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High-capacity water sorbent cycles without
hysteresis under dry conditions

Julius Oppenheim 1,3, Zhentao Yang1,3, Bhavish Dinakar2 & Mircea Dincă 1,2

Sorbents capable of cycling water vapor under dry conditions are critical for
applications such as atmospheric water harvesting, desiccation, and heat
pumps; however, few existing sorbents demonstrate both hysteresis-free
behavior and cycling stability. Herewe show that post-synthetic exchangewith
lithium, sodium, potassium, magnesium, and tetramethylammonium in the
metal-organic framework (MOF) SU-102 ([(CH3)2NH2]2[Zr(HL)2]; H4L = ellagic
acid) enables high-capacity water sorption under low humidity ranging from
11.1% to 4.3%. The champion material, Mg-SU-102, exhibits sharp water uptake
at 4.3% RH, reaches a high maximum gravimetric capacity of 0.41 g/g (with
0.29 g/g at 15% RH), and displays minimal capacity loss over 500 adsorption-
desorption cycles, with essentially no hysteresis. We use vibrational Stark
spectroscopy to probe the local electric field environment within each ion-
exchanged material and show that the trend in relative humidity follows a
Hofmeister-type series in which the cation affects the ability for water to sol-
vate the framework pores. We find strong deviation from this trend for the
tetramethylammonium material, as the larger cation does not undergo capil-
lary condensation sorption, suggesting that fine control over pore function-
ality is necessary. Establishing a correlation between water sorption and a
Hofmeister-type series provides foundational principles for the design of
porous ionic sorbents.

Sorbents that can cycle large quantities of water at low relative
humidity (RH) with minimal hysteresis (to promote fast cycling and
energy efficiency) are critical for atmospheric water harvesting in arid
regions, desiccation, and heat pumps1–4. However, there have been
only a few sufficiently hydrophilic sorbents that exhibit high water
uptake capacity (>0.3 g/g) at low RH ( < 15%)5. There are even fewer
sorbents that achieve these criteria with small adsorption-desorption
hysteresis and good cycling stability, as highly hydrophilic materials
must withstand the demanding conditions required for water release.
Recent literature has proposed that the most effective approach to
achieve high-capacity sorption at low RH involves invoking an iso-
reticular modification to increase the hydrophilicity of a high-capacity
sorbent (rather than the alternative of isoreticular contraction, which

decreases capacity)6. The apparent absence of sorbents that match all
the criteria may, in part, result from a conflict in which sorbents must
be sufficiently hydrophilic to have step-wise sorption at low RH, but
not too hydrophilic to prevent the onset of kinetic hysteresis.

Metal-organic frameworks (MOFs) have been proposed as useful
water sorbents as constituent modularity enables rational modifica-
tion for tuning the capacity and uptake RH. Isoreticular modifications
of the ligand composition7–12, metal node identity6,13–17, bridging and
terminal anion identity6,18 have been studied as means to vary the
hydrophilicity of the framework. However, there have only been lim-
ited investigations into the effect of variation of charge-balancing
cations located within the pores on water sorption, and no systematic
trends have been reported in this sense19. Because the guest/charge-
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balancing ions are much more likely to interact strongly with guest
water molecules than the hydrophobic organic ligands or the mostly
coordinatively saturated metal nodes studied previously, they could
have a larger impact on overall water sorption. Indeed, we surmised
that even small changes to the identity of pore-dwelling cations can
impart large changes especially on the RH for the onset of water
sorption.

