and confined environments. Physico-

chemical properties of water in bulk, confined in various
media, or in solutions are dramatically different.1−3 These
properties are critical for the performance of materials in
applications, such as energy storage in electrical double-layer
capacitors,4−6 as well as for the ion transport in biological7,8

and synthetic membranes.9−12 Ion transport and electro-
chemical activities in energy storage devices are closely related
to the structure and dynamics of confined hydrated ions. The
strength and the number of molecules in a hydration shell,
which is an envelope of water molecules formed around an ion
during solvation, depends on the nature of the solvated
ions.13,14 It has been well demonstrated that the size of ions
together with the electron densities on the surface of ions
control the ion−water interactions, thereby impacting the
mobility of water molecules.15,16 Even in the absence of ions,
water in confinement exhibits substantially varied character-
istics, depending on the shape, size, and surfaces of the
confining matrixes.17,18 When water is confined together with
metal ions, the structure and dynamics of water are impacted
by not only the nature of metal ions but also the morphology
of the confining media.19−21

The mobility of water in different aqueous salt solutions has
been a target of many investigations to explore the microscopic
dynamics, as well as to relate them to various technological and
biological processes. In particular, the behavior of two alkali
metal ions, Na+ and K+, in their aqueous solutions has been
studied extensively by both experiments and simulations.13,22,23

These studies revealed formation of a relatively tight hydration
shell by the Na+ ion compared to the K+ ion, which are
classified as kosmotrope (structure making) and chaotrope

(structure breaking), respectively. Furthermore, the existence
of the second hydration shell around these ions has also been
confirmed.24,25 The structure of those hydration shells
determines the viscosity of aqueous salt solutions26,27 and
impacts the water diffusivity. Using the quasi-elastic neutron
scattering (QENS) technique, Ishai et al.28 studied the
dynamics of water in aqueous solutions of NaCl and KCl.
They observed a slowing down of water mobility in NaCl
solution, but an enhancement in the diffusivity of water in KCl
solution. There was a strong concentration effect on the
diffusion coefficient of water in NaCl solution, but only a weak
effect, to a certain concentration range, in KCl solution. Those
observations were rationalized on the basis of the structure
making and structure breaking nature of Na+ and K+ ions with
water molecules. It was concluded that the structure making
effect is cumulative and, therefore, a function of concentration.
In contrast, the structure breaking effect is not cumulative,
hence almost the concentration-independent diffusion coef-
ficient of water in KCl solutions. The dynamics of water in
aqueous salt solutions in confinement has also been studied
using QENS. Mamontov et al.29 explored the dynamics of
water in the aqueous solution of LiCl and CaCl2 confined in
silica matrixes of different pore sizes. They reported a bulk
water-like behavior in the aqueous solutions confined in larger

Received: February 9, 2021
Accepted: April 12, 2021

Letterpubs.acs.org/JPCL

© XXXX American Chemical Society
4038

https://doi.org/10.1021/acs.jpclett.1c00461
J. Phys. Chem. Lett. 2021, 12, 4038−4044

D
ow

nl
oa

de
d 

vi
a 

O
A

K
 R

ID
G

E
 N

A
T

L
 L

A
B

O
R

A
T

O
R

Y
 o

n 
A

pr
il 

21
, 2

02
1 

at
 1

7:
57

:5
0 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Naresh+C.+Osti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bishnu+Prasad+Thapaliya"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sheng+Dai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Madhusudan+Tyagi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eugene+Mamontov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpclett.1c00461&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c00461?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c00461?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c00461?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c00461?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c00461?fig=tgr1&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpclett.1c00461?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org/JPCL?ref=pdf


