13th Oxford School on
Neutron Scattering

St. Anne's College, University of Oxford
2 - 13 September 2013

Chemical Applications of Neutron Scattering

Part 2
Mainly Inelastic Scattering:
Spectroscopy and Dynamics

Alberto Albinati
University of Milan, Department of Chemistry



Chemical Applications of Neutron Scattering

Part 2: Inelastic Scattering

* INS Spectroscopy: Transition Metals Hydrides

- Rotational Tunnelling and the Nature of the M-H,
Bond

+ Combined use of Diffraction, Spectroscopy and ab-

initio calculations

- Hydrogen Storage



Incoherent Scattering Cross Sections

O:oon =47 (<b2 > — <b>2 )

‘Incoherent Scattering arises from the random distribution of different
isotopes with different scattering lengths.

‘Incoherent Scattering depends on the correlation between the positions
of the same nucleus at different times.

NO INTERFERENCE EFFECTS = SPECTROSCOPY



INS spectrum from a hypothetical molecular crystal
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Inelastic and Quasielastic Neutron Spectroscopy
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INELASTIC INCOHERENT NEUTRON SCATTERING:

*The energy of the thermal neutrons is comparable to that of the lattice
and molecular vibrations.

*The incoherent part of the scattering cross-section (o;,.) arises from the
random distribution of different isotopes with different scattering lengths.

*The incoherent part of the scattering cross-section describes the single
particles dynamics: Vibrational and rotational spectroscopy.

*The intensity scattered by each mode depends on the value of the
Incoherent scattering cross-section ( ;.. ) and the atomic displacements.

*The incoherent cross section for Hydrogen is very large: modes involving
H atoms will dominate the INS Spectrum
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Inelastic neutron scattering measures atomic motion
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Inelastic coherent scattering measures correlated motions of atoms

Inelastic incoherent scattering measures se/f-correlations
e.g. vibrations, diffusion



Correlation Functions

S (Q, @) “ET=> G(I, 1)

S, (Q, @) CET= G(r1)

° G(r, t) = Probability of finding an atom at r and at time t when
thereis an atomatr=0 at t=0.

* GS(F, t) = Probability of finding an atom at r and at time t if the
same atomwas atr=0at t=0.



INCOHERENT INELASTIC NEUTRON SCATTERING
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The inclastic neutron scattering from (a) ethylene adsorbed on an Ag-13X zeolite
catalyst and (b) the catalyst alone. The spectra were taken on the Harwell DIDO 6H double

rotor spectrometer by Howard et al



The INS Difference-Spectrum of {[P,N,Zr], (u-H)(n-N,H)}
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[C0g(CO);5]% + H" — [HCO,(CO);5]

Hydride 6 ~-5 -40
Formyl 6 ~+5 +10

D. Hart & al.JACS 1981, 103 1458
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TOSCA at ISIS
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INS & I.R. Spectra of X[Co,(CO),:H]
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INS & I.R. Spectra of X[Co,(CO),:H]
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W(CO);(P'Pr3),(H,)

[Fe(dppe),(H)(Ho)]*
[Ru(dppe),(H)(Hy)]"

[Os(dppe),(H)(H)]"

0.82 (1)

0.82 (2)

0.82 (3)

0.79 (2)

34.0

30.5

32.0

25.5



INS Spectra of M-(H,) Complexes

'w(CO)a (PCV3)2°[(H2 )-(D, )] | [Fe{H(H,)-D(D,)}(PPh,CH,CH,PPh,),]BF,
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M-(n?-H,) Bonding




Non-classical Hydrides and Rotational Tunnelling
Spectroscopy

Potential Energy




Rotational Tunnelling: Single Particle Rotation

For a single particle model (i.e.: V(w) describes the system):

HD, = £®,

where

H =BV’ +V(p)

v ((0) Z 1 cOoS nJ ) n=2 twofold potentia.l

n=3 threefold potential

B=#r%/(2l)

The level splitting is proportional to V(¢) and B

B:H, (7.3 meV) > NH,* NH; (0.782 meV) > CH,, -CH, (0.655 meV)