Herein, we establish the effects of pore cation identity on the RH
adsorption step for the anionic MOF SU-102 (MxZr(HL)2; H4L = ellagic
acid, M = dimethylammonium [DMA], lithium, sodium, potassium,
tetramethylammonium [TMA] (x = 2), magnesium (x = 1)) (Fig. 1)20. SU-
102was chosen as a representative framework, having been previously
demonstrated to be water stable and susceptible to cation exchange.
We find that sorption follows a Hofmeister-type series21,22, wherein
Mg2+ (a strong kosmotrope) shifts the adsorption step to the lowest
RH. We quantify this series via vibrational Stark spectroscopy, using
the νasym(C=O) mode of the ellagic acid linker as a Stark probe, and
find a correlation (R2 = 0.99) between the νasym(C =O) frequency and
the critical RH following: RH = e0:081νðC=OÞ�139:66. Though the
Hofmeister-type series is qualitatively suitable, it falls short on the
absolute RH trend by predicting K <Na <Li, rather than K <Li <Na.
Additionally, the series is not sufficient to predict that TMA-SU-102
adsorbs by a non-stepwise sorption (capillary condensation)
mechanism.Other factors, such as the size of the cation and its primary
coordination sphere (modulating the effective pore size), also shift the
adsorption step position and affect the sorption mechanism. We find
that Mg-SU-102 displays unprecedented high capacity at low RH, with
anonset for adsorption at 4.3%RHand a capacity of 0.29 g/g at 15%RH.
Likewise, Mg-SU-102 displaysminimal sorption hysteresis and displays
little degradation over at least 500 adsorption-desorption cycles.

Results and Discussion
Synthesis and structure
M-SU-102 (M=DMA, Li, Na, K) were synthesized fromellagic acid using
a protocol adapted from literature20. These isoreticular frameworks
crystallize as hexagonal nets, comprised of chains of square antipris-
matic Zr (each connected to 4 catecholates) bridged by stacks of
canted ellagic acid. The pore limiting diameter for the hexagonal pores

is 11.5 Å, which is, in part, occupied by pore cations. Mg-SU-102 and
TMA-SU-102 were synthesized by analogous exchange using either
MgCl2 or TMACl as a cation source. Inductively coupled plasma-mass
spectrometry (for Li, Na, K, andMg) and NMR spectroscopy (for TMA)
of the respective digested frameworks confirmed near stoichiometric
exchange for each of the cations after two one-day soaking cycles at
room temperature (Li 99.75%, Na 98.25%, K 98.95%, Mg 95.7%,
TMA ~ 100%).

All exchanged materials display similar crystallinity and porosity
as measured by powder X-ray diffraction (PXRD) and N2 sorption
analysis (Fig. 2, Table 1), with apparent BET surface areas in line with
literature values. The N2 BET surface area of DMA-SU-102 is 605 m2/g,
Li-SU-102 is 722m2/g, Na-SU-102 is 601m2/g, K-SU-102 is 475m2/g, Mg-
SU-102 is 505 m2/g, and TMA-SU-102 is 340m2/g. The N2 pore volume
for DMA-SU-102 is 0.30 cm3/g, Li-SU-102 is 0.50 cm3/g, Na-SU-102 is
0.31 cm3/g, K-SU-102 is 0.35 cm3/g, Mg-SU-102 is 0.25 cm3/g, and TMA-
SU-102 is 0.22 cm3/g, in accordance with literature values (Table 1).
Minor differences among surface areas and pore volumes can be
attributed to thedifferentmasses of the cations aswell as their primary
coordination sphere of water. The coordinated water is not removed
upon activation at 80 °C, as revealed by thermogravimetric analysis,
which shows minimal mass loss between 80 °C up to the point of
material degradation.

Water adsorption measurements
Water sorption isotherms measured at 25 °C for DMA-, Li-, Na-, K-, and
Mg-SU-102 exhibit sigmoidal behavior, consistent with a capillary
condensationmechanismwith an initial pre-wetting sorption event (at
either the Zr nodes or on the metal cations)23,24. The critical RH
(definedby the inflectionpoint) follows the trendMg<K<Li <Na <DMA
(Table 1). The maximum gravimetric capacity follows the expectation
given the mass of as well as volume occupied by each ion and their
respective solvation shell per charge, followingMg> Li >Na>K >DMA.
Eachmaterial alsodisplays no significant loss in crystallinity afterwater
sorption (Figures S1–S6).