pores. However, a clear impact of confinement was observed in
smaller pores. Furthermore, they reported a significant
reduction of water mobility in the aqueous solution of CaCl2
in confinement due to a combined effect of confinement and
higher charge density of calcium ion compared to lithium ion.
Recently, Baum et al.30 investigated the dynamics of water
molecules in aqueous solutions of three different chloride salts
comprising three kosmotropic ions (Ba2+, Ca2+, and Mg2+) in
mesoporous silica of variable pore sizes using QENS. Along
with other observations, they found an optimum pore size of
the matrixes and a concentration of those salts at which the
dynamics of water molecules is independent of the salt
concentration but depends only on the pore size. Even though
there are studies on the structure and dynamics of water of
aqueous salt solutions in bulk28 and in confinement,20,29−32 a
straight comparison of the dynamics of water in aqueous
solutions with distinctively chaotropic and distinctively
kosmotropic ions in confinement has never been attempted
(e.g., all the cations studied in refs 30−32 were, to varying
degree, kosmotropic). Here we explore the dynamics of water
in aqueous solutions of NaCl and KCl of various
concentrations confined in MCM41 mesoporous silica. As a
reference, we have also made a comparison with pure water
confined in MCM41 by employing different sample hydration
procedures. We find that the mobility of water in the confined
aqueous solution is significantly reduced compared to the
values reported for the bulk aqueous solutions.28 The
concentration dependent diffusivity of the water in aqueous
solution of NaCl follows an opposite trend compared to their
bulk solutions28 due to phase separation. Most remarkably, the
diffusion coefficient of water is almost twice as large in
confined KCl solution than in pure water and NaCl solution in
the same confinement, showing the much-enhanced impact of
the structure breaking vs structure making properties in
confinement compared to that in the bulk state.
Accurate depiction of the aqueous system in confinement

critically depends on the characterization of the confining
matrix. Brunauer−Emmett−Teller (BET) derived surface area
(Figure S1a) and the pore volume of the dry MCM41 are
698.1 and 0.535 cm3 g−1, respectively. Pore-size distribution
(Figure S1b) obtained by using density functional theory
indicates the presence of both micro- and mesopores in the dry
MCM41, with a majority of pores of ca. 3 nm (Figure S1b,
inset) in size. Dry MCM41 samples (Table T1 in the
Supporting Information) treated with pure and aqueous salt
solutions (see the Supporting Information for sample
preparation details) were characterized by TGA, which
shows a variable amount of weight loss. The amount of

water within the pores in relation to the porous volume of the
MCM41_dry is presented in the Supporting Information
(Table T2). Note that the TGA measurements were carried
out up to 200 °C under ambient air, which could not remove
all the confined water. Therefore, we calculated the volume of
the pores occupied based on the weight difference between the
wet (samples listed in Table T1 of the Supporting
Information) and the corresponding dry MCM41 samples
before loading. TGA curves (Figure 1a) show that MCM41-
ambient loses less than 1% mass. The highest weight loss is
from the MCM41_saturated sample. The rest of the samples
exhibit roughly the same amount (2−3 wt %) of weight loss.
The weight loss obtained from TGA correlates with the
amount of water present in those samples, which was further
confirmed from the elastic neutron scattering measurements
(details in the Supporting Information). As presented in Figure
1b, the elastic intensity at 20 K from MCM41_saturated
sample is the highest among them. This indicates that
MCM41_saturated, as already seen from the TGA curve,
holds a higher amount of water. Similarly, the elastic intensity
at 20 K from the MCM41-ambient is the lowest, indicating
only traces of water. The elastic intensities at 20 K from other
samples lay between the intensities from the MCM41_satu-
rated and the MCM41_ambient samples and are remarkably
close among the three similarly prepared samples of primary
interest, indicating practically the same amount of water in
them.
Besides the MCM41_ambient, all other samples show a

decrease in the elastic intensities in the temperature range of
200−250 K, demonstrating the onset of the measurable
diffusion of water molecules in them. Such temperature
dependences are evident both on heating and cooling curves
(Figures S2). The presence of a minimal amount of water in
the MCM41_ambient sample gives rise to a tiny step in the
elastic scan. The sharp drop in the elastic intensity in
MCM41_saturated around 230 K is due to the increased
mobility of water in confinement. Since the amount of water
present in this sample is significantly higher than other
samples, the transition looks more pronounced. A similar type
of transition in elastic intensity scans has been observed for
water confined in MCM41.29 Other samples also show the
transition but very gradually. Studies of various confined water
systems have proven such transition of confined water
predominantly depends on the size of confinement.33,34

Since the matrix is the same, the differences in the elastic
intensities among MCM41_saturated, MCM41_ambient, and
MCM41+H2O samples can be related to the amount of water
present inside the samples. However, effects on MCM41_0.5

