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The computational power of computers available to stu-
dents has increased to the point that it is now feasible to build
interactive molecular simulations that can be used in educa-
tion. In this paper, one of the simulation engines of an open-
source program called the Molecular Workbench (1), which
can simulate thermodynamics of chemical reactions, is de-
scribed. While calculating the time evolution of the system,
the software also generates rich, dynamic visual representa-
tions of the system that help students understand the salient
features of a dynamic system. The user can easily start, stop,
and examine frame-by-frame a simulation and can quickly
change the starting conditions and parameters. This type of
real-time, interactive simulation and visualization of chemi-
cal reactions at the atomic scale could help students under-
stand the connections between chemical reaction equations
and atomic interactions. Observing chemical reactions as
emergent behaviors from the time evolution of an atomic-
scale model is expected to help learners build intuitive,
coherent, and predictive mental models of the atomic inter-
actions that constitute chemical reactions (2, 3).

Molecular Dynamics Modeling Programs in Education

Educators have been interested in molecular dynamics
(MD) software since microcomputers were first available.
Early efforts used a hard-sphere model that could reproduce
ideal gas behavior remarkably well (4—6). More recently, the
programming language NetLogo has been used to give stu-
dents the ability to create their own models of ideal gases
(7). These models cannot simulate liquids or solids because
they lack attractive forces among atoms, although attractions
could be easily added to NetLogo. To simulate any condensed
state, and most phase transitions, attractive forces between
atoms are needed. Few molecular dynamics educational pro-
grams based on attractive forces have been developed, prob-
ably because the computers available to students have only
recently had the computational power required. Two software
programs that show phase transitions are available to educa-
tors; one is from the Virtual Molecular Dynamics Labora-
tory (8) and the other is from a commercial company (9).

This paper reports the addition of chemical reactions to
a classical MD modeling system for educational use. Com-
pared with research-grade simulations using sophisticated ab
initio MD methods (70), which are usually vectorized and
run on high-end machines, our main goal is to build a work-
ing model accessible to the majority of chemistry teachers
for teaching thermodynamics of chemical reactions. There-
fore, the requirements about real-time visualization and
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interactivity are far more important than they are for soft-
ware intended for research. Not only must the software com-
pute the motion of an ensemble of atoms, it must also
generate a rich set of visual representations of the system on
a real-time basis while remaining responsive to users’ inputs.
Bearing these needs in mind, we chose to use simple rules
for reactions in conjunction with classical MD to build a
model capable of generating chemical reaction kinetics satis-
factory for classroom use. The resulting model runs reason-
ably quickly on current personal computers. Through its
graphical user interface (GUI), the software can illustrate in
a visual and interactive manner important thermodynamic
concepts such as elementary reactions, reaction rates, chemi-
cal equilibrium, exothermic and endothermic reactions, and
catalysis.

Adding Reaction Mechanisms to Molecular Mechanics

According to molecular mechanics (71), in two dimen-
sions, a molecule is a group of atoms interconnected by elas-
tic bonds defined by radial and angular spring forces. These
bonds are usually not breakable in a conventional implemen-
tation of molecular mechanics. In order to simulate chemi-
cal reactions that are essentially processes of reorganizing
molecules, however, rules for forming and breaking bonds
have to be introduced. Once such rules are established, the
reaction simulation is simple: classical MD theory is used to
compute the time evolution of the system, and then at regu-
lar intervals, search every atom for conditions that might lead
to an elementary reaction. In each case that a critical condi-
tion is met to make new bonds and/or break the involved
bonds, the software makes the changes and then continues
the MD computations. The changes, usually in the inter-
atomic forces and velocities of the interacting atoms, can thus
be propagated spatially and temporally, and ultimately con-
tribute to the thermodynamics of the entire system.

