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ABSTRACT: The transport of hydrated ions across nanochannels is central to In situ o

biological systems and membrane-based applications, yet little is known about their & HudToRSMS o 4
hydrated structure during transport due to the absence of in situ characterization By et o
techniques. Herein, we report experimentally resolved ion dehydration during N -
transmembrane transport using modified in situ liquid ToF-SIMS in combination - —t ¥

with MD simulations for a mechanistic reasoning. Notably, complete dehydration /5,/ ” B

was not necessary for transport to occur across membranes with sub-nanometer

pores. Partial shedding of water molecules from ion solvation shells, observed as a > . - - g teg ool
decrease in the average hydration number, allowed the alkali-metal ions studied here & oy \ <4 ., - o
(lithium, sodium, and potassium) to permeate membranes with pores smaller than = .. s % o .o'.';;
their solvated size. We find that ions generally cannot hold more than two water G_é. A & Sk L -
molecules during this sterically limited transport. In nanopores larger than the size of o Mobiltes " enyaration  Electrostatic Atraction

the solvation shell, we show that ionic mobility governs the ion hydration number

distribution. Viscous effects, such as interactions with carboxyl groups inside the

membrane, preferentially hinder the transport of the mono- and dihydrates. Our novel technique for studying ion solvation in situ
represents a significant technological leap for the nanofluidics field and may enable important advances in ion separation, biosensing,
and battery applications.

B INTRODUCTION lations suggest that ion dehydration is central to transport
across single-digit and sub-nanometer pores and that it can be
affected by the size, shape, and binding energy of the solvation
shell.*'"'” However, in situ experimental investigations have
thus far eluded researchers. Improving our understanding of
these nanofluidic transport mechanisms holds substantial
scientific value and would enable improved designs for
processes related to ion separation, clean energy conversion,
and biomedicines.””™** In the case of ion separation,
developing membranes with nanopores tailored to match the
ion solvation structure could significantly enhance ion—ion
selectivity and lead to increased energy and process
efficiencies.">** Elucidating the dynamic structural trans-
formation of hydrated ions during nanoconfined transport is
therefore paramount for achieving these desired molecular-
level designs.

Due to spatial and temporal limitations, conventional
experimental techniques using infrared (IR),”* nuclear

The transport of hydrated ions through nanochannels is
ubiquitous in nature as well as in many industrial and
biomedical applications.'~* Due to magnified interactions with
pore walls under extreme confinement,™® the phenomeno-
logical behavior and properties of confined ions deviate from
those of their bulk solution state. Biological""’ and
artificial”*~'* nanochannels capable of ultraprecise sensing
and ion separation frequently exploit this phenomenon by
balancing the energetic penalties and compensation associated
with ion—pore interactions for target species.” Ion dehy-
dration and viscous effects are two prominent mechanisms that
often contribute to an ion’s energy barrier,"*'* which has
recently been shown in simulations on graphene nano-
channels.">'¢ In brief, energetically unfavorable shedding and
rearrangement of an ion’s solvation shell—termed dehydra-
tion—must occur for the ion to access a confined space. Once
inside, viscous effects arising from attractive or repulsive
interactions between the ion and functional groups decorating
the pore wall can subsequently increase or offset the energetic Received: June 3, 2021
penalties incurred from dehydration,'”"® consequently hinder- Published: August 25, 2021
ing or promoting the diffusion inside the pore.

Despite the prominence of this transport process, there
remains much to be discovered about the mechanisms of ion
transport under confinement. Numerous theoretical simu-
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Figure 1. In situ discrimination of hy distribution during transmembrane ion transport. (a) Schematic illustration of the in situ liquid ToF-SIMS
analysis combined with a microfluidic nanofiltration platform. (b) Dynamic ToF-SIMS depth profiling of Si*, (H,O)H*, (H,0)Na*, and
C,N,0OHg". The SiN, film was punched through around 375 s, allowing NaCl to permeate the polyamide membrane. The data were collected from
filtration of 1 mM NaCl at pH 6.5 by an NF90 membrane. The dashed line in the center represents the time scales of data acquisition. (c)
Reconstructed 2D chemical images of Si*, (H,0)H*, (H,0)Na*, and C,N,OH," before and after perforation of the SiN, film. A lighter color
represents a stronger signal intensity. The dotted circle represents the region of interest (ROI) of mass spectrum signals selected for an hy

distribution analysis.

