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Clusters, nanoparticles, aerosols...

THEGOOPERUNION

2209012 B.R. Bzdek and J. P. Reid

- J. Ghem. Phys. 147, 220901 (2017)
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« TransRot finds the lowest-energy structures
of clusters/nanoparticles (and now, surface
adsorbates) of arbitrary composition

C. Kelley, What are Aerosols? (BNL 2016) Graphic courtesy of PNL Laboratory. ° Other codes may be used fOI' Subsequent

optimization / analysis using quantum-
chemical methods

Multiple minima and quasi-ergodicity

Many locally optimized structures (multiple THEGOOPERUNION

minima) are possible for even a simple cluster.
Shown here are the four known minima for a
seven-particle Lennard-Jones cluster.

(a) (b) (Freeman & Doll, Annu. Rev. Phys. Chem. 1996)

13 atoms: more than 1500 minima
147 atoms: At least 100 (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-
ergodicit|
© @ godieity)

In MD world; barrier crossings are rare events

ACS FALL 2024
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The TransRot Project « Fast, machine-portable Java application;
pre-compiled; open source, on GitHub

(H20)n Using the TIP4P Potential THECOOPERUNION

+ Simple set up. Can be downloaded, and

4

o357 | 28357 | 24357 values where available (Cambridge ELD)

-305.52 [-305.52 |-305.51

Wales/ | Briesta | ;. oo made ready to use in ten minutes on any
n | Hodges | etal | major OS, with no wasting time on complex
(ky/mol) | (kymoy | */mol : -
installation procedures
“w‘;&d 2 (2609 | 2609 |-2609
36999 |6999 |-6999 + Reliably finds global minima of arbitrarily
S& ‘ 4 |-11659 |-11659 |-116.59 complex systems using advanced
5(-152.11 |-152.11 |-152.11 simulated annealing Monte Carlo
6 1-197.78 |-197.78 |-197.78 methods, benchmarked against literature
7
8

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

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.

The TransRot Project » TransRot is object-oriented and memory-
efficient; coarse —grained parallelization is
practical on most computers THECOOPERUNION

* 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:

Unified modeling language (UML) class diagram of TransRot

describing each object class by its attributes (-) and its functions

(+). The diagram aiso describes cardinal associations, e.g.,

Molecule is associated with 1 to n (1..*) Atoms.

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

THECOOPERUNION
In their original paper, Metropolis et al. considered systems represented

within the canonical ensemble, for which the density is given by

exp[-BU(g)] /(@) 1]
p(g;) = TZINV,T)

h Arianna bluth
(1927-2020)

(1927-2003)

where Z(N,V,T) is the configuration integral, given by N. Metropolis, AW. Rosenbluth, M.N.
Rosenbluth, A.H. Teller, E. Teller, J. Chem.

[2] Phys. 21, 1087 (1953). Equations of State

LRV = qu exp[fﬁU(q)]](q) by Fast Computing Machines.

and J(q) is the determinant of the Jacobian matrix defining a canonical trans-
formation from Cartesian coordinates x to arbitrary coordinates g (J(q) =1 if
Cartesian coordinates are used in the walk).

Topper, Freeman, Bergin, La Marche, Rev Comp Chem (2003)

Metropolis Monte Carlo

MMC is much more flexible than this
example, even in the canonical
ensemble, and can be generalized.

THECOOPERUNION
The Metropolis.
Algorithm

Purpose:
Calculate <f(x)>
in NVT ensemble

Selectx =x
0

- EGenerate x'
- |(Make a trial move) |
_____________ ! . . )
I 2 Any trial move method is satisfactory
- [ Xe) as long as the random walk is
The Original Metropolis ~© £17

6 o ergodic (eventually visits all
configurations) and aperiodic (no

Algorithm: Q
o Slmy
Translate an atom within o 778 ¢

Move tox =x'
(Accept move)

g<emsunT

Figure 1 Flowchart of the “classic” Metropolis Monte Carlo algorithm for sampling
in the canonical ensemble." Note that samples of the property function /(x) are always
accumulated for averaging purposes, irrespective of whether a move is accepted or
rejecteq

a small cube by a random
amount

Topper, Freeman, Bergin, La Marche, Rev Comp Chem (2003)

single number of steps returns the
system to any initial condition)

This ensures detailed balance:

P(q—4q)=P(q — q). 3
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Generalized Metropolis Monte Carlo

THECOOPERUNION

We define K(q; — g;) to be the conditional probability that a configura-
tion at g; will be brought to g; in the next step of the random walk. This con-
ditional probability is sometimes called the “transition rate.”” The probability
of moving from q to ¢’ (where g and ¢ are arbitrarily chosen configurations

& somewhere in the available domain) is therefore given by P(q — ¢'):

ﬁov P(q —q) =K(qg— q)p(q) [“

o K(qg—q)p(q) =K(d — q)p(d) 5]

Satisfying the detailed balance condition ensures that the configurations
generated by the gMMC algorithm will asymptotically be distributed accord-
ing to p(q).

