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ABSTRACT:. Devices that utilize the reversible capture of water vapor provide solutions to water insecurity, increasing en-
ergy demand, and sustainability. In all these applications, it is important to minimize water adsorption-desorption hysteresis.
Hysteresis is particularly difficult to avoid for sorbents that bind water strongly, such as those that uptake below 10% relative
humidity (RH). Even though the theoretical factors that affect hysteresis are understood, understanding the structure-func-
tion correlations that dictate hysteretic behavior in water sorbents remains a challenge. Herein, we synthesize a new hexag-
onal microporous framework, Ni.Cl.BBTQ (H:BBTQ = 2H,6H-benzo[1,2-d][4,5-d"]bistriazolequinone), to elucidate these prin-
ciples. Uniquely among its known isoreticular analogues, Ni2Cl2BBTQ presents unusually high hysteresis caused by strong
wetting seeded by a particular strong zero-coverage interaction with water. A combination of vibrational spectroscopies and
detailed molecular dynamics simulations reveals that this hysteretic behavior is the result of an intricate hydrogen bonding
network, in which the monolayer consists of water simultaneously binding to open nickel sites and hydrogen-bonding to
quinone sites. This latter hydrogen bonding interaction does not exist in other isoreticular analogs: it prevents facile water
dynamics and drives hysteresis. Our results highlight an important design criterion for water sorbents: in order to drive water
uptake in progressively dry conditions, the common strategy of increasing hydrophilicity can cause strong wetting and the
formation of superclusters, which lead to undesirable hysteresis. Instead, hysteresis-free water uptake at extremely low hu-
midity is best promoted by decreasing pore size, rather than increasing hydrophilicity.

INTRODUCTION
The capture and control of water vapor is critical for sev-

parameters dictate the utility of the sorbent for the desired
applications.!

eral applications including desiccation, thermal battery
heat storage, heat pump energy transfer, humidity control,
desalination, and atmospheric water capture.1?2 Metal-or-
ganic frameworks (MOFs) have been proposed as promis-
ing sorbents for the reversible binding of water due to their
high porosity, water stability, crystallinity, and chemical
tunability. However, the exact relationship between chemi-
cal composition and the behavior of water within pores re-
mains ambiguous. With clear structure-function principles,
it will be possible to simultaneously optimize working ca-
pacity, the relative humidity for onset of pore condensation,
the steepness of pore condensation, water cycling hystere-
sis, kinetics of sorption, water cycling stability, and isosteric
enthalpy for the adsorption of water. These physical

Many systematic studies have been performed to eluci-
date structure-function correlations, with a dominant focus
on controlling the onset of pore condensation, increasing
working capacity, and increasing water stability.3-7 In order
to more easily determine these correlations, there has been
interest in developing the chemistry of materials based on
bistriazolylarene ligands such as H2BTDD = bistria-
zolodibenzodioxin, H2BBTA = benzenebistriazole, and
H:bibta = bibenzotriazole. This family serves as an ideal
model system due to exceptional hydrolytic stability de-
rived from the kinetically inert late transition metal-tria-
zolate bonds.® The effects of isoreticular modification of
pore size,® modification of the element in open metal
sites,1011 modification of structural anion identity,® and the



effect of pore shape!? have been correlated with changes in
the onset of pore condensation and working capacity.!! Crit-
ically, the structure-function correlations determining the
presence and size of hysteretic loops have not yet been fully
delineated. Even though there is an understanding of the
maximum pore size before onset of capillary-condensation
driven hysteresis, the relationship between structure and
water supercluster-based hysteresis are still unclear.
Herein, we utilize this isoreticular platform to investigate
the relationship between framework structure and adsorp-
tion-desorption hysteresis. Specifically, the relationship be-
tween a cooperative binding of water, caused by simultane-
ous interactions with the nickel site and quinone sites, and
the thermodynamics for formation of strong wetting
films/water superclusters.