Single Particle Rotation: Twofold potential

For a 1D rotor in a twofold-potential:
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W. Press Single Particle Rotations in Crystals (Springer)
Prager, Heidemann Chem. Rev. 97, 2933 (1997)



= The new INS Spectromels
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Intensity (arb. units)

Rotational Tunnelling in [Fe(H),(H,)L;] and [Ru(H,)(H)(dppe),]*
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Rotational Tunnelling in Ru(H,),(H),(Pcyp;),

RUH6,%=6.5A
—— 4K
—.—32K
—.— 43K

0.0 0.5 1.0
energy transfer, meV



Rotational Tunnelling in Ru(H),(H,).L,
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VIBRATIONAL FREQUENCIES and TUNNEL SPLITTINGS for

M-H, COMPLEXES

.
W(CO)4(P IPrs),(H), 2695
W(CO)4(PCy,),(H), 2690
[Fe(PP3)(H)(H,)I*
[Ru(PP3)(H)(Hy)]*

IrBr(P 'Pr3),(H),(H,)

Irl(P 'Pr3),(H),(H,)

t(H-H)

[cm-]

370 - 340

380 - 325

276 - 259

225 - 184

Wy
[cm-]

0.73

0.89

1.15

2.58

18.9

9.8

Vi

[kcal/mol]

2.4
2.2
1.9
1.6

0.53 #
H///,,“.l "‘\\\HH
0.98 p M



A Schematic Diagram of the Energy Levels of a Methyl Rotor
In a Three-Fold Potential
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Dihydrogen-Hydride Exchange in
(‘PrP),IrX(H),(H),
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Rotat. tunnelling freq.

(o, cm)

Rotat. barrier V2
(kcal/mole)

exp

Rotat. barrier V
(PMe; / PH; kcal/mole)

calc

H-H (exp)

H-H (calc)

(*Pr;P),IrX(H),(H),

Cl
20

0.51(3)

0.37 (2.04)

0.78 (INS)

0.853

Br
19

0.48(3)

0.42 (2.11)

0.819(8)

0.857

1.00(4)

0.66 (2.32)
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intensity arbitrary

(‘PrsP),IrX(H).(H),: Observed and Calculated
Exchange Energies (QENS & B3LYP)

40

20

Energy Transfer (meV)

Data @ 100, 175, 210, 250 K
AE, = 1.5(2) Kcal/mol

B3LYP/BS4 (reactant, intermediate, TS's)
AE+s = 1.87 kcal/mol



Dihydrogen-Hydride Exchange in
(‘PrP),IrX(H),(H),

] e

H(1)

\ PR3 H(2)

Ir

H(1) \ H(L) ~7 HQ)
o PR3 H(4) \\\\\ PR3
I A‘n“ H 1 X Ir ot
X / r H(2) D HE) / H(3)
R3P B oy PR3 / RsP
I T X ir
H@4)  HEQ) \ H(4)
H(3)
R3P/ /
C H(4)
H(1)
PR3
H(2)
o
RsP H(3)

H(4)



Rotational Tunnelling in Ru(H,),(H),(Pcyp;),
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H/H, Exchange Mechanism

AET(exp) =1.65Kca
AET(calc) = 2.7 Kca



Rotational Tunnelling and QENS for Tp*Rh(H,)H,
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Tp*Rh(H,)H,: Exchange Path

E* = 3.9 kcal mol?




Classical vs. non-classical: [PP;Co(H),]* and [ PP;Co(H,)]*

White solid




White Form: [PP;Co(H),]BPh,

g & Co—H 1.47 (7) A (av)



Red Form: [PP;Co(H),]PF,

H-H0.65(8) A 0.807 A (calc)
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White Form: [PP,Co(H),]BPh, Red Form: [PP;Co(H),]PF4




|[PP,Co(H),]BPh,— H.P. Raman Spectrum

Pressure evolution of the H-Co-H stretching
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Hydrogen as an Energy Vector

‘Jules Verne The Mysterious Island (1874).

