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Formula: H2O



Outline

• Issues with measurement of structure

• Neutron diffraction with H/D isotope substitution 

at a reactor source

• Oxygen substitution

• Down in T (ice)



Water issues

• X-rays scatter from electrons

– H electron displaced towards O

• Mass of neutrons ~ mass of proton

– Large inelastic scattering

• D has twice the mass of H

– H2O & D2O truly isostructural?



NDIS (in principle)

• Measure at least 3 total structure factors for water 

with different H/D ratios

– bH = -3.7406(11) fm, bD = 6.671(4) fm, bO = 5.805(4) fm

• Combine to calculate 3 partial structure factors

• Or: mix H2O & D2O to obtain b”H” = 0

– Measure SOO(q) directly

• Or: mix H2O & D2O to obtain b”H” = bO

– Measure SNN(q) directly



Neutron Diffraction Experiment
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Intensity measured as function of angle at fixed wavelength



Water Diffraction



Water Diffraction

Use SVD method to get partials



Partials



Neutron Diffraction Experiment

• The structure of water at the partial structure factor 

level had so far only been investigated using H/D 

substitution

• Use of oxygen isotope substitution should eliminate 

main effects due to inelastic scattering in NDIS 

experiments

• The difference in structure between H2O and D2O 

can be investigated by calculating suitable difference 

functions



Why is there a need for more ND 

experiments on H2O/D2O?

• Differences in structure and dynamics of H2O vs. D2O (due 

to quantum effects) lead to e.g. changes in melting/boiling 

point, temperature of maximum density, interactions with 

biological systems

• There exists no purely experimental measurement on the 

difference between the O-H and O-D bond lengths in liquid 

water

• Much cited PRL* that models a combination of x-ray and 

neutron data finds O-H bond to be ~ 3 % longer than O-D 

bond (larger than any theoretical prediction)

* AK Soper and CJ Benmore (2008) PRL 101 065502



D4C Experiment (ILL Grenoble)

• Measured

– D2
natO and D2

18O

– H2
natO and H2

18O

• Wavelength of ~0.5 Å

• 0.35 ≤ q/Å-1 ≤ 23.5

• bnatO = 5.805(4) fm

• b18O = 6.009(5) fm



NDIS experiment

Differential scattering cross-

sections for D2
natO and 

D2
18O

Differential scattering cross-

sections for H2
natO and 

H2
18O
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Maths
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Reciprocal space first order 

difference functions

• after  residual inelasticity correction

P(q) = a + bq2 + cq4



Real space first order difference 

functions

rOD = 0.985(5) Å

rOH = 0.990(5) Å

Difference ~ 0.5 %

First time ever this 

was measured.



Comparison with TTM3-F model 

simulation

PIMD simulations take into account quantum effects



TTM3-F model

• Polarisable & flexible

• Reproduces accurately O-H stretch region of IR absorption spectrum of 

liquid water as well as its diffusion coefficient

• Supports “competing quantum effects model”

– Inter-molecular zero point energy and tunnelling weaken hydrogen 

bond network

– Quantum fluctuations in anharmonic intra-molecular O-H bond 

increase its length and hence the dipole moment of molecule which 

increases binding between molecules (i.e. strengthens network)

– Net effect is much smaller than originally suggested from rigid water 

simulations



Conclusions (O substitution)

• Oxygen isotope substitution in ND is feasible and can be 

applied to measure liquid and glassy oxide materials

• First entirely experimental evaluation of the difference in

O-H and O-D bond lengths in liquid water

• Intra-molecular difference in bond length ~ 0.5 %

• So H/D substitution is valid for ambient water

• Path integral molecular dynamics simulations using TTM3-

F model for water agree best with our diffraction results 

• Results support a “competing quantum effects model” for 

water





Ice (outline)

• Amorphous ice and its various forms

• Ice Ih

• comparison



Phase diagram



Amorphous ice (SNN)



SNN transformation



Transformations



Partials (reciprocal)



Partials (real)



Summary (amorphous ice)

• 3 forms of amorphous ice

• Transition LDA → HDA first order like

• Transition HDA → VHDA continuous

• Local bonding arrangement (water molecules 

connected via H-bonds) remains intact

• O coordination increases with density



Ice Ih



Totals (ice Ih)



Totals (ice Ih)



Comparison with crystallography



Bonding geometry

15 K 160.1(4.4) 

123 K 177.2(2.4) 



Comparison with amorphous ice



Comparison with amorphous ice



Conclusions

• Diffraction results agree with crystallography

• O-H∙∙∙O bond angle was determined

– 15 K 160.1(4.4) 

– 123 K 177.2(2.4) 

• Diffraction patterns of LDA ice and ice Ih are very 

similar
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