We report a metal-organic framework, Ni2ClzBBTQ
(H2BBTQ = 2H,6H-benzo[1,2-d][4,5-d']bistriazolequinone).
This framework adopts a hexagonal topology, isoreticular
to the previously described M:X:BBTA and M:X:BTDD
frameworks. Due to the presence of the quinone functional
group, the pores are more hydrophilic and bind water
tightly. The structure of the hydrogen bonding network is
probed by a combination of variable humidity or variable
temperature infrared and Raman spectroscopy, powder X-
ray diffraction, and gravimetric analysis with detailed mo-
lecular dynamics simulations. We find that the quinone
functional groups facilitate the binding of water below 0.5%
relative humidity (RH) (at 25 °C) as a result of cooperative
binding of the water to the open nickel site concomitant
with hydrogen bonding to the quinone groups. The frame-
work has sluggish activation kinetics below 200 °C under
high vacuum due to extreme hysteresis, leading to a reduc-
tion of the working capacity during 0 to 25% RH cycling at
25 °Cwith 2 hour cycles from an ideal ~0.20 g/gto 0.11 g/g.

RESULTS AND DISCUSSION.
Synthetic and Structural Details.

Previous syntheses of non-porous MOFs using benzobis-
triazolequinone (BBTQ?-) have utilized the conjugate base
under aqueous hydrothermal conditions.1314 We hypothe-
sized that conditions mimicking those used in the synthesis
of isoreticular of Ni2Cl2BBTA, which utilize neutral ligand in
an organic solvent, would prevent formation of metal-ke-
tone coordination bonds and form the desired hexagonal
phase (Figure 1). Reaction of H2BBTQ with NiClz in acidic
N,N-dimethylformamide gives rise to a crystalline, tur-
quoise-colored material with the desired structure type.
The crystal structure of the framework was refined against
a synchrotron powder X-ray diffraction pattern in the space
group R-3mwith a = b =24.65 Aand c=8.12 A (Figure $4.1,
1b). The diameter of the maximally included sphere is 10.7
A. The oxygen of the water bound to the nickel center is
crystallographically resolvable, though all other waters in
the pores are disordered.
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Figure 1. (a) A portion of the structure of Ni2Cl2BBTQ
(with central pore guest water molecules excluded). (b)
Powder X-ray diffractogram of Ni2Cl2BBTQ (Cu Ka radia-
tion).

MOF Activation.

Due to the narrow and hydrophilic pores that facilitate
pore condensation, Ni2Cl:BBTQ is difficult to activate under
dynamic vacuum (3 pmHg) at 135 °C, the activation condi-
tions used for Ni2Cl2BBTA, where water desorption is kinet-
ically limited. After 12 hours of activation under these con-
ditions, the Nz isotherm displays type I behavior, with a
measured BET surface area of 704 m2/g and a pore volume
of 0.29 cm3/g. After 36 hours of activation, the surface area
increases to 1,146 m2/g, with a corresponding pore volume
of 0.45 cm3/g (Figure S6.1).

To improve the rate of activation, higher temperatures
are used. Thermogravimetric analysis of Ni2Cl2BBTQ (meas-
ured under dry nitrogen flow with 1 °C/min heating) re-
veals a substantial mass loss between 160 and 200 °C, cor-
responding to the removal of approximately 4 water



molecules per nickel site (Figure 2c). To confirm the stabil-
ity of the material at these elevated temperatures, we per-
formed variable temperature powder X-ray diffraction.
Upon heating to 250 °C, we observe the preservation of
crystallinity, with an associated small irreversible decrease
in the unit cell volume from ~4200 A3 to ~4000 A3, con-
sistent with cell contraction upon solvent loss (Figure 2a).

Upon activation of the material under dynamic vacuum at
200 °C for 12 hours, the material again displays a type I N2
isotherm, with an increased BET surface area of 1,258 m?/g
and a pore volume of 0.50 cm3/g (Figure 2b). This meas-
ured surface area lies between the theoretical surface area
for a model structure with no waters in the pores, at 1,363
m2/g, and a model structure with one water bound to each
nickel site, at 1,218 m2/g, suggesting that even heating at
200 °C for 12 hours does not result in complete activation
of the framework.

Upon activation of the framework at 200 °C, an irreversi-
ble chemical change occurs, characterized by a darkening in
color, proceeding from green to purple to black. Variable
temperature ultraviolet-visible-near infrared spectroscopy
(under a flow of helium gas) reveals the appearance of two
new absorption bands at 14,877 and 22,857 cm! (672 and
438 nm) upon heating, with an onset temperature below 80
°C (Figure 2d). We attribute these changes to reduction of
the quinone to hydroquinone via water oxidation, where
there is an equilibrium between quinone and hydroquinone
with quinhydrone (i.e., quinone-hydroquinone dimer).
These bands correspond to the quinhydrone charge trans-
fer excitation and hydroquinone m-m* excitation, respec-
tively.15 It is difficult to quantify precisely the ratio of qui-
none to hydroquinone as the equilibrium constant between
quinone-hydroquinone and quinhydrone is not known and

13C-ssNMR spectra do not exhibit any features (likely due to
paramagnetic broadening by spin polarization from the
nickel sites). However, given that the quinhydrone band
grows monotonically with temperature, we expect that the
quinone content outnumbers hydroquinone (ideally at an
equal quinone-hydroquinone content, the quinhydrone
band would reach a maximum, and decrease in intensity af-
ter hydroquinone exceeds quinone content).