Each of the isothermswere fit to an empirical functional form that
describes the low-pressure and high-pressure regimes as Langmuir-
Freundlich curves joined together by a logistic (sigmoid) function,with
an additional logistic function used to describe interparticle con-
densation near 100% RH (Supplemental Section 4). The RH of the step
function was taken as the position of the logistic function, which lies
between 4.3% and 11.1% RH. Remarkably, even though the materials
display stepwise isotherms, there is no significant amount of
adsorption-desorption hysteresis (Figures S8–S13). This absence may
be attributed to the pore size, at 11.5 Å diameter, being less than the
critical diameter of 20Å.1

Curiously, a mechanism involving capillary condensation is not
conserved for every cation type. Indeed, TMA-SU-102 exhibits similar
porosity and crystallinity to the other frameworks, but does not dis-
play stepwise sorption (Fig. 3). Instead, the framework exhibits Type I
isotherm behavior in the low-pressure region, with a slight uptick in
sorption at the highest RH. The initial rise in loading occurs at
approximately 3.5% RH (estimated by the RH at half-capacity near the
plateau at 60%RH). There are twopotential explanations for the lossof
capillary condensation. First, a shift to lower RH and loss of capillary
condensation is consistent with a decrease in the effective pore size6.
Second, TMA cations may impede the formation of the hydrogen
bonding network as they cannot participate in hydrogen bonding.

Variable temperature water isotherms between 15 °C and 55 °C
were measured for the best performing material, Mg-SU-102 (Fig. 4).
Each of the isotherms displays similar sigmoidal behavior with a step
between 2% and 6% RH. The characteristic curves (calculated as A =RT
ln[P0/P], where R is the ideal gas constant, T is temperature, P0 is the
saturation vapor pressure, and P is the vapor pressure) overlap well,
with a slight shift towards lower energies at higher temperatures. This

Fig. 1 | Structure ofM-SU-102. Structure ofM-SU-102 (CCDC: 2167934; M-SU-102 =
[Zr(HL)2]; H4L ellagic acid and M dimethylammonium [DMA], lithium [Li], sodium
[Na], potassium [K], magnesium [Mg], or tetramethylammonium [TMA];) viewed
down the c-axis. Scale of the cations from kosmotropic (causing ordering) to
chaotropic (causing disordering).
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slight change, concomitant with the increase in RH of the step, is
attributed to entropic contributions from capillary condensation25.
There is no significant increase in the size of the hysteretic loops at low
temperatures (Figure S18) nor decrease in the slope of the sorption
step at high temperatures, consistent with no sorption critical tem-
peratures (either hysteresis or pore critical temperatures) in the 15 °C
to 55 °C range.

The isosteric enthalpy for water sorption was calculated in the 25
to 40 °C range, as only the isotherms within this temperature range
have sufficient data points for reliable fits in each regime on either side
of the critical RH. The isosteric enthalpy was calculated to be −49 to

−56 kJ/mol in the step, only slightly higher than the enthalpy of
vaporization of pure water26.

To assess the potential usability of the best performing Mg-SU-
102, we measured 512 pressure swing adsorption-desorption cycles
(PSA) (Fig. 5). The PSA wasmeasured between 0% and 15% RH, under a
constant temperature of 25 °C, with an equilibration time of 30min for
each half cycle. Under these specific conditions, adsorption kinetics
are rapid, with saturation occurring in under 10minutes, whereas
desorption kinetics are more sluggish with equilibration reached
within roughly 30min. There is a slight initial decrease in working
capacity over the first 50 cycles, associatedwith a decrease in themass

Fig. 2 | CharacterizationofM-SU-102 crystallinity andporosity. APowderX-ray diffractionpatterns.B 77 KN2 sorption isotherms forM-SU-102 (M=DMA, Li,Na, K,Mg).

