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Lec 7: Model Building: Macromolecular Filters and 
Nanoreactors

● Size scales and feasible models

● Time scales and wall-clock time

● Macromolecules

● Filtering and Separations

● Nanoreactors and Catalysis

Descent in Symmetry

● Periodic 3D solid – Perfect translational 
symmetry

● Ideal Surface via crystal cleavage – Perfect 2D 
translational symmetry

● Faceted nanocrystal – Local symmetry vs 
ordered arrays

● Macromolecules – Self-assembly of frameworks
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Ascent of Complexity

● Key roles of defects and impurities on physical, 
chemical, electronic and mechanical properties

● Low volume/areal densities of active sites 
difficult to characterize by experiment

● Multiple “Players” in processes of interest:        
A + B → C  and more; excited/transition states

● Finite T, gas/liquid phases in contact with 
surface/particles 

From: US-DOE CMSN Network white paper
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Size scales and feasible models

Time scales and wall-clock time

Molecular 
Vibrations :ps

Molecular 
Rotations: ns

Atomic Diffusion: 

µs – ms – sec – yr 

Computer simulation rates: ~1 fs per ms wall clock 
{Optimistic, varies typically as N2 for pairwise interactions, can be O(N) 

when using tree-structures, neighbor lists,....}



4

Macromolecules

Macromolecules are used in nature, and by synthetically mimicry to 
protect and transport payload molecules, and to condition their 
chemical interactions with the environment. 

Metal Organic Frameworks: built from rigid metal-inorganic 
cornerposts like Zn

2
O

8
, and flexible organic linkers; 

e.g., MOF_NDC_NDPI , showing interpenetrating lattices, 
periodically repeated nm-scale boxes, with designed porosity 

and absorptivity. (Hupp lab@NU).
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Composed of 1,3,5-benzenetribenzoate units and zinc clusters (blue), 
MOF-177 can store exceptionally large quantities of CO

2
in its pores 

(yellow).    A.R. Millward, O.M. Yaghi, JACS 127,17998 (2005)

Dubbeldam, Walton, Ellis, and Snurr, Angew. Chem. Intl. Ed., in press.

Increasing pore size may lead to greater storage capacity, or greater 
tendency to collapse (structural instability). Adsorbates tend to cluster 

first in corners, so what is the optimum balance between 
'corner-volume' and 'linker area'?
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parameterized  to reproduce VLE curve accurately (TraPPE for CO2)

Classical Molecular Model

•Developing effective potentials: 

• New force field for the 
framework needed.

• Charges taken from SCF-DFT 
cluster calculations.

• Ewald electrostatic 
summation.

• Measure-preserving, 
reversible NVE, NVT, and NPT 
integrators (MD)

• Configurational-bias Monte 
Carlo sampling.

µ T

Isotherms:
µ, V, T

Force field for the framework:

•Harmonic bond-potential
•Harmonic bend-potential
•Torsion potential
•Intra Lennard-Jones
•Charge interaction
•1-2,1-3 pairs skipped for LJ 
and charge

•NPT Molecular Dynamics
•Timestep 0.5 fs
•Total simulation time 15 ns

IRMOF-16 Unusual Dynamics of Walls ==> Negative Thermal 
Expansion
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Calibration of Potential by Reproducing Gas Adsorption
Isotherms and Uptake for CO

2
and CH

4

Temperature dependence of Unit Cell Parameters 
also enters fit optimization:



8

Large Negative Thermal Expansion Coefficient:
Cell shrinks as lattice is heated

A doping strategy to increase gas uptake: Li 
should donate 1e to the polarizible 
framework, which then may be more 'sticky'. 
Cation may also bind gas. Experiment 
suggests that optimum doping for gas 
adsorption is only 5 mol %, ~ 1 Li/crystal 
cell, upon which an extra ~60 gas molecules 
can be held. This suggests some additional 
Li-driven lattice relaxation mechanism.

Figure:(a) H2 adsorption isotherms of undoped (black) and Li-
doped (red) Zn2-DPNI-NDC 
(b)Isosteric heat of adsorption for H2

K. Mulfort, J. Hupp, to be published
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Typical fragments used in DFT-cluster modeling:
(a) DPNI strut attached to Zn cornerpost
(b) BIPY strut attached to cornerpost

P. Dalach et al., unpublished

Highest Occupied Molecular Orbital (HOMO) and
Lowest Unoccupied MO (LUMO) of two fragments.
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Three low-energy sites for Li-doping: in general cation prefers oxyanion 
neighborhood, cornerpost or carboxylate groups, and binds much less 

strongly (0.5 eV) to organic rings.

Multiple site surveys: Li@X and H2@Y . In general, hydrogen binding 
energies are enhanced by up to 15%, established correlation between 
binding energy and gas uptake indicates potential for increased H2

adsorption. This is however, far less than indicated experimentally. In 
progress, modeling of interpenetrating lattice relaxation in presence of 

Li. Perhaps similar to intercalation compounds?
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Nanoreactors and Catalysis

“... asymmetric catalytic oxidation behavior has been demonstrated with a paddlewheel-stabilized 

MOF material. In comparison to the free catalyst, framework-immobilization confers
multiple advantages: higher stability, easier separation, recyclability,and substrate size selectivity. By 
varying the metal centerand ligand structure of the catalytic strut, a spectrum of usefully
heterogenized molecular catalysts should be obtainable. Of particular interest may be multi-site 
catalysts that exploit crystalline channel geometries to enhance chemical selectivity.”

S-H Cho et al., Chem. Commun. (2006) 2563

A microporous MOF containing chiral (salen)Mn struts 

is highly effective as an asymmetric catalyst for olefin 

epoxidation

2,2-dimethyl-2H-chromene as substrate and 2-(tertbutylsulfonyl) 

iodosylbenzene (a soluble compound) as oxidant

Plots of total turnover number versus time for epoxidation of 2,2-dimethyl-
2H-chromene catalyzed by 1 (blue squares) and L (magenta circles). “ee” is 

measure of enantiomeric selectivity.


