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Summary

Selected examples of work on 
porous materials and ice

Zeolites: Hybrid Functionals/ADMM 
Ice: SS-NEB 

MOFs: REPEAT scheme 
SCAN functional 

Ice: RPA/MP2



Elucidating framework aluminium 
distribution in catalytic zeolites  

Rachel Fletcher Dr.	Sanliang	Ling

R.E. Fletcher, S. Ling, B. Slater, ‘Violations 
of Löwenstein’s rule in zeolites’ (2016) 

arXiv:1612.04162 [cond-mat.mtrl-sci] 



Zeolites
▪ Microporous, crystalline aluminosilicate solids 

▪ Petrochemical processing 
□ Cracking, isomerisation and alkylation 

▪ Increasing concern for the environment has 
motivated development of sustainable and 
environmentally benign alternatives to traditional 
petrochemical methods 

▪ The use of traditional zeolite catalysts in atypical 
processes  
□ Pollution control  
□ Hydrocarbon production
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Catalysis and Si/Al distributionCatalysis and Si/Al distribution

SSZ-13 (CHA)

▪ Substituting tetravalent silica with trivalent 
alumina introduces a negative charge to the 
zeolite framework  

▪ Charge-balancing counter cations  
      (K+, Na+, Cu2+ H+) 

▪ Generally accepted that Al and associated 
cations play a crucial role in catalysis, 
particularly protonated zeolites, in which a 
Brønsted acidic site is formed.  

▪ Before we can begin to investigate catalytic 
mechanisms, and design new zeolite 
catalysts, we first need a full understanding of  
Al’s framework location. 

 Al-  

Na+

 Si 
 O



Where is Al?

Löwenstein’s Rule – 1954 
      There is a disinclination for T-O-T linkages of 
adjacent tetrahedral units to possess more than one 
aluminium atom, forbidding the formation of Al-O-Al 
bonds within the zeolite framework. 
“	

”	
Dempsey’s Rule – 1969 

      On the basis of electrostatic arguments, 
framework Aluminium ions assume the furthest 
distance from one another. “	 ”	W. Löwenstein, American Mineralogist 39, (1954) 

E. Dempsey et al., J. Phys. Chem. 73, no. 2 (1969)

⎯ Al ⎯ O ⎯ Al ⎯

O ⎯ Al ⎯ O ⎯ Si ⎯ O ⎯ Si ⎯ O ⎯ Al ⎯ O 



Investigating Al distribution in SSZ-13

2 Al per unit cell (Si/Al = 17)

Previous	investigations		
have	invoked	Lowenstein's		
rule	to	reduce	computational	
expenditure.



Investigating Al distribution in SSZ-13

2 Al per unit cell (Si/Al = 17)

Previous	investigations		
have	invoked	Lowenstein's		
rule	to	reduce	computational	
expenditure.



DFT data Na-SSZ-13 Si/Al = 17

2 Al per unit cell (Si/Al = 17)

‘Löwensteinian’ global minimum structure

ΔE(NLglobal minimum – Lglobal minimum) = +44 kJ mol-1 per U.C.
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DFT data H-SSZ-13 Si/Al = 17

CP2K, GGA – PBE functional, TZV2P basis

2 Al per unit cell (Si/Al = 17)

‘non-Löwensteinian’ global minimum structure

ΔE(NLglobal minimum – Lglobal minimum) = -14 kJ mol-1 per U.C.
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DFT data H-SSZ-13 Si/Al = 17

CP2K, GGA – PBE functional, TZV2P basis

2 Al per unit cell (Si/Al = 17)

‘non-Löwensteinian’ global minimum structure

ΔE(NLglobal minimum – Lglobal minimum) = -14 kJ mol-1 per U.C.
R

el
at

iv
e 

E
ne

rg
y 

(k
J 

m
ol

-1
 p

er
  U

.C
.)

-50
-40
-30
-20
-10

0
10
20
30
40
50
60
70

Model Number

1 2 3 4 5 6 7 8 9 10 11 12

PBE0
PBE



Other functionals/codes
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Other zeolites

LTA RHO ABW
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  ΔE(NLglobal minimum – Lglobal minimum)  

   -8.3 kJ mol-1 per U.C.     -9·2 kJ mol-1 per U.C.     -55·7 kJ mol-1 per U.C.

Density =    14·	2 Tnm-1          14·	5 Tnm-1          16·	1 Tnm-1 
(CHA = 15·1 Tnm-1)



But why?

‘non-Löwensteinian’ global minimum structure ‘Löwensteinian’ global minimum structure

2 Al per unit cell (Si/Al = 17) H-SSZ-13 

+14 kJ mol-1
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But why?

