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Measuring ion-pairing and hydration in variable
charge supramolecular cages with microwave
microfluidics
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Metal-organic supramolecular cages can act as charged molecular containers that mediate
reactions, mimic enzymatic catalysis, and selectively sequester chemicals. The hydration of
these cages plays a crucial role in their interactions with other species. Here we use
microwave microfluidics to measure the hydration and ion pairing of two metal-organic cage
assemblies that are isostructural but have different overall anionic charge. We supplement
our measurements with density functional theory calculations to compare binding site
energies on model metal-organic cage vertices. We find that the cage with dianionic vertices
is more strongly hydrated and forms a distinct ion pair species from the cage with trianionic
vertices. We evaluate multi-ion species and distinct ion pair solvations as possible sources for
differences in ion dynamics and hydration. Broadly, this work highlights the utility of
microwave microfluidics to elucidate the consequences of charge states on metal-organic
complexes in solution.
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avity-bearing supramolecular cages offer unprecedented

opportunities for chemical control at the molecular level.

These structures feature internal microenvironments that
recognize and encapsulate molecular guests, act as enzyme-
mimetic catalysts, and unlock new modes of reactivity!. A com-
mon design motif for such supramolecular catalysts are self-
assembled metal-organic cages that consist of organic ligands
coordinating cationic metal ions to generate a variety of charged,
polyhedral architectures. These cages are commonly identified by
the counterions, metal vertex atoms, and ligands (e.g., K1,GayLs)
that describe the overall stoichiometry and charge of the system
(see Fig. 1a as an example).

The reactivities of supramolecular catalysts are influenced by
parameters, such as cavity size, overall charge, and solvent
exclusion. However, the impact of dynamics in solution on
reactivity is largely not characterized?-4. Poorly understood issues
include the distribution of charge throughout these supramole-
cular systems, as well as the localization and rates of ion-pairing
interactions®~. These factors are often ignored in the design of
supramolecular cages because they are not well understood,
despite the fact that they have consequences for chemical
applications®®10,  Quantifying interactions between cages,
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solvent, and counterions would clarify the role that solvation and
counterions play in guest association/dissociation and catalysis.
Furthermore, pairing measurements with computational models
could extend the rational design of cages beyond geometric and
architectural considerations of the cage itself to include non-
covalent solvent and ion interactions!!.

The challenge for synthetic chemists is that noncovalent
interactions (e.g., Coulombic, hydrogen bonding, and solvo-
phobic effects) in solution are difficult to measure directly with
traditional analytical chemistry techniques. Some solvation and
ionic interactions in metal-organic cage systems were indirectly
investigated by combining independent measurement techniques,
such as isothermal calorimetry (ITC), nuclear magnetic resonance
(NMR) spectroscopy, and ultraviolet/visible spectroscopy!2-16,
However, measurements of counterion interactions remain
scarce, and indirect measurements are limited to strong ionic
interactions in solution and specific counterion chemistries!”.

Previous microwave (0.1 GHz to 100 GHz) dielectric spectro-
scopy studies of salt solutions have characterized the solvent-
mediated ion pairing and hydration of ions in solution!8-20. Bulk-
fluid dielectric spectroscopy can also measure hydration and ionic
interactions in complex biomolecular systems including proteins,
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Fig. 1 Schematic representations and the crystal structure. Schematic representation of isostructural metal-organic cages Ki,(Gayle) and Kg(Sisle) with
one ligand of six shown for clarity. a A representative crystal structure of the cages with a schematic shown in the same orientation. b Stepwise formation
of close contact ion pairs via freely solvated potassium cations, 2-solvent pairing, and 1-solvent pairing of potassium cations at each cage vertex. ¢
Schematic representation of stepwise ion-pair formation on the vertex charge center of the cage. Reaction rates for each step are labeled. d Schematic
representation of different contact ion-pair configurations on the vertex charge center of the cage filling position K1 (1-contact ion pair), K1 equivalent

position (2-contact ion pair), and K2 (3-contact ion pair, only considered for

2

the Ki2(Gagle) case)
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DNA, and cells?!-23. Microwave-microfluidic measurements
enable on-chip measurements for nanoliter fluid volumes over a
wide frequency range (0.4 MHz-100 GHz). These measurements
quantify the dipolar interactions of cages and their counterions in
solution, as well as changes to the cooperative water relaxation
and the hydration of cages and counterions®*.

Here, we investigate the ion pairing and hydration of
Ki2(GasLg) and Kg(SiyLg) metal-organic cages (Fig. la) with
microwave microfluidics. Both structures are tetrahedral with six
organic ligands (L = N,N’-bis(2,3-dihydroxybenzoyl)-1,5-diami-
nonaphthalene) acting as struts to link four cationic metal ver-
tices (Ga(II) and Si(IV)) (Fig. 1b)2. These two cage systems are
isostructural, but in comparison with K;,(GayL¢), each vertex of
Kg(SiyLe) has its charge reduced from trianionic (Ga(III)-trisca-
techolates) to dianionic (Si(IV)-triscatecholates). This chemistry
lowers the overall anionic charge and potassium counterion
number for each host from 12 to 8 for the K;,(GaysLs) and
Kg(SisLe) cages, respectively. The structural similarity of the cages
affords the unique opportunity to not only study the solution-
phase dynamics of each cage but also to isolate the impact of
varied overall charge on the cage dynamics and ion-pair forma-
tion (Fig. 1c, d). Here, we consider multiple solvation states for
ion pairs (Fig. 1c) and multiple ions on each vertex (Fig. 1d) as
possible ion-pairing configurations. Taken together, our micro-
wave microfluidic measurements and density-functional theory
(DFT) models suggest that the increase in hydration in the
Kg(SiyLe) cage can be explained by the reduction of ions asso-
ciated with the charged vertices.