The carbon 1s region of X-ray photoelectron spectra cor-
roborate the assignment for partial reduction of quinone to
hydroquinone. A spectrum of pristine material displays a
small band at 288 eV and larger band at 286 eV, correspond-
ing to the C=0 and C-N carbons, respectively (Figure S$7.1).
Upon activation, the relative intensity of the 288 eV band to
the 286 eV band decreases, consistent with the reduction of
quinone, as an aromatic alcohol also appears at around 286
eV. Additionally, the spectrum of material that was cycled
through many water isotherms and activated several times
displays a weaker mi-mt* satellite band at 291 eV compared
with the pristine Ni2Cl2BBTQ, consistent with an increasing
amount of hydroquinone.

There is a slight decrease in the ratio of chloride to nickel
from 1.0 to 0.77, as measured by X-ray photoelectron spec-
troscopy, which happens only during the initial activation of
the framework (Figure S7.3-4). The slight loss of chloride
is attributed to the exchange of chloride to hydroxide, con-
comitant with the formation of hydrochloric acid, since
there is no evidence of the reduction of nickel by X-ray pho-
toelectron spectroscopy. Given that X-ray photoelectron
spectroscopy is a surface technique, this reactivity pattern
may be considered as surface passivation that occurs during
the first activation.
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Figure 2. (a) Variable temperature powder X-ray diffractogram (Cu Ka radiation). The gray trace is a simulated pattern. The reflec-
tion at 25.5° corresponds to the Al203 sample holder. (b) N2 isotherms of Ni2Cl2BBTQ activated at 25 °C and 200 °C. (c¢) Thermograv-
imetric analysis for Ni2Cl2BBTQ. (d) Variable temperature UV-Vis-NIR spectra of Ni2Cl2BBTQ.

Water Sorption.

The water isotherms of Ni.Cl.BBTQ display type [ behav-
ior consistent with the water isotherm of a microporous
framework (Figure 3a).'® The maximum capacity of the
framework after activation at 200 °C is 0.38 g/g (approxi-
mately 4 water molecules per nickel site). At 9.6% RH, the
quantity of water adsorbed is 0.22 g/g, indicating
Ni2Cl2BBTQ adsorbs most of its maximal water uptake at ex-
tremely low relative humidity. The onset for pore conden-
sation is consistent with other smaller pore frameworks,
such as the isoreticular Ni2Cl.BBTA. There is a slight posi-
tive slope at higher relative humidity, which we attribute to
water condensation on the exterior of and in between crys-
tallites.1?

The high temperatures and extended activation times re-
quired to maximize N2 surface area are consistent with the
expectation of a large hysteresis in the water isotherm. Ki-
netically hindered desorption may be caused by a large bar-
rier for dissociating water due to the strong hydrogen bond-
ing network (this can be considered as a water supercluster
or as thick pore wetting occurring prior to capillary conden-
sation).!819 Indeed, upon desorption to 25 °C and 1.0% RH,
there is still 0.16 g/g adsorbed. This contrasts with the wa-
ter isotherms for Ni2Cl2BBTA, which displays minimal hys-
teresis despite adsorbing water at lower RH.? The nature of
the hysteresis with Ni:Cl:BBTQ differs from traditional

ones, such as capillary condensation that occurs in frame-
works with pores larger than 20 A, or hysteresis caused by
flexible pores that undergo expansion and contraction.?

Variable temperature isotherms measured at 15 °C, 25 °C,
and 35 °C were performed in order to measure the isosteric
enthalpy of adsorption for water (Figure 3b). For this
measurement, the sample was reactivated at 70 °C under
dynamic vacuum (70 °C being chosen over 200 °C in order
to prevent the possibility of slight framework degradation
from affecting the calculation). The three isotherms display
similar uptake. The isosteric enthalpy of adsorption was cal-
culated using linear interpolation as none of the typical
sorption models fit well to the data. It was not interpolated
below 6 mmol/g due to insufficient data at very low RH. The
isosteric enthalpy of adsorption was calculated to be
roughly between 40 and 60 k]/mol, consistent with the iso-
steric enthalpy of adsorption of water in similar mi-
croporous MOFs.! This value is higher than the enthalpy of
vaporization for pure water at 40.7 k] /mol, consistent with
strong binding in the pore under confinement.20 Given that
this measurement was performed with activations at low
temperature, it is difficult to experimentally bound the iso-
steric enthalpy of adsorption for the monolayer of water.