magnetic resonance (NMR),” X-ray diffraction (XRD),**
vibrational sum frequency spectroscopy (VSFS),”” and
extended X-ray absorption fine structure (EXAFS)*® lack the
ability to provide dynamic and instantaneous information
regarding an ion’s solvated structure during confined transport.
Consequently, there is sparse experimental data supporting our
present understanding of confinement effects on ion
dehydration. Time-of-flight secondary ion mass spectrometry
(ToF-SIMS) is a highly sensitive mass-spectrometric technique
for surface/interface analysis with high spatial resolution that
offers a potential solution.”” > Recently, in situ liquid ToF-
SIMS was developed by combining ToF-SIMS with novel
microfluidic chip designs as a soft-ionization technique to
realize operando discrimination of various ion—solvent
interactions and properties, including ion solvation numbers
(hy) in aqueous and nonaqueous solutions.*"****

Herein, we report a systematic study of confinement-
induced ion dehydration and transport by leveraging a
modified in situ liquid ToF-SIMS microfluidic filtration
platform. Our microfluidic apparatus is tailored for analyzing
ion dehydration and transport in polyamide-based nano-
filtration membranes with sub-nanometer pores. We assess
how physicochemical properties influence the dehydration and
viscous effects during monovalent cation transport by studying

the distribution of h;* in polyamide membranes of various pore
sizes and chemical functionalities. We observe confinement-
induced partial dehydration of the ion solvation shells during
the transport of lithium, sodium, and potassium ions. In
nanopores larger than the size of the solvation shell, we find
that ionic mobility has an outsized effect on the distribution of
hy. Viscous effects, such as interactions with carboxyl groups
within the membrane pore channel, are found to hinder
transport of the partially hydrated ions. Our novel
experimental technique for studying in situ ion solvation
represents a significant technological advance that will enable
researchers to elucidate mechanisms underlying confined ion
transport. Such an advancement could have significant
implications for applications that commonly exploit confined
transport, such as desalination, biosensing, and battery storage.

B RESULTS AND DISCUSSION

Dehydration of Sodium lons during Transmembrane
Transport. We fabricated a microfluidic filtration platform for
an in situ ToF-SIMS analysis (see the Experimental Section),
where a polyamide membrane was sealed between an
electrolyte solution and a SiN, film with epoxy glue. The
membrane was exposed to an electrolyte feed solution via
injection into a polydimethylsiloxane (PDMS) reservoir prior
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to punching the SiN,, film with a pulsed Bi;" primary ion beam.
Water and ion transport were driven across the membrane by
pulling an ultrahigh vacuum at the membrane surface,
consequently exposing the Bi;* beam to a stable liquid—
vacuum interface confined within an ~2 pym detection area
(Figure S1). The experimental design is illustrated in Figure
la. Secondary ions produced by bombarding the permeate
with Bi;* were available for instantaneous mass spectrum
analysis.

The dramatic decrease in the Si* signal intensity indicates
that the SiN, film was completely punched through after ~375
s of Biy* exposure (Figure 1b). Simultaneous increases in the
(H,O)Na* and (H,O)H" signals, corresponding to hydrated
sodium and protonated water clusters, respectively, further
support successful perforation of the SiN, film at this time
stamp. No obvious signals from peaks characteristic of the
polyamide membrane (C,N,OH4")*>* were observed during
the ToF-SIMS analysis, suggesting that the polyamide
membrane maintained its structural integrity during the sample
measurement (more details of the dynamic depth profile can
be found in Figure S2). Reconstructed chemical mapping of
the in situ detection area (Figure lc; details are given in the
Supporting Information) reveals the nanometer-scale spatial
resolution of ToF-SIMS. Moreover, reconstructed chemical
mapping before and after perforation of the SiN, film (Figure
1c) match the transitions in signals observed in the dynamic
depth profiling (Figure 1b). These results indicate that in situ
liquid ToF-SIMS can be used during the nanofiltration
operation to attain instantaneous mass information on the
permeate.

By normalizing the mass spectrum peak intensities of
individual hydrates obtained from ToF-SIMS to the total
hydrated ion mass spectrum, we can determine the distribution
of hy under confinement (Figure S3; details are given in the
Supporting Information). We evaluated the hydration number
distribution of sodium (hy,,) in 10 mM NaCl before and after
filtration by the NF90 membrane (Figure 2a). In bulk solution
(i.e., before filtration), hy,, shows a normal-like distribution
with the highest proportion of trihydrates, (H,0);Na*, over
other hydration species (i.e., (H,0),Na* with n = 1—6). The
results indicate an average hy,, value of 3.03 water molecules.
This value is lower than values found in previous diffraction
studies and molecular dynamics simulations, where hy,, values
are often reported between 4 and 8.°”°° These methods,
however, are based on the geometry of the solvent molecules
that accommodate the ion, whether strongly bound or not.*
Theoretical extractions of hy,, from measurable bulk proper-
ties, such as electrostriction of water by the electric field of the
ion,*** ionic compressibility,"""** entropy of hydration,” and
ionic size,””** display average hy,, values ranging from 2.9 to
4.5—in good agreement with our results. The principal
difference between hy,, values determined by the geometric
methods and theoretical extractions is the nature of the solvent
binding. Elucidating hy,, via theoretical extraction pertains
only to solvent molecules strongly bound to the ion so that
they move along with it in solution.’”” We thus posit that hy
determined by ToF-SIMS refers primarily to water molecules
bound to the ion by its strong Coulombic field (additional
discussion is given in the Supporting Information).

