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Clusters, nanoparticles, aerosols…

C. Kelley, What are Aerosols? (BNL 2016) Graphic courtesy of PNL Laboratory.

• TransRot finds the lowest-energy structures 
of clusters/nanoparticles (and now, surface 
adsorbates) of arbitrary composition

• Other codes may be used for subsequent 
optimization / analysis using quantum-
chemical methods
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Multiple minima and quasi-ergodicity
Many locally optimized structures (multiple 
minima) are possible for even a simple cluster. 

Shown here are the four known minima for a 
seven-particle Lennard-Jones cluster. 
(Freeman & Doll, Annu. Rev. Phys. Chem. 1996)

13 atoms:  more than 1500 minima
147 atoms: At least 1060 (Wales & Doye, 1997)

If there are large energy barriers, a simulation 
at fixed T can easily and undetectably get 
stuck in a low-energy minimum (quasi-
ergodicity)

In MD world; barrier crossings are rare events
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The TransRot Project • Fast, machine-portable Java application; 
pre-compiled; open source, on GitHub

• Simple set up. Can be downloaded, and 
made ready to use in ten minutes on any 
major OS, with no wasting time on complex 
installation procedures

• Reliably finds global minima of arbitrarily 
complex systems using advanced 
simulated annealing Monte Carlo 
methods, benchmarked against literature 
values where available (Cambridge ELD)

• Compatible with major quantum chemistry 
and visualization codes (.xyz)

n
Wales / 
Hodges
(kJ/mol)

Briesta 
et al.

 (kJ/mol)

TransRot
(kJ/mol)

2 -26.09 -26.09 -26.09
3 -69.99 -69.99 -69.99
4 -116.59 -116.59 -116.59
5 -152.11 -152.11 -152.11
6 -197.78 -197.78 -197.78
7 -243.57 -243.57 -243.57
8 -305.52 -305.52 -305.51

(H2O)n Using the TIP4P Potential

Wales, D. J.; Hodges, M. P. Chem. Phys. Lett. 1998, 286, 65-72.
Briesta, S.; Gonzalez, E.; Noya, G.; Vega, C.; Sese, L.M. J. Phys. Chem. B. 2010, 114, 2484–2492.

Topper, R.Q.; Topper, S.L.; Lee, S. ACS Symposium Series, 2022, Vol. 11428, Ch. 2, pp. 19-38. 
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The TransRot Project • TransRot is object-oriented and memory-
efficient; coarse –grained parallelization is 
practical on most computers

• The user can freeze individual particles if 
desired, or large groups of particles, while 
others move around (shown later)

• Thermodynamic properties can be 
computed at fixed temperature if desired

• Fully documented, both online and in print, 
including a growing wiki: 

https://github.com/steventopper/Transrot

Topper, R.Q.; Topper, S.L.; Lee, S. ACS Symposium Series, 2022, Vol. 11428, Ch. 2, pp. 19-38. 

Unified modeling language (UML) class diagram of TransRot
describing each object class by its attributes (-) and its functions 
(+). The diagram also describes cardinal associations, e.g., 
Molecule is associated with 1 to n (1..*) Atoms.
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“Metropolis” Monte Carlo

[1]

[2]

N. Metropolis, A.W. Rosenbluth, M.N. 
Rosenbluth, A.H. Teller, E. Teller, J. Chem. 
Phys. 21, 1087 (1953). Equations of State 
by Fast Computing Machines.

Arianna Rosenbluth 
(1927-2020)

Marshall Rosenbluth 
(1927-2003)

Topper, Freeman, Bergin, La Marche, Rev Comp Chem (2003) 
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Metropolis Monte Carlo
MMC is much more flexible than this 
example, even in the canonical 
ensemble, and can be generalized.

Any trial move method is satisfactory 
as long as the random walk is 
ergodic (eventually visits all 
configurations) and aperiodic (no 
single number of steps returns the 
system to any initial condition)

This ensures detailed balance:

                                              [3]

Topper, Freeman, Bergin, La Marche, Rev Comp Chem (2003) 
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Generalized Metropolis Monte Carlo

Topper, Freeman, Bergin, La Marche, Rev Comp Chem (2003) 
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Generalized Metropolis Monte Carlo

Topper, Freeman, Bergin, La Marche, Rev Comp Chem (2003) 
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Generalized Metropolis Monte Carlo

Topper, Freeman, Bergin, La Marche, Rev Comp Chem (2003) 
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Generalized Metropolis Monte Carlo

[9]

[10]

Topper, Freeman, Bergin, La Marche, Rev Comp Chem (2003) 
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Translational – Rotational Monte Carlo

Translations of centers-of mass plus
rigid-body axis rotations satisfies 
detailed balance. In their work on 
liquid water, Barker and Watts 
showed that it is fairly efficient.

By varying the trial move strategy, we 
can improve the efficiency. Parallel 
tempering is extremely effective, but 
somewhat computationally intensive.

J.A. Barker, R.O. Watts, Chem. Phys. Lett. 3, 
144 (1969). Structure of Water: A Monte 
Carlo Calculation.

Topper, Freeman, Bergin, La Marche, Rev Comp Chem (2003) 
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Mag-walking Monte Carlo
• Every Monte Carlo move uses either a small, 

optimized stepsize (accepting 30-70% of 
moves) or a larger, magnified stepsize for 
rotation or translation

• Magnified steps occur with a predefined 
probability (10-20%)

Frantz, Freeman, Doll J Chem Phys 93, 2769 (1990)
Konvicka and Topper, unpublished (2020).