"... hydrogen and oxygen which constitute [water], used
singly or together, will furnish an inexhaustible source
of heat and light.."

‘Max Pemberton The Iron Pirate (1893)
hydrogen from coal “..fuels the most powerful engines

that have yet been placed on a battleship ...”



Hydrogen Production

Energy wise 3.8L gasoline ~ 1Kg of H,

Burning 3.8L gasoline produces ~ 9Kg of CO,
1 Kg of H, by electrolysis = 32 Kg of CO,

CH, + H,O = CO + 3H,
CO+H,0<=CO, +H,
H,/CO, = 2/1
Biomasses
Photovoltaic

*Electrolysis + Nuclear Power (Solar Energy)

J.J. Romm “The Hype about Hydrogen” (2004) Ch.4



Parameters Values and Methods

Capacity >6% wt, 60kg H,/m? at RT, P<100 bar.

> ~ 10% wt , at least, for the bare storage material itself.

Thermodynamics and kinetics of the adsorption /desorption
process. -20<Q, (:H) <-40 kJ/mol Hy; D .,,>10°cm?/s.

Structural stability upon cycling/activation; Resistance
against poisoning agents H,0, CO, CO,, N,, etc. Cost and
} Environment safety.

Microscopically probe the interactions between H, and individual
} adsorption sites — INS and Model calculations .



UL, Dopariment of Enorgy :
Energy Efficiency and Renewabic Energy




Proposed H, Storage Materials
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Expected Interactions and Associated Thermodynamics
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Rotational Energy Levels of the Hydrogen Molecule

Symmetry Properties Rotational Energy Levels
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Introduction of a Barrier to Rotation of the H, Molecule

. Some degeneracy in J levels is lifted
Note sensitivity fo V of "0-1" fransition
_ Levels depends on the form of the barrier
]

e Transitions can be observed by neutron
) scattering - deduce barrier height V (as
I shown)

3.7B
° iy 7 - : Barrier height can be compared with
' computational studies
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H, Absorption in Nanoporous Materials

~= 48 HZ per fu.
—- 32 HZ per f.u.
=24 H2 per f.u.
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Expected Interactions and Associated Thermodynamics
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Chemisorption of H, in Fe -ZSM-5

10%

4000 8200 2000

intensity arbitrary

2000

0

Energy Transfer (cm-1)

] ®=4.2(2)cm? 8.3(2) cm
NEAT @5K - A =5.1A

Van der Sluys & al. JACS 1990, 112, 4831



Chemisorption of Molecular Hydrogen in: Cu-ZSMS5

H,/Cu H,/Cu
0.4 2.0
a b
3 { 3
& : S
[ ] 3 7 |
, | -";-_ . r __ .
§ N o
05 .o 05 -0.5 0.0 0.5
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Dihydrogen Adsorption Isotherms - H, in Cu-ZSMS5

= o 7K, 203 Isosteric Heat of adsorption
B rEr L H,on Cu 39+4 - 73+4 kJ/mol
T f-""/ P

% ! .__,.,-"" 323K, ]

21 s

Modd:Line

Chem Phys Lett 449, 182 (2007)



Sorption Based Materials with Greater H, - Binding Energy

Molecular Chemisorption at Unsaturated Transition Metal Binding Sites

U U U

Bind Multiple Lighter Metals: alkali, Framework modifications:
DihydrogenLigands alkaline earth hybrids anionic frameworks,

different metals...

Combine two or more of these approaches in one material



H, Adsorption in Non-Catenated MOFs

Functionality has little impact on uptake
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ntensity (a.u.)

The Effect of Framework Catenation
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H, Uptake by MOFs with Open-Metal Sites
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Weak-H, Chemisorption - HKUST-1
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CPO-27-Co [Co,(dhtp)(H,0)*8(H,0)]
(dhtp = 2,5- dihydroxyterephthalic acid)
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CPO-27-M

[M,(dhtp)(H,0)*8(H,0), M = Mg, Ni, Co]
(dhtp = 2,5- dihydroxyterephthalic acid)
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