To test the stability of the framework for use as an adsor-
bent, cycling experiments were performed. In particular,
the framework was cycled between 0% and 25.2% RH at 25
°C with 30 minutes for adsorption and 90 minutes for de-
sorption. Whereas the kinetics of adsorption are fast (< 5

1.0



minutes), the desorption process is slow: complete desatu-
ration does not occur even after one hour at 0% RH. The
working capacity for two-hour adsorption-desorption cy-
cles decreases by 11% over 52 cycles, with a mean working
capacity of 0.11 g/g (Figure 3c,d, $8.1). We attribute the
slight decrease to a combination of reduction of the quinone
to hydroquinone during desorption, the small amount of
chloride to hydroxide exchange, and any potential frame-
work collapse that may occur as a result of the large internal
forces the material undergoes during cycling. Importantly,
the hysteresis is not responsible for the loss in working ca-
pacity: the isoreticular and non-hysteretic Ni-Cl.BBTA loses
8% of its capacity during temperature swing cycling, alt-
hough the mechanism of capacity loss need not be the
same.’
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The cause of the sluggish desorption kinetics differs from
that for typical materials whose kinetics are limited by ex-
ternal diffusion. For a typical non-hysteretic sorbent during
cycling, the rate of sorption is most significantly modified by
the shape of the isotherm (which dictates the RH gradient
between the sorbent bed and atmosphere), rather than by
the intrinsic rate constant.2! However, for Ni2Cl2BBTQ, the
intrinsic rate of desorption is quite slow (even on the time
scales for isothermal measurements), and we expect that
the cycling is internally kinetics/diffusion limited. Certainly,
this is not ideal for a practical sorbent, and identifying the
physical property that causes such slow desorption is nec-
essary such that it can be avoided for other sorbents.

b) 70°C activation
—~ 0.25f 15°C 2 8%
:g 2500 ..0‘\.‘.“J
< 0.20}
(0]
£
2 0.15¢
2
> 0.10¢
% 0.05;}
£ 0
8 ¢ oHA Quang{;el\dsorbgdz(og/g) S
0.00E : : . :
0 20 40 60 80
Relative Humidity (%)
d
) 0 to 25% RH cycle
a 0.12_0.....’00..“..‘...-.............. - . . -
é 00500%0, L00000,%,
> 0.10}
& 0.08}
o
©
O 0.061
g
g 0.04¢
3 0.02}
= 0.0 : : ' - 22
005 020 30 40 50

Cycle Number

Figure 3. (a) Water isotherm of Ni2ClzBBTQ with activation at 200 °C and 70 °C. (b) Variable temperature water isotherm of
Ni2Cl2zBBTQ and isosteric enthalpy of adsorption (dashed lines denote standard error). (c) Cycling at 25 °C between 0 mbar and 8

mbar. (d) Working capacity during cycling over 52 cycles.

Thermodynamics of Water Adsorption by Molecular
Dynamics Simulation.

To further probe the interaction between the framework
and water at the lowest coverage, detailed molecular dy-
namics (MD) simulations were performed using the MB-pol
many-body potential (details in Supplemental Section
1).22-24 As the water loading increases from 0.056 to 3.0 mol
H20/mol Ni, the adsorption enthalpy increases sharply
from -15.3 to approximately -13.3 kcal/mol (-64 k]/mol to
-56 kJ/mol), and subsequently remains relatively constant
(Figure 4a). This sharp increase in adsorption enthalpy
corresponds to the pore condensation step below 5% RH.