Table 1 | List of MOFs: relative humidity (taken as the RH of the step from the best fit), capacity, νasym(C =O) in the pore filled
state, N2 surface area

Framework Relative humid-
ity (%)

Maximum gravimetric capa-
city H2O (g/g)

Capacity at 15% RH
(g/g)

νasym(C =O) humid state
(cm-1)

N2 surface area
(m2/g)

N2 pore volume
(cm3/g)

DMA-SU-102 11.1 0.28 0.15 1701 605 0.30

Li-SU-102 7.8 0.40 0.25 1698 722 0.50

Na-SU-102 8.5 0.37 0.22 1697 601 0.31

K-SU-102 6.3 0.49 0.20 1696 475 0.35

Mg-SU-102 4.3 0.41 0.29 1687 505 0.25

TMA-SU-102 3.5* 0.25 0.14 1695 340 0.22

Capacity at 15% RH calculated using best fit model. *RH is estimated by the RH at half-capacity compared to 60% RH, as there is no sorption step.
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Fig. 3 |Water sorptionpropertiesofM-SU-102. AWater sorption isotherms at 25 °C (the filled green square depicts a representative desorption isotherm forMg-SU-102);
(B) characteristic curves with best fit models for M-SU-102 (M=DMA, Li, Na, K, Mg, TMA).
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of the sample after adsorption caused by a decrease in the total
capacity of the sorbent (with a constant mass after desorption) (Fig-
ures S32–S33). Afterwards, there is a near linear decrease in capacity,
with a slope of about –2.8 • 10-5 (g/g)/cycle. A decrease in working
capacity can often be attributed to slow kinetics leading to diminished
steady state working capacity27. However in the case ofMg-SU-102, the
initial working capacity is not recovered after reactivation after 315
cycles, suggesting that the decrease inworking capacity, albeit small, is
irreversible and not caused by short cycling times.

Mg-SU-102 displays good stability when compared against other
hydrophilic MOFs that adsorb water below 10% RH. Whereas Mg-SU-
102 has a 1% decrease in working capacity every 56 cycles (over all 512
cycles), most other frameworks lose capacity 10 times faster: ~1% in
fewer than 5 cycles. This performance is notable, especially because
Mg-SU-102 demonstrates one of the highest capacities for MOF sor-
bents that operate under extreme dryness, below 5% RH (Table 2).

Influence of local solvent structure on water sorption;
mechanistic studies of water uptake
To investigate details of the water network within the pores for both
activated and pore-filled states, in situ infrared spectroscopy mea-
surements were conducted in a diffuse reflectance geometry. Samples
of various frameworks were measured under two conditions: upon

activation under a flow of dry nitrogen gas, and pore-filled by a water-
saturated flow of nitrogen gas passed through a fritted bubbler filled
with water.

In the activated state, the Li-, Na-, K-, and Mg-SU-102 spectra each
exhibit a sharp band between 3680 and 3700 cm−1 consistent with the
presenceof freewater (bound to a cation, but nothydrogen-bonded to
other water molecules)28. Conversely, the spectra of DMA-SU-102 and
TMA-SU-102 do not display a free water signal (Figure S20). This sug-
gests that in the activated state, the cations within Li-, Na-, K-, and Mg-
SU-102 are each solvated by a primary coordination sphere of water,
whereas the cations within DMA- and TMA-SU-102 are not.

Additionally, in the activated state, the two ν(C =O) modes for
ellagic acid (symmetric and antisymmetric) decouple from each other,
and two vibrational bands are observed. This is consistent with an
asymmetric poreenvironment,where the cations coordinate closely to
the linkers, as compared to the symmetric pore environment of the
humid state, where water screens the cations and only the antisym-
metricmode is observed. Interestingly, the ν(C =O) bands are not split
in the spectrum of activated TMA-SU-102, suggesting that the TMA
cation interacts only weakly with the linker ester, and does not break
the centrosymmetric symmetry.

We hypothesized that the differences in cation-dependent water
sorption free energies would manifest in different intraporous solvent
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Fig. 5 | Water cycling behavior of Mg-SU-102. A Pressure swing adsorption-desorption (PSA) cycling of Mg-SU-102 between 0% and 15% RH at 25 °C. The vertical line
indicates a 70 °C activation. B Magnified gravimetric trace for the initial 10 PSA cycles. C Working capacity for each cycle.
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structures in the pore-filled state, as previously observed, for instance,
in zeolites upon altering hydrophilicity and pore structure29,30. To test
this hypothesis, we employed vibrational Stark spectroscopy – an
infrared technique pioneered for the characterization of local electric
fields (E-fields) at enzymeactive sites– as a quantitativemetric for pore
water structure31. This technique probes local E-fields that may be
induced by nearby E-fields, including externally applied capacitive E-
fields, charged or highly polar functional group residues32, solvation-
induced E-fields caused by solvent dipoles33, or interfacial E-fields
pertaining to electrochemical double-layers34.