Filtering the feed solution through NF90, a commercial
polyamide-based nanofiltration membrane with sub-nanometer
pores,” led to a right-skewed hy,, distribution (Figure 2a).
Larger hydrates (i.e, (H,0),Na" with n > 3) became

significantly diminished while smaller hydrates (i.e.,
(H,0),Na" with n < 3) became more prevalent. In particular,
dihydrates became the dominant hydration species, leading to
an average hy,, value of 1.86 water molecules. Coinciding with
the observed decrease of more than one water molecule in the
average size of the strongly bound solvation shell, we find that
the proportion of larger hydrates (y,s3), defined here as
Y (H,0),53Na*/ Y (H,0),Na’, shifts from 0.63 to 0.07 after
permeating across the sub-nanometer pores of the membrane.
The same trends were observed in 1 mM NaCl solution as well
(Figure S4).

The solution pH, which varies for many aqueous media of
biological and industrial relevance, also plays a critical role in
local and long-range ion—water interactions.”"** Tt is thus
reasonable to expect the solution pH to influence the structure
and size of solvated ions.”***~*® While we find no significant
difference between the bulk hy,, distributions at pH 6.5
(Figure 2a) and pH 3 (Figure 2b), a substantial shift was
observed when the pH was increased to 11 (Figure 2b). The
increase in pH caused a dominant hydration species transition
from trihydrate to monohydrate in the bulk solution,
subsequently decreasing the average hy,, value from 3.03 to
2.38 water molecules. In fact, the proportion of all larger
hydrates (i.e., x,»3) decreased at higher pH. Due to the
important role of electrostatics in ion—water interactions,” we
postulate that higher OH™ concentrations may have induced
charge shielding and consequently reduced the effective charge
density of sodium ions.** The reduction in the average hy,,
value at pH 11 is thus likely attributed to a weakened
electrostatic attraction between the sodium ions and the
surrounding water molecules.

The hy,, distributions were nearly identical for all feed
solution pH values after filtration (Figure 2a,b and Figure S4).
The disappearance of larger hydrates could be explained by
their inability to enter the sub-nanometer pores, forcing the
sodium ions to partially dehydrate to the smaller hydrate
species.””*® The pH independence of the hy,, distributions
post-filtration could also be due to lower local proton
concentrations within the nanoporous polyamide film. This
phenomenon is common in ion exchange resins’” and appears
to be plausible for polyamide films.’>>" Lower local proton
concentrations within the active layer would mean that the pH
experienced by sodium ions during transmembrane transport
would be significantly lower than what is measured in the bulk
solution. This would likely negate the charge-shielding effects
observed in the high-pH bulk solution.

Notably, we find a transition in the proportion of dihydrate
to monohydrate species, y,-,/¥,-,, after filtration for all
conditions (Figure SS). The disparity in j,-,/x,-; before and
after filtration under the various conditions indicates that
dehydration is not merely driven by the complete exclusion of
larger sodium hydrates from the membrane; rather, a partial
dehydration-driven transformation is occurring. In other
words, our data suggest that large sodium hydrates are
reducing their effective size by shedding part of their solvation
shell to partition into and permeate across the sub-nanometer
polyamide pores. Partial dehydration has been observed
previously in silico,”” but this is, to our knowledge, the first
account of this phenomenon being evidenced in situ during
transmembrane transport. Our results indicate that (i) sodium
ions are unlikely to carry more than two strongly bound water
molecules during transport across the nanoporous NF90
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Figure 2. Variation of hy,, distributions before and after filtration of NaCl solutions by NF90: (a) feed solution of 10 mM NaCl at pH 6.5; (b) feed
solution of 10 mM NaCl at various pH values. The solution pH was adjusted with 1 M HCI and NaOH. The dotted lines in both panels are to

guide the eye. Error bars represent standard deviations.

membrane and (ii) complete ion dehydration is not necessary
for transport to occur.

