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ABSTRACT: Coordinatively unsaturated metal sites within certain
zeolites and metal—organic frameworks can strongly adsorb a wide
array of substrates. While many classical examples involve electron-
poor metal cations that interact with adsorbates largely through
physical interactions, unsaturated electron-rich metal centers housed
within porous frameworks can often chemisorb guests amenable to
redox activity or covalent bond formation. Despite the promise that
materials bearing such sites hold in addressing myriad challenges in
gas separations and storage, very few studies have directly
interrogated mechanisms of chemisorption at open metal sites
within porous frameworks. Here, we show that nondissociative
chemisorption of H, at the trigonal pyramidal Cu® sites in the
metal—organic framework Cu'-MFU-4/ occurs via the intermediacy
of a metastable physisorbed precursor species. In situ powder
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neutron diffraction experiments enable crystallographic characterization of this intermediate: the first time that this has been
accomplished for any material. Evidence for a precursor intermediate is also afforded from temperature-programmed desorption and
density functional theory calculations. The activation barrier separating the precursor species from the chemisorbed state is shown to
correlate with a change in the Cu® coordination environment that enhances z-backbonding with H,. Ultimately, these findings

demonstrate that adsorption at framework metal sites does not always follow a concerted pathway and underscore the importance of

probing kinetics in the design of next-generation adsorbents.

Bl INTRODUCTION

The chemisorption of small diatomic molecules such as H,, N,,
0, CO, and NO on metal surfaces has been thoroughly
studied, due to its relevance to important catalytic cycles."”
Many chemisorption events require that a detectable activation
barrier be overcome: a process known as “activated
chemisorption.” Both activated and nonactivated chemisorp-
tion can involve the intermediacy of physisorbed precursor
species, which represent local minima on the potential energy
surface.'* Evidence for precursor-mediated adsorption often
relies on advanced spectroscopic or molecular beam experi-
ments,”® and the validity of adsorption pathways involving
precursors has at times spurred considerable debate.”
Certain zeolites and metal—organic frameworks feature
coordinatively unsaturated metal cations that can act as strong
adsorption sites for various guest species, although the typically
electron-poor nature of these sites tends to favor physical,
rather than chemical, adsorption processes.””'> There has,
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however, been a growing interest in the synthesis of porous
materials bearing electron-rich metal sites primed to engage in
covalent interactions with small molecule adsorbates.'*™>°
While such adsorbents may engender more exothermic
adsorption and therefore higher uptake capacities, chemisorp-
tion can also give rise to transport-independent activation
barriers akin to those often observed on surfaces."” An
understanding of the kinetic profile for chemisorptive events
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within porous media is critical in the design and engineering of s4
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adsorptive storage and separation processes, as the
presence of even modest activation barriers may become
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problematic for applications that require loading or operation
at low temperatures.

To address the lack of studies examining chemisorption
kinetics at open metal sites in porous solids, we have
investigated the mechanism of H, adsorption at the trigonal
pyramidal Cu® sites within the metal—organic framework
Cu,Zn_,Cl,_ (btdd); (Cu-MFU-4]; H,btdd = bis(1H-1,2,3-
triazolo[4,5-b],[4’,5'-i])dibenzo[ 1,4]dioxin), which have pre-
viously been shown to engage in m-backbonding with H, and
other z-acidic adsorbates.”® > Herein, we demonstrate that
the nondissociative chemisorption of H, at these sites occurs
through a physisorbed precursor intermediate, which is
observable via powder neutron diffraction and temperature-
programmed desorption. To our knowledge, this is the first
crystallographic characterization of a precursor species in a
chemisorption process. Computational analyses reveal that
activation of H, is associated with a local distortion of the Cu*
coordination environment that augments its z-backbonding
capability. Together, these results holistically depict a multistep
pathway for hydrogen binding that can be easily overlooked
without carefully designed mechanistic investigations.

B EXPERIMENTAL SECTION

General Synthesis and Characterization Methods. Unless
otherwise stated, reagent-grade starting materials were purchased
from commercial sources and either used as received or purified by
standard procedures.”® Solvents were sparged with Ar, dried over
activated 3 A molecular sieves, and stored in a glovebox prior to use.
The framework MFU-4 was prepared as described previously.”*
Elemental analyses were performed in the Microanalytical Laboratory
at the University of California, Berkeley. Inductively coupled plasma—
optical emission spectroscopy (ICP-OES) measurements were
performed on an Optima 7000 DV instrument that is maintained
by the Microanalytical Laboratory. Metal—organic framework samples
(1-3 mg) analyzed by ICP-OES were digested in a small amount (<1
mL) of concentrated nitric acid, and then diluted in Milli-Q ultrapure
water to a concentration of 1—10 ppm Zn and Cu.