Results

Microwave microfluidics measurements. To characterize the
hydration and ion pairing in solution, we used broadband (40
kHz-110 GHz) microwave microfluidic measurements. Micro-
wave microfluidic measurements provide critical advantages in
measuring supramolecular systems over traditional dielectric
spectroscopy. These advantages include smaller sample volumes
and a broader frequency range. The broad frequency range allows
microwave microfluidics to accurately correct for both the low-
frequency effects associated with the electrical double layer (EDL)
at the electrode surface and the high-frequency effects from water
relaxation. Ion-pairing measurands are typically small in com-
parison with these effects, so accurate corrections are critical to
capture the ion-pair dynamics in supramolecular systems.

To characterize the ion-pair dynamics, we fit the frequency
dependence of the experimentally determined electrical capaci-
tance and conductance with a model that included electrode
effects, ion-pairing relaxation, and water relaxation (see Device
Fabrication in the Methods section). From these fit parameters,
we calculated the association rate of cage-ion-pair formation and
the hydration numbers of the cages. We then compared the
results to Debye-Hiickel theory and found that the metal-organic
cages are well described by ion-solution theory in the low-
concentration limit when each of the metal vertices of the cage
were treated as independent ion-pairing sites?®>. DFT calculations
of the charged cage vertices showed that the binding energy for
K;2(GayLe) to form a multi-ion complex is similar for the binding
energy of a single ion-pair in the Kg(SigLs) cage. Our analysis also
shows that the Kg(SisLs) cage is more strongly hydrated than the
Ki2(GayLg) cage.

We used a microwave microfluidics device (Supplementary
Fig. 1) to measure the broadband electrical properties of aqueous
solutions of K;,(GasLs) and Kg(SiyLs) cages over a range of
concentrations. The device consisted of microfluidic channels
with integrated coplanar waveguides (CPWs) of varying length.
We measured each of these devices (top-down view in

Supplementary Fig. 1a) with a vector network analyzer (VNA)
with microwave probes to determine the raw complex-scattering
parameters (S-parameters)24. The S-parameters were calibrated
and used to extract the distributed circuit parameters of the
transmission line: Ry and Ly, (resistance and inductance per unit
length associated with the metallic conductors) and Cio; and G,
(effective capacitance and conductance of the materials in the gap
between the center signal line and the ground planes on either
side). We present calibrated fluid data as C; and Gg as these
quantities are related to the real and imaginary parts of the fluid
permittivity (¢’ and &”), respectively:

¢ = (Cf - Cair)kgeom + €05 (1)
" G
&= ;fkgeom (2)

where C,, is the per-unit-length capacitance of an air-filled
channel, & is the permittivity of free space, and Kgeom is a
geometric constant which is determined from device structure.
While Egs. (1) and (2) allow us to convert capacitance C¢ and
scaled conductance % directly to permittivity values, we used
permittivity only to describe intrinsic fluid properties and do not
present measured data in terms of permittivity. We used Egs. (1)
and (2) to convert extracted admittance to permittivity after the
effects of the EDL that forms on the surface of the electrodes had
been accounted for.

We determined the distributed conductance and capacitance of
microwave microfluidic devices for room-temperature (25°C
2°C) measurements of air, de-ionized water (DI water), and a
range of concentrations of K;j,(GasLs) and Kg(SisLe)
metal-organic cages (Fig. 2a-d). The distributed capacitance of
the air-loaded microfluidic line remained constant as a function
of frequency, while the line loaded with DI water had a larger
capacitance at low frequencies and a relaxation (a peak in the
conductance paired with a drop in the capacitance) at ~20 GHz.
This water relaxation has been commonly observed in aqueous
solutions, and was attributed to the cooperative relaxation of
water molecules?®27. The water relaxation was also present in the
aqueous cage solution samples. For the aqueous cage solutions at
low frequencies (below 10 MHz), we see an additional peak in the
conductance and corresponding drop in the capacitance, which
we attribute to the relaxation of the EDL at the surface of our
electrodes (Fig. 2)?428. The weak ion-pairing relaxation is
approximately two orders of magnitude smaller than the water
relaxation, and is not easily visible on this plot. Notably, the broad
frequency range afforded by microwave microfluidics is required
to measure ion pairing in these cages systems because the ion-
pairing relaxations extend below the frequency range typically
covered by dielectric spectroscopy studies of ion pairing!®. To
extract the signals associated with each dipole in the fluid, we
developed a frequency-dependent circuit model to fit the multiple
relaxations across the frequency spectrum (see the Methods
section for more detail).

