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Large-scale simulations
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Effect of radiation-induced 
amorphization on diffusion

Case study: zircon ZrSiO4 found minerals are ~1 billion years old, 
completely amorphous yet intact

Absorbs large ions like Pu on Zr site

What are long-term (millions of years) effects of irradiation on the 
performance of waste forms? 
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1. Empirical potentials and short-range ZBL
potential at short <~1 Å distances 

2. Almost perfectly scalable MD code based on domain 
decomposition strategy (DL_POLY 3 MD package)

3. Parallel computers 
(Cambridge HPC, HPCx, HECToR)

4. Adapted MD code to handle out-of-equilibrium conditions (variable time 
step, boundary scaling) and to analyze radiation damage on the fly

Molecular dynamics simulation 
of radiation damage
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High-energy U recoils in ZrSiO4
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High-energy U recoils in ZrSiO4

Channels of low density appearing along the track

70 keV U recoil and their 
overlap
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Frameworks
Local structure
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Organo-Metallic frameworks:
Guest rearrangement

CuZn(CN)4· N(CH3)4· CCl4

Enthalpic as well as 
entropic contribution to 
guest desorption
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Zinc cyanide framework structure
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Negative thermal expansion 
in zinc cyanide, Zn(CN)2

We return now to our consideration of NTE behavior in
Zn!CN"2. The crystal structures of Zn!CN"2 and the iso-
structural Cd!CN"2 have been studied extensively else-
where;12,18–20 they can be described as a pair of interpenetrat-
ing !-cristobalite-like frameworks in which each metal cen-
ter binds four cyanide ligands in a tetrahedral arrangement
and each ligand acts as a linear bridge between two metal
centres. We found the intermediate ZnxCd1−x!CN"2 com-
pounds shared the same basic structure, with the two types of
metal center distributed randomly throughout the framework.
Our interest in studying a series of isostructural compounds
arises from a desire to elucidate whether the origin of NTE
behavior in Zn!CN"2 is primarily chemical or topological in
nature.
The paper of Williams et al.12 in which this NTE behavior

was reported cites measurements of the cubic unit cell
parameter a !Ref. 21" at just two temperatures: 10 and
295 K. As thermal expansion behavior is well known to be

nonlinear and indeed discontinuous for many materials, we
noted the possibility that any extrapolation of thermal expan-
sion behavior from two measurements alone would be incon-
clusive. Consequently, we sought first to establish the ther-
mal expansion behavior of four members of the
ZnxCd1−x!CN"2 family !x=0, 0.64, 0.80, and 1" at intervals
of approximately 4 K for temperatures up to 375 K. We used
single crystal x-ray diffraction to follow the temperature de-
pendence of the unit cell volume for each compound; our
results #Fig. 3!a"$ indicate continuous and linear NTE behav-
ior in all four materials.
It is possible to quantify the extent of NTE behavior by

considering the linear coefficient of thermal expansion ",
defined at constant pressure as the relative rate of change of
the unit cell parameter a with respect to temperature. Our
data give values of " for the ZnxCd1−x!CN"2 materials
approximately double that of ZrW2O8; furthermore, these
remained constant over the temperature ranges studied
!Table II".
Having established the NTE behavior of this family, we

proceeded to assess whether our crystallographic data were
consistent with the RUM analysis proposed above. To do so,
we performed full single crystal data collections and refine-
ments for the x=0, 0.80, and 1 members at various
temperatures.22 The anisotropic refinement of single
crystal11,23 and powder4 diffraction data has helped provide
detailed information on the structural mechanisms for NTE
in other systems. In the present case, thermal population of
RUMs would be expected to give rise to local displacements
of the CN linkage of the type illustrated in Fig. 1!b". The
magnitude of these displacements enters our crystallographic
refinement as the transverse displacement parameters of the
C and N atoms.
For each of the materials investigated, this displacement

parameter was found to increase significantly more rapidly
than any other in the structure, providing a strong indication
that such local vibrational modes are the dominant dynami-
cal phenomenon #Fig. 3!b"$. Moreover, if we assume that the
transverse displacement parameter of the C and N atoms ap-
proximates the root mean square harmonic thermal displace-
ment of these atoms, and that bond expansions are negli-
gible, then this temperature-dependent amplitude may be
used to estimate the coefficient of thermal expansion, based
on geometric considerations alone24

