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Scien&fic	
  Achievement	
  
Integrated	
  Imaging,	
  Modeling,	
  and	
  Analysis	
  of	
  Ultrafast	
  

Energy	
  Transport	
  in	
  Nanomaterials	
  	
  
Significance	
  and	
  Impact	
  	
  
Understanding	
  la9ce	
  vibra=ons	
  in	
  individual	
  

nanopar=cles	
  can	
  enable	
  energy	
  applica=ons	
  such	
  
as	
  photocatalysis,	
  photonics,	
  thermoelectrics,	
  
semiconductor	
  design,	
  groundwater	
  photo	
  
remedia=on,	
  and	
  heat	
  transfer	
  in	
  baAery	
  interfaces.	
  

High	
  Level	
  Research	
  Details	
  
– Modeling:	
  MD	
  will	
  be	
  used	
  to	
  model	
  the	
  phonon	
  
transport	
  and	
  la9ce	
  thermal	
  conduc=vi=es	
  for	
  the	
  
proposed	
  systems.	
  

–  Analysis:	
  In	
  order	
  to	
  combine	
  the	
  reverse	
  (image	
  
reconstruc=on)	
  with	
  the	
  forward	
  (simula=on)	
  models,	
  
data	
  transforma=ons	
  between	
  model	
  spaces	
  will	
  be	
  
inves=gated.	
  

–  Ultrafast	
  imaging:	
  We	
  will	
  conduct	
  laser	
  pump-­‐probe	
  
imaging	
  experiments	
  to	
  study	
  the	
  structure	
  dynamics	
  
origina=ng	
  from	
  electron-­‐phonon	
  interac=ons.	
  	
  

	
  	
  

MAUI: Modeling, Analysis, and Ultrafast Imaging 

Above:	
  Simula=on	
  and	
  experiment	
  are	
  integrated	
  
through	
  a	
  common	
  language	
  of	
  data	
  analysis.	
  

Above:	
  An	
  integrated	
  approach	
  to	
  predict	
  and	
  
validate	
  material	
  response	
  to	
  external	
  s=muli	
  
shows	
  density	
  and	
  distor=on	
  vectors	
  that	
  lead	
  to	
  
iden=fica=on	
  of	
  cracks	
  along	
  slip	
  planes.	
  

LeO:	
  (a)	
  Million-­‐atom	
  MD	
  simula=on	
  showing	
  a	
  laser-­‐heated	
  gold	
  nanorod	
  in	
  water	
  
(b)	
  Typical	
  schema=c	
  of	
  an	
  NEMD	
  simula=on	
  to	
  compute	
  heat	
  transport	
  (c)	
  
Temperature	
  dissipa=on	
  and	
  aspect	
  ra=o	
  in	
  our	
  preliminary	
  MD	
  calcula=ons.	
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Molecular dynamics: accessible length and time 
scales 
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v  With dedicated HPC 
systems classical 
molecular dynamics (MD) 
for micron length and time 
scales possible. 

v  For several interfacial 
phenomena, nanoscale 
regime required for 
significant deviations from 
bulk behavior. 

v  Classical and reactive MD 
offer powerful tools to 
investigate underlying 
physics and reaction 
kinetics. 
v  No assumptions like 

mesoscale or 
continuum models. 

v  Faster than DFT. 



Molecular dynamics is an ideal technique to gain 
atomistic insights into materials phenomena 

Pressure induced 
structural transitions 


Ceramics

Reaction 

Mechanisms


2D Materials


Self assembly 


Corrosion


Metal/Oxide/Water


Molecular 
Dynamics


NP superlattices
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Force-field is the “heart” of molecular dynamics 

−
∂V
∂ri

=mi
∂2ri
∂t2

V = f (ri ) Force-field

Interatomic potential


Success of molecular dynamics hinges on the accuracy, 
robustness, and transferability of force field 
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Force-field parameterization 

•  Simplistic forms: Lennard Jones 
V = 4ε σ
r
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•  Complex (Realistic) forms: ReaxFF 