Fitting procedure. To extract physical values from the broadband
electrical data, we developed a circuit model to describe the total
admittance (inverse of impedance) Yo = Giot + iwCio Of the
cages in solution (see Supplementary Fig. 2 for circuit diagram):

L_2 1 o)
YEDL Yf

Y,

tot

where Ygpr and Y are the admittances of the EDL and fluid,
respectively. The model for the EDL is described in detail in the
Methods and elsewhere?4. The fluid admittance can be described
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Fig. 2 Microwave measurements of Kg(SisLe) and Ki,(Gayle) cages.
Calibrated distributed capacitance Gy (@, €) and distributed conductance
% (b, d) for air, DI water, and a range of concentrations of Ki,(Gasle)
cages (0.97 mM to 6 mM) (a, b) Kg(SisLe) cages (0.34 mM to 2.25 mM)
and (c, d)

as four parallel distributed circuit components:
Y = Yp + Y, + G, +iwC,,

. CIP . Cw . (4)
_ G, +iwC
O liwry) T+ Gaory) T 9o T

where C., is the capacitance of the suspension at frequencies far
above the relaxation of water, C,, is the dipolar contribution of
the water, G, is the conductance due to cages and counterions,
and Cyp is the dipolar contribution of the weak ion pairing. The
time constants 7,, and 7pp correspond to the relaxation times of
the water and the cage-counterion pair, respectively. To fit these
responses with Debye models, we performed a nonlinear least-
squares fit to extract Y, (see the Methods section for fit meth-
odology). We plot all extracted physical parameters (Cip, G,, etc.)
versus the stoichiometric ionic strength I of the solutions:

1=3 3Ll (%)

where ¢ is the molar concentration of the solution. We use the
ionic strength to account for the differences in charge distribution
in the solutions, and to compare more directly to Debye-Hiickel
theory of salt solutions. We use the extracted fit parameters for
each ionic strength solution to quantify and compare the
hydration and ion-pairing dynamics in the two-cage systems.

DFT models of cage vertices. We designed a model system
consisting of a single-cage vertex with a truncated ligand to
evaluate binding sites for potassium ions and estimate the binding
energies of the ion pairs formed by K+ ions and the vertices of
the Ga and Si cages. We note that this model does not evaluate
types of ion pairing, because it does not include entropic effects
and solvent effects, but rather provides a framework to under-
stand the relative charge effects of the cage-vertex environments.
We find the lowest energy configurations between the K+ ions,
which we designate K1 (two equivalent sites) and K2 (schematic
representation in Fig. 1d, molecular model in Supplementary
Fig. 3). We note that the equivalent K1 site is located inside the
cage cavity, and the steric effects of the cage ligand are not
considered in this simplified model, We calculate the DFT
energies of contact ion pairs for model cage vertices (Supple-
mentary Table 3) and find that the Ga cage-ion-pairing energies
are much larger than those of the Si cage for the K1, Kl
equivalent, and K2 positions. The DFT-binding energy with a
second potassium added to the K12(Ga4L6) system (i.e., 2-
contact ion pair) is energetically comparable with that of a single
K1 bound to the K8(Si4L6) cage (i.e., 1-contact ion pair).

Hydration of Kg(SisLe¢) and K;,(Ga,Ls). The water relaxation at
~20 GHz is affected by the hydration of the cages and counter-
ions. We calculated the apparent number of irrotationally bound
(immobilized and not participating in the water relaxation) and
displaced solvent molecules Z{; from Eq. (6):
=P —-V_ . *xc
Zlallg) _ s s - cage (6)
where ¢ is the analytical concentration of water at 25 °C, c is the
concentration of the cages, ¢if is the apparent concentration of
the water, and V., is the volume of the cage in solution (see the
Methods section for calculation)!®2°. The apparent concentration
can be calculated as:

o 26(0)+1

e IO,
S 26(0) + 1

== C 7
ARG )
where ¢'(¢) is the relative permittivity at the low-frequency limit
(excluding the effects of the EDL and a constant-phase element,
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Fig. 3 Hydration states of Kg(SisLe) and Ki»,(Gasle) cages. Hydration
number Z;} plotted as a function of stoichiometric ionic strength [ for
K12(Gaule) (red and orange points, R2 = 0.82) and Kg(SisL¢) cages (blue
points, R2 = 0.81). Error bars represent 95% confidence intervals
propagated from fit parameters of Ci; and Gy Each point was calculated
from a set of broadband distributed circuit parameters shown in Fig. 2

see the Methods for more details) for a sample of cages with
concentration c, £'(0) is the relative permittivity of DI water, c?(0)
is the analytical concentration of water molecules (5.55 x 10% mol/
m?3 at 25°C), and Cy(c) and C,(0) are the capacitive contribu-
tions of the water-loss relaxation in the cage and DI water sam-
ples, respectively®. To calculate the number of water molecules
displaced by the volume of the cage, we estimated the volume of a
cage in solution to be ~(321+82) A3 or ~(10.7 +2.8) water-
molecule equivalents for both K;,(GayLs) and Kg(SisLs) cages) by
including a solvation layer (see the Methods section). We sub-
tracted the molar volume of the cages from ¢°(0) to determine the
average number of irrotationally bound water molecules to the
cage surface. Previous hydration studies found that potassium
ions are not hydrated in solution3!. Hence, we attributed all
irrotationally bound water molecules to the interior and exterior
of the cage.