Role of Steric Effects in lon Dehydration. We
investigated the role of steric effects on dehydration by
analyzing the hy,, distribution of sodium hydrates filtered by
chemically similar membranes of varying pore size. Three
nanofiltration membranes with nominal molecular weight
cutoffs (MWCOs) of 200, 500, and 700 Da were selected
(denoted as Trisep 1, Trisep 2, and Trisep 3, respectively).
Trisep 1, Trisep 2, and NF90 all show a similar narrow pore
size distribution (PSD), with mean effective pore radii of 0.29,
0.30, and 0.22 nm, respectively (details are given in Figure S6
in the Supporting Information). Trisep 3 presented a wider
PSD, with an average estimated radius of 0.58 nm (Figure S6).
The PSDs of our selected membranes represent the typical
heterogeneous porous structures of polyamide films, which
consist of intermolecular voids (radii smaller than ~3 A) and
some aggregate pores (radii between 3.5 and 4.5 A).>**

The average hydrated radius of a sodium ion (ry_y,"),
estimated by corrections to the Stokes radius,> is 3.58 A. We
therefore postulate that dehydration must occur in the Trisep
1, Trisep 2, and NF90 membranes due to steric effects.
Following our conjecture, the proportion of larger sodium
hydrates (ie., y,»;) decreased from 0.63 to 0.14—0.15 after

14245

filtration by Trisep 1 and Trisep 2 (Figure S7a,b). Although it
possesses an average pore radius larger than the average
hydrated radius of sodium, Trisep 3 also induced some level of
sodium dehydration, decreasing y,»3 to 0.28 (Figure S7c). The
ability of trihydrates to permeate the membrane was the largest
difference between Trisep 3 and the tighter Trisep 1 and
Trisep 2 membranes. The proportion of sodium hydrates with
four or more water molecules decreased significantly (i.e., ¥,>4)
after they were filtered by the Trisep 3 membrane. We applied
ab initio molecular dynamics (MD) simulations to estimate the
size of the various sodium hydrates (see Figure S8 in the
Supporting Information). Our simulations indicate that
sodium hydrates with hy,, > 4 have hydrated sizes smaller
than the average size of the Trisep 3 pore (Table S2). This
result suggests that mechanisms other than steric effects could
lead to the absence of sodium hydrates with hy,, > 4 after
filtration by Trisep 3.

We included two additional alkali-metal ions, lithium (Li*)
and potassium (K*), in our investigation (Figure 3a and Figure
S9). Both Li* and K" are larger than the average pore size of
the tight NF90 membrane (Figure S6), with hydrated radii of
3.82 and 3.31 A, respectively.>> Similarly to sodium hydrates,
the proportion of the larger lithium and potassium hydrates
(i-e., Xn»3) substantially decreased after filtration by NF90
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Figure 3. (a) Relationship between the hydration number distribution
(hy) and the mean effective pore radius of the polyamide membranes
used in our study. The hy* value is presented with box plots based on
Figure 2a and Figures S7, S9, and Sllc, where the hatched square
represents the mean hy value. The pore size of the membranes can be
divided into two groups: (i) sterically limited, where the pores are
smaller than the traversing solvated ions (NF90, Trisep 1, Trisep 2
and VNFK), and (ii) non sterically limited, where the pores are larger
than the traversing solvated ions (Trisep 3). (b) Relationship between
R—COOH densities and the proportion of smaller hydrates (i.e., y,.;)
in the permeate after membrane filtration. The M-series membranes
denote modified NF90 with various R—COOH densities: M-0 (12.10
sites nm™2), M-1 (18.02 sites nm™2), and M-2 (20.63 sites nm™>). The
total R—COOH density was quantified at pH 10.5. Error bars
represent the standard deviations.

(Figure S9a,b). Li* surprisingly formed almost no mono-
hydrates, (H,O)Li*, after filtration. The low proportion of
lithium monohydrates (y,., = 0.01) may be attributed to the
abnormally low proportion of monohydrates in the bulk
solution (y,.; = 0.04)—a likely consequence of Li"s high
charge density and high hydration energy.”* We also find that
Li* and K ions shift toward smaller hydrates in the non
sterically limited Trisep 3 membrane (Figure 3a and Figure
S9c¢,d), which had pores larger than the size of the hydrated
ions. Regardless of the differences between these alkali-metal
ions, dehydration appears to be ubiquitous when the pore size
is commensurate with the hydrated size of the ion.