Synthesis of Cu'-MFU-4/. The framework Cu-MFU-4/ was
synthesized using a procedure adapted from the literature.”**° In an
N,filled glovebox, a N,N-dimethylacetamide (DMA) solution of
CuCl, (0.275 g 2.05S mmol, 20 eq, 20 mL) was added to activated
MFU-4] (0.125 g, 0.100 mmol) in a 20 mL borosilicate vial. The vial
was capped, placed in a hot plate well, and heated to 60 °C for 20 h.
The mother liquor was subsequently decanted, and the sample was
soaked in fresh DMA at 60 °C for 12 h. This process was repeated
one additional time. After this second soaking, the DMA was
decanted, and the framework was soaked in MeOH at 60 °C. The
mother liquor was decanted and replaced with fresh MeOH three
times over the course of 2 days (total of four MeOH washes). The
resulting green solid was dried in vacuo at 60 °C in the glovebox,
during which time it slowly became brown in color. The vial was then
sealed and transferred to a wet, O,-free glovebox filled with a Praxair
Hydrostar (5% H, in N,) gas mixture (note: the H, atmosphere is not
necessary for this synthetic protocol). To the framework was added a
MeOH solution of lithium formate hydrate (0.400 g, S.71 mmol, 20
mL). The mixture was allowed to stand at room temperature for 1 h.
The mother liquor was then decanted, and the framework was soaked
in fresh MeOH at room temperature. This process was repeated four
times over the course of 24 h (total of five MeOH washes). The
framework was then dried in the glovebox in vacuo at 80 °C, yielding
Cu'MFU-4l-formate as a light green powder. Autoreduction of the
Cu® centers to yield Cu-MFU-4] was accomplished using a
Micromeritics ASAP2020 instrument. A sample of Cu"-MFU-4/-
formate in a glass tube capped with a Transeal was heated in vacuo at
100 °C for 12 h, and then ramped at 2 °C/min to 180 °C, where it
was held for 3 h. Between 120—180 °C, extensive offgassing occurs,
and the sample changes in color from light green to beige.

Powder Neutron Diffraction Measurements. Powder neutron
diffraction measurements were performed on a 0.362 g sample of Cu™-
MFU-4] at the National Institute of Standards and Technology
Center for Neutron Research (NCNR). Data was collected at the
high-resolution neutron powder diffractometer, BT1, utilizing a
Ge(311) monochromator with an in-pile 60’ collimator, correspond-
ing to a neutron wavelength of 2.0775 A. The activated sample was
loaded into a vanadium sample can in a He environment glovebox,
and sealed with an indium O-ring onto a copper heating block
containing a valved outlet for gas loading. After mounting the sample
onto a bottom-loaded closed cycle refrigerator (CCR), the sample
was cooled to base temperature for measurement. For D, gas dosing,
the sample was connected to a fixed-volume gas manifold, heated to T
= 40, 77, or 300 K, and cooled back to base temperature for
measurement of Rietveld quality data collection (~6 to ~8 h per data
set), or at the noted temperature for lattice constant determination
(~1 h per data set).

Powder neutron diffraction data were analyzed using the GSAS
software suite.’*° Initial Le Bail refinements were first conducted to
determine a background function, lattice parameters, and peak
shapes.*” The peak shape of the bare model was applied to all
subsequent refinements for consistency. The position and orientation
of the btdd®™ ligands were refined using restraints to ensure planarity/
bond lengths in line with chemical reasoning. The superatom
approach was used to approximate the D, molecule as a single D
atom with double occupancy.®*~*

An extended discussion on the refinement procedures and
construction of structure solutions can be found in the Supporting
Information.

Solid-State Nuclear Magnetic Resonance (NMR) Spectros-
copy. BC{'H} cross-polarization magic-angle spinning (CP MAS)
NMR spectra were measured on a sample of Cu-MFU-4] under an
inert atmosphere. A sample of fully activated material was loaded into
an airtight Teflon insert for a 4 mm rotor within the argon
atmosphere of a glovebox. The closed rotor was transferred to a 11.7
T magnet and spun under continuous N, flow at 7.5 kHz. The magic
angle (6= 54.74°) was set prior to the experiment using KBr and the
3C chemical shifts were referenced to 38.5 ppm (adamantane, tertiary
carbon—higher frequency resonance).*' A contact time of 200 ps was
used, and '"H decoupling was carried out with the TPPM pulse
scheme. To determine signal intensities, the centerband and all
accompanying spinning sidebands were integrated and summed up. In
addition to peaks arising from the btdd®~ carbon atoms and spinning
sidebands, a small peak at 170 ppm is visible that is consistent with
the formate anion.”> Owing to the fact that no formate ligands are
visible at the peripheral metal sites through powder neutron
diffraction, we contend that any formate present in the material is
present exclusively as “free” formate within the pores or as part of a
small amount of some amorphous phase not observed in our PND
refinements. Peak integration yields an upper bound value of 1
formate anion per 8 btdd*~ ligands.