E= Eb,ij

i, j
i≠ j

∑ + Eov,i
i
∑ + Eun,i

i
∑ + Elp,i

i
∑ + Ev,ijk

i, j,k
i< j<k

∑ + EvdW,ij
i, j
∑ + EC,ij

i, j
∑  upto 600 

parameters


•  Pairwise 
interactions


•  Multi-body 
interactions


•  Bond-order 


Selection of 
functional 

form


•  Bulk solids/
liquids/
surfaces


•  Nano-clusters


•  Dimers/trimers 


Training data 
from DFT/

Experiments
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Integrated imaging and simulation to probe 
nanocatalytic activity of gold 

K. Sasikumar,1 A. Ulvestad,2 J.W. Kim,2 R. Harder,3 E. Maxey,3 J.N. Clark,4,5 
P. Mulvaney,6 B. Narayanan,1 S.A. Deshmukh,1 S.K.R.S. Sankaranarayanan,

1 N. Ferrier,7 T. Peterka,7 and O.G. Shpyrko2

 
 

1Center for Nanoscale Materials, Argonne National Laboratory, USA 
2Department of Physics, University of California, San Diego, USA 

3Advanced Photon Source, Argonne National Laboratory, USA 
4Stanford PULSE Institute, SLAC National Accelerator Laboratory, USA 

5Center for Free-Electron Laser Science (CFEL), Germany 
6School of Chemistry & Bio21 Institute, University of Melbourne, Australia 

7Mathematics and Computer Science Division, Argonne National Laboratory, USA 
 



Nanocatalytic activity on gold surfaces 

v Purpose: Investigate origin of lattice strain in gold 
nanoclusters facilitating ascorbic acid decomposition 

v Methodology: Reactive MD simulations 

v Key result: Identification of a mechanistic sequence of 
processes/reactions during ascorbic acid decomposition on 
gold 
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Simulation background 
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Reconstructed CDI images of gold + 
ascorbic acid system. 

AuNC
C6H8O6+ 0.5 O2 ====> H2O + C6H6O6 

Ascorbic acid decomposition

Experimental observation: 
 
v  Reversible lattice distortions in 

gold nanocrystals upon exposure 
to 0.1M and 1M ascorbic acid 
solutions. 

v  The lattice strain was seen to be 
at a maximum near the edges of 
the top and bottom {111} oriented 
facets.  

Reactive MD: 
v  Goal - Investigate the atomic 

scale processes underlying gold-
catalyzed ascorbic acid 
decomposition. 

v  The reactive MD simulations are 
performed using the ReaxFF 
force field. 

 
Information collected: 
v  Bond orders of every pair of 

atoms. 
v  Atomic trajectory. 
v  Analysis yields temporal data 

about molecular species and 
reaction pathways in simulation. 



Equilibrated gold NP structures 

(a) Icosahedron 
561 atoms 

rAu = 12.32 Å 

(b) Truncated octahedron 
490 atoms 

rAu = 10.68 Å 

(d) Sphere: 36132 atoms 
rAu = 52.94 Å 

(c) Truncated octahedron 
5010 atoms 
rAu = 29.55 Å 
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Sample schematic of simulated system 
1M acid + water + gold (truncated octahedron) 
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Yellow - Gold 
Green - Carbon 

Red - Oxygen 
Blue - Hydrogen 



OH ion chemisorbs on gold, acid physisorbs 

t	
  =	
  0	
  

t	
  =	
  35	
  ps	
  

t	
  =	
  50	
  ps	
  
t	
  =	
  200	
  ps	
  

561-­‐atom	
  
icosahedron	
  in	
  a	
  2	
  
M	
  acid	
  solu=on	
  

490-­‐atom	
  truncated	
  
octahedron	
  in	
  a	
  1	
  M	
  

acid	
  solu=on	
  

t	
  =	
  200	
  ps	
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Effect of acid molarity 

Displacement of Au atoms after 200 ps 

(a)	
  0.1	
  M	
   (b)	
  0.55	
  M	
  

(c)	
  1	
  M	
   (d)	
  2	
  M	
  

(e)	
  

(f)	
  