Mechanisms that could explain the shift toward smaller
hydrates in non sterically limited transport are (i) low water
permittivity in the pore and (ii) differences in the ionic
mobilities of the hydrates. It has been widely established that
low dielectric constants in polyamide membranes—driven by
confinement effects—can significantly influence ion trans-
port.* %7 Specifically, the reduced polarizability of confined
water molecules lessens the free solvation energy of the ion and
hence its overall hydration capacity.*”**? It is thus reasonable
that the formation of hydrates with hy > 4 would be
unfavorable in low-dielectric environments. Our results also
indicate that sodium monohydrates, (H,0)Na*, became the
dominant species after filtering 10 mM NaCl through Trisep 3
(Figure S7c), with the proportion of each larger hydrate
sequentially decreasing (i.e, X,-1 > JXYu-2 > JXu3) This
observation could be attributed to the difference in ionic
mobilities of the various-sized sodium hydrates rather than
dehydration. Ions with smaller solvation shells generally
possess higher ionic mobility due to their compact structure,
allowing for fast diffusion.””*>% We therefore expect that
smaller hydrates would diffuse more quickly across non
sterically limited channels (i.e, channels that are larger than
the size of the hydrated ion). Smaller hydrates would
consequently show the highest signal when they are trans-
ported across the loose Trisep 3 membrane. This explanation
is also consistent with previous work which showed that the
selectivity of larger channels was governed by ionic
mobilities."’

Influence of Viscous Effects during Transmembrane
Transport. Viscous effects inside the nanochannels (e.g., due
to electrostatic and van der Waals interactions) are another
important factor affecting the confined transport of solvated
ions.'#*"°* These interactions may influence an ion’s ability to
partition into and diffuse across nanochannels due to
physicochemical affinities with the pore mouth and wall.
Notably, compensatory interactions between the ion and the
pore wall could offset the penalty of dehydration and promote
shedding or rearrangement of the solvation shell."”

We observe a slight difference in the proportion of smaller
sodium hydrates (i.e., ,<;) after filtering with membranes of
similar pore size but different chemical characteristics (details
are given in Figure S10 in the Supporting Information).
Specifically, we see that y,.; = 0.933, 0.848, and 0.720 after
filtration by NF90, Trisep 1, and VNFK, respectively (all
polyamide membranes; Figure 3b). We quantified the total
carboxyl group (R—COOH) density across the membrane—
the primary charge contributor in polyamide nanofiltration
membranes—to account for their chemical differences. We see
an inverse trend in the R—COOH densities (Figure 3b),
following the order VNFK (19.93 sites nm™) > Trisep 1
(14.60 sites nm™2) > NF90 (11.38 sites nm~>). We postulate
that a stronger affinity between the smaller, more charge dense
hydrates and negatively charged pores results in hindered
diffusion,” consequently reducing the proportion of the
smaller sodium hydrates (i.e., ¥,;) in the permeate.

To support our hypothesis, we modified NF90 to vary the
R—COOH content (Figure S12), denoted as M-0 (12.10 sites
nm™2), M-1 (18.02 sites nm™2), and M-2 (20.63 sites nm™>).
We find a negative correlation between y,.; and the R—
COOH density of the M-series membranes (Figure 3b and
Figure S13), validating the inverse relationship observed in the
different commercial membranes. More importantly, this
finding further suggests that higher densities of ionizable
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Figure 4. Schematic illustrations of the proposed ion transport mechanisms across polyamide membranes, represented as nanochannels for
simplicity. When solvated ions are smaller than the size of the pore (left), transport is governed by ionic mobility. Conversely, dehydration
dominates the transport of solvated ions larger than the size of the pore (middle). Viscous effects in the form of attractive ion—carboxyl interactions

(right) can influence transport by hindering ionic mobility.

moieties such as R—COOH inside the nanochannels promote
ion—wall interactions that can hinder ion transport and
subsequently reduce the proportion of smaller, more charge
dense solvated ions.

Our findings suggest that dehydration and viscous effects are
key to the transmembrane transport of solvated ions. Figure 4
illustrates these transport mechanisms, highlighting the role of
the nanoconduit size. In brief, we find that the transport of
solvated ions larger than the membrane pore size is sterically
limited, leading to an increased ToF-SIMS signal from smaller
hydrates with narrow Ay distributions. Smaller hydrates also
show an increased signal when the pore is larger than the
solvated ions. Conversely, this results from differences in ionic
mobilities of the hydrates and leads to broader h;+ distributions.
Viscous effects, resulting from ion—carboxyl group inter-
actions, hinder the transport of solvated ions in both sterically
and non sterically limited cases.