To calculate the true hydration number Zp of the cages, we
first accounted for the effect of the EDL on the apparent
hydration number Z;} (Fig. 3). The electrode geometry used in
these measurements produced electric fields concentrated on the
surface of the electrode, and these measurements are sensitive to
changes in the charge distribution of the EDL?4. The calculated
Zis values (calculated from Eq. (1) are approximately linearly
dependent on concentration in this regime. To calculate the true
hydration number Z;p, we applied a linear fit incorporating
propagated errors in Z;>2 and used the value at infinite dilution
(Z1p)?". The error bars extracted on these fits included propagated
errors from all the fit parameters included in the calculation
of ZIB~

We found that the K;,(GasLs) cage is less hydrated than the
Kg(SisLe) cage with estimated Z;p values at infinite dilution of
20.4+55 and 52.7 +5.5 water molecules for K;,(GasL¢) and
Kg(SisLe) cages, respectively. Using a spherical water model and a
tetrahedral approximation for the cages3, we estimate that the
number of water molecules required to make a complete
hydration shell are ~50-70 for both the Kg(SisLg) and
K;2(GayLe) cages. This calculation suggests that the K;,(GayLe)
cages have only partial hydration shells, while the Kg(SisLs) cages
are almost fully hydrated. This result contrasts with salt solutions,
where larger charge is strongly correlated with higher hydration.
A possible reason for this difference could be the presence of
additional ion-paired K + ions on the K12(Ga4L6), which would
block water-binding sites and reduce the charge of the multi-ion
species, making water binding less energetically favorable. More

3
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Fig. 4 lonic conductivity of K;,(Gasle) cages and Kg(SisLe) cages. lonic
conductivity plotted as a function of stoichiometric ionic strength | for
K12(Gayle) (red and orange points, RZ = 0.99) and Kg(SisLe) cages (blue
points, R2=0.99). Error bars represent 95% confidence intervals (smaller
than point size). Each point was calculated from a set of broadband
distributed circuit parameters shown in Fig. 2

strongly hydrated salts tend to have lower overall solubilities, and
this trend holds true for the cages as well, where Kg(SiyL¢) has a
lower solubility in water than the K;,(GayLe) cages’. The steeper
slope of Zi} (Fig. 3) for Kg(SisLe) cages further supports the
conclusion that the Kg(SisLe) cage is more hydrated, as the larger
hydrated cages would extend the thickness of the EDL and
increase the EDL-related systematic error. For a deeper under-
standing of the environment of the cages in solution, we analyzed
(below) complementary physical parameters associated with the
ion pairing and ionic conductivity in solution.

Tonic conductivity of Kg(SisL¢) and K;,(GayLe). The bulk-fluid
conductance due to ions G, was leveraged to compare the cages in
solution to Debye-Hiickel theory of simple electrolytes. For both
cages, G, varied linearly with both ionic strength I (Fig. 4) and
concentration ¢ (Supplementary Fig. 4). This result agrees with
Debye-Hiickel predictions for a strong, fully dissociated electro-
lyte at low concentrations. However, while the overall ionic
strengths measured in this experiment are low compared with
conductivity studies of simple electrolyte solutions, the solutions
were close to the limit of solubility of the cages in water. At high
concentrations of cages, we did not observe the deviations from
linearity predicted by Debye-Hiickel theory, which predicts that
conductivity is proportional to the square root of the ion con-
centration?>. One explanation is that the concentrations required
for these deviations to be detectable within our measurements
could not be reached due to solubility limits of the cages.
K;,2(GayLg) had a smaller slope as a function of ionic strength as
well as absolute concentration ¢ (Supplementary Fig. 4) than
Kg(SisLg), indicating a lower overall mobility per charge in
solution. This result indicates that the more charged K;,(GayLs)
cage is binding more ions to reduce the effective concentration of
free ions in solution. This finding agrees with the DFT calcula-
tions that predict similar DFT energies between the charged
vertex for two counterions for the K;,(Ga,Lg) cage versus a single
counterion for the Kg(SiyLe) cage. The lower ionic conductivity of
the K;,(GayLg) cages in conjunction with the lower hydration
state suggests that the K;,(GayL¢) environments in solution could
result in different equilibrium ion-pair types, and we further
validated this hypothesis with the analysis of the ion-pairing
relaxations.

Ion pairing of K8(Si4L6) and K12(Ga4L6). We observed a single
ion-pairing relaxation for both cages with magnitude Cip (Fig. 5).
The magnitude of the dipolar contribution increased with ionic
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Fig. 5 lon-pairing relaxation fit and relaxation times. lon-pairing relaxation
fit parameters of Ko(Gaale) cages and Kg(Sisle) cages. a Dipolar
contribution of ion pairs Cjp as a function of stoichiometric ionic strength
| for K12(Gagyle) cages (red and orange points) and Kg(Siszle) cages (blue
points). b Relaxation times of ion pairs 7;p as a function of stoichiometric
ionic strength [ for Ki2(Gaule) cages (red and orange points, R2 = 0.94)
and Kg(SisLe) cages (blue points, RZ2=0.97). Error bars on both plots
represent 95% confidence intervals. Each point was calculated from a set of
broadband distributed circuit parameters shown in Fig. 2

strength, and—considering that we expect Cip to be 0 F/m when I
is 0 mMol—the relationship between Cip and I appeared to be
nonlinear. Dielectric spectroscopy studies of highly charged lan-
thanide salts (La3*+ and Eu3* salts) displayed multiple relaxations,
indicating a thermal equilibrium of multiple types of ion pairs
(contact and solvent-separated ion pairs)20. In contrast, we
observed a single relaxation in the highly charged cage system,
and fits allowing for multiple ion pairs converged on the same
relaxation frequency and did not improve overall goodness of fit.

The presence of a single relaxation indicates that the vertices of
the cages could be treated as distinct (though potentially
correlated) ion-pairing sites. We did not treat the cage as a
single anionic point charge because this implies that highly
anionic species (12~ and 87) have a single, highly favored
counterion-pairing state. Because ion pairs are the product of
stepwise additions of ions (Fig. 1c), the presence of a single ion-
pairing state within the sensitivity of our measurement implies
that a particular pairing reaction step has a dramatically more
favorable free energy of formation than any other step. Multiple
Debye relaxations consistent with multi-step ion-pairing pro-
cesses are seen in atomic salts carrying 31 charges, indicating that
treating the cage as a highly anionic point charge with a single
relaxation is unreasonable?%:3>, In contrast, treating each vertex as
an independent anionic charge with steric effects from the
surrounding organic ligands would account for the presence of a
single, dominant ion pair in each cage. This treatment is
consistent with previously untested assumptions that the
distribution of charge in both the Kg(SiyLs) and K;,(GayLs)
cages is localized to the vertices.