FIG. 3. Temperature-dependent structural behavior of the
ZnxCd1−x!CN"2 family as determined by single crystal x-ray diffrac-
tion. !a" The unit cell volume change !relative to 100 K" for
Zn!CN"2 !open circles", Zn0.80Cd0.20!CN"2 !solid line", and
Cd!CN"2 !filled circles". The thermal expansion behavior of
ZrW2O8 !broken line" is included for comparison !data taken from
Ref. 9". !b" Atomic displacement !thermal" parameters for Zn!CN"2
!relative to 100 K": the transverse !open circles" and longitudinal
!filled circles" displacement of the C and N atoms !open circles";
and the isotropic !by symmetry" displacement of the Zn atoms !bro-
ken line". The more rapid increase in the transverse displacement
parameters of the C and N atoms indicates that transverse vibra-
tional modes of the Zn–CN–Zn! bridge are populated more rapidly
with increasing temperature than longitudinal modes. The inset il-
lustrates the Zn–CN–Zn! moiety: the two Zn atoms have tetrahedral
coordination. The arrows give the directionality of each of the three
displacement parameters.

TABLE II. Thermal expansion behavior of members of the
ZnxCd1−x!CN"2 family as determined by single crystal x-ray diffrac-
tion. The behavior of ZrW2O8 !taken from Refs. 2 and 9" is in-
cluded for comparison.

Compound " /10−6 K−1 T /K

Zn!CN"2 −16.9 !2" 25–375
Zn0.80Cd0.20!CN"2 −17.8 !2" 100–375
Zn0.64Cd0.36!CN"2 −19.5 !3" 100–375
Cd!CN"2 −20.4 !4" 150–375
ZrW2O8 −9.1 0.4–430

−4.9 430–950
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Important vibrations for 
negative thermal expansion
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Accurate models : multipoles

GDMA
CamCASP
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Nucleation
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400,000 deaths in 
India alone

Black carbon particulates
warm the upper atmosphere.
(Myhre, Science 2009) 

Smog at the Taj

Smoke from forest fires in California.

Soot

Tim Totton
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H. Wang, Proceedings of 
the Combustion Institute 
33 (2011) 41-67

• Gas phase nucleation

• 1500K

• Soot inception 
thought to occur by 
pyrene dimerization

• PAHs thought to 
aggregate through 
van der Waals forces

• Structure of soot 
nuclei needed for 
combustion models

• Large uncertainty in 
models

Friday, 10 February 12



PAHAP : Totton et al. (2010,2011)

MD simulation of a 
50-coronene cluster

Sublimation at 798.2K

Are coronene clusters stable at 1500K?

Totton, Misquitta & Kraft, PCCP 2012

CamCASP
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Circumcoronene (C54H18)
750K 1000K

1250K 1500K

Totton, Misquitta & Kraft, hot article in PCCP (2012)
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LJ versus (iso)PAHAP

-60

-40

-20

0

20

40

60

2 2.5 3 3.5 4 4.5 5 5.5 6

SAPT(DFT)
W99
LJ

E i
nt

 / 
kJ

 m
ol

-1

R / Å

The apparently small differences
lead to an order of magnitude 

increase in clustering.

PAHAP
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• Supported by experimental evidence 
from Sabbah et al. (2010) and Happold et 
al. (2007) 

• BUT soot does form easily!

• Other kinds of mechanisms? 

• Are the interactions ionic? Chemical?

• Side-chains could buffer collisions.

• Heterogenous nucleation? How?
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Collaborations
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