In Silico Investigation of Dehydration- and Viscosity-
Based Transport Mechanisms. We conducted MD
simulations to study the transport behavior of solvated ions
through model polyamide nanochannels of varying size and
carboxyl density. The highly cross linked and void-like nature
of polyamide’s porous structure is difficult to model accurately.
Therefore, we simplified the porous structure found in
polyamide films to a nanochannel within the bulk polymer,
as depicted in Figure 5a.%% The bulk polymer was composed of
repeating polyamide units, thus retaining the chemical
properties of the polyamide which are essential to interactions
between the membrane and solvated ion. A molecular
representation of our MD simulations platform is depicted in
Figure 5b.

Figure Sc shows the extracted hy,, values during the
simulated transport of sodium ions from bulk solution (i.e.,
feed solution) into the nanochannels. For sodium ions in the
larger channel (R &~ 0.5 nm), the average hy,, exhibited no
observable difference from the bulk solution. In contrast, we
find partial dehydration of sodium ions after they enter the
smaller nanochannel (R ~ 0.25 nm) as the average hy,, value
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decreased from ~7 to ~4 (Figure Sc and Figure S14a). These
simulations support our experimental findings, which indicate
that ion dehydration within the nanochannel does not require
complete shedding of the solvation shell; rather, the solvation
shell need only partially shed to enter the channel, similar to
our experimental observations. To further understand this
observation, we examined the radial distribution function
(RDF) between Na* and the oxygen atoms of water (OW) as
seen in Figure Sd. We find that only the 0.25 nm channel
drives a distinct reduction in the OW density peak of the
sodium jon’s solvation layer. Our simulations therefore suggest
that ion dehydration is only central to transport when the size
of the nanochannel is smaller than the solvated ion, leading to
water molecule shedding from the outermost solvation layer.

We analyzed the diffusion behavior of various sodium
hydrates (hy,, = 1—6) in the 0.5 nm channels in an effort to
elucidate the mechanism governing the shift to smaller
hydrates in non sterically limited transport. The diffusion
coefficient of sodium ions (Dy,,)—which directly relates to
their ionic mobility—decreased monotonically as hy,,
increased (Figure S1Sa). The diffusion-driven flux of sodium
(Jna?) was then calculated from Dy, (see Figure S15b in the
Supporting Information). We find that the normalized diffusive
flux (J,), defined here as the flux of a single hydrate divided by
the total flux of all hydrates (i.e., J, = Jno/ XJna’), decreases
with increased hy,~ This trend coincides well with the
relationship observed between y, and hy,* from ToF-SIMS
(Figure Se). This finding supports an ionic-mobility-based
mechanism as the causal factor in the shift toward smaller
hydrates in non sterically limited transport, such as sodium
permeation across the Trisep 3 membrane. In other words, we
see that the sodium ions with smaller solvation shells, which
have a more compact structure, are able to diffuse across the
larger nanochannels more rapidly. Higher mobility leads to a
higher proportion of smaller hydrates being measured in the
permeate (Figure S7c), consequently deviating from the
normal-like distribution observed in bulk solution (Figure 2a).
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Figure 5. MD simulations of sodium ion transport across model polyamide nanochannels. (a) Simulated bulk polyamide with a nanochannel,
where carbon, nitrogen, oxygen, and hydrogen atoms are represented in cyan, blue, red and white, respectively. The inset shows the repeating
polyamide unit used to construct the bulk polymer. Carbon, nitrogen, and oxygen atoms are depicted as gray, blue, and red spheres, respectively,
within the inset. (b) Cross-sectional illustration of the simulation platform. Ion transport was simulated across polyamide nanochannels connecting
water-filled reservoirs with 0.04 M NaCl. The polyamide matrix material is depicted in gray. Na* ions are represented as blue spheres. (c) fy,, as a
function of distance in the Z direction from the bulk solution into the polyamide nanochannels. (d) Radial distribution function of water molecules
bound to sodium ions in the bulk solutions and polyamide nanochannels. (e) Distribution of hy,, after filtration of 10 mM NaCl by Trisep 3 (ToF-
SIMS data from Figure S7c) compared with the relationship between the normalized diffusive flux (J,; J, = Jna'/ 2Jna') and hy, obtained from
simulations. (f) Diffusion coefficients of sodium hydrates, Dy,,, confined within the smaller polyamide channel (R & 0.25 nm) of differing
ionization states as a function of hy,,. Polyamide ionization was controlled by modulating the protonation state of the carboxyl groups present: i.e.,
deprotonating un-ionized carboxylic acid groups (R—COOH) to their ionized state (R—COO™). The inset depicts the formation of an ion pair

between (H,0)Na* and R—-COO™.