The capacitance Cjp of the ion-pair relaxation (Fig. 5)
represents the dipolar contribution of the ion pairs to the overall
relative permittivity of the solution. The magnitude of Cjp can be
related to the concentration of ion pairs [cp]:

(&4 (1—¢€)Ap) y 3kgTe, N 1
€ Ny Harr

[CIP] = kgeom CIP (8)

Here, ¢’ is the permittivity of the solution, Ajp is the shape factor
of the ion pair (1/3 for a spherical approximation), kg is the
Boltzmann constant, T is the temperature, & is the permittivity of
free space, N, is the Avogadro constant, . is the effective dipole
moment of the ion pair3, and kgeom is a geometric factor relating
the measured capacitance with the dielectric constant of the fluid
(see Methods). The effective dipole moment peg is:

_ Hip
et = V8 0= anfy) )

where pp is the true dipole moment of the ion pair, a;p is the
polarizability of the dipole, fip is the reaction field factor, and g is
the Kirkwood correlation factor3®. To a first approximation, we

Y/
assume that (Y

their similar chemistries and structures. The nonlinearity of Cip
(decreasing slope at higher I) could not be fully accounted for
with the nonlinearity in [cyp] (% varies by ~1.3% among all cage
samples) and implies a nonlinear relationship between the
concentration of cages and paired counterions.

is similar in magnitude for both cages due to

Comparing ion-pair dynamics. The Kg(SisLs) cage displayed
larger Cpp values than the K;,(GayLg) cage, both as a function of
ionic strength and concentration. This Cip result implies that
either the Kg(SigLs) cage-ion pair has a much higher con-
centration in solution ([cp]), or that the dipole moment is larger
for the Kg(SisLe) case, despite a smaller charge on the metal site.
A high concentration of the Kg(SigLs) cage—ion pair is unlikely,
due to the lower number of counterions in solution, and the
higher ionic conductivity as a function of concentration. Rather,
we infer a larger dipole moment, not originating from a change in
charge but through a different pairing mechanism (e.g., a dif-
ferently solvated pair or a different number of bound ions, Fig. 1c,
d). Complementary work on K;,(GayLes) cages by use of a com-
bination of NMR, UV/vis spectroscopy, and ITC has previously
characterized the association of large ammonium guests and
counterions to the cage exterior via contact ion pairs, as those
techniques are unable to detect KT ion-pair interactions!2. These
findings agree with our Zjz and G, data, which also suggest that
the K;,(GayLs) forms contact ion pairs, albeit with potassium
counterions rather than large, strongly bound ammonium ions.
The larger Cpp values of Kg(SiyLs) suggest that solvent-ion pairs
should be considered in this case.

One test to determine the type of ion pair in the Kg(SisLe) cage
is to compare two methods of calculating the association constant
K, from the measured data. If the association constants computed
with these two methods disagree for a candidate type of ion pair,
then the candidate is inconsistent with the measurements. The
association constant can be related to [cip] as follows:

_ [cip]
[cage charge sites][K*]

_ [cip]
(4[c] = [e]) (Px [e] = [epp])
(10)
where P is the number of potassium ions per cage [12 for
Ki2(GayLg), 8 for Kg(SigLe)]). A table of candidate-pairing

mechanisms and the association constants computed with this
method is provided in Supplementary Table 1. K, can also be
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related to the rate constants of the reaction:

(11)

where k; and k_; are the formation and decay rates of the ion pair
(kcips ksip kasip, etc.), respectively.

The formation and decay rates of the ion pair can be estimated
from the ion-pairing time constant 7jp. The time constant 7yp is

defined by:

—=—+— (12)
Tip Tor  Teh
where 7, is the re-orientation time constant of the ion pair, and
To, is the chemical relaxation rate:18:29:36

1
o=tk (Mgl — 2l (13)
and Mg, is the multiplier associated with each cage type (12 for
Ky(SisLe), 16 for Ki5(Gayle)). If [c]>>[cip), then the equation

becomes:

(14)

In addition to helping us estimate rate constants, the 7pp
measurements allowed us to test for the presence of multiple
types of ion pairs and transitions between different types of ion
pair. A linear relationship between I and -- indicates that the

ch

TLCh = by 4 [Mogeld]

detected relaxation represents a single ion-pairing type. In
contrast, a change in slope as a function of ionic strength would
indicate a transition from 1-solvent ion pair to 1-contact ion pair,
for example!®2937. We used the slope of the linear fit to estimate
the formation rate k;, [(1.06+0.10) x 10 mMol/s and (1.53 +
0.29) x 10 mMol/s for the Ki,(GasLe) and Kg(SisLe) cages,
respectively]. These formation rates are slightly smaller than
those observed in simple salt solutions, and very fast on the
timescale of a large guest or substrate association and
reaction>383% This indicates that, indeed, most ion-pairing
interactions are rapid pre-equilibria to supramolecular
phenomena.