3 Al-O(H) linkages 
1 Si-O(H) linkage

2 Al-O(H) linkages 
2 Si-O(H) linkages

Na-SSZ-13 ΔE(NLglobal minimum – Lglobal minimum) = +44 kJ mol-1 per U.C.

(O)3Si ⎯ O ⎯ Al ⎯ O ⎯ Al ⎯ O ⎯ Si(O)3

H

H

(O)3Al ⎯ O ⎯ Si ⎯ O ⎯ Al ⎯ O ⎯ Si(O)3

H H

‘non-Löwensteinian’ global minimum structure ‘Löwensteinian’ global minimum structure

+14 kJ mol-1

kT	approx	5kJ/mol
Free	energy	difference	
is	comparable	to	internal	
energy	difference



DFT data SSZ-13 Si/Al > 17

3 Al per unit cell (Si/Al = 11) 4 Al per unit cell (Si/Al = 8)



What does this mean?

▪ Potentially invaluable for understanding existing zeolite catalytic mechanisms and 
Brønsted acidity, to the development of new zeolite catalysts, and the synthesis 
of hierarchical materials.   

But…. 
▪ How can we make these structures? 

 Reverse dealumination  

▪ What signatures could be used to unambiguously identify these -Al-O-Al-? 

  17O SS MAS NMR



Summary

▪ Evidence for non-Löwensteinian ordering in protonated zeolite frameworks 

▪ Preference for the formation of discrete aluminium clusters in low silica frameworks.  

▪ Not the case for sodium-containing zeolites, where the global minimum structures are 

Löwensteinian ordered frameworks.  

▪ Demonstrates the the influence of counter-cation identity on framework aluminium location.  

▪ We hope this work stimulates experimental investigation into the direct or post-synthesis of non-

Löwensteinian ordered zeolites and further characterisation of existing materials 

R.E. Fletcher, S. Ling, B. Slater, ‘Violations of Löwenstein’s rule in zeolites’ (2016) 
arXiv:1612.04162 [cond-mat.mtrl-sci] 



MOF/ADMM example



MOF/ADMM example



Sampling

S. Ling, B. Slater, Chem. Sci, 7, 4706, 2016 

True defect structure?



Sampling

-114.1	
	kJ	/mol

S. Ling, B. Slater, Chem. Sci, 7, 4706, 2016 

Proton abstraction favourable



Sampling

-114.1	
	kJ	/mol

-30.3	
	kJ	/mol

S. Ling, B. Slater, Chem. Sci, 7, 4706, 2016 

Proton migration favourable



Sampling

-114.1	
	kJ	/mol

-30.3	
	kJ	/mol

-10.4	
	kJ	/mol

S. Ling, B. Slater, Chem. Sci, 7, 4706, 2016 

Definitive defect structure?

63 configurations 
assessed from 

30ps MD  

34 configurations fall 
within 5kJ/mol of PBE0+D3	(ADMM)



Sampling

S. Ling, B. Slater, Chem. Sci, 7, 4706, 2016 

Defect structure is fluxional

OH-	proton	
localised

central	water	is	
labile

rapid	interchange	
of	protons

30ps MD   
PBE 
NVT



Sampling

Rapid exchange of protons

Static picture from XRD misses dynamic exchange

O3
O0 O1

S. Ling, B. Slater, Chem. Sci, 7, 4706, 2016 

O2

Where is the hydroxide?



Sampling

Possible frustrated Lewis acid site at high T (dehydrated)

Ea = 27.5 kJ/mol

Ea = 6.5 kJ/mol

Source of proton tunnelling/intrinsic proton conduction

S. Ling, B. Slater, Chem. Sci, 7, 4706, 2016 

Proton migration barrier height?

PBE0+D3	(ADMM)



High throughput screening of MOFs

In collaboration with Dr Maciej Haranczyk (LBNL) and Prof Berend Smit (University of 
California, Berkeley and EPFL)

Witman, Ling, et al., Chem. Sci., 7, 6263 (2016)



REPEAT charge partitioning

Witman, Ling, et al., Chem. Sci., 7, 6263 (2016)

Variance	
in	the	
ESP	is	
fitted



Properties validation



Rational design of low-cost, high-performance 
MOFs for hydrogen storage and carbon capture

Witman*, Ling*, et al., J. Phys. Chem. C, 2017; DOI: 10.1021/acs.jpcc.6b10363 (*Equal contribution)



The SCAN functional

Sun	et	al.	Nature	Chemistry,	8,	831,	2016



The SCAN functional: the good



The SCAN functional: the good

Method ΔE	(kJ/mol/Zn)