Gold	
  
Oxygen	
  

Hydrogen	
  

14	
  



Effect of acid molarity 

v Maximum strain on Au at corner and edge sites. 

v Displacement magnitude is independent of molarity 
(between 0.64 and 0.80 Å). 
v Observed values are comparable with experiments. 

v Strain depends on chemical adsorption and strength of O-
Au bond (no Au-C bonds are seen). 

v For comparison there are no adsorbed OH’s in the 
absence of ascorbic acid. 

v Presence of acid affects dissociation of water near the 
gold surface. 
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Adsorption pathway 

14	
  ps	
  

15	
  ps	
   16	
  ps	
  

17	
  ps	
  
50	
  ps	
  

51	
  ps	
  52	
  ps	
  

55	
  ps	
  
200	
  ps	
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Adsorption pathway movie 
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Summary 

v Purpose: Investigate origin of lattice strain in gold 
nanoclusters facilitating ascorbic acid 
decomposition 

v Methodology: Reactive MD simulations 

v Key results: 
v Identification of a mechanistic sequence of 

processes/reactions during ascorbic acid 
decomposition on gold. 

v Strain values and location are comparable with 
experiments. 
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Ultrafast vapor nanobubble cavitation 
around intensely heated nanoparticles 

K. Sasikumar,1,2 P. Keblinski2

 

1Center for Nanoscale Materials, Argonne National Laboratory, USA 
2Rensselaer Polytechnic Institute, Troy, USA 

Results.—The thermomechanical evolution of the fluid
after heating the GNP has been simulated for different laser
fluences F and radii R. If the fluence is high enough, we
observe after a delay the formation of a nanobubble around
the GNP, as represented in Fig. 1. A nanobubble is said to
be formed when locally the fluid density is smaller than the
critical fluid density.
Figure 2 displays the typical evolution of the nanobubble

radius after laser heating, for different laser fluences.
Nanobubbles are observed when the laser fluence exceeds
a threshold, which is found to correspond to spinodal
crossing in the fluid, at a distance x≃ 2 nm from the GNP
surface. For fluences F just above the threshold, only
transient vapor shells are visible, as is the case for the
lowest energy pulse reported in Fig. 2; stronger pulses lead
to larger sizes and lifetimes with the possible formation
of a subsequent secondary nanobubble. Remarkably the
dynamics of the nanobubbles is asymmetrical: the growth
is faster than the collapse. To understand this asymmetry,
we have compared the simulation results to the solution of
the Rayleigh-Plesset equation classically used to describe
cavitation phenomena,

mρliq

!
RbR̈b þ

3

2
_R2
b

"
¼ PiðtÞ − PeðtÞ − 2

γ
Rb

− 4η
_Rb

Rb
;

PiðtÞ ¼ Pmax
i

!
R3
b;max − R3

R3
bðtÞ − R3

"ζ

; (3)

where Rb is the bubble radius, Pi and Pe are the internal
and external pressures, respectively, and γ is the fluid
surface tension. mρliq is the mass density of the liquid far
from the nanoparticle given in Table I.
To determine the unknown internal pressure, we have

assumed that the pressure inside the bubble is well
described by Eq. (3), where Pmax

i is the pressure measured
in the simulations inside the bubble when its radius is
maximal (Rb ¼ Rb;max) and the exponent ζ is a fitting
parameter. Further details can be found in Ref. [11]. From
this fitting procedure, it turned out that it was impossible to
describe the nanobubble dynamics with a single exponent
ζ, and we resorted to considering two values of ζ∶ ζ ¼ 5=3
describes well the bubble expansion, while ζ ¼ 1 allows us
to match the collapse dynamics (see Fig. 2). The initial
growth of the nanobubble is consistent with an adiabatic

process, where thermal conduction has not been allowed to
set in. When the nanobubble reaches its maximal radius,
thermal loss becomes operative and the collapse is nearly
isothermal. This difference in the nature of the dynamics
explains the asymmetry of the bubble evolution.
Kinetics of the nanobubble formation.—Nanobubbles

form in our simulations when the laser fluence exceeds a
threshold which depends on the nanoparticle size. This
latter threshold has been found to be consistent with
spinodal crossing in the fluid at a distance x≃ 2 nm from
the nanoparticle surface. This length scale accounts for
the GNP/water wetting interaction and the finite intrinsic
thickness of the liquid-vapor interface formed in a strong