Temperature-Programmed Desorption Measurements.
TPD measurements utilizing substoichiometric H, dosing were
performed at Oberlin College. Within an argon-filled glovebox,
activated Cu-MFU-4] powder (10—47 mg) was transferred to a
cylindrical copper cell. In some cases, the powder was compacted
inside the cell by pressing on it with a 1/8th inch diameter stainless
steel rod. The compacted pellet sample could be returned to a loose
powder form using a fine-tipped dental tool. All sample manipulations
were performed inside the glovebox before sealing the cell using
Swagelok fittings to an ORS2 bonnet valve. The sealed cell was
removed from the glovebox and mounted to the base of a modified
Janis ST-300T closed-cycle helium cryostat. The sample temperature
was determined using a Si-diode thermometer mounted on a copper
block attached to the sample cell. The temperature was maintained
using a Lakeshore Model 331 controller. A small quantity (less than
0.2 mbar) of He gas was introduced to the system to ensure thermal
contact between the sample and the walls of the cell. Gas dosing was
performed using a Micromeritics ASAP 2020 instrument. All gases
were of research grade (>99.99% purity). TPD was performed by first
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exposing the sample to a known amount of H, at a desired load
temperature (20 or 293 K). The sample was then cooled at S K/min
to a base temperature of 20 K. At this temperature, virtually all
hydrogen was adsorbed. In all cases the sample was maintained at the
base temperature for at least 30 min. The sample was then heated at 5
K/min while measuring the evolving gas using a Hiden Analytical “Lo
MASS” series quadrupole mass spectrometer. The instrument is
optimized for quantifying low mass species and has a base operating
pressure of 107 Torr when used in conjunction with a low-pressure
capillary orifice.

Temperature-programmed desorption (TPD) data utilizing excess
H, were collected at the National Renewable Energy Laboratory
(NREL) using a custom-built apparatus that allows for identification
and quantification of effluent gases. Samples may be exposed to
hydrogen (99.9999%) at pressures up to 1000 Torr, and the system
can achieve pressures as low as 107 Torr. The TPD system is
equipped with a mass spectrometer with detection range of 0—100
atomic mass units to detect impurities present in materials both
during degas and after hydrogen exposures. In this work, the sample
was initially degassed to 423 K, dosed and equilibrated over 0.4 Torr
H, at either 76 K (the boiling point of nitrogen in Golden, CO) or
room temperature. The sample was then cooled with liquid N,
evacuated, and upon heating at 15 K/min, the H, desorbed was
measured.

Hydrogen Adsorption Isotherm and Transient Adsorption
Kinetics Measurements. UHP-grade (99.999% purity) H, and He
were used for all adsorption measurements. Gas adsorption isotherms
and transient adsorption kinetics measurements were performed using
the volumetric method on a Micromeritics 3Flex gas sorption
analyzer. Samples of Cu-MFU-4] were prepared in preweighed
analysis tubes capped with a Transeal via autoreduction of Cu"-MFU-
4]-formate in vacuo at 180 °C (ramp rate = 2 °C/min) until the outgas
rate was determined to be less than 2 pbar/min (approximately 3—4
h). The tube was then weighed and subsequently transferred to the
analysis port of the instrument. Free space measurements were
performed using He at the analysis temperature. A Julabo F32 water
circulator was used as the isothermal bath. Oil-free vacuum pumps
and oil-free pressure regulators were used for all measurements to
prevent contamination of the samples, during evacuation, or of the
feed gases during isotherm measurements. Adsorption kinetics
measurements were performed at 276, 285, 295, and 300 K. Data
at each temperature were collected in triplicate. The manifold
pressure and material uptake were monitored as a function of time
(0.5 Hz) using the DataMonitor software from Micromeritics. A
sample of activated Cu'-MFU-4/ (0.0889 g) was loaded into a glass
sample tube capped with a transeal. A glass rod of approximately equal
length was inserted so as to minimize the free space within the tube.
Free space measurements were performed using He at the analysis
temperature. Following complete evacuation of He, the samples were
dosed with 2.0 mmol/g of H,. When adsorption over the framework
sample was monitored, nearly all adsorption was seen to occur within
6 s. Accordingly, the time points between 0—6 s were utilized to
construct plots of coverage versus time. The transient adsorption data
were found to be modeled very well by the first-order Langmuir rate
law (also known as the Lagergren expression):*’

do,
2ok - 9
dt l(e t)

in which 6, is the fractional coverage at a given time ¢, 6, is the
fractional coverage at equilibrium, and k, is the first-order rate
constant. Upon integration, this expression becomes

In(6) — In(f — 6) = kit

As shown in SI Figure 10, the transient adsorption data obtained
for Cu'-MFU-4] conform very well to this expression. Note that
inferior fits were obtained using a second-order Langmuir kinetic
expression. For an in-depth discussion on the merits of the first- and
second-order kinetic expressions, see ref 43. The mean of the three
rate constants determined for each run at a given temperature was

used to calculate the activation barrier E, using the Arrhenius
expression

kobs = Ae—Ea/RT
where k,,, is the mean rate constant measured at each temperature T
and A is the pre-exponential constant.

Density Functional Theory Calculations. Calculations were
performed using a pentanuclear cluster model that represents the
metal—organic framework building unit, where the btdd*~ ligands
have been truncated to benzotriazolates. The central octahedral Zn**
is surrounded by four metals in trigonal coordination environments.
Two of these metals are Zn** and are capped with a charge-balancing
chloride. The other two metal sites are three-coordinate Cu” centers.
See the Supporting Information for an extended description of the
methods utilized in the calculations reported herein.

