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Clean energy research spanning many applications
Understanding function & reactivity from atoms to applicati
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llluminating structure, function & reactivity

X-rays can penetrate working
systems without damage,
to allow us to probe their function
and reactivity




Exploring materials function with advanced tools

We probe the atomic structure of functional materials

During operation, reaction or changing environmental variable

To develop a predictive understanding of functional properties




Multimodal correlation of local & long range structure
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MOFs as a versatile platform for exploring catalysis

ICDC #

INORGANOMETALLIC
CATALYST DESIGN CENTER

The crystallinity of the MOF
lattice favors
chemically unifornactive sites.

This facilitates characterization
and understanding of the catalyst
structure-activity relationship

The MOF structure and
chemistry can be tuned, and
the surface functionalized
to systematically explore

catalysis



NU-1000 MOF: A highly porous framework

A NorthwesternUniversity MOF

The metalorganic framework NU1000 is of interest as a catalyst and catalyst su

Pyrenebased
ligand

Zr;0;node + NU1000 MOF

Farha, Hupt al. J. Am. Chem. S@e013 135, 1029410297



J. Am. Chem. So20164178:4185
Subtle changes to powder diffraction

The strength oZrV-O bonds within zirconia nodes imparts high stability to-NQO,
allowing it to tolerate reaction conditions.

There are no obvious changes to crystal symmetry/structure.
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J. Am. Chem. So20164178:4185
A local structure picture from PDF
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J. Am. Chem. So20164178:4185
PDF identifies a large irreversible transition

Variable temperature PDF studies reveal
an unexpected andreversiblechange in the local atomic structure
¢ reducing the symmetry of the Zbased nodes.

Zr;05 nodes, while chemically robust are not static

Local Zynode
symmetry
IS reduced
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Consider the phase transitions of zirconia

Transitions between cubic, tetragonal and monoclinic forms of
bulk zirconia occur at high temperature




J. Am. Chem. Sp20164178:4185
MOF nodes are the ultimate nanoparticles

Local structure changes within node
matches those imulk zirconig
but occur at muchower temperatures
and in thereverse direction

Distorted node is more catalytically active
Ng/
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Decorated NU-1000s have same structure
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Decorated NU-1000s have same structure

But different temperature dependence

-Cl andrFormatefree NU1000 lose crystallinity at 25

250 °C ’_%x FormateFree
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J. Am. Chem. S&023, 145, 1, 26876
Zrs node distorts reversibly
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J. Am. Chem. S&023, 145, 1, 26876
PDF shows different node distortions
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Multivariate analysis separates distinct local states

Dimensional reduction algorithms suchMsn-NegativeMatrix
FactorizationNMF)cluster features that change together

This prowdes a moddiee approach to separate and quantify
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1 2 3 4 5 J. ApplCryst 2015 16191626
J. Appl. CrysR020662-670



J. Am. Chem. Sd&023, 145, 1, 26876
Multivariate analysis decouples distinct states

Simplifies data by isolating the components of the
data that change together,

050 and refactorizes the data as those discrete
components and their timelependent weightings
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J. Am. Chem. S&023, 145, 1, 268276

Local distortion linked to long -range lattice flexing

Contract with heating

c) Formate

Thermal expansion
along the a axis is

directly correlated with
the distorted node population
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Thermal Expansion dWhat is normal?
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J. Am. Chem. S&023, 145, 1, 26876
Node distortion as a novel mechanism for NTE

Negative thermal expansiariong the a axis is directly
correlated with the distorted node population
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J. Am. Chem. S&023, 145, 1, 26876
Node distortion as a novel mechanism for NTE

Increasing the relative population of distorted (smaller) nodes
with increasing temperature leads to a contraction of the MOF lattice
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J. Am. Chem. S&023, 145, 1, 26876
Node distortion as a novel mechanism for NTE

Increasing the relative population of distorted (smaller) nodes
with increasing temperature leads to a contraction of the MOF lattice.
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Zr, nodes in other MOFs




J. Am. Chem. SA&024, 16977
Evaluating NTE in UIO66

250 °C
150 °C
0

UiO-66 shows isotropic NTE.

0.8 The lattice expands as the
temperature decreases
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Evaluating NTE in UiO66, the original Zr ,-MOF
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J. Am. Chem. S&024, 16977
Unexpected hysteresis

Pronounced hysteresis in the cubic L66 lattice
dimension is evident between cooling and heating steps
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J. Am. Chem. S&024, 16977
Unexpected hysteresis & rate -dependence

The hysteresis and apparent thermal expansion depend on
both the thermal history and ramp rates
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Rapid-Actuating Pneumatic Thermal Reactor - RAPTR

The RAPTR quickly heats and cools samples by translatis
them into and out of a préeated hot zone.

So the heating is only limited by the
thermal mass of the sample itself

It adapts the resistive heating elements from
the original or thermal gradient heater.

J. Appl. Crystallog202488-93



Fast heating & cooling performance
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J. Am. Chem. Sd024 16977

Decoupling time - & temperature -dependence

Use the RAPTR to gquantify isothermal relaxation.

Lattice equilibrates faster at high T, but changes more at low T
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J. Am. Chem. S&024 16977
Correlation to local node transformation

Ratedependences and lattice hysteresis is a direct consequence of
Kinetic trapping of the nodelistorted state.
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