Figure 1. (a) Thermogravimetric analysis curves showing changes in weight of the samples on increasing the temperature. (b) Elastic neutron
scattering intensities as a function of temperature
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M_NaCl and MCM41_0.5 M_KCl can be attributed primarily
to the presence of Na+ and K+ ions, given a similar amount of
water in these three samples.
MCM41 with confined aqueous salt solutions exhibit similar

elastic scan patterns collected on heating except for the
presence of a kink around 265 K in aqueous NaCl solutions at
both concentrations (Figure S3-I). This bend on the elastic
scan can be attributed to a possible phase separation of the
aqueous solution of NaCl, likely due to the formation of
dihydrate salt,35 in confinement. A similar nature of the kink
observed in the elastic scan of aqueous CaCl2 confined in
MCM41 was assigned for a phase transition in a phase-
separated system.29

QENS measurements were performed to probe the diffusion
dynamics of water molecules in pure and aqueous salt solutions
confined in MCM41. QENS signal predominantly depends on
the incoherent neutron scattering cross section of an atom.36

Since hydrogen has the highest incoherent scattering cross-
section, the QENS spectra in our measurements predom-
inantly represent the mobility of water molecules. Figure 2a
shows an imaginary part of dynamic susceptibility, χ ′′ Q E( , ),
o b t a i n ed f r om th e mea s u r e d QENS da t a a s

χ ′′ = +Q E( , ) I Q E
n E

( , )
( ) 1Bose

, where n E( )Bose is Bose population

factor and is given by −
−

( )( )exp 1E
k T

1

B
. Note that maxima of

the dynamic susceptibility correspond to the energy (time)

scale of the relaxation processes, and the number of such
visible peaks identifies the number of different dynamic
processes measurable in the system.37 The dynamic
susceptibilities show a single broad peak with different peak
maxima in all the samples except in MCM41_ambient, where
the peak is not well-defined. However, all the spectra could be
fitted with a single Lorentzian function. The QENS spectra
together with the model fit (see the Supporting Information
for details) are presented in Figure 2b. There is a noticeable
shift of the peak position of the susceptibility curves (Figure
2a) to the higher energy transfer in the MCM41_0.5 M_KCl.
Half-width at half-maxima (HWHM) of the S(Q,E) spectra

obtained from the model fit (see the Supporting Information
for detail) shows a strong Q-dependence (Figure 3a,b)
suggesting a long-range translational diffusion process of
water molecules in those samples. A linear fit of HWHMs
with Q2 provided the diffusion coefficients (see the Supporting
Information for details) of water molecules. As suggested from
the elastic scan and TGA, the diffusivity of water in the
MCM41_ambient sample is very small, 0.79 ± 0.00 × 10−10

m2 s−1, compared to 8.58 ± 0.05 × 10−10 m2 s−1 obtained for
the MCM41_saturated sample. It is well recognized that the
hydration level of pores significantly affects the translational
diffusion coefficient in confined water.17,38,39 The lower value
of diffusivity in the MCM41_abmient sample is due to the very
minimal amount of water present in this sample, where most of
the water molecules are attached to, or influenced by, the wall.
Therefore, QENS analysis shows a higher value (Figure S5) of

Figure 2. Dynamic susceptibility curves (a) generated from the corresponding QENS data (b) at Q = 0.5 A−1, and T = 285 K. The vertical lines on
the curves in the figure correspond to the peak’s maxima. Solid lines in (b) are the fits obtained using the model function described in the text.

Figure 3. (a) Dependence of HWHM of the QENS spectra with the square of the momentum transfer illustrating a linear relationship. (b) shows
an impact of concentration on the HWHM.
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elastic incoherent scattering factor (EISF) and a lower value of
the diffusion coefficient. On the other hand, MCM41_satu-
rated sample hydrated to the highest level shows a lower value
of EISF but a higher diffusion coefficient due to an impact of
hydration on the translational diffusivity of water molecules.
Even though the amounts of water in MCM41+H2O,
MCM41_0.5M_NaCl, and MCM41+0.5M_KCl are almost
the same, as evidenced by Figure 1, EISF from MCM41+H2O
is the highest among them, meaning that most of the water
molecules in this sample are influenced by the pore wall.
However, the EISFs from MCM41_0.5M_NaCl and
MCM4+0.5M_KCl are roughly the same, but the diffusion
coefficient is 2 times higher in confined 0.5 M KCl salt
solution. This observation illustrates that, with all other
parameters virtually identical, the structure breaking character-
istics of K+ ion disturb the hydrogen bonding network of the
confined water molecules significantly, which results in
substantially increased water diffusivity. The much-increased
diffusivity value is corroborated by the position of the
susceptibility peak (right shift of the peak position as indicated
by a solid line in Figure 2a), proving that the effect is model-
independent. The tendency of Na+ ion to form a tight
hydration shell around it lowers the average diffusivity value of
water in confinement to 4.29 ± 0.01 × 10−10 m2 s−1.
The effect of concentration on the dynamics of water in both