ZIF-1 ZIF-4 ZIF-zni MAD

PBE 0.27 -0.46 0.00 8.05
PBE+D3+C9 16.80 16.97 0.00 8.93

rVV10 20.76 20.42 0.00 12.63

M06L 22.04 21.20 0.00 13.66
M06L+D3 25.70 24.79 0.00 17.29

SCAN 10.11 9.44 0.00 1.82

Expt 6.88 9.03 0.00



The SCAN functional: the bad
Method ΔE	(kJ/mol/Si) ΔE	(kJ/mol/Si) ΔE	(kJ/mol/Si)

quartz MFI FAU MAD
PBE 0 0.4 2.0 9.67

PBE+D3 0 9.4 13.9 0.73
PBE+D3+C9 0 8.5 12.6 0.64
PBEsol+D3 0 7.1 10.9 1.91

HSE06+D3+C9 0 6.6 11.1 2.05
vdW-DF 0 9.8 14.8 1.37
vdW-DF2 0 8.9 14.1 0.62
optB88 0 12.6 17.9 4.35
optPBE 0 12.0 17.3 3.73
rVV10 0 10.8 15.6 2.31

C09X-vdW 0 13.5 18.1 4.90
SCAN	(expt) 0 6.7 8.7 3.19

Expt 0 8.2 13.6
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Unexpected properties of breathing MOFs

A.M.Walker et al. , Angew. Chemie Int. Ed., 49, 7501, 2010

⇋

Al-MIL-53 (Ferey et al.)

• In the presence of a guest (e.g. pCO2), the cell volume ~doubles
• In 2008, Brown et al., JACS, showed cell hysteresis in the absence of a guest.
• DFT+D and vdwDF approaches showed the dense phase is stabilised by dispersion. (~8-14 kJ / 
mol per Al) (Exp. 7.5 kJ / mol/ Al - calorimetry)
• Vibrational entropy drives the expansion (low frequency modes)

864Å3

1419Å3

125-150K

325-375K



Most GGA/Hybrids: good/bad

Method np-MIL-53-Al

A B C beta volume ΔE(np—lp)

PBE - - - - - -

PBE+D3 20.99 6.57 6.65 65.96 837.6 -8.66

PBEsol+D3 21.03 6.28 6.61 64.93 791.4 -10.54

PBE+D3+C9 20.95 6.73 6.66 66.25 858.8 -3.85

HSE06+D3+C9 20.78 6.75 6.61 66.35 848.8 -3.1

vdW-DF 20.92 6.71 6.69 67.51 867.6 -10.88

C09x-vdW 21.05 5.95 6.6 65 749.7 -27.99

optB88 21.07 6.08 6.62 65.02 768.7 -25.82

optPBE 20.96 6.28 6.66 66.87 807.3 -21

vdW-DF2 20.8 6.46 6.73 69.32 845.1 -7.36

rVV10 20.93 6.34 6.67 67.62 818 -14.43

Exptb 20.82 6.87 6.61 66.05 863.9 -7.5

MIL-53-Al



The SCAN functional: the ugly

Fixed_expt_lattice kJ/mol	per	Al	center

lp_ortho_symm-np SCAN -4.38

lp_ortho_symm-np M06-L 17.16

lp_ortho_symm-np PBE+D3+C9 5.79

Fixed_PBE+D3+C9_lattice kJ/mol	per	Al	center

lp_ortho_symm-np SCAN -4.91

lp_ortho_symm-np PBE+D3+C9 4.72

MIL-53-Al



The ice XV problem

Problem solved?

see The polymorphism of ice: five unresolved questions, Salzmann et al., PCCP, 2011

Ice XV/VI 
have the 
largest 

variation in 
hydrogen 

bond angle of 
any phase.



Ice VI/XV*

XRD data taken from Salzmann et al. PRL 2009

Interpenetrating 
lattices formed from 

hexameric chains

VI - SG 137 

XV - SG 2 



Key ice XV structures

9A22C1

Dense structure (~1GPa)



Hybrid and vdW?

PBE

Varying HF and vdW does not change 
the order of stability

18 structures



RI-MP2 results

1078s on 3840 processors (Archer)9A2 = Cc most stable
Theory still predicts exptl (2C1) structure to be metastable

Full cell optimisation!



RI-MP2 vs RPA results

1078s on 3840 processors (Archer)9A2 = Cc most stable
Theory still predicts exptl (2C1) structure to be metastable



Experiment and theory still in conflict

Theory still predicts wrong ground state 

Experimentally, only about 70% of ice VI->XV 

Grains of ice XV in a matrix of VI

dx.doi.org/10.1021/jz501985w | J. Phys. Chem. Lett. 2014, 5, 4122−4128



Solid state NEB - ice XIc-IV



Solid state NEB - ice XIc-IV
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D. Sheppard, P. Xiao, W. Chemelewski, D. D. Johnson, and G. Henkelman, A generalized solid-
state nudged elastic band method, J. Chem. Phys. 136, 074103 (2012).

XIc	(0.93)	to	IV	(1.27	g/cm3)
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