Topper, Freeman, Bergin, La Marche, Rev Comp Chem (2003)

Generalized Metropolis Monte Carlo

THECOOPERUNION

The transition rate may be written as a product of a trial probability IT
and an acceptance probability A

o K(g; — q,) = l(g; — 4)A(q; — q;) (6]
ﬁov where II can be taken to be any normalized distribution that asymptotically
[5; spans the space of all possible configurations, and A is constructed so that
SN Eq. [5] is satisfied for a particular choice of II. The wonderful flexibility
o with which II can be chosen is one of the reasons so many Monte Carlo meth-

ods are found in the literature.

Topper, Freeman, Bergin, La Marche, Rev Comp Chem (2003)

10
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Generalized Metropolis Monte Carlo

THECOOPERUNION

From the detailed balance condition, it is straightforward to show that
the ratio of acceptance probabilities, given by 7, is

q ,_ Al —4q) g —q)r(q) 7]
v Alg—q;) Tq: — q) p(q:)
ﬁ‘o where r > 0. From this, it can be seen that a rejection method can be used to
o effectively define the acceptance probability, A:
o0
o A(g; — q)) = min(1,7) g

Equation [8] is the heart of the gMMC algorithm.

Topper, Freeman, Bergin, La Marche, Rev Comp Chem (2003)

11

Generalized Metropolis Monte Carlo

exp liBU(qi)J](q) THECOOPERUNION
) =NV

_lg—a) I(a)
N =g, = g) P UTPAY ) [o]

ﬁo where AU = U(q;) — U(g;). If Cartesian coordinates x are used in the walk,
then | = 1 and we need not evaluate the Jacobian at each step to determine
o the acceptance probability. Metropolis et al. further chose the trial probability
to be uniform so that the ratio of the trial probabilities IT cancel in the numera-
tor and denominator of Eq. (11). Then the acceptance probability is simply
given by

A(x; — xj) = min{1,exp{—BAU}} [10]

Topper, Freeman, Bergin, La Marche, Rev Comp Chem (2003)

12
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| D ]
|Generatex’ |

: (Make a trial move) :

! The Original Metropolis |
L. Algorithm: :
Translate an atom within
a small cube by a random
amount

Pick a space—fixed axis a
random; rigidly rotate
body about this axis by a
random amount

Translational — Rotational Monte Carlo

Topper, Freeman, Bergin, La Marche, Rev Comp Chem (2003)

THECOOPERUNION
Translations of centers-of mass plus
rigid-body axis rotations satisfies
detailed balance. In their work on
liquid water, Barker and Watts 0
showed that it is fairly efficient.

Uk

By varying the trial move strategy, we
can improve the efficiency. Parallel

tempering is extremely effective, but
somewhat computationally intensive.

00

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

rotation or translation

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

0

Ux)

14

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

_ OFE _ NkyT M THECOOPERUNION
Cy T 2 )
-
/ —eact

Metropolis

Metropolis + Mag Walking

Anna Konvicka
@Princeton

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

Ordinary simulated annealing is guaranteed to converge THECOOPERUNION
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.

Energy (arbitrary units)

For the Nth cooling, the uppermost temperature is ”\

M = ar{"™Y

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

Temperature (Kelvin)

Kirkpatrick, S.; Gelatt Jr, C. D.; Vecchi, M. P. Science (1983). . \
Torres et al. THEOCHEM 419, 85 (1997) % w we w wo om0
Topper et al. ACS Sympos. Ser. (2022) k

15

The TransRot Project » All runtime behaviors are controlled from a
|/ /Sawtooth Annealing Configuration Options Single teXt file

//Use 2 or more spaces between label and value THECOOPERUNION

* In a second database file (dbase.txt), users

can specify any desired parameters for
P B e B ’ cluster constituents using pairwise

[Max Translation Distance (Angstroms):
Magwalk Translation Multiplication Factor: " H i i