It is assumed that the static electronic energy associated
with the formation of molecules (i.e., when the bond lengths
and angles are in the equilibrium positions of their vibra-
tions) can be expanded in the following localized form:'

all all
bonds angles
Elec = Wy, + W (1)
bond m angle 7

where u/,, is the part of the electronic energy associated with
the bond 72 when the distance between the bonded pair equals
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the equilibrium bond length, and w?, is that associated with
an adjacent pair of bonds that make an angle » when the
angle equals the equilibrium bending angle. The parameters
!, and w?, are critically important to the reaction energetics,
and will be referred to as chemical energies throughout this
paper, in order to avoid confusion with other energies. The
interatomic forces are derived from the following potentials
acting on each atom:

U = VVDW + VEL + VBS + VAB (2)
with
) o 12 o 6
Vwpw = — 2 4e S
2 = I\ R; R; (3)
izj
1 .-
v - L ql;q]
2Ry (4)
izj]
all
1 bonds 5
[
Ves = B ka([m - lo,m) (5)
bond m
all
I angles
_ 0 _ 2
I{XB = 2 Zk n(en eO,n) (6)
angle 7

where Vypy is the van der Waals energy, Vg the electrostatic
potential energy, Vs the bond-stretching energy, and V,p the
angle-bending energy. The item-by-item explanation of the
mathematical symbols are omitted here to save space; inter-
ested readers can consult ref /7 for further details. The mo-
tion of each atom is calculated using classical equations of
motion according to the forces derived from these potentials
using standard methods (71).

Chemical Reactions: A Simple System

There is nothing in the previous equations that accounts
for changing bonds. Additional rules are needed to model
chemical reactions involving bond formation and breaking.

Reaction Pathways: n-Body Elementary Reactions

In parallel to the MD simulation, the program exam-
ines, based on the calculated states of the molecule, every cur-
rent bond to determine whether there is sufficient energy to
break it, and every possible pair of sufficiently close free radi-
cals to see whether a bond should be made between them.
The decisions are made on the basis of energy-conserving
rules. This approach is well suited for simple elementary re-
actions. Thus, a reaction consisting of several steps needs to
be broken down into elementary steps. This adds realistic
details that reflect actual reaction pathways.
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The simplest elementary reactions involve the dissocia-
tion of a diatomic molecule such as that of an H,, and the
combination of two free radicals such as the formation of an
H, molecule. These reactions are fully characterized by their
energies of dissociation.

It is not realistic to consider all elementary reactions as
dissociations and combinations, because triatomic reactions
could take place with lower activation energy than either
reactant’s dissociation energy. For instance, the collision of a
chlorine free radical with a hydrogen molecule involves three
atoms at one step: if the condition is right, it makes a hydro-
gen chloride at the same time as the original covalent bond
between the two hydrogen atoms is broken. To form a HCI
molecule, an electron transfers from the old H-H o-bond-
ing orbital to the new H—CI one to pair with the free elec-
tron of the chlorine radical. This could happen with less
energy than required to break the H-Cl or H-H bond. Fur-
thermore, because the H-CI bond is made at the expense of
breaking the H-H bond, it is not appropriate to decompose
this elementary step algorithmically into the dissociation of
H, and the formation of HCI, which will be two uncorrelated
sub-processes, be they subsequent or concurrent.

For a reaction that does not involve very complex
changes in molecular structures, such as the free radical sub-
stitution reaction A, + B, = 2AB (the double arrow [&]
means that the reaction is reversible in either way), the 7-
body elementary reactions (7 > 3) that cannot be decomposed
into diatomic and triatomic elementary reactions have low
probability of occurrence, and can be neglected for simplicity.