Relevantly here, frequencies of C =O stretching modes in probe
molecules (denoted Stark probes) have been demonstrated to follow a
robust linear correlation with local E-field through the equation
Δνobs =Δ~μ�~E, where Δνobs is the frequency shift relative to zero-field
(i.e., gas-phase) environment,Δ~μ is the vibrational Stark tuning rate (in
units of cm−1/(MV/cm)) specific to the C =O stretch, and ~E is the local
E-field along the C =O bond31.

In SU-102, the carbonyl groups of ellagic acid can serve as Stark
probes to quantify the local E-field exerted by a combination of
adsorbed water molecule dipoles and cation charge in the pore-filled
state. Unlike typical Stark probe molecules that contain a single C =O
vibrational mode, the SU-102 linker contains two symmetrically
equivalent lactone C =O bonds that couple to form IR-active anti-
symmetric and IR-inactive symmetric stretching modes. In the pre-
sence of a uniform E-field oriented parallel to one of the C =O bonds,
the Stark tuning rate is identically zero because a positive E-field along
one C=O bond direction results in a negative E-field of the same
magnitude along the opposite C =O bond direction. Resultantly,
νasym(C=O) is not a useful reporter of the local E-field at the C =O
bonds in the presence of a uniform E-field. However, in the pore-filled
state, the E-field at the center of a C =O bond is not caused by a
uniform E-field, but rather originates from a combination of water
molecule dipoles that orient in a stabilizing response to the MOF
dipoles, as well as the charge-balancing cation in the pore, which will
adopt the same symmetry as the MOF. As such, the resultant E-field
about the linker will be quadrupolar rather than dipolar. Critically, this
means that an E-field along the C =O bond would result in an E-
field of opposite direction as the other C =O bond in the same linker,
contrary to the case for a uniform E-field. Hence, although the Stark
tuning rate for νasym(C =O) in the presence of a uniform E-field is
identically zero, the “quadrupolar Stark tuning rate” (i.e., the frequency
shift in response to an E-field that is equal but opposite in direction at
each C =O bond) may not be zero, allowing νasym(C=O) to serve as a
useful probe of local E-field strength at the C =O bond.

Gratifyingly, density functional theory (DFT) calculations using
point charges to create quadrupolar E-fields up to 50MV/cm at the

C =O bonds predict that the ellagic acid linker displays a quadrupolar
Stark tuning rate similar in magnitude to dipolar Stark tuning rates
expected for asymmetric model molecules such as ethyl acetate. This
justifies the interpretation of a shift in νasym(C =O) as a local reporter of
a quadrupolar E-field experienced by ellagic acid in the pore-filled
states of SU-102 materials (Supplemental Section 8).

Experimentally, we find that contributions of the local E-field from
water (in the absence of cations) account for a red shift from the gas-
phase frequency of 1761 cm–1 (DFT calculated ellagic acid) to 1716 cm–1

(ellagic acid measured in aqueous solution). Further red shifts from
1716 cm–1 can be interpreted as the result of the cation affecting the
local E-field as well as the cation restructuring the pore water network.

Upon cation exchange, a shift of the νasym(C =O) mode from
1701 cm–1 to 1687 cm–1 is observed, with the order of decreasing fre-
quency as DMA > Li > Na > K > TMA > Mg (Fig. 6a). If the red-shift is
solely attributed to changes in local E-field, and under the assumption
that the vibrational Stark tuning rate is 0.61 cm–1/(MV/cm) (Supple-
mental Section 8), then bulk water contributes 74MV/cm, DMA+ con-
tributes an additional 25MV/cm, and Mg2+ contributes an additional
48MV/cm. The changes in local E-field are loosely correlated with the
critical RH for water uptake, wherein the frameworks with the most
amount of redshift exhibit the lowest RH for uptake (Fig. 6b). Speci-
fically, the logarithm of RH is loosely linearly correlated with the local
E-field. We note that because TMA-SU-102 uptakes water with a non-
capillary condensation mechanism, it is not included in this
correlation.