At the lowest loading (only one water molecule loaded
within the framework), the most probable distance be-
tween the open nickel site and the oxygen atom in water is
approximately 2.0 A, as illustrated in the radial distribution
function (RDF, Figure $10.1). This observation suggests
that the nickel sites predominantly serve as the primary
sites for initial hydration and water capture. However, rigid
coordinate scans indicate that the interaction energy be-
tween water and the open nickel site is only -8 kcal/mol,
significantly smaller than the zero-coverage adsorption en-
thalpy of -15.3 kcal/mol (Figure $9.3). This suggests that
the interaction energy between water and the quinone also
exerts a significant influence on adsorption. This secondary



interaction is further indicated by the RDF between the qui-
none oxygen and water hydrogen, with a most probable dis-
tance of approximately 1.9 A. (Figure $10.1). This pair of
key interactions that lead to strong water uptake at the
monolayer level are illustrated in Figure 4c.

The entropy of water exhibits a similar trend to the ad-
sorption enthalpy as a function of the water loading (Figure
4b). It displays a rapid increase from 14.8 to 17.6 cal/moleK
as the loading increases from 0.056 to 1.2 mol H20/mol Ni,
followed by a gradual decrease to 17.0 cal/moleK when the
loading is further increased to 3.0 mol H20/mol Ni, which is
attributed to the increasing complexity of the hydrogen-
bond network. Remarkably, this behavior diverges from
that observed for NU-1500-Cr (a framework previously
studied by the same methods), in which the entropy rapidly
decreases during capillary condensation.?> This difference
can be ascribed to the characteristics of the primary inter-
action sites during the initial hydration phase, resulting in
distinct dynamic properties of water molecules which will
be further elaborated in the subsequent section.

While the entropy trend of water in Ni2Cl.BBTQ differs
from that in NU-1500-Cr, both cases exhibit notable varia-
tions in adsorption enthalpy and entropy around the ad-
sorption step on the isotherm, which corresponds to filling
the regions with the largest void space within the two
frameworks. This observation offers a characteristic feature
that can be employed in MD simulations to determine the
relative humidity value corresponding to the adsorption
step and characterize the pore filling mechanism within a
given framework structure.
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Figure 4. Thermodynamic properties of water within
Ni2Cl2BBTQ at different loadings. (a) The adsorption enthalpy
and (b) water entropy. (c) A representative structure from mo-
lecular dynamics simulations in which a water molecule is sim-
ultaneously bound to the nickel site and hydrogen bonding to
the quinone site.

Dynamical Properties of Water Adsorption.

To shed light on the difference in the water entropy at the
early stage of hydration, several dynamical properties of
water at different loadings were calculated using MD simu-
lations. The spatial distribution of water within the pores
were calculated as a function of water loading (Figure 5a,
defining nickel site occupation within 2.5 A and quinone site
occupation within 2.2 A). Strong correlations between
nickel and quinone site occupation suggest that water bind-
ing to open nickel sites is always accompanied by hydrogen
bonding to the quinone oxygen, which notably contributes
to the adsorption enthalpy at the early stage of hydration as
shown in Figure 4a. The confinement effects of Ni2Cl.BBTQ



are further elucidated by comparing the orientational cor-
relation function of a single water molecule within
Ni2Cl:BBTQ with the previously studied and larger-pore
NU-1500-Cr (Figure 5b). We find that the reorientation
rate of water in Ni2CI2BBTQ is slower than in NU-1500-Cr.
This suggests that Ni2Cl.BBTQ imposes stronger constraints
on the motion of a water molecule than the chromium MOF,
as the water molecule binds to the respective primary inter-
action sites in the initial hydration stage. With Ni.Cl.BBTQ,
a water molecule binds to a single Ni site, and its rotation is
constrained due to hydrogen bonding to the nearby qui-
none. In contrast, for NU-1500-Cr, the first water molecules
bind exclusively to Cr sites during the initial hydration
stage, and are overall less constrained than those in
Ni2Cl2BBTQ. As a result, the different entropic behavior of
water at low loadings between the two MOFs: increasing
with RH for Ni.Cl.BBTQ, and decreasing for NU-1500-Cr, di-
rectly correlates with the constraint imposed on water mol-
ecules particularly by the neighboring quinone sites in the
former.

Analysis of the statistics of water molecules located near
the center of the pore in Ni2Cl2BBTQ provides further in-
sight into the confinement effects (Figure 5a). Notably, only
~50% of the nickel sites are saturated with water upon
loading of 1 mol H20/ mol Ni. Even at the highest loading
considered here, 3 H20/ mol Ni, approximately 8% of the
nickel sites remain unsaturated. At this highest loading, the
remainder of the water that could be occupying the unsatu-
rated nickel sites instead lie within the center of the pore.
The water occupation at the central pore positions exhibits
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seemingly linear growth with increasing water loading. As
the pore water occupation increases, the hydrogen-bonding
network becomes more connected (Figure 5c¢) with a dis-
tribution of water having multiple donor (D) or acceptor (A)
partners. Consequently, as the water loading increases, the
energy difference between saturating a nickel site versus
participating in the hydrogen-bonding network gradually
diminishes. This suggests that entropic effects gradually be-
come the main factor determining the percentage of Ni sites
being saturated at high water loading.