To simulate a given type of reaction, rules for possible
reaction pathways have to be coded. For example, the reaction
A, + B, = 2AB can be decomposed into five? elementary
steps:

* Diatomic elementary reactions (dissociations and

combinations terminating the chain reactions):

1. A, =2A

2. B,= 2B

3. AA+B-=AB
where A- and B are free radicals and the centered dots rep-
resent unpaired electrons.

* Triatomic elementary reactions (bond-exchange
reactions propagating the chain reactions):

4. A,+B-=A+AB
5. A-+B,=AB+ B-

In a simulation, these five steps are made to happen ac-
cording to certain rules. In particular, the dissociations of A,,
B,, and AB are all assumed to be homolytic fissions, regard-
less of what their local environments might be when the dis-
sociations take place, in order to simplify the rules.? For each
existing bond and group of atoms possible to form bonds,
the critical conditions for these steps are checked according
to the rules that will be discussed in the following subsec-
tion. To accelerate the critical condition search during a MD
simulation, the same Verlet neighbor list used to compute
the van der Waals forces (71) is used to check every possible
pair of atoms in the system for collisions. If an elementary
reaction satisfies its critical condition, the corresponding

bond(s) will be made or broken.

www.JCE.DivCHED.org


http://www.jce.divched.org/Journal/
http://www.jce.divched.org/Journal/Issues/2006/
http://www.jce.divched.org/

Rules for Diatomic and Triatomic Elementary Reactions

There are two types of diatomic elementary reactions:
breaking, and making a bond. A bond is broken only when
a bonded pair has sufficient energy to escape the potential
well formed by its partner (see Figure 1). The criterion for
breaking a diatomic bond can be written as:

M%-F%k%@n—laﬁzz') (b > o) )

Here, w/,, is the chemical energy associated with the m-th
bond, and k/the radial spring constant associated with that
bond. W/, is a negative number, because the chemical en-
ergy of a non-bonded atom is assumed to be zero. The ab-
solute value of this term is the energy required to break a
bond. Satisfying these two inequalities requires that the vi-
brational potential energy in the bond be greater than the
static chemical energy and that the bond be stretched, not
compressed.

Bonded atoms can gain kinetic energy from collisions
with other atoms and convert the energy into the vibrational
potential energy needed to break a bond. At a given tem-
perature, the more stable a chemical bond is, the larger [u’,|
is, and the less likely the bond will be broken. The probabil-
ity of a bond breaking increases as the system’s temperature
rises, because more atoms will gain sufficient kinetic energy
according to the Maxwell-Boltzman distribution.

The computation assumes no barrier for two free radicals
to combine. Formation of a molecule from two free radicals
is always allowed because it reduces the potential energy of
the system. Therefore, the rule for making a bond between
two free radicals is simpler: whenever two free radicals col-
lide, they will make a bond.

A triatomic reaction such as A- + B, = AB + B- in-
volves an activation energy E, along its reaction path. The
model assumes that the energy needed to get over the activa-
tion energy potential barrier comes from the translational
component of the relative kinetic energy along the line of
centers of the colliding pair (see Figure 2).

oy o =w) @R

=
J |R1 - R]

|2 a (8

Once such a critical condition is met, an A—B bond
will be made between the colliding A-B pair and the origi-
nal B-B bond will be broken. To keep the same potential
energies, the positions of the atoms are not changed. The
new AB molecule and B- radical will continue to move as
determined by all the applicable forces, including the new
bond. Due to the double-occupancy rule in quantum me-
chanics, if the A+ originally has a valence electron, the B-
radical is guaranteed to leave with one (assuming no excita-
tion to the LUMO). Considering our previous assumption
that all dissociations are homolytic fissions,? no intermedi-
ate products such as an atom without a valence electron, or
one overloaded by two valence electrons at the LOMO (low-
est occupied molecular orbital), will be generated by these
diatomic and triatomic elementary reactions.
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The Energy Conservation Constraint

Each elementary reaction must conserve energy. Break-
ing a bond eliminates the vibrational potential energy and
the chemical energy. Similarly, creating a new bond adds these
terms. In a triatomic reaction, one bond is broken and an-
other made with different potential energies. If the change
in the potential energy in an elementary reaction is negative,
the kinetic energy of the reacting atoms must be increased
by the same amount so that the total energy change is zero.
If the potential change is positive, the kinetic energy of the
reacting atoms must be decreased by the same amount. If
the potential energy change cannot be compensated by re-
ducing the kinetic energy of the reacting atoms, the reaction
step is not permitted. When the reaction step is allowed, the
velocities of the involved atoms are rescaled to increase or
decrease their kinetic energy.