Cu L-Edge X-ray Absorption Spectroscopy. Soft X-ray
spectroscopy measurements at energies near the Cu L-edge were
performed at bending magnet beamline 6.3.2 at the Advanced Light
Source, Lawrence Berkeley National Laboratory. H, gas dosing
experiments made use of a custom-built gas cell and similar apparatus
as previously described.**™*® Samples were deposited on X-ray
transparent 150 nm thick, 2.0 mm X 2.0 mm silicon nitride windows

257
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259

273
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supported by a silicon frame (Silson Ltd.). To improve adhesion of 277

the framework to the substrate, polystyrene (M,, = 350 kg/mol, M, =
170 kg/mol) was dissolved in toluene at a concentration of 20 mg/
mL and spin coated on top of the silicon nitride windows (2000 rpm,
40 s) to form a thin polystyrene film (polystyrene exhibits minimal
absorption near the Cu L-edge). Preactivated CuMFU-4/ was
suspended in n-hexane in an argon-filled glovebox, sealed in a
borosilicate vial, removed from the glovebox and sonicated for S min.
The vial was then brought back into the glovebox, and the framework
was drop-cast atop the polystyrene-coated Si;N, windows. After
evaporation of the hexane, the window was heated in vacuo at 80 °C
(approximately SO mTorr) for at least 2 h. Samples were then sealed
in vials and transferred to a N,-filled glovebox where they were loaded
into the gas cell and sealed before bringing to the beamline. The
beamline X-ray energy was calibrated to the edge step of a Cu filter,
which was set to 1.3293 nm (932.7 eV). Once attached to the
beamline, the sample was pumped and kept at high vacuum (~1077
Torr) for at least 30 min before any NEXAFS spectra were collected.
A transmission NEXAFS spectra of the activated framework was
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collected before any exposure to H, gas. Following collection of 296

NEXAFS spectra of the activated material, H, gas (Praxair, Ultra High
Purity grade) was slowly introduced in the gas cell and spectra were
collected in situ at H, pressures of 200, 350, 500, 750, and 1000 mbar.
After gas dosing, the gas cell was pumped back down to high vacuum
and a final spectrum was measured to ensure reversibility. A bare
polystyrene-coated silicon nitride window was used for background
correction. For normalization, a line was regressed to the pre-edge
region and a polynomial regressed to the postedge region using the
Athena software package.” The sample position was not moved
during measurement to minimize effects due to spatial and thickness
inhomogeneity of the drop-cast sample.

Diffuse Reflectance Infrared Spectroscopy (DRIFTS) Meas-
urements. Infrared spectra were collected using a Bruker Vertex 70
spectrometer equipped with a glowbar source, KBr beamsplitter, and a
liquid nitrogen cooled mercury—cadmium-telluride detector. A
custom-built diffuse reflectance system with an IR-accessible gas
dosing cell was used for all measurements. Sample temperature was
controlled by an Oxford Instruments OptistatDry TLEX cryostat, and
sample atmosphere was controlled by a Micromeritics ASAP 2020Plus
gas sorption analyzer. In a typical experiment, activated framework
material was dispersed in dry KBr (10 wt %) in an argon-filled
glovebox and evacuated at room temperature overnight. Spectra were
collected in situ under UHP-grade H, and D, (99.6 atom % D, Sigma-
Aldrich) at 4 cm™ resolution continually until equilibrium was
observed.
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Figure 1. Crystal structures of evacuated and D,-dosed Cu-MFU-41 (a) A portion of the structure of activated Cu'-MFU-4], as determined from
powder neutron diffraction data. (b) Expanded view of the pentanuclear nodes comprising the secondary building units of the framework. (c)
Structure of Cu'-MFU-4/ obtained at 7 K after dosing with 0.75 D, molecules per Cu at 40 K and cooling to 7 K. (d) Structure obtained at 7 K
following dosing with 0.75 D, molecules per Cu at 77 or 300 K. Cyan, brown, green, blue, gray, and white spheres represent Zn, Cu, Cl, N, C, and
H atoms, respectively; yellow spheres represent isotropically refined D, molecules.

322 l RESULTS AND DISCUSSION

323 | In Situ Powder Neutron Diffraction Measurements.
324 The cubic metal—organic framework Zn;Cl,(btdd); (MFU-4])
325 is composed of pentanuclear zinc nodes bridged by bis-
326 triazolate btdd*~ ligands.”* Approximately half of its [ZnCI]*
327 units can undergo postsynthetic cation exchange to install
328 three-coordinate Cu* centers”” that evoke the trigonal
329 coordination geometries often observed within cuprous
330 zeolites.** > Previous work determined that this material
331 exhibits an isosteric heat of H, adsorption of —32 kJ/mol,
332 which is the most exothermic value known for molecular H,
333 binding in any metal—organic framework to date.”® We
334 determined the crystal structure of the evacuated Cu'-MFU-
335 4] framework at 7 K using powder neutron diffraction (Figures
336 la-b and S1), and the relative occupancies of the exchangeable
337 metal sites were assigned as 55% Cu and 45% Zn based on the
338 Cu:Zn ratio determined by inductively coupled plasma optical
339 emission spectroscopy (ICP-OES) analysis. In all crystallo-
340 graphic refinements, the tetrahedral Zn** centers were found to
341 be capped solely with a chloro ligand, which yields an overall
342 chemical formula of Cu,,Zn,¢Cl; ¢(btdd);.>" This assignment
343 is supported by *C{'H} solid-state cross-polarization NMR
344 and FT-IR spectroscopies, which demonstrate that any formate
345 in the material is present in only very small relative quantities
346 (Figures S2—3). The Fourier difference map (Figure S4)
347 clearly shows the absence of residual density in the vicinity of
348 the Zn—Cl moieties, demonstrating that no ligated formate is
349 present at these sites.