The confinement effects of Ni2Cl.BBTQ on water mole-
cules are further reflected in the translational transport
properties. The diffusion coefficient of water molecules
along the pore direction (crystallographic c-direction) in-
creases with water loading (Figure 5d). This is consistent
with a large population of water immobilized by nickel and
quinone sites at low water loading, resulting in pronounced
hindrance to water translational mobility. At higher water
loading, there is a corresponding rise in the percentage of
water molecules situated near the center of the pore, which
reduces the constraints on translational mobility. A similar
trend in diffusion coefficients at varying water loadings has
been observed in other systems, such as Zn(l-L)Cl,2¢ Co-
MOF-74,27 and has been suggested in the investigation of
water in isoreticular Co2Cl2BTDD.28 The analogous trend in
diffusion coefficients observed in these MOFs can be at-
tributed to their similarity in strong interactions with the
framework at low water loadings, where most water mole-
cules either saturate the metal sites or establish hydrogen
bonds with the framework.
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Figure 5. Dynamical properties of water within Ni2Cl2BBTQ. (a) The percentage of occupancy of Ni, carbonyl oxygen, the center of
the pore at different water loadings. (b) The orientational correlation function of a single water molecule confined in Ni2Cl2BBTQ
(red). For comparison, corresponding orientational correlation function confined in NU-1500-Cr (blue) calculated from Ref. 25 is
shown. (c) The hydrogen-bond topologies of water and (d) diffusion coefficients of water along the pore direction at different load-

ings.
Vibrational Spectroscopic Characterization.

Vibrational spectroscopy supports the structural assign-
ments of confined water from MD simulations. Specifically,
the symmetric and antisymmetric v(C=0) quinoidal vibra-
tional modes were used as spectroscopic handles to probe
the water-MOF interaction. The shifts in these vibrational
bands upon coordination to water directly report on the
spatial distribution of water as a function of RH. In situ in-
frared (IR) spectroscopy was performed under controlled
RH between 0.2% and 26% in both diffuse reflectance infra-
red Fourier transform spectroscopy (DRIFTS) and trans-
mission geometries.

Upon heating the sample to 150 °C under a dry argon
stream, sharp vibrational bands are displayed from 2400 to
3600 cm-, consistent with a hydrogen-bond network of
pore-confined water. Upon activation at 220 °C, the bands
atapproximately 1610 cm-*and 1650 cm-! disappear, while
the band at 1700 cm! sharpens (Figure 6a). The water
bands also decrease in intensity, consistent with a more
complete activation of the framework. Upon dosing the ma-
terial to approximately 5% RH, the water bands and the
bandsat 1610 cm-tand 1650 cm-! reappear (Figure S11.1).
Above 5% RH, no further changes occur, indicating that the
material has been fully saturated with water. Upon reacti-
vation of the material at 150 °C, the water bands around
3000 cm! as well as the 1610 cm! and 1650 cm-! bands
decrease in intensity, indicating reversibility.

To determine the changes in the hydrogen bonding net-
work below 5% RH, we performed in situ IR spectroscopy
in a transmission cell designed such that incremental quan-
tities of water vapor could be dosed at known pressures.

Upon activation of the framework at 240 °C, we observe a
decrease in intensity of the bands between 1620 cm! and
1660 cm-1, as well as the conversion of a band from 1684
cm! to 1716 cm1, with an isosbestic point near 1700 cm-!
(Figure S11.2). After activation, a few sharp bands in the
water region remain, ranging from 2947 cm-! to 3558 cm,
consistent with a well-defined hydrogen-bond network of
residual water in the pores, partial reduction of the quinone
to hydroquinone, and/or a small amount of chloride-to-hy-
droxide anion exchange.