A non-breaking breaking
| zone s zone
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. ,
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Figure 1. A schematic illustration of the bond-breaking rule. The
atoms, represented by circles, vibrate harmonically in the radial
direction, I, around the equilibrium position ly. The chemical energy
at Iy is u, a negative number. The vibrational potential energy in
the spring is (1/2)k(l — Iy)?, represented as a dashed parabola.
At a point (to the right of Io) where the parabola rises above its
minimum an amount equal to or greater than |u|, the atom has suf-
ficient energy fo break the bond. The bond is removed and u +
(1/2)k(I — 10)? is added to the kinetic energy of the two atoms.

Figure 2. A triatomic bond exchange reaction. If the head-on ki-
netic energy for the AB pair exceeds the activation energy E,, the
A-B bond is created and the B-B bond is broken. The centered
dots indicate electrons. It is assumed that both A and B have only
one valence electron in their free states.
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The energy conservation constraint is not simply an ar-
tificial way of conserving energy. It actually accounts for the
energy exchange between potential and kinetic energy during
each reaction, which results from a complex coupled electron-
nucleus process. For example, in reality, the formation of a
bond would result in a molecule in a lower potential energy
state. The potential difference is converted into kinetic en-
ergy, thus increasing the temperature of the system. The
breaking of a bond, on the contrary, absorbs kinetic energy
and raises the system’s potential energy to a higher level.

Simulation Results

A common student misconception is that a reaction
ceases upon reaching equilibrium. Although each bond-mak-
ing and bond-breaking event in our simulation can be set to
be unidirectional with certain parameters, these events can
combine in a simulation to result in chemical reactions that
can proceed in both directions and exhibit a dynamic equi-
librium. Such a simulation can easily dispel the misconception

about equilibrium by showing both a visual representation
of the system and summary statistics of that system. By gen-
erating a real-time display, students see the continuous mak-
ing and breaking of bonds, while the statistical averages of
the concentrations of reactants and products level off at a
value that depends on the three dissociation energies (Figure
3). From these data, the equilibrium constants can be esti-
mated.

Chemical explosions can be simulated by setting the level
of the chemical energy stored in an A-B bond to be signifi-
cantly lower (more negative) than those stored in A—A and
B-B bonds. A system that begins with only A, and B, mol-
ecules can gain a lot of kinetic energy by creating AB mol-
ecules through the chain reactions. Figure 4 shows a typical
result of energy conversion under these conditions. The ex-
plosion begins when one A, or B, molecule disassociates due
to random energy fluctuations (as shown in Figure 5¢), and
then one of the resulting free radicals forms the first AB mol-
ecule (Figure 5d). This releases enough energy to initiate a
chain reaction that creates more radicals and AB molecules.

Concentration (%)

-~ - -——

"'-.-IJ"--._—-"" ; _""‘I—..--—"" ; .
0 10 20 30 40 50
Time / ps

Figure 3. The running averages of concentrations [A,], [B,]
and [AB] of a 72-atom system (36 A and 36 B) recorded
in 50-ps constant-volume-energy (NVE) MD simulations in
three different situations. The three simulations all started
from an identical initial condition (which was actually an
equilibrated conformation of case B in the following), ex-
cept that the dissociation energies of Ay, B,, and AB are
set to be: (A) 0.5, 0.5, 0.25 eV; (B) 0.5, 0.5, 0.5 eV; (C)
0.25,0.25, 0.5 eV.