Anna Konvicka
@Princeton
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Sawtooth simulated annealing
Ordinary simulated annealing is guaranteed to converge 
to the minimum if the cooling rate is infinitely slow (which 
never happens). 

In sawtooth simulated annealing (SSA) the system is 
cooled, reheated and re-cooled repeatedly to avoid 
premature trapping in local minima.

For the Nth cooling, the uppermost temperature is
𝑇!
{#} = 𝛼𝑇!

{#%&}

where a is a user-specified (fractional) parameter.

Kirkpatrick, S.; Gelatt Jr, C. D.; Vecchi, M. P.  Science (1983). 
Torres et al. THEOCHEM 419, 85 (1997)
Topper et al. ACS Sympos. Ser. (2022)
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The TransRot Project • All runtime behaviors are controlled from a 
single text file

• In a second database file (dbase.txt), users 
can specify any desired parameters for 
cluster constituents using pairwise 
interaction potentials

• Molecules can have an arbitrary 
number and placement of interaction 
points (TIP4P, TIP5P, etc…)

𝑈(𝑥) =&
!

&
"#!

𝐴!"𝑒𝑥𝑝 −𝐵!"𝑟!" +
𝐷!"
𝑟!"$%

−
𝐶!"
𝑟!"&
+𝜅

𝑄!𝑄"
𝑟!"

Topper, R.Q.; Topper, S.L.; Lee, S. ACS Symposium Series, 2022, Vol. 11428, Ch. 2, pp. 19-38. 
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Differential interaction energy peaks indicate extra stability
△ 𝑉'! = 𝑉'! −	𝑉'(&!
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Mass spectra and binding energies of ammonium nitrates

Positive-ion sputtered mass spectrum; original figure from Dunlap & Doyle 
(J Phys Chem 1996). Predicted ωB97X-D3 structures of parent and daughter 
ions corresponding to the numbered peaks are added to the original 
spectrum. 

ωB97X-D3 electronic binding energies for different fragmentation 
channels of [ 𝑁𝐻'𝑁𝑂( )𝑁𝐻'] * 

Hassan, Amat & Topper, in review (2024)
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Buckyball clusters

2017 Sharapa et al. 
ab initio of C60 dimer

Intercenter distance = 9.75 Å
Binding energy = -8.1 kcal/mol 

QL-AA potential

Intercenter distance = 9.76 Å
Binding energy = -8.1 kcal/mol

“slip-
staggered”

Sharapa et al; JCTC 13, 274 (2017); Frost & Topper, thesis (2024)
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Buckyball clusters
QL-AA: our pairwise all-atoms 
model fit to ab initio dimer 
calculations by Sharapa et al, 
2019

13 LJ atoms; > 1500 MINIMA

13 C60 particles… MORE.

Each particle must have the 
correct orientation as well as 
the correct position).

Frost & Topper, work in progress (2024)

20
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Buckyball clusters
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QL-AA: our pairwise all-atoms model fit 
to ab initio dimer calculations by 
Sharapa et al (this work)

PPR-UA: empirical united-atom model 
(Doye et al. 2001)

Girafalco-UA : earlier empirical united-
atom model (Doye & Wales 1996)

LJ-UA: Lennard-Jones united-atom 
model fit to ab initio calculations

Frost & Topper, work in progress (2024)
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Physisorption

Since each molecule (or in 
this case, the surface) is 
defined as an object, it is a 
simple matter to restrict any 
particle (or particles) to stay 
fixed in space during the 
annealing process.

22
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Hydrogen fluoride clusters: (HF)6

HF clusters are a very important set of systems for understanding hydrogen bonding.
Two recent papers predicted different minimum-energy structures for (HF)6:

 flat (Orabi and Faraldo-Gomez, JCTC 2020)
  MP2/6-311+G(d,p)
 
 chair (Patkar et al, J Phys Chem A 2021)
  MP2/aug-cc-pVDZ

In their paper, Orabi and Faraldo-Gomez also proposed a multisite interaction model for HF 
clusters.
Using TransRot, we found that their model predicts a chair structure…. then
we did some of our own MP2 and DFT calculations, including vibrational frequencies. 

Wang & Topper, in progress (2024)
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Hydrogen fluoride clusters: (HF)6

START WITH START WITH
Activation 

Energy
METHOD CHAIR (TRANSROT) FLAT (O-FG 2020) kcal/mol

RI-MP2/6-311+G(d,p) flat minimum flat minimum -
RI-MP2/6-311+G(3df,2p) chair minimum flat maximum 0.5
RI-MP2/aug-cc-pVDZ chair minimum flat maximum 1.1
RI-MP2/aug-cc-pVTZ chair minimum flat maximum 0.8

B3LYP-D3/def2-SVPD flat minimum flat minimum -
B3LYP-D3/def2-TZVPPD chair minimum flat maximum 0.9

wB97X-D3/def2-SVPD flat minimum flat minimum -
wB97X-D3/def2-TZVPPD chair minimum flat maximum 1.2

-3 -2 -1 0 1 2 3

V(
x)

x

Wang & Topper, in progress (2024)
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