Powder samples of Cu-MFU-4/ were dosed with 0.75 D,
molecules per Cu at 40 K and then cooled to 7 K for neutron
diffraction data collection (Figure SS). In the resulting
structure, D, was located ~1.6 A from the unsaturated Cu*
centers (site I, Figure lc),*? indicating very strong binding.
This value is also consistent with the Cu—H, distance of 1.7 A
calculated previously for the material using density functional
theory (DFT),” but the occupancy of the site is only
0.087(18) D, molecules per Cu and thus represents a small
fraction of the total adsorbed hydrogen (Table 1). The highest
occupancy site (site II) is located at the windows of the
pentanuclear tetrahedral nodes. Site II is characterized by weak
physisorption and likely serves as the primary adsorption site in
the parent MFU-4] material, for which the isosteric heat of H,
adsorption was measured to be —3 kJ/mol at low coverage.”*

Table 1. Occupancies of D, at Site I and Cubic Lattice
Parameter a, Determined from Powder Neutron Diffraction
Data Obtained after Dosing the Evacuated Framework with
0.75 eq of D, Per Cu at Specified Temperature”

Dosing Temp (K) Site I Occupancy a (A)

40 0.087(18) 31.2174(10)
77 0.350(18) 31.1652(10)
300 0.513(14) 31.1505(6)

“All diffraction data were collected at 7 K, and the superatom
approach was used to model D, molecules as isotropic D atoms.>*™*
Occupancies are expressed as molecular equivalents of D, per Cu.
The value of a for the evacuated framework at 7 K is 31.2744(14) A.
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One additional site (site I*) is also occupied under these
conditions, located directly above site I and ~3 A away from
the strongly adsorbing Cu® centers.”” Importantly, despite the
difficulties posed by compositional disorder of Cu* and [Zn—
Cl]* in this system, refinements strongly suggest that density is
present at this position only following D, dosing. However, the
compositional disorder conspires with powder averaging to
obfuscate the occupancy of D, at site I*. Indeed, the
occupancy of this site was found to be particularly sensitive
to the thermal parameters employed, consistent with a
significant degree of D, disorder or dynamics. Owing to
additional compositional disorder at the metal sites, we
modeled the thermal parameters of D, at site I* conservatively,
$0 as to not overestimate its contribution to the total amount
of adsorbed D, (Table S1).

The separation between sites I and I*is approximately 30%
of the nearest neighbor D,---D, separation in solid D, and
thus, it is clear that both sites cannot be occupied
simultaneously at a single Cu” center. Instead, this proximity
suggests an activation barrier to D, binding at site I, with site
I* representing a metastable physisorbed state that serves as a
precursor to chemisorption. To further investigate this idea, a
sample of activated Cu-MFU-4] was dosed with 0.75 D,
molecules per Cu at successively higher temperatures (Figures
S6—7). Following dosing at 77 K and subsequent cooling to 7
K, D, was found to occupy sites I and I* exclusively (Figure 1d
and Table S1). Importantly, the occupancy of site I is much
larger here than that dosed at 40 K, yet it remains significantly
lower than 0.75 D, molecules per Cu. Increasing the dosing
temperature to 300 K yields a further increase in the
occupancy of site I. The increasing occupancy of site I with
dosing temperature is strongly correlated with an isotropic
framework contraction as shown by the decreasing value of
cubic lattice parameter a (Table 1 and Figure S9).

Binding of H, at site I* can be described as a physisorbed
precursor state, representing a local minimum on the potential
energy surface of adsorption.”*>* While surface science often
relies on spectroscopic or molecular beam experiments to
provide indirect evidence for precursor-mediated adsorption,”®
the spatial separation of Cu* centers in crystalline Cu'-MFU-4]
allows for the trapping and direct observation of this
metastable precursor state at low temperatures. Accordingly,
the kinetic nature of hydrogen adsorption at the Cu" sites in
Cu'-MFU-4l is perhaps more reminiscent of chemisorption on
metallic surfaces than of the classical, barrierless physisorption
generally observed within porous solids. To our knowledge,
this is the first demonstration of a precursor-mediated
adsorption within any porous solid.