In the three simulations, the activation energies for the
two bond-exchange reactions were both set to be 0.1 eV,
which means the bond-exchange reactions are always fa-
vored over dissociations. The MD simulation shows that the
running average concentrations in case (B) approximately
converge to [A;] = [By] = [AB]/2, which conforms to a mo-
lar equilibrium constant K. = 4, as expected. ([AB] is less
than 50% of the total molecular weight in the system be-
cause there are always some free radical fragments). See
http://mw.concord.org/modeler1.3/mirror/chemistry/
equilibrium.html (accessed Oct 2005).

B lrr \"H'\"‘ h\\.‘._
! =
40 M T
¥
r
!
rU
—~ 35- — A
Sk 2
~ | eeeaa B
- | 2
S | —— AB
© 304
e
=]
{ o=
Q
[&]
c
[
O

C 60 T T T T
-
Py
4
504
o | 1 —A
2 ! 2
R I B
c 40-,. 2
o ! —— AB
=
®© I
S .
5
S 30-
5]
=
o)
(&)

Time / ps

80 Journal of Chemical Education e

Vol. 83 No. 1 January 2006

www.JCE.DivCHED.org


http://www.jce.divched.org/Journal/
http://www.jce.divched.org/Journal/Issues/2006/
http://www.jce.divched.org/
http://mw.concord.org/modeler1.3/mirror/chemistry/equilibrium.html
http://mw.concord.org/modeler1.3/mirror/chemistry/equilibrium.html

In the Classroom
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IS Figure 4. Energy curves produced in an explosion simulation. The
1= Oy drastic change of kinetic and potential energies can be shown in
L it a MD simulation of a chemical explosion. This simulation also uses
% ) the Ay + By = 2AB system, but here the dissociation energy for
A e AB is much larger than those for A; and B,. You may notice that
© 250 energy conservation is not perfect in the explosion phase. This is
S because the numerical errors increase with drastically rising tem-
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: boxes are in picoseconds.
8 A. A, (the gray circles) and B, (the white circles)
oo L X 8 come into contact.
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. % ..% % g) B. Through diffusion, A, and B, mix. Because A,
K 8 is lighter than B,, some Ay molecules manage
CP 8 to squeeze into the open space among B, mol-
[
59.6 F ecules.
C. AB,; molecule breaks apart, creating two B- free
C o % radicals, as shown by the arrows.
@ ﬁi%/,@@%‘ D. One of the B- free radicals hits a nearby A,
0‘% o®o0 and produces an AB molecule and an A- radi-
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Many of the properties of chemical explosions can be
simulated with this system. For example, explosions caused
by raising temperature, ignition, light-induced explosions—
and explosions initiated by the introduction of a few free radi-
cals—can be modeled.

A, + B, — 2AB
(original path)
[SEREN
\
4 \
/
/

/
B, + C —> Be + BC
A, + C —> A + AC

\
\

BC +'A* — AB + C
AC + B — AB + C

Energy

reactants

(catalyzed path)

Reaction Coordinate

Figure 6. Catalyst C provides two alternative pathways that have
lower activation energies.
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Figure 7. Three snapshots of a simulation of the catalyzed reaction
A, + By + C = 2AB + C under the constant-volume-energy (NVE)
condition, with time measurements given in picoseconds.

A. Initially, six C catalysts (represented by solid black
circles) were added to a system of A, (gray circles)
and B, (white circles) molecules that were unable to
react directly.
B. At an intermediate frame, AC, BC, and free A and B
radicals have been produced.
C. About 100 ps later, most of A, and B, were converted
to AB molecules.
See http://mw.concord.org/modeler1.3/mirror/chemistry/
catalysis.html (accessed Oct 2005).
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A Homogenous Catalyst

Catalysis is a core concept for chemistry and biology,
yet students are seldom given a mechanistic explanation for
it. The Molecular Workbench provides a homogenous cataly-
sis of a tri-molecular form: A, + B, + C+= 2AB + C (where
C is the catalyst), which is based on the bi-molecular reaction
A, + B, = 2AB discussed previously, and has a reaction
mechanism similar to that of the ozone destruction reaction
catalyzed by chlorofluorocarbons. This simple model can help
students understand the atomic-scale level causes of a typical
homogenous catalysis. This simulation also demonstrates that
a catalyst can catalyze many reactants, because it keeps on
being regenerated through the chain reactions. This should
help students understand why catalysts are not consumed in
a catalyzed reaction.