confined salt solutions is reflected in both elastic and QENS
spectra (see the Supporting Information, Figures S3 and S4).
HWHM and the diffusivity of water in confined aqueous salt
solutions extracted after the analysis are presented in Figures
3b and 4, respectively. The diffusion coefficients as a function

of concentration (Figure 4) were obtained from the linear
dependence of HWHM with Q2 (Figure 3b). Similar to the
bulk aqueous salt solutions (Figure 4), there is an increase in
the average diffusion coefficient of water for KCl and a
decrease in the diffusion coefficient for NaCl solution at a
concentration of 0.5 M. Likewise, a small increase in the
diffusivity in the presence of KCl has also been observed in the
aqueous 1-propanal solution.40 At 1 M concentration, the
diffusion coefficient for the KCl solution is still higher
compared to the diffusivity at zero salt concertation, but
lower than the value obtained in 0.5 M solution. This slight
decrease in the average diffusion coefficient could be a limiting

case because of an absence of contact pair (between K+ and
Cl−) and hydration shell formation by K+ ion in the solution at
a higher concentration. This observation is consistent with the
leveling off of the diffusion coefficient values at higher
concentrations reported for bulk KCl solutions.28 However,
there is roughly a 2-fold increase, as indicated from the ratio of
diffusivities from bulk aqueous and confined aqueous solutions
to the corresponding diffusivities values at zero salt
concentration (inset in Figure 4), in the diffusivity of water
molecules in the confined KCl solution compared to the bulk
solution, which we attribute to the cumulative effect of
confinement and the water-structure breaking nature of the K+

ion. Interestingly, contrary to the observations made for the
bulk NaCl solutions as a function of concentration, we found
an increase in the diffusivity of water molecules in the confined
1 M NaCl solution. In general, an increase in the concentration
of a kosmotropic ion results in more water molecules in its
hydration shell that lowers the average diffusion coefficient of
the water molecules. However, we believe that this general
mechanism of the water structure making process does not
take place in the confined 1 M NaCl solution. Elastic intensity
scans (Figure 1b and Figure S2-IV) of 0.5 and 1 M NaCl
solutions in confinement show a clear indication of phase
separation. An increase in the average diffusivity of water in
confined 1 M NaCl solution can be attributed to this phase
separation. Not only at the higher concentration but also at a
concentration of 0.5 M is the decrease in the diffusivity value
small compared to the trend reported for the bulk solutions.
This means that, when aqueous NaCl solutions are confined,
their structure making property is somehow compromised in
MCM41, and therefore, an opposite trend compared to bulk
on diffusivity is observed. To understand the behavior of the
aqueous solution of NaCl in confinement and investigate the
observed phase transition and the underlying physics of Na+

ions and water molecules’ interaction with the wall of the
confined matrix, a thorough study in future is required.
However, some questions regarding the origin of the unusual

behavior of confined water in the presence of KCl can be
addressed on the basis of the discussion by Baum et al.30

Specifically, we contend that the large increase in the water
diffusivity cannot be explained singularly from the chaotropic
influence of the potassium ions, but must be largely due to the
influence of the interfacial layer near the pore walls. This is
evident from examination of the concentration dependence of
water diffusivity in bulk KCl solutions,24 where the increase in
the diffusivity compared to pure water, evident within the
limited concentration range, always remains small. That is, no
matter what the concentration of KCl solution in the middle of
the pore is, it cannot be responsible for the observed nearly 2-
fold increase in the confined water diffusivity. According to
Baum et al.,30 the pore size of 3.0 nm with Mg2+, Ca2+, and
Ba2+ in our concentration range would represent a borderline
case between the larger pores, where the dominant effect on
the confined water dynamics would be predominantly due to
the kosmotropic/chaotropic character of the ions, and the
smaller pores, where the confinement itself would exert the
major influence on the water dynamics. In our case, with Na+

ions, similar consideration should apply, as the hydration shell
size for kosmotropic Na+ ions is only slightly larger compared
to those for Mg2+, Ca2+, and Ba2+. On the other hand, despite
its nominally larger hydration shell, chaotropic K+ can readily
shed it, e.g., when it goes through the narrow biomembrane
potassium channels.41 This situation of a small enthalpic