The influence of the cation on sorption can be interpreted as a
Hofmeister-type series, in which the cation affects the solubility of the
MOF35. More precisely, the cation (either directly, or indirectly,
depending on how the cation solvation shell interacts with nearby
waters) affects the ability of the pore to be solvated by water mole-
cules. The relative cation ordering in this Hofmeister-type series, and
the conventional description by use of Jones-Dole equation B-coeffi-
cients, both situate magnesium as the most kosmotropic cation, but
differ in the ordering for the other cations21. The disagreement is not
surprising as the ordering depends upon the identity of the solute;
thus, the relationship between local E-field and framework solubility
may be imperfect.

Post-synthetic cation exchange within a series of anionic MOFs
has been analyzed as a means for tuning the critical RH for water
sorption. We find that the charge-balancing cation plays a critical role
in determining the RH for sorption. Modification from the native
dimethylammoniumcation in SU-102 tomagnesium shifts theRH from
11.% to 4.3% RH. Vibrational Stark spectroscopy helped quantify the
local electric field imposed by the various cations (and their water
solvation shells), establishing a qualitative correlation with a

Table 2 | Water sorption properties for MOFs with a critical RH below 10%

Framework Critical relative humid-
ity (%)

Gravimetric capacity above sorption step (at
20% RH) (g/g)

Cycling stability Reference

Mg-SU-102 4.3 0.30 9.1% decrease in capacity after 512 cycles (56
cycles/1% loss)

This work

Co2Cl2BBTA 2 0.37 Not reported 17

Ni2Cl2BBTA 3 0.34 11% decrease in working capacity after 9 cycles
(0.8 cycles/1% loss)

17

CAU-6(Al) 4.5 0.27 Not reported 38

Ni50,Zn50-MOF-74 9 0.48 15% decrease in capacity after 9 cycles (0.6
cycles/1% loss)

13

CAU-10-pydc 9 0.35 No loss in capacity after 50 cycles 39

MIL-160 9 0.34 Minimal decrease in capacity over 10 cycles 40,41

MOF-801-P 9 0.28 3.5% decrease in capacity after 5 cycles (1.4
cycles/1% loss)

42

MOF-804(Zr) 10 0.16 27% decrease in working capacity after 4 cycles
(0.1 cycles/1% loss)

42
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Hofmeister-type series, whereby cations that induce greater changes
to the local electric field and pore water structure, increase the
hydrophilicity of the framework by the greatest amount. We further
show that this correlation holds for cations that allow capillary con-
densation, thus excluding larger/greasier ions such as tetra-
methylammonium. Owing to their higher charge/radius ratio and their
divalent nature, which reduces the mass of charge-balancing ions by
half, Mg2+ ions produce a particularly compelling material, Mg-SU-102.
This MOF reaches a saturation gravimetric capacity of 0.41 g/g, is
notably stable to pressure-swing water sorption cycling, comparing
favorably on both accounts with other materials that function under
extremely dry conditions (RH< 10%).

Methods
Synthesis of DMA-SU-102. The synthesis was scaled up two times from
the previous report20. 1200mg of ellagic acid (97%, Thermo Scientific,
2 eq.) and 640mgof ZrOCl2·8H2O (99.9%, Alfa Aesar, 1 eq.)were added
to a 200mL round-bottom flask containing 40mLN,N-dimethylfor-
mamide (DMF) (≥99.9%, VWR), 20mL deionized water, and 30mL
glacial acetic acid (≥ 99.7%, Sigma-Aldrich). The mixture was heated at
80 °C with stirring for 48 hours in an oil bath with a reflux condenser.
The solids were separated from excess DMF and acetic acid by cen-
trifugation at 3260 g for 10minutes. The solids (200mgat a time)were
then washed three times with 20mL water for 1 day each, using cen-
trifugation to separate the solids each time. The solids were dried at
80 °C under air overnight.