Magwalk Translation Probability: 0.3 interaction potentials

Max Rotation (Radians):

JMagwalk Rotation Probability: ~ D.
JLength of Cubic Space: N _ ij ij
et rk. riseaTons LT oo penttony U) = Ayexp(=Byn;) + =5~
use Input.xyz (true/false): Tij ij
0k Finale (true/false):

static Temperature (true/false):

urite Energies When Static Temperature (true/false):

P e o * Molecules can have an arbitrary
O number and placement of interaction
//Ex: H20 2 <- 2 Molecules of H20 (separate molecular formula and number with space) points (TIP4P, TIP5P, etc...)

ceo 2
graphene 1

ioj>i

16
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Differential interaction energy peaks indicate extra stability
AV =W - Vn+1
‘—% L] . il 110
¥ o 4‘8’ ° 49
% m{. G, - 100
° .‘.k‘ ‘{.. kS = 900 42
’ "'.. ?’l‘: i g 800 4
® ‘t&k %‘,& ::} .i‘ ‘ g’ 700
() SEfese . ’ LY o>:
° T V{' "Y; P e < 60
® ox < 500
w ¢
(NH4Cl)49 number of ion pairs

THECOOPERUNION

Mass spectra and binding energies of ammonium nitrates

Hassan, Amat & Topper, in review (2024)

w )

fw s

Positive-ion sputtered mass spedrum onglnal figure from Dunlap & Doyle

(J Phys Chem 1996). Predicted wB97X-D3 structures of parent and daughter
ions corresponding to the numbered peaks are added to the original
spectrum.

100

80

&

60

40

Binding Energy (kcal/mol)

20

RELATIVE ABUNDANCE

I

1

n=2 n=3 n=4 n=s n=6 n=7

Dissociation of: WmNH{ © NH; MHNO;

wB97X-D3 electronic binding energies for different fragmentation
channels of [(NH4NO3),NH,] *

ACS FALL 2024
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Buckyball clusters

HECOOPERUNION

2017 Sharapaetal. |
ab initio of Co dimer | -

‘ QL-AA potential ‘ “slip-

/ staggered”

Intercenter distance = 9.75 A

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

Binding energy = -8.1 kcal/mo

Sharapa et al; JCTC 13, 274 (2017); Frost & Topper, thesis (2024)

19

Buckyball clusters

HECOOPERUNION

QL-AA: our pairwise all-atoms
model fit to ab initio dimer
calculations by Sharapa et al,
2019

13 LJ atoms; > 1500 MINIMA

13 Cgo particles... MORE.

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

20

10
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a5

40

35

AV (kcal/mol)

25

20

Buckyball clusters

Differential Interaction Energy for (Cso)n

——QL-AA

—=—PPR-UA
Girafalco-UA
U-UA

W \ atom model (Doye & Wales 1996)

3 4 5 6 7 8

n (number of Cgomolecules)

{ECOOPERUNION

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-

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

Frost & Topper, work in progress (2024)

Physisorption

{ECOOPERUNION

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.

11
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Hydrogen fluoride clusters: (HF)g

THECOOPERUNION

HF clusters are a very important set of systems for understanding hydrogen bonding.

Two recent papers predicted different minimum-energy structures for (HF)g: .-‘J
1.52
1.59

«®

flat (Orabi and Faraldo-Gomez, JCTC 2020)
MP2/6-311+G(d,p)

*’
9

.

HB2
chair (Patkar et al, J Phys Chem A 2021) f“\ e ' ' -

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)

ACS FALL 2024
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Hydrogen fluoride clusters: (HF)g

THECOOPERUNION

Activation
START WITH START WITH Energy

METHOD CHAIR (TRANSROT) FLAT (O-FG 2020)  kcal/mol
RI-MP2/6-311+G(d,p) flat minimum flat minimum o
RI-MP2/6-311+G(3df,2p)  chair minimum flat maximum 0.5
RI-MP2/aug-cc-pVDZ chair minimum flat maximum 11 x
RI-MP2/aug-cc-pVTZ chair minimum flat maximum 0.8 >
B3LYP-D3/def2-SVPD flat minimum flat minimum o 3 3
B3LYP-D3/def2-TZVPPD  chair minimum flat maximum 0.9
WwB97X-D3/def2-SVPD flat minimum flat minimum o
WB97X-D3/def2-TZVPPD  chair minimum flat maximum 12

Wang & Topper, in progress (2024)

ACS FALL 2024

24
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