Two distinct features appear upon dosing with water up
to 5% RH. First, a very broad band spanning from 3700 to
approximately 2500 cm! increases in intensity. This band
is associated with the v(0-H) water vibrational modes. The
broad features are diagnostic of a hydrogen bond network
that is not ordered. Second, there is a decrease in intensity
for the band at 1716 cm, and an increase in intensity for
both bands at 1684 cm-! and 1653 cm! (Figure 6b-d). The
band at 1716 cm-! is attributed to vasym(C=0), the frequency
of the Biu quinone stretching mode. In order to assign the
1684 and 1653 cm-! bands, we repeated the experiment
while dosing with D20. Isotopic labeling reduces the relative
intensity of the 1653 cm-! band (Figure $11.5), suggesting
that it corresponds to the water bending mode, while the
1684 cm-! and corresponds to the vasym(C=0, H-bond) mode
(the corresponding quinone stretching mode with hydro-
gen bonding to water). Assignment of vasym(C=0) and
Vasym(C=0, H-bond) to the 1716 and 1684 cm-! bands are in
agreement with the observed isosbestic point, which indi-
cates an interconversion between the two species.
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Figure 6. (a) DRIFT spectra of Ni2Cl2BBTQ upon activation at 150 °C and 220 °C. (b) Absorbance spectra upon dosing from
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Given these spectral assignments, structural information
as a function of RH may be extracted. Integration of the dif-
ference spectra for a particular vibrational band as a func-
tion of RH reveals changes in the distribution of molecules
in the system. Comparisons of the difference spectra for the
regions comprising the O-H (integrated from 2975-4000
cm-1) and the asymmetric C=0 stretching mode (intensity
determined by Gaussian deconvolution, Figure $S11.3) re-
veal the RH values where water coordinates and then satu-
rates the quinone groups (Figure 7a). The integrated differ-
ence spectra for the water band reveal a steep increase be-
low 0.5% RH, followed by a slower increase in intensity up
to 5% RH. For the quinone vibrational mode, the intensity
decreases rapidly from 0 to 0.5% RH, reaching a plateau
around 1.5% RH. The similar behavior of the integrated dif-
ference spectra below 0.5% RH suggest that the first water
that enters the pores coordinates to the quinone and the
quinone groups are saturated with water before reaching
1.5% RH, in agreement with predictions from MD simula-
tions.

To probe the local structure of water around the qui-
nones, we measured the depolarization ratios of the qui-
none symmetric vibrations using Raman spectroscopy (ex-
citation wavelength of 785 nm) for the unactivated and ac-
tivated Ni2Cl:BBTQ. The Raman spectrum of the unactivated
framework displays bands at 1692 cm and 1712 cm-?,
whereas the spectrum of the activated framework displays
bands at 1701 and 1723 cm-1. The bands at 1712 cm-! and

1701 cm! in the unactivated and activated spectra are
likely overtones, as they lie at approximately two times the
energy of other observed bands, 855 cm-! and 852 cm! re-
spectively (with slight deviations likely due to anharmonic-
ity). We can, therefore, attribute the band at 1723 cm! to
the symmetric quinone vibrational mode vsym(C=0) and the
band at 1692 cm! to the symmetric quinone vibrational
mode where the quinone is hydrogen bonding to a water,
Vsym(C=O, HZO) (Table 1)

Table 1. Assignment of the quinone vibrational modes.

v(C=0) Antisymmetric, | Symmetric, Aig (de-
B1u polarization ratio)

Activated 1716 cm-! 1723 cm-1 (0.60)

Bound to water | 1684 cm-! 1692 cm-1 (0.74)

Given these assignments, we measured the depolariza-
tion ratio, p, whose value is a measure of the symmetry for
avibrational mode, to gain insight into the local structure of
the second water layer (Figure 7b, S12.1-2). For BBTQ, a
molecule with local Dzn symmetry, the depolarization ratio
for an A symmetric vibrational mode should be between 0
and 0.75, while the ratio for a vibrational mode with any
other symmetry will be 0.75.29.30 We find that the symmetric
vsym(C=0) band at 1723 cm! is a polarized band with p =
0.60, consistent with a totally symmetric vibrational mode.
However, the symmetric vsym(C=0, H20) band at 1692 cm-!
is a depolarized band with p = 0.74, inconsistent with a



totally symmetric vibrational mode. We attribute the depo-
larization to a breaking of symmetry at the quinone away
from ideal Dzn symmetry due to strong coupling between
the quinone vibrational mode and the water vibrational
modes.