Figure 4. Impact of concentration on diffusivities where water
diffusivities in bulk aqueous solutions extracted from the Ishai et al.28

paper are also shown. The inset in the figure represents the ratio of
diffusivities from bulk aqueous and confined aqueous solutions to the
corresponding diffusivity values at zero salt concentration. The error
bars in the figure are within the symbols.
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penalty for shedding the hydration shell is equally applicable to
the potassium adsorptions on the pore walls. Without its
hydration shell, the size of the K+ cation is rather small. That is,
the solution in the middle of the pores effectively experiences
weaker confinement than a solution in the similar pores, but
with ions adsorbed on the walls with their hydration shell. At a
first glance, this makes the situation with K+ adsorbed in the
interfacial layer qualitatively similar to that encountered in the
pores larger than the borderline value of 2.9 nm,30 where the
ions in the solution in the middle of the pore, not the
confinement, would have the dominant influence on the water
diffusivity. Yet, as we have mentioned above, there is simply no
concentration of KCl that could have increased the water
diffusivity by nearly a factor of 2. This suggests that the
observed increase in the water diffusivity is more akin to
lubrication by the interfacial layer and has no analogy with the
previously studied kosmotropic ions that cannot “lubricate” the
solution in the middle of the pores because they retain their
hydration shells upon adsorption on the pore walls. Because
the interfacial layer is represented mostly by the ions, there is
only a limited contribution of the few “slow” water molecules
in the interfacial layer to the overall measured diffusivity. The
measured diffusivity thus reflects the motion of most of the
water molecules in the pores, which is unusually fast, facilitated
not so much by the potassium ions in the solution but by the
potassium ions adsorbed on the pore walls.
In summary, we investigated the dynamics of water in

aqueous solutions of chaotropic and kosmotropic ions
confined in MCM41 using elastic and quasielastic neutron
scattering. There is a significant reduction of the averaged
diffusion coefficient of water of aqueous salts solutions in
confinement compared to that in the bulk solutions. Even in
confinement, we found an increase in mobility of water in KCl
solution and a decrease in NaCl solution, qualitatively similar
to the behavior of the bulk aqueous solutions. This observation
suggests that the structure making and breaking properties of
Na+ and K+ ions still manifest themselves in confinement. On
increasing the concentration of aqueous NaCl in confinement,
we found an increase in the diffusion coefficient of water. This
behavior is opposite to the trend observed for the bulk NaCl
solutions, which we attribute to the phase transition seen in the
elastic scans. Most remarkably, the KCl solutions experience a
cumulative impact of the confinement and the presence of K+

ions, resulting in a 2-fold increase in water diffusivity compared
to pure water, or water with Na+, in the same confinement.
Such a large increase in the water diffusivity, evident in the
model-independent raw experimental data, should have
important transport implications through the ion channels in
biological membranes.

■ METHODS
Thermogravimetric analysis (TGA) was carried out on a TGA
Q50 analyzer under nitrogen flow. Brunauer−Emmett−Teller
(BET) method was used to calculate the surface area. Pore-size
distribution was analyzed using density functional theory.
High−flux backscattering spectrometer (HFBS)42 at the

National Institute of Standards and Technology (NIST)
Center for Neutron Research was used to carry out
measurements of the elastically scattered neutron intensity
by operating the instrument in fixed-window mode. Elastically
scattered neutron intensity from 0.5 mm thick samples of
∼0.35 g in flat plate aluminum holder was collected as a
function of temperature on heating. Elastic intensity from each

detector in the range of 0.25 Å−1 to 1.75 Å−1 was added to
obtain the total intensity using DAVE43 analysis software.
QENS measurements were carried out at the Oak Ridge

National Laboratory, Spallation Neutron Source using Back-
scattering Silicon Spectrometer (BASIS).44 BASIS provides a
fine resolution of 3.7 μeV (full width at half-maximum) in the
standard instrument configuration. In this configuration, an
energy transfer range of ±100 μeV and a Q (momentum
transfer vector) range of 0.2−2.0 Å−1 is accessed by using a
bandwidth of incoming neutrons centered at 6.4 Å. QENS data
were collected at 20 K (for the sample-specific instrument
resolution) and 285 K. Data were reduced using MantidPlot45

and analyzed by QClimax46 software. Temperatures at both
the instruments were controlled by closed-cycle refrigerators.
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