Il. Temperature-Programmed Desorption and Ki-
netics Measurements. Given the compositional disorder
inherent to Cu-MFU-4], we sought to experimentally probe
H, sorption at Cu’ in a site-specific manner. Temperature-
programmed desorption (TPD) was identified as a promising
technique, given the much higher temperature required for H,
desorption from Cu” compared to other sites in the framework
(Figure S10).”” Accordingly, a powder sample of Cu-MFU-4
was first dosed with a known molar quantity of H,
(substoichiometric with respect to Cu*). For samples dosed
at 293 K, the sample cell was subsequently cooled to a base
temperature of 20 K prior to heating and data collection. A
single high-temperature desorption feature (T, = 244 K) is
present following H, loading at 293 K (Figures 2 and S10—
11). Intriguingly, however, samples that are cold-loaded with

0.4 H, per Cu*, 293 K
0.6 H, per Cu*, 20 K
0.4 H, per Cu, 20 K

0.1 H, per Cu*, 20 K

H, Signal (a.u.)

200 225 250 275

Temperature (K)

175

150

Figure 2. Temperature-programmed H,desorption data. Thermal
desorption data obtained forCu-MFU-4! after loading with H, at 293
or 20 K. The desorption data obtained following loading at 20
Kfeature a second, lower-temperature peak that can be assigned to
desorption of H, directly from the physisorbed precursor state.

H, at 20 K give rise to a second desorption peak at a
moderately lower temperature (T, = 216 K) that is
attributed to direct desorption from the precursor state.
Importantly, this temperature is far too high to arise from
desorption of H, that is not bound to a metal site (e.g., from
crystallographic site II), as any hydrogen at such sites desorbs
below 100 K (see Figure S10 and ref 29.). In agreement with
the neutron diffraction results, TPD therefore indicates that
low-temperature dosing inhibits binding at the thermodynami-
cally preferred site (I) and allows for trapping of some H, at
the precursor site (I*). However, desorption from the
precursor site requires temperatures that are sufficiently high
to overcome the chemisorption activation barrier, and
accordingly some chemisorption does take place during the
heating phase of the TPD experiment. These competing
phenomena result in desorption peaks corresponding to both
sites at Cu* being present for cold-loaded samples.

In order to estimate the activation barrier that must be
overcome for hydrogen to access strong binding site I,
adsorption kinetics measurements were performed between
276 and 300 K. The resulting transient adsorption data were fit
to a Langmuir first-order rate law,”’ which yielded rate
constants of 0.4975 s™* (276 K), 0.5741 s™* (285 K), 0.6435
s™' (295 K), and 0.6836 s~ (300 K) (Figures S13, S14).
Fitting these data to the Arrhenius equation gives an activation
energy (E,) of 9 kJ/mol (Figure 3). This treatment omits the
contribution that changing the temperature will have on the

-0.4

In K,

-0.64

-0.74

T T
0.0035 0.0036

1/T (K)

T
0.0034

Figure 3. Arrhenius plot of the hydrogen adsorption kinetics data.
Blue circles correspond to data points, while the blue line represents
the least-squares linear regression. The slope of this line is equal to —
E,/R, where E, is the activation energy and R is the ideal gas constant.
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Figure 4. Structural and electronic changes associated with H,binding in Cu-MFU-41. (a) A portion of the DFT-optimized cluster model, with
(solid structure) and without (faded structure) H, bound to Cu*. (b) Qualitative molecular orbital energy diagram illustrating how the Cu 3d
orbitals are affected by pyramidalization and 7z-backbonding to H,. Interactions between Cu* and H, of 6 symmetry are omitted for clarity. (c)
Calculated potential energy surface along the Cu—H, coordinate at the B3LYP-D2/6-31++G**(6-31G*) level of DFT. (d) Calculated relationship
between the Zn--Cu distance and Cu—H, distance at the B3LYP-D2/6-31++G**(6-31G*) level of DFT.

barrierless physisorption equilibrium at the precursor site,”*
and accordingly is best interpreted as a lower bound for the
actual chemisorption activation barrier. Importantly, our
measured lower bound value for E, is an order of magnitude
larger than the barrier to H, diffusion anticipated within this
large-pore framework material,” strongly indicating that our
kinetics data are reflective of a transport-independent
activation barrier. The measured E, is also too large to arise
from a pathway involving H, desorption from site II and
subsequent nonactivated chemisorption, for which the
activation barrier would be equal in magnitude to the enthalpy
of adsorption at site IT (=5 kJ/mol).** Accordingly, both TPD
and adsorption kinetics further substantiate the role of a
precursor intermediate to hydrogen chemisorption at Cu®, and
provide support for the legitimacy of adsorption site I* in the
structural model constructed from neutron diffraction data.
lll. Density Functional Theory Calculations. In order to
assess further the structural and electronic changes that occur
upon nondissociative chemisorption at Cu', we performed
DFT calculations on a pentanuclear cluster model that
represents a single framework node (Figures S15—S17). The
binding of hydrogen to Cu® was found to be associated with a
decrease in the average framework Zn(O,,)—N distance, which
can reasonably be assumed as the cause of the isotropic
framework contraction given that the octahedral Zn®* site
represents the geometric center of the framework building unit.
In addition, the calculations indicate that H, binding results in
Cu* moving away from the octahedral Zn®* site by ~0.25 A
(Figures 4a and S18), resulting in an increased pyramidaliza-
tion of the Cu® coordination sphere. This change in turn
destabilizes the degenerate d,, orbitals (e in C;, symmetry) that
are of proper symmetry to form the 7 component of the Cu—
H, interaction (Figure 4b). Accordingly, Cu® migration

appears to facilitate enhanced 7-backdonation to H,. Support
for this argument is found via an energy decomposition
analysis®® of the absolutely localized molecular orbitals
corresponding to the Cu—H, bonding interaction (Table 2).