The assignments of quinone vibrational modes are con-
sistent with theoretical calculations. The non-scaled DFT-
calculated vibrational modes of BBTQ?- and 2H20«BBTQ2?-
are vsym(C=0) = 1688 cm, vasym(C=0) = 1684 cm,
Vsym(C=0, H20) = 1681 cm™?, and Vasym(C=0, H20) = 1672 cm-
1 antisymmetric. Experimentally and computationally, the
symmetric vibrational mode is 5-10 cm-! higher in energy
than the antisymmetric vibrational mode, and there is a red-
shift upon coordination to water, measured 32 cm-! experi-
mentally and calculated at 10 cm-! using DFT.
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Figure 7. (a) Normalized integrated difference absorbance for
the water v(0-H) band and vasym(C=0) band. (b) Comparison of
the IR and Raman spectra of activated and hydrated
Niz2Cl2BBTQ. * Indicates an overtone, DP indicates a depolarized
band, P indicates a polarized band.

CONCLUSIONS

In summary, isoreticular modification of Ni2Cl.BBTA to
the quinoidal Ni2Cl2BBTQ greatly increases the interaction
strength of the framework with water, causing monolayer
wetting/formation of superclusters, pore condensation at
extremely low relative humidity, and strong adsorption-de-
sorption hysteretic behavior. In particular, the strong inter-
action strength is due to the cooperative interaction

between water binding at the unsaturated nickel site and
concomitant binding at the quinone sites, allowing for for-
mation of a hydrogen-bond network at low RH. Application
of this principle of multiple neighboring adsorption sites to
larger pore frameworks may enable the design of frame-
works with high capacity and very low relative humidity on-
set for pore condensation, which may be useful in certain
scenarios. Moreover, by designing sorbents that avoid mul-
tiple neighboring adsorption sites and instead achieve low
RH adsorption through small pore sizes, hysteresis caused
by strong wetting may be avoided.

EXPERIMENTAL SECTION
Materials

Hydrazine monohydrate (80.0 wt.%, TCI America), acetic
acid (ACS grade, Fisher Chemical), sodium nitrite (Alfa Ae-
sar, 97% min), NiCl2e6H20 (Strem chemicals), HCI (36.5-
38%, VWR), methanol (VWR), N,N-dimethylformamide
(VWR, 99.9% min) were used as received.

Synthesis of tetraamino-p-benzoquinone (TABQ)

TABQ was synthesized according to literature.3! To a 500
mL round bottom flask was added 35 g of TPBQ, followed
by the addition of 125 mL of hydrazine hydrate (80.0 wt%).
The reaction mixture was heated at 65 °C for 2 hours, after
which it was cooled to room temperature, filtered and
washed with DI water until the filtrate coming out is color-
less. A deep purple crystalline solid was isolated. 13C-NMR
(DMSO0) 6 179.32,121.84 ppm

Synthesis of 2H,6H-benzo[1,2-d][4,5-d’]bistria-
zolequinone (H2BBTQ)

1.182 g TABQ (7.0 mmol, 1 eq.) was dissolved in 24 mL
acetic acid with stirring. A solution of 1.584 g NaNO: (23.0
mmol, 3.3 eq.) in 28 mL water were added dropwise over
the course of 10 minutes to the TABQ solution. The mixture
was stirred for 24 hours. Solids were collected by vacuum
filtration and washed three times with cold water. The sol-
ids were recrystallized by dissolving in boiling water and
cooling in a fridge overnight. Gold/yellow crystals were col-
lected by filtration. A second recrystallization was per-
formed by dissolving the solids in 80 °C water and acidifica-
tion with concentrated HCl until pH = 1. The yellow/green
crystals (0.633 g, 47% yield, 3.3 mmol), were collected by
filtration. 13C-NMR (DMSO) & 172.95, 146.46 ppm

Synthesis of NizCIzBBTQ

49.96 mg H:BBTQ (0.26 mmol, 1 eq.) and 186.18 mg
NiClze6H20 (0.78 mmol, 3.0 eq.) were dissolved in 20 mL
N,N-dimethylformamide and 21.9 pL concentrated HCI
(0.26 mmol, 1.0 eq.). The solution was heated at 130 °C for
three days. The solution was washed three times with N,N-
dimethylformamide, two times with water, and two times
with methanol (decanting and replacing the solution each
time). The blue/green solids were dried by activation at 100
°C (to form a free flowing powder) or rigorously activated
at 200 °C (to remove the majority of water from the pores).
Elemental: Ni2Cl2(Cs02Ns) » 7 H20. (exp) C 15.50%, H 3.15%,
N 16.39%. (meas) C 14.34%, H 2.81%, N 16.72%.
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