Exchange DMA-SU-102 to M-SU-102 (M = Li+, Na+, K+, Mg2+, TMA+).
100mL of 1M MCln aqueous solution (M = Li+, Na+, K+, Mg2+) (LiCl
anhydrous, 98%, Alfa Aesar; NaCl anhydrous, high purity grade, VWR;
KCl anhydrous, ACS reagent, Sigma-Aldrich; MgCl2 anhydrous, 99%,
Alfa Aesar) or 2M (TMA)Cl (synthesis grade, Sigma-Aldrich) was added
to 200mg of DMA-SU-102 and stirred at room temperature for 1 day.
The mixture was centrifuged at 3260 g for 5minutes to separate the
solids. The solvent was replaced with 100mL of 1M MCl aqueous
solution and stirred at room temperature for 1 day. The mixture was
centrifuged at 3260 g for 5minutes to separate the solids. The solids
were washed with deionized water by two one-day soaks at room
temperature, using centrifugation to separate the solids.

Nitrogen adsorption isotherms were measured by a volumetric
method using a Micromeritics ASAP 2020 Plus gas sorption analyzer.
Typical samples of 30–60mg were loaded into a pre-weighed analysis
tube and capped with a Micromeritics TranSeal. The tube was acti-
vated at 80 °C under dynamic vacuum on the degas port of the gas
sorption analyzer for 24 h and cooled to room temperature. The tube
was then reweighed to determine the mass of the sample and the pre-
weighed tube. Free space correction measurements were performed
using ultra-high purity He gas (UHP grade 5, 99.999% pure). Nitrogen
isotherms were measured using UHP grade nitrogen. All nitrogen
analyses were performed using a liquid nitrogen bath at 77 K. Oil-free
vacuum pumps were used to prevent contamination of samples or
feed gases.

Water vapor adsorption isotherms and water cycling experiments
were conducted using a gravimetric method with a Hiden Analytical
XEMIS microbalance equipped with a vapor dose option and a heated
manifold. A typical MOF sample weighing approximately 3–5mg was
loaded into the microbalance basket, and activated under vacuum for
8 hourswith a programmablewater bathwith a recirculating chiller set
to 70 °C. Water analyses were carried out at variable temperatures
using the water bath with recirculating chiller, and oil-free vacuum
pumps were utilized to avoid any sample or feed gas contamination.

Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) were performed using a Bruker Tensor 37 IR spectrometer
equipped with a liquid nitrogen-cooled mercury cadmium telluride
detector and a Pike DiffusIR™ accessory. Samples were loaded under
air and diluted with KBr in a ratio of about 1:25-100 (MOF:KBr). The
sample was activated under a constant flow of 100 sccm nitrogen at
35 °C. Dosing was performed by a flow of nitrogen gas passed through
a fritted bubbler filled with water (100 sccm). The humid IR spectra
were corrected in order to remove signal originating fromwater vapor.

Powder X-ray Diffraction (PXRD). A Bruker Advance II dif-
fractometer with θ/2θ reflection geometry and Ni-filtered Cu Kα
radiation (Kα1 = 1.5406Å, Kα2 = 1.5444Å, Kα2/ Kα1 = 0.5) was used to
record PXRD patterns. The tube voltage and current were set at 40 kV
and 40mA, respectively. Thin layers of the samples were placed on
zero-background silicon crystal plates before PXRD measurements.