Table 2. Energy Decomposition Analyses Delineating
Contributions to Binding Energy AE from Geometric
Distortion, Electrostatic Interactions (Frozen), Dispersion,
Polarization, Charge Transfer, and Forward and Back-
Donation between Cu-Containing Node and Molecular
Hydrogen at @ B97M-V/def2-TZVPPD (def2-SVP) Level
of Theory”

Energy Contribution (kJ/mol) Rigid Relaxed
Geometric Distortion (AE) 1.1 17.9
Frozen (AEf,Z) 519 63.9
Dispersion (AE,) -233 —25.4
Polarization (AEW) —25.8 —44.5
Charge Transfer (AE,) —27.7 —46.1
Total (AE) ~238 —342
% Forward (H, — Cu(I)) 57% 47%
% Back (Cu(I) —»H,) 43% 53%

“Two columns compare values for rigid versus relaxed Cu-MFU-4/
node.

For a cluster with all coordinates fully relaxed, Cu — H,
backdonation contributes —24.4 kJ/mol to the total interaction
energy, which is larger than the H, — Cu forward donation
contribution of —21.7 kJ/mol. However, for a cluster wherein
only the H, coordinates are allowed to relax while binding to
the fixed-geometry cluster (i.e., no migration of Cu* occurs),
this analysis predicts much weaker backdonation (—11.9 kJ/
mol), while forward donation decreases more modestly to
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Figure 5. Spectroscopic evidence of z-backbonding. (a) In situ Cu L-edge X-ray absorption spectra for evacuated Cu-MFU-4/ (black) and after
dosing with various pressures of H, at 25 °C. (b) Fundamental »(H—H) vibration at a constant H, loading at different temperatures, with the inset
showing the corresponding van’t Hoff plot and linear regression used to determine AH®,4, and AS° 4.

500 —15.8 kJ/mol. Accordingly, these results illuminate an intricate
so1 relationship between local structural effects contributing to
s02 Cu—H, m-backbonding and the contraction of the larger three-
503 dimensional framework.

s04 A scan of the potential energy surface (PES) along the Cu—
sos H, coordinate revealed a local minimum corresponding to a
s06 physisorbed precursor (Figure 4c), albeit under rather specific
507 basis set conditions. At the B3LYP-D2/6-31++G**(6-31G*)
s08 level of theory, the optimized structure of the species
s09 corresponding to this local minimum shows H, bound end-
s10 on (Figure S19) with a Cu—H,(centroid) distance of 2.43 A
s11 (Figure 4c). Importantly, the central Zn---Cu distance in this
s12 structure is nearly unchanged from that without H, present. As
s13 shown in Figure 4d, Cu" migration occurs at increasingly
si4 shorter Cu—H, distances, with the potential energy saddle
s1s point occurring at Zn---Cu distance of 2.28 A, corresponding to
st a Cu—H, separation of 2.06 A. The calculated barrier
517 separating the shallow well of this local minimum structure
s18 from that of the chemisorbed species is 4.4 kJ/mol, which is
s19 smaller than the lower bound of 9.0 kJ/mol measured
520 experimentally via adsorption kinetics (vida supra). Analogous
s21 scans of the PES using the def2-TZVPPD(def2-SVP) basis set
522 yield only a shoulder, rather than a true minimum, at Cu—
523 H,(centroid) distances between 2 and 3 A (Figure S20). The
s24 difficulties in quantitatively modeling the kinetic pathway of H,
525 chemisorption can likely be traced to the increased flexibility
526 available to a single cluster node relative to the extended
527 lattice. Unfortunately, calculation of the PES using a larger
528 computational model that mimics the extended lattice would
529 not be tractable with the modern range separated hybrid
s30 functionals employed here. Nevertheless, it is notable that
531 qualitative evidence for precursor-mediated chemisorption can
532 be garnered through analysis of a single cluster node, and these
533 data suggest that the experimental kinetic pathway arises from
534 both local and long-range structural effects.

s3s  IV. Spectroscopic Evidence for z-Backbonding upon
s36 H, Binding. X-ray absorption spectroscopy (XAS) data were
537 collected at the Cu L-edge for evacuated and H,-dosed
53 samples of Cu-MFU-4]/ to investigate experimentally the
539 electronic character of the Cu'—H, interaction. Importantly,
540 XAS serves as an excellent probe of electronic perturbations of
sa1 the valence d manifold.”” The spectrum for activated Cu'-
s42 MFU-4 displays L; and L, edge features at 936 and 956 eV,
s43 respectively (Figure 5a).”" Given the absence of a pure 3d hole
s44 for electron excitation, these transitions arise due to mixing of