Finally, we employed our simulation platform to explore
viscous effects arising from ion—carboxyl interactions in 0.25
nm channels. We selected only the smaller channel size, as the
role of viscous interactions was expected to intensify under
increased confinement. We find that Dy, decreased for all
hydrates assessed (hy, = 1—4) after ionizing the carboxyl
groups (R—COO7) in the polyamide nanochannel (Figure 5f).
This decrease is attributable to the strong electrostatic
interactions between ionogenic groups in confined environ-
ments.””** In the ionized environment, Dy, saw greater
decrements for small hydrates (i.e, hy,” < 3) than for large
hydrates (i.e., hy,* > 3). This observation indicates that small
hydrates experience more difficulty diffusing across ionized
channels. Our simulations also reveal the formation of ion pairs
between smaller sodium hydrates and R—COO™ on the pore
wall (details are given in Movie 1 in the Supporting
Information). These in silico results support our initial
hypothesis of hindered transport due to electrostatic
interactions between Na® and R—COO~ as well as the
experimental findings in Figure 3b, which showed a reduced
proportion of smaller sodium hydrates (i.e., y,.3) correspond-
ing to increased R—COO™ density. While other viscous
interactions (e.g., van der Waals forces) are likely at play, our

14248

results lead us to believe that electrostatic interactions are the
most important.

B CONCLUSION

This study presents the first in situ observation of changes in
the hydration state of solvated ions following transport across
extremely confined environments. The operando discrimination
of ion solvation shells revealed a normal-like distribution for h*
of various alkali metal ions (Li*, Na*, and K*) in bulk solution,
with dihydrates and trihydrates as the predominant species.
Filtration by sub-nanometer porous membranes induced ion
dehydration for all species investigated. The shedding of water
molecules from the solvation shell allowed ions to enter pores
that were smaller than their bulk hydrated size. Notably,
complete dehydration was not necessary for ion transport.
Rather, solvated ions were able to traverse the membranes as
smaller hydrates (ie, hr < 3 in our study) after partial
dehydration. The proportion of these various hydrates
measured in the permeate—which directly reflects their
transport rate relative to all other hydrates—was largely
influenced by the ion’s response to steric confinement and
viscous interactions (i.e., ion—carboxyl interactions). MD
simulations supported our experimental findings; specifically,
our in silico analyses demonstrate that differences in the ionic
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mobility of various hydrates is central to ion transport in
channels larger than the size of the solvated ions. MD
simulations also confirmed that the ionization of carboxyl
groups within polyamide nanochannels hinders ion transport
via enhanced electrostatics.

The establishment of in situ liquid ToF-SIMS as a new
experimental technique to obtain dynamic information
regarding the structure of solvated ions enables novel
investigatory science in nanofluidics and other related fields.
Understanding the mechanisms of confined ion transport is
paramount to developing highly selective membranes as well as
advancing other applications of nanofluidics, such as
biosensing, energy conversion, and battery development. Our
work highlights the importance of the physical and chemical
properties of the membrane pore to ion dehydration. We
envision that future studies and membrane design focusing on
dehydration-dominated transport, while the influence of
viscous effects is also considered, will lead to significant
advancements in our fundamental understanding of nano-
confined transport and the field of nanofluidics.

B EXPERIMENTAL SECTION

Chemicals and Materials. Electrolyte solutions were prepared in
deionized water (DI, Millipore Milli-Q). Sodium chloride (NaCl,
>99.9%), potassium chloride (KCl, >99.9%), lithium chloride (LiCl,
>99.9%), sodium hydroxide (NaOH, >99.9%), polytetrafluoro-
ethylene (PTFE), and polydimethylsiloxane (PDMS) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Hydrochloric acid (HC],
36—38%), ethylene glycol (C,HsO, >99%), glycerol (C;H,O;,
>99%), diethylene glycol (C,H;oO; >99%), polyethylene glycol
(PEG, >99%, MWs of 200, 400, 600, 800, and 1000 Da), acrylic acid
(C3H,40,, >99%), potassium persulfate (K,S,05 >99%), sodium
pyrosulfite (Na,S,05, >99%), silver nitrate (AgNO;, >99%), and
nitric acid (HNO,;, 65—68%) were obtained from Sinopharm
Chemical Regent Co., Ltd, China. The silicon nitride (SiN,) film
(Norcada Inc, Edmonton, Canada) was used as the detective
window. One molar NaOH and HCI were used to adjust the solution
pH in experiments. NF90, Trisep (1—3), and VNFK nanofiltration
membranes were purchased from DOW FilmTec chemical company
(USA), MICRODYN-NADIR (Germany), and VONTRON (China),
respectively.