FIG. 1 (color online). Sketch of the system simulated:
a gold nanoparticle heated by a femtosecond laser pulse,
surrounded by water and a vapor nanobubble at its maximum
radius, 118 ps after the beginning of the pulse. Here R ¼ 10 nm
and F ¼ 162 Jm−2.
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FIG. 2 (color online). Temporal evolution of the nanobubble
radius around a 10 nm GNP for different pulse fluences (the
higher fluence giving the larger bubbles). A secondary bubble is
observed for strong pulses. The arrows indicate the appearance
time for each simulation. The dashed lines are the best fits using
the Rayleigh-Plesset equation (3).

TABLE I. Thermophysical parameters in the liquid (top row)
and in the vapor (bottom row) at 297 K in SI units unless
specified.

Densitya Cv
b λ η l γ

997.10 4.13 0.606 8.98 × 10−4 5.4 × 108 72.0 × 10−3
2.22 × 10−2 1.44 0.019 9.9 × 10−6 6881
akg=m3.
bkJ=kgK.

PRL 112, 105701 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending

14 MARCH 2014

105701-2

Lombard et al., Phys Rev. Lett. 112(10) 
(2014) 105701. 

an oscillating signal appears, which changes amplitude and
frequency with increasing laser power. This frequency is a
measure for the size of the bubbles. It increases with the
dissipated laser energy, as the amount of vapor increases and
thus the bubble size. At short times !!"70 ns", the total
liquid volume is preserved,14 so that the bubble expansion
must be accompanied by a compression of the bulk water
phase. This compression is observed as modulations at large
Q !1–5 Å−1, corresponding to short length scales" which in-
crease in amplitude but do not change shape. The shape is
consistent with the static difference function #dS /dp#T as de-
rived for pure water, reflecting the pair correlation change in
liquid water upon compression. The amplitude of this signal
can be converted into volume change of the water and
equivalently to the bubble size change. The curves are fur-
thermore intercepted by the disappearance of Bragg scatter-
ing due to the melting of the crystalline gold particles. It
produces negative peaks in #S.

Another feature, which does not change in frequency,
occurs around Q=0.1 Å−1 and persists to long time scales
!!$10 ns", when transient structure changes have decayed
out.11 It stems from a slight !10%" size reduction of the par-
ticles through irreversible fragmentation.

The analysis of #S allows to determine the shape and
size of vapor bubbles. In principle the density within the
bubbles is accessible as well, however limited in precision.
We found in all but the smallest bubbles !at the 100 ps time
scale" that the density of the vapor must not be higher than

10% of the surrounding liquid water density. A quantitative
fit for the SAXS data is shown in Fig. 2. The excellent agree-
ment of calculation and data shows the validity of the as-
sumption of spherical vapor bubbles. The well defined
maxima and minima are due to a narrow size distribution of
bubbles within the ensemble.

Bubble sizes as derived from the SAXS data are com-
pared to the independently derived bubble volumes from the
liquid scattering data in Fig. 2!a". Both values are very well
correlated. Below the threshold of 290 J /m2 the heat flows
continuously into the water bulk without creating a phase
change close to the particles. Above the threshold the energy
is high enough to raise the water temperature in a narrow
shell !few nanometers" above the point of stable superheat-
ing and explosive boiling is the consequence.15–17 Further
above the threshold the bubbles increase in size with the
dissipated energy. It should be noted that the particles have
already undergone a melting transition below the bubble for-
mation threshold.12

Finally, the dynamics of the bubble formation is ana-
lyzed at the highest laser power with the largest bubbles
accessible within the present data set !Fig. 3". A basic model
to describe bubble dynamics is given by the Rayleigh–
Plesset equation,16,18 which is used both for explosive
boiling experiments !such as wire19,20 or laser heating1,5"
and for mechanically excited bubbles !such as in
sonoluminescence21":

FIG. 1. !Color online" #S as a function of Q at 300 ps delay. From bottom
to top the applied laser fluence is increasing from 300 !!", 375 !"", 490
!#", 560 !!" to 750 J /m2 !$". The uppermost line is the static differential
#dS /dP#T for pure water. The dips marked by the arrows are caused by the

disappearance of Bragg scattering.