Nuclear magnetic resonance (NMR) experiments were performed
on a three-channel Bruker Avance Neo spectrometer (500MHz).
1H-NMR spectra are internally referenced to residual solvent signal at

Fig. 6 | Spectroscopic characterization ofM-SU-102. A νasym(C =O) band of pore-
filled frameworks for M-SU-102 with dashed line indicating the peak maximum.
B Correlation between the νasym(C=O) frequency and critical RH; the line is a fit
corresponding to the function: RH= eaνC=O + b(R2 = 0.992; a = 0.08± 0.02;
b = −139.66 ± 31.73).
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δ = 2.50 (DMSO-d6).
13C-NMR spectra are internally referenced to

residual solvent signal at δ = 39.52 (DMSO-d6). 3mg DMA-SU-102 was
digested in 50 µL D2SO4 with 5minutes of sonication, and 600 µL of
DMSO-d6 were added to the solution. 1H NMR (500MHz, DMSO) δ
13.07 (s, H2SO4), 7.38 (1 s, C14H2O8), 2.39 (3.17, (CH3)2N).

13C NMR
(126MHz,DMSO)δ 159.54, 148.27, 139.64, 136.70, 112.72, 110.71, 108.19,
34.90/34.81/34.71 (t, (CH3)2NH2).3mg TMA-SU-102 was digested in
50 µLD2SO4with 5minutes of sonication, and600 µLofDMSO-d6were
added to the solution. 1H NMR (500MHz, DMSO) δ 12.85 (s, H2SO4),
7.42 (1 s, C14H2O8), 3.03 (6.35 s, (CH3)4N).

13C NMR (126MHz, DMSO) δ
160.08, 148.77, 140.13, 137.20, 113.24, 111.26, 108.72, 55.20/55.17/55.14
(t, (CH3)4N). 3 mg M-SU-102 (M = Li, Na, K, Mg) was digested in 50 µL
D2SO4 with 5minutes of sonication, and 600 µL of DMSO-d6 were
added to the solution. 1H NMR (500MHz, DMSO) δ 13.18 (s, H2SO4),
7.44 (1 s, C14H2O8).

13C NMR (126MHz, DMSO) δ 159.54, 148.30, 139.67,
136.68, 112.70, 110.72, 108.17.

Elemental analyses (C, H, N) were carried out at Robertson
Microlit Laboratories in Ledgewood, New Jersey. Measurements were
performed in duplicate for DMA-, Na-, K-, Mg-, and TMA-SU-102.

Inductively coupled plasma mass spectrometry (ICP-MS) data
was collected at the MIT Center for Environmental Health Sciences
(CEHS) using an Agilent 7900 ICP-MS spectrometer. Calibration
standards were prepared for ICP-MS analysis using analytical stan-
dard solutions purchased from VWRChemicals BDH Aristar Plus and
an aqueous 2% HNO3 solution (prepared from EMD Millipore
OmniTrace HNO3 and ultrafiltered water). Digestion of samples was
performed in concentrated HNO3 (67-70%, OmniTrace Ultra, EMD
Millipore). The cation content (Li, Na, K, Mg) was determined by
ratio to Zr content.

Density functional theory (DFT) calculations were performed
using the B3LYP functional and def2-TZVP basis set36 using the Orca
computational software37. Vibrational Stark tuning rates were calcu-
lated by placing two point charges 5 nm from the ketone oxygens and
two point charges of opposite charge 30 nm from the ketone oxygens,
along the C-O vector.

Thermogravimetric analyses were conducted using a TA Instru-
ments TGA Q5000 using a gas flow rate of 25mL/min and platinum
high-temperature pans. Masses were uncorrected for buoyancy
effects. The TGA instrument was connected to air (Airgas, Industrial
Grade, Dry) and nitrogen (Airgas, UHP > 99.999%) cylinders. The TGA
pans were cleaned using a propane torch. Approximately 5mg of
powder was loaded onto a tared sample pan using a plastic spatula for
each measurement.

Scanning electronmicroscopy (SEM) was conducted using a Zeiss
Merlin high resolution scanning electron microscope at MIT MRSEC
(formerly the Center for Materials Science and Engineering – CMSE).
The samples were mounted on carbon fiber tape before being trans-
ferred into the chamber. The images were acquired at a working dis-
tance of 4.7–5.0mm and an electron beam energy of 2.00 kV.

Data availability
The data supporting the findings of the study are included in the main
text and supplementary information files. Raw data can be obtained
from the corresponding author upon request. Source data are pro-
vided with this paper.
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