Fabrication of Microfluidic Filtration Device. The fabrication
of the microfluidic chi? used for in situ liquid ToF-SIMS has been
reported elsewhere.*"**** In brief, a 200 ym X 300 ym (width X
depth) channel was made by soft lithography in a polydimethylsilox-
ane (PDMS) block. The SiN, film (100 nm in thickness) supported
on a silicon frame (window size 0.5 mm X 0.5 mm) was irreversibly
bonded with the PDMS block by air plasma to form the detection
area. The membrane was deliberately sealed between the electrolyte
feed solution and SiN,, film with an epoxy glue. The membrane active
(selective) layer faced the vacuum side to avoid the rehydration of
ions.

Analysis by In Situ Liquid ToF-SIMS. The detection procedure
of the hydration number distribution was performed with a ToF-
SIMS V instrument (IONTOF GmbH, Miinster, Germany) equipped
with a bismuth liquid metal ion gun. A pulsed 30 keV Bi;* primary ion
beam in positive mode was focused to a lateral resolution of ~250 nm
(details in Figure S17), and the charge was neutralized by a 20 eV
electron flood gun. During SiN, perforation, the pulse width was 160
ns and the current was ~0.30 pA. Once the SiN, film was completely
punched through, the pulse width and the current were immediately
adjusted to 80 ns and ~0.12 pA, respectively, for a higher mass
resolution. Specifically, the mass resolution was increased from ~99 to
~320 after SiN, perforation. We also note that the reduction in pulse
width will not change the focus of the ion beam; thus, the lateral
resolution remains at ~250 nm for the entire analysis. The analysis
area during mass spectrometry was ~2 um in diameter. The
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integration time for each measurement was ~800 s. The ultrahigh-
vacuum pressure differential across the membrane drove permeation
of the electrolyte solution from the feed side to the vacuum chamber.
The mass spectrum signals of the electrolyte solution were collected
instantly after permeating across the membrane, allowing for a direct
analysis of the hydration number distribution with high temporal and
spatial resolution. We carried out the same experiment in the
microfluidic device with no membrane to collect the hydration
number distribution prior to filtration. All experiments were repeated
in triplicate. Details of the data processing are provided in the
Supporting Information.

Device and Membrane Characterization. The membrane-
sealed microfluidic chip was sputter-coated with platinum for
scanning electron microscopy (SEM, JSM7401F, JEDL, Japan) to
investigate the analysis area after Bi;" primary ion bombardment.
Energy dispersive X-ray spectroscopy (EDS, IXRF Model 550i, USA)
was utilized to assess differences in the elementary composition inside
and outside of the analysis area. Membrane pore size distributions
were estimated using inert solutes and the pore transport model.**~’
The neutral organic molecules used in this method were measured
with a total organic carbon (TOC) analyzer (TOC-VCPH, Shimadzu,
Japan). On the basis of the bind-and-elute method,*® we utilized silver
ion probes to measure ionized carboxyl densities within the polyamide
films. Eluted silver was quantified using inductively coupled plasma
mass spectrometry (ICP-MS,7500a, Agilent Technologies Inc., USA).
We modified the carboxyl densities of our membranes via radical
grafting.68 The chemical components of the membrane were
investigated by performing attenuated total reflectance Fourier
transform infrared (ATR-FTIR, Nicolet 8700, Thermo Fisher
Scientific) and X-ray photoelectron spectroscopy (XPS, ESCALAB
250Xi, Thermo Fisher Scientific, USA). More details on the
characterization methods used in this study are described in the
Supporting Information.

Molecular Dynamics Simulations. The MD simulations were
performed using the GROMACS 5.1.2 software.”” The amber99SB
force field’”® was used to describe the polyamide polymer with the
tip3p water model”" for solvent molecules. The temperature of water
and polyamide was kept constant, coupling independently for each
group of molecules at 300 K with a V-rescale thermostat.”> The
pressure was coupled with a Parrinello—Rahman’® barostat at 1 atm
separately in each of the three dimensions. The temperature and
pressure time constants of the coupling were 0.1 and 2 ps,
respectively. The integration of the equations of motion was
performed by using a leapfrog algorithm with a time step of 2 fs.
Periodic boundary conditions were implemented in all systems. A
cutoff of 1 nm was implemented for the Lennard—Jones interactions
and for the direct space part of the Ewald sum for Coulombic
interactions. The Fourier space part of the Ewald splitting was
computed by using the particle-mesh-Ewald method,”* with a grid
length of 0.16 nm and a cubic spline interpolation. Additional details
on the simulation platform, calculations, and parameters are described
in the Supporting Information.
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