The higher formation rate of the Kg(SisLs) cage further
supported the argument that the Kg(SiyLe) and K;,(GayLg) cages
form distinct ion-pairing species. Because the Kg(SisLs) cage
carries lower overall charge than the K;,(GayL) cage, we expect a
higher formation rate in the K;,(GasLs) cages. However, this
difference can be explained by multi-ion complexes such as a 2-
contact ion-pair configuration, where the binding of an additional
K+ ion reduces the overall charge. The intercepts of the linear fits
were approximately an order of magnitude lower than typical salt
solutions ((1.12+0.10) x 10° and (0.93 +0.11) x 10° for the
Ki2(GasLe) and Kg(SigLs) cages, respectively). A reasonable
explanation is that the re-orientation rate of the ion pair is
greatly reduced by the larger mass of the cage and produces a
smaller overall value of -+ k_;. Both cages have similar

TO[

intercepts within the uncertainty of the fit, and we conclude that
the decay rate and re-orientation dynamics of both ion pairs are
similar.

Using the 7p data in Fig. 5b, we found that the ion-pair
formation and decay rates of Kg(SisLs) and K;,(GayLs) were quite
similar within the uncertainty of the measurements, resulting in a

relative association rate (K“(gg)

from Eq. S7) of approximately

0.35. This, in comparison with the estimates from Supplementary
Table 1, suggests that the ion pairs measured in the Kg(SiyL)
system have more solvent molecules than the K;,(GayL¢) ion pair
#iff(Si)
4 (Ga)

to yield >1. Complementary analysis of K;,(GasLe)

suggests the presence of contact ion pairs in solution for bulkier
counterion chemistries, and we conclude that 2-contact ion pairs
are likely present in this system due to the low solvation state and
ionic conductivity of the K;,(GayLg) cage!2. The single hydration
shell calculated for the Kg(SisLe) cages suggest a 1-solvent shared
ion pair, while the relative K, values suggest a 2-solvent pair to
best match the K, values from the formation and decay rates
(Supplementary Tables 1, 2, and Supplementary Fig. 5). We note
that the discrepancies in these calculations may be due to the
simplistic models used to construct the vertex dipole moments.
We also note that in order to develop more sophisticated models,
one would need data from measurement techniques that—like
microwave microfluidics—probe steric and solvent effects in
solutions.

Discussion

In this report, we demonstrated the electrical detection of ion-
pairing interactions in two metal-organic cages by microwave
microfluidics. These findings are necessary for a complete
understanding of charged supramolecular catalysts, as they shed
light into the fast pre-equilibria of supramolecular phenomena.
Our measurements demonstrate that both cages possess a single
concentration-dependent Debye-type dielectric relaxation, which
we attributed to ion-pairing at the vertices of the cage. We found
that, unexpectedly, the Kg(SiyLg) cage is more hydrated in solu-
tion than its more charged counterpart K;,(GayL¢). In addition,
the differences in ionic conductivity and DFT binding energies
between the cages support the presence of a multi-ion complex
(2-contact ion pair) in the K;,(GasLs) cage. The differences in
ion-pair capacitance suggest solvent-separated ion pairs (1- or 2-
solvent ion pair) in the Kg(SisLs) cages. Studying ion-pairing
interactions is critical to understanding fundamental solution
dynamics in supramolecular systems and developing design
parameters for noncovalent interactions in solution. We found
that broadband electrical characterization with microwave
microfluidics can provide fresh insights into ion-pairing inter-
actions in complex chemical systems, offering a new tool for
characterization of supramolecular catalysts. These microwave
microfluidic measurements have the potential to elucidate the
direct impacts of solvation and ion-pairing on guest molecule
association and enzyme-like catalysis. To achieve this, our work
highlights the need to couple microwave microfluidics measure-
ments and advanced computational models that explicitly
account for charge-based, entropic, and solvent effects.

Methods

Preparation of cage samples. The K;,(Ga,Ls) and Kg(SisLs) cages were prepared
and isolated according to literature procedures2. A stock solution of K;,(GayLe)
was prepared at ~10 mM, which was accurately calibrated by 'H NMR. The cali-
bration was performed by mixing a 100-uL aliquot of the stock solution with a
500-pL aliquot of D,O containing 5 mM sodium tosylate as an internal standard.
From this accurate concentration, serial dilutions were performed to obtain aqu-
eous samples of K;,(GayLe), which were then sealed under vacuum in glass
ampules until measured.

The relatively low solubility of Kg(SisLe) in pure water limited the concentration
regime which could be measured. To maximize the concentration of Kg(SisLe), a
35-mg cage sample was suspended in 1 mL of degassed water, sonicated for 1h,
then allowed to stand overnight. The resulting cloudy solution was centrifuged, and
the supernatant was filtered with a 0.2-micron syringe filter. This saturated stock
solution was calibrated by !H NMR. The calibration was performed by mixing a
100-pL aliquot of the stock solution with a 500-pL aliquot of D,O containing 5 mM
of sodium tosylate as an internal standard. From this concentration, serial dilutions
were performed to obtain aqueous samples of Kg(SisLe), which were then sealed
under vacuum in glass ampules until measured.

Unless otherwise noted, all reactions were carried out in oven-dried glassware
sealed with rubber septa under a nitrogen atmosphere with Teflon-coated magnetic
stir bars. Solvents were degassed by rigorous sparging with N, for 1 h or more.
Deuterated solvents were purchased from Cambridge Isotope Laboratories. All
other reagents were purchased from Sigma Aldrich and Fischer Scientific and were
used as directly received without further purification. Proton nuclear magnetic
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resonance (\H NMR) spectra were taken with AV-300, AVB-400, AVQ-400, AV-
500, DRX-500, or AV-600 Bruker spectrometers operating at 300 MHz, 400 MHz,
500 MHz, or 600 MHz.