FIG. 2. !a" Simulation of the SAXS
part #S, which is weighted by Q2 with
the modeling of the core-shell struc-
ture together with the size reduction of
the core particles. !Solid line: full cal-
culation; dashed line: only the contri-
bution from size reduction" !b" Com-
parison of the bubble radius from LS
!$" with the SAXS fits !#". At a flu-
ence of 290 J /m2 the first signature for
bubble formation occurs, no bubbles
are detected below that threshold !%".

FIG. 3. Bubble radius and pressure transients of the water vapor inside the
bubbles as calculated from the Rayleigh-Plesset equation together with the
measured radii. The first maximum in pressure at 650 ps marks the collapse
of the bubbles, the following modulations are only expected for oscillatory
bubble motion.

213102-2 V. Kotaidis and A. Plech Appl. Phys. Lett. 87, 213102 !2005"

Downloaded 19 Jul 2013 to 128.113.26.88. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions

Experiment

Kotaidis et al., Appl. Phys. Lett. 87(21) (2005) 213102. 



Model system 
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~ 16 nm

z x

y

Solid

Liquid

Vapor

v  Finitely extensible spring (FENE) to 
model nanoparticle (NP) - solid may be 
heated to any temperature without 
melting. 

v  Lennard-Jones (LJ) potential modeling 
the fluid. 

= 0.5758 kcal/mol
= 0.3 nm



Small System

Big System

Small System

Big System

RNP = 40 Ao

Nanoparticle cooling curves 
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X-­‐Y	
  cross-­‐sec=on	
  area	
  
Small	
  system	
  -­‐	
  16	
  ×	
  16	
  nm2	
  
Big	
  system	
  -­‐	
  23	
  ×	
  23	
  nm2	
  



Nanoscale vapor cavitation demonstrated via MD 
for the first time 
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100 ps 200 ps

300 ps 400 ps

~ 16 nm

Initial TNP = 1500 K 



Formation of vapor upon cooling of NP – density 
profiles 
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Increasing time

Initial TNP = 1500 K 



Collapse of vapor upon cooling of NP – density 
profiles 
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Initial TNP = 1500 K 

Increasing time



122 ps 133 ps
149 ps

Negative pressure (tension) 
as bubble starts to collapse) 
and high pressure just before 

bubble starts to form.

Hydrostatic pressure in spherical shells of the 
liquid 
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Initial TNP = 1500 K Shell thickness = 5 Ao 

Speed of bubble collapse = ~ 37 m/s 
Consistent with bubble velocity calculations from bubble size evolution 



Negative pressure (tension) as 
bubble starts to collapse) and high 
pressure just before bubble starts 
to form. The tension here is not 
the surface tension but bubble 
dynamics during collapse and 
formation of vapor induces a 
pressure wave in the system.

Hydrostatic pressure in spherical shells of the 
liquid 
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Initial TNP = 1500 K Shell thickness = 5 Ao 



Cavitation dynamics – 4 regimes 
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I - adiabatic/rapid 
expansion 
 
II - isothermal expansion 
 
III - isothermal collapse 
 
IV - rapid heating due to 
liquid reestablishing the 
contact with hot 
nanoparticle. 



Summary 

v  Bubble dynamics during collapse and formation of 
vapor induces a pressure wave in the system. 

v  The evolution of the bubble can be represented in 4 
stages: 
v  (I) adiabatic expansion; 
v  (II) isothermal expansion; 
v  (III) isothermal collapse and 
v  (IV) rapid heating due to interaction with hot 

nanoparticle. 
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Final note 

v  MD simulations can complement imaging 
experiments in a wide variety of scenarios. 

v  Investigate reactions on nanoscale surfaces. 
v  Investigate lattice dynamics. 
v  Investigate phase change. 
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