—_

—_

—

—_

Cu 3d character into vacant orbitals of largely o* character.” s4s
Following in situ H, dosing at 25 °C, the L; and L, edge s46
features shift to lower energies by approximately 0.5 and 0.7 547
eV, respectively, and grow in intensity with increasing H, s4s
pressure from 200 to 1000 mbar. On the basis of 549
complementary H, adsorption isotherm data (Figure S21), sso
only partial coverage of the Cu" sites with H, is achieved under ss1
these conditions, and thus the edges consist of superimposed ss2
peaks from coordinatively unsaturated and H,-bound Cu" ss3
centers. Nevertheless, the increase in edge intensity with H, ss4
dosing can be directly traced to increased metal-to-ligand sss
charge transfer via 7-backdonation.””*%%° 556

For physisorbed H,, the vibrational energy of the ss7
fundamental (H—H) band is generally modestly red-shifted sss
relative to that of the free molecule (4050—4150 vs 4161 ss9
em™1).%%* In contrast, the in situ DRIFTS spectrum of Cu- s60
MFU-4] dosed with H, exhibits a broad feature of weak s61
intensity centered at 3252 cm™', corresponding to the s
fundamental v(H—H) stretch (Figure 5b).>° Using the s63
spectrum for the D,-dosed material as a baseline, we were s64
able to isolate this band from framework-based vibrations and s6s
obtain a difference spectrum with peaks associated only with ses
chemisorbed H, or D, (Figure S22). Unlike most molecular s67
Kubas complexes,63 Cu-MFU-4l offers a unique opportunity ses
to study the thermodynamics of H, binding to a low-valent se9
metal site directly and without consideration of a prior ligand s70
dissociation step. To this end, variable-temperature DRIFTS 571
data were collected for a sample of the H,-dosed framework 572
between 200 and 218 K (Figure Sb). Integration of the s73
corresponding v(H—H) peak enabled calculation of the s74
fractional coverage by comparison to the peak area under 575
saturation conditions (170 K).°*®® A van’t Hoff analysis 576
afforded an enthalpy value AH°4 = —28(2) kJ/mol and s77
entropy value AS°,4, = —89(8) J/(mol-K)). These values are in 578
good agreement with the thermodynamic parameters calcu- 579
lated from DFT (Table S2) and with the isosteric heat of sso
adsorption measured previously from gas adsorption data.”®  ss1

B CONCLUSIONS AND OUTLOOK 582

The soft, electron-rich Cu" sites present in Cu-MFU-4/ serve ss3
as a counterpoint to the hard, Lewis acidic open metal sites ss4
accessible in many metal—organic frameworks and zeolites, ss8s
and their aptitude for 7-backbonding leads to nondissociative sss
hydrogen binding via chemisorption. The resulting large ss7
magnitude of AH®,4 portends well for adsorptive hydrogen sss
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589 storage at ambient and even elevated temperatures.”® However,
s90 this study clearly illustrates the kinetic complexities that can be
so1 associated with chemisorption in porous materials and
s92 reinforces the importance of analyzing adsorption kinetics in
593 chemisorption-driven processes. All else being equal, an
s94 increase in the adsorption activation barrier from 1 kJ/mol
595 (i.e., diffusion limited) to 9 kJ/mol (the lower bound measured
596 here for Cu-MFU-4]) could significantly impact the time
597 needed to load an adsorptive storage tank with H,. For loading
s98 at 300 K, the Arrhenius equation predicts that the relative rate
s99 would decrease by a factor of 25. For cryogenic storage and
600 loading at 77 K, the relative rates would differ by a prohibitive
601 factor of 2.7 X 10°. Given that loading time will be a critical
602 parameter to minimize in the deployment of real-world
603 adsorptive storage systems,ZG it becomes apparent that an
604 optimal material will likely need to adsorb gas at (or very near)
605 the diffusion limit. It is further noted that an inherent
606 activation barrier to adsorption will augment the activation
607 energy needed for desorption,’ which could complicate
608 recovery of the adsorbed gas.

609  Our investigation of Cu'-MFU-4] suggests that the activation
610 barrier (and, by extension, the role of a precursor
611 intermediate) arises due to structural reorganization in the
612 primary coordination sphere of copper. This comes as no
613 surprise since even minor reorganizations can introduce
614 barriers to metal-ligand binding in molecular species.”®
615 Analogous reorganizations following adsorbate loading in
616 other frameworks may point toward an overlooked, non-
617 concerted adsorption pathway that involves one (or more)
618 intermediate species. We stress here that carefully designed
619 investigations probing for metastable intermediates, frequently
620 omitted in studies of adsorptive processes, are critical to garner
621 a full mechanistic understanding of chemisorption. It is
622 anticipated that physisorbed precursors will be realized as
623 relevant intermediates in other chemisorption processes within
624 porous solids and hope this work provides a roadmap for
625 devising experiments that will enable their identification.
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