Determination of cage parameters. Cage volumes: The volumes of the
Ki2(GayLe) and Kg(SiygLe) cages are variable due to their flexibility and motion in
solution®’. Because these structures are ideally tetrahedral, a reasonable range for
their volumes was calculated from the crystallographically determined edge length
(the Ga-Ga and Si-Si distances, respectively) as the lower bound for cage volume
and the edge length 4 0.24 nm as the upper bound.

Tonic radii of the charge centers: The treatment of each cage vertex with the
hard sphere model requires the assignment of a charge value and radius. Ga
(III)-triscatecholates and Si(IV)-triscatecholates are tri- and dianionic,
respectively, due to the six anionic coordinating oxygen atoms and the intrinsic
cationic character of Ga(IIl) and Si(IV). Structures derived from single-crystal X-
ray diffraction measurements support the coordination environment of Ga
(IIT)-catecholates and Si(IV)-catecholates features the symmetric octahedral
arrangement of the six oxygen atoms about the cationic core. Therefore, a
reasonable value for such radii can be obtained from the smallest sphere which
encompasses the cationic core and the six oxygen atoms (Supplementary Fig. 6).
The radius for this sphere can be calculated as the sum of the average M-O bond
distance and the ionic radius of anionic oxygen. M-O bond distances were
obtained from high quality Ga(III)-triscatecholate?! and Si(IV)-enterobactin®?
model complexes due to their higher resolution relative to our host diffraction data,
although those numbers agree well with previous cage datasets*’. The ionic radius
of anionic oxygen was obtained from the literature.*3

Computational methods. All Kohn-Sham DFT calculations were performed using
ORCA*. All structures were optimized at the B3LYP/ma-def2-SVP (B3LYP:#°)
level using D3 dispersion with Becke-Johnson damping (D3BJ dispersion:4%). We
performed vibrational frequency analysis to determine that all geometries were
minimum energy stationary points. Free energy contributions were calculated
using the ideal gas, rigid rotor, and harmonic oscillator approximations.

Device fabrication. The device fabrication for the microwave microfluidics devices
is described in detail elsewhere?47:48, We fabricated two separate types of chips: a
test chip containing all microfluidic devices (Supplementary Fig. 1) and a reference
chip containing bare coplanar waveguide devices (CPWs) for calibration. All
devices were co-fabricated on 500-um-thick fused silica wafers (7.62-cm diameter).
Metal for CPWs was deposited by electron beam evaporation [Ti(5 nm)/Au (500
nm)]. All CPW structures were designed with 50-pum-wide center conductors, 5-
pum-wide gaps and 200-pum-wide ground planes.

In addition to CPWs of different lengths, series resistors, series capacitors, and
short-circuited reflects were fabricated on the reference chip. The series resistor
consisted of a 10-um x 10-um-wide strip of Ti (1.5 nm)/PdAu(11 + 0.5 nm) with
measured direct-current resistance of ~50 Ohms. The series capacitor was identical
in geometry to the series resistor, with the exception that the resistive material was
omitted. The short-circuit reflects consisted of a region of conductor spanning the
ground planes, gaps and center conductor, connected to a short length of
transmission line on either side.

We designed devices with two-layer microfluidic channels consisting of ~50 pm

of SU-8 photoresist, covered with an upper channel layer (~50 um) of patterned
polydimethylsiloxane (PDMS). The SU-8 microfluidic channels were ~80-pm
wide, and exposed lengths of CPW directly to the fluid (0.5 mm, 0.66 mm,
1.32 mm, 1.98 mm, and 3.13 mm). We chose the CPW gap width and SU-8 channel
height so that the electromagnetic fields primarily interacted with fluids and SU-8
rather than the PDMS layer. An acrylic press bar screwed into an aluminum chuck
clamped the PDMS block to the chip.

We measured the CPWs on a manual microwave probe station using a vector
network analyzer (VNA). We measured the complex S-parameters as a function of
frequency and acquired 640 frequency points from 40 kHz to 110 GHz on a log
frequency scale, at an RF power level of —15 dBm (where 0 dBm corresponds to a
power of 1 mW), and with an intermediate frequency (IF) bandwidth of 10 Hz. All
measurements were performed on a temperature-controlled stage programmed to
25 °C. The chips and aluminum blocks were kept on the stage for a minimum of 5
min after the stage reached the desired temperature to ensure thermal
equilibration. After measurements were performed on the reference and empty test
devices, fluid was injected into the channels and held for at least 2 min at zero flow
rate prior to fluid measurements.

We determined the measured S-parameters of the distributed circuit parameters
for each transmission line segment using the calibration techniques described
elsewhere (calibrated S-parameters in Supplementary Fig. 7)2446-48, We performed
a two-tier calibration consisting of a reference chip and the microfluidics fluid-
loaded chip. For the first-tier calibration, we measured S-parameters for seven
different bare CPW lengths (0.420 mm, 1.000 mm, 1.735 mm, 3.135 mm, 4.595
mm, 7.615 mm, and 9.970 mm), a series resistor, a series capacitor, and a short-
circuit reflect. We first performed a multiline thru-reflect-line (TRL)*® calibration
to determine the propagation constant of the bare-CPW lines (y,), followed by the

series-resistor calibration®® to compute the capacitance per unit length of the bare
CPW section (Cy). In the second-tier calibration, we measured four transmission
lines, as well as a single short-circuit reflect structure loaded with fluid on the test
chip. We then performed multiline TRL calibration and series resistor calibrations
with a de-embedding procedure to obtain the propagation constant for the
microfluidic channels (o). The propagation constant for the bare CPW lines can
be written as:

Yo = V(R + i0Ly) (G, + iwG,), (15)

where w is the angular frequency and Ry, Lo, Gy, and C are the distributed
resistance, inductance, conductance, and capacitance per unit length of the bare-
CPW lines, respectively, as a function of frequency. We assumed that the
conductivity of fused silica is negligible (G,=0), and the materials in the CPW
devices are non-magnetic. These assumptions allowed us to derive Ry and L, from
the reference chip, and relate them to the propagation constant of a fluid-loaded
line:

Yot = \/(RO + iwLy)(Gioq + i0Cyqy) (16)

The multiline TRL calibration on the microfluidic test chip allowed us to relate
the propagation constant of the fluid directly to the capacitance Gy and
conductance Cy, for frequencies in the range 1 GHz-110 GHz. For lower frequency
measurements, we utilized the series resistor calibration and de-embedded our raw
measurements to the fluid-loaded portion of the line by accounting for the effect of
cables, probes, and the CPW sections leading up to the fluid.#8>! For every
measurement set, we first measured air and de-ionized water in the channels to
establish baseline levels for C and Gy, for known fluid properties.

Fitting the EDL. We describe the effect of the EDL as operating in series with the
admittance of the fluid for fluids with dissolved ions. The EDL can be modeled as a
Cole-Cole relaxation (see Supplementary Fig. 2 for circuit diagram):

CEDL

YepL = Yepg + Gepr + iwCepp, = Yepg + i@ 1‘+ (inEDL)lfawL

(17)

where Cgpy, is the capacitance associated with the EDL, agpy, is a shape-broadening
parameter and, Tgpy is the characteristic relaxation time associated with the for-
mation of the EDL under electric field. The conductance and capacitance of the
EDL (Ggpy, and Cgpy, respectively) are in parallel with the constant-phase element
Ycpr:

Yepp = Qu"e™ (18)
where Q and 7 are fitting parameters, and where Q has the units [Sm~! Hz"]. We
fix n = —1 because the concentration of ions is low in the sample, and allowing 7 to
vary did not change the fit parameters.

Fitting Yior. We simultaneously fit log(Co) and log(G,,) from 60 kHz to 60 GHz,
and C,, and Gy+G, for the frequency range 3 GHz-25 GHz, with fit parameters
and functions normalized to be approximately one. The inclusion of C,, and
G.+G, into the fitting model was necessary to address the collinearity between G,
and CPE effects in the model. We varied the frequency range over the full fre-
quency spectrum (40 kHz-110 GHz) to minimize the error in the fit parameters.
The frequency range from 60 kHz to 60 GHz minimized the uncertainty in the fit
parameters. We found that a minimum frequency range of 1 MHz-50 GHz was
necessary to accurately describe the ion pairing at all concentrations. This fre-
quency range is not general and depends on the ionic mobility and EDL dynamics
of the specific system.

The fit of the EDL admittance Ygp;, and corresponding data (Supplementary
Fig. 8b, f), allow us to extract the bulk-fluid admittance. The bulk-fluid properties
contain the water relaxation Y, as well as the fluid conductance G,, where the fit
and corresponding data are pictured in Supplementary Fig. 8c and g. The
relaxation magnitude of Y;p (Supplementary Fig. 8d, h), is on the order of 10~11 F/
m, roughly two orders of magnitude smaller than the water relaxation. Including
the ion-relaxation peak was necessary to produce symmetric (Cole-Cole)
relaxations for the EDL and resulted in overall lower residuals across the high-
frequency regime (see Supplementary Fig. 9 for comparison of residuals).

Constructing estimates of relative binding constants. We construct indepen-
dent estimates of the relative association constants of the K;,(Gagls) and Kg(SisLe)
cages from the measurements of 7ip and Cjp to extract information about the ion-
pairing types. From the Cip data, we can use an empirical square-root fit

(Cp x \/I) to relate the Cip(Ga) to Cip(Si) (Cip(Si)=1.9Cp(Ga)), and include this

relationship to get the relative concentrations of ion-pairing cpp:

(t (Ga)+1—¢ (Ga))A,P

[ew(Ga)] o0 o (O (S0 (19)
e (S1)] % x m Cpp(Si) 1.9 e (Ga) |
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We then use this relationship to relate the association constants:

K,(Ga) [cp(Ga)]

K,(S)  (4ld — [ep(Ga))) (12[c] — [cpp(Ga)])

e (S1)]
(20)

In the limit c;p<<c, where the ion pairs are assumed to have similar correlation
factors and reaction fields (see Eq. (9)), we merge Eq. (19) into Eq. (20):

K,(Ga) Hage (S0) % 32 #ae (S)
K,(Si) ~ 19xp%(Ga) " 48 7 4%(Ga)’
We calculated relative dipole moments for contact and solvent-separated ion

pairs for Kg(SisLe) and K;,(GayLs) (see Supplementary Table 2) from our
estimates of the effective ionic radii of the cage charge centers (see Supporting
Information). In calculating the dipole moment, we assumed the ion-pair
pivot point as the edge of the cage charge complex, due to the much greater
mass of the cage. We also tabulated relative free energies of each combination
of ion-pairing type (Supplementary Table 1, Supplementary Fig. 4).

0.35

(21)

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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