To model a homogenous catalysis, the dissociation en-
ergies of the molecules A, and B,, and the activation energies
of the chain propagation reactions A, + B- = A- + AB and
A- + B, = AB + B-, are set so high that these elementary
reactions have vanishing probability at the initial tempera-
ture. A new species of particle, C, is introduced. C does not
react with other C particles but is able to react with both A,
and B,, through two sets of chain propagation reactions, as
depicted in Figure 6. If these have lower activation energies
than the activation energies of the original pathway, the re-
action can proceed through the new pathways, as shown in
Figure 7.

This catalytic reaction has been simulated using an
algorithm similar to that of the A, + B, = 2AB reaction.
The difference is that searching the critical conditions in
this reaction algorithm is more complicated, and the con-
trolling parameters are more than doubled (11 compared

to 5).

Concluding Remarks

This paper reports a method of simulating chemical re-
action kinetics by adding rule-based elementary reactions to
a molecular dynamics simulation. Two abstract types of re-
actions, A, + B, = 2ABand A, + B, + C= 2AB + C,
are given as examples. Each type is characterized by a simple
set of parameters that govern the reaction, and may be
mapped to different types of real reactions by adjusting the
parameters. For example, A, + B, = 2AB may be used to
model the reactions between hydrogen and halogens, with a
different set of parameters for a different type. The method
could be generalized to other types of substitution reactions
such as AB + CD = AC + BD, or addition reactions such
as AB + C= ABC.

Although this simulation method can model many ex-
amples of chemical reaction kinetics, there are several limi-
tations that should be noted. First, we chose to restrict our
simulations to 2D, because 2D displays are easier to under-
stand and analyze than 3D ones. The drawback is that the
model cannot be used to simulate reactions fundamentally
determined by 3D molecular structures. Second, because our
computational model is a combination of MD and rules, it
is not intended to predict reactions or to simulate arbitrary
chemical reactions. Our goal is primarily to support a lim-
ited number of simple chemical reactions that students can
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explore. Third, it does not address many important aspects
of chemical reactions. For example, how the electronegativity
of the reactants affects the overall reaction (charges and elec-
tron—proton transfer processes) is not taken into consider-
ation. Furthermore, it also does not correctly account for
entropy change in reactions for several reasons: the dimen-
sionality, the complete neglect of such elementary reactions
as AB + A= A + AB that do not yield a net change,? and
the 100% probability of bond formation and breaking when-
ever there is sufficient energy.

Nevertheless, the efficacy and capacity of the method has
many potential applications for learning the core concepts
of chemistry. The connections between atomic-scale interac-
tions, activation and dissociation energies, elementary reac-
tions, chemical equilibria, and temperature are difficult for
students to understand. At the root of these difficulties is the
fact that many of the macroscopic phenomena emerge from
the interactions of large numbers of atoms. While beginning
students might understand the basic physics of these inter-
actions, they often lack the mathematical skills necessary to
understand the relationship between the atomic-scale physics
and the emerging macroscopic chemistry. The only formal
way to derive the macroscopic behavior of such systems is
through the application of rather sophisticated statistical me-
chanics. The molecular models delivered by the Molecular
Workbench software provide a different, more accessible route
to understanding.
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Notes

1. The decomposition of electronic energy into two- and
three-center terms does not work for degenerate systems such as
the benzene molecules, which have delocalized molecular orbitals.
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2. There exist many other possible elementary reactions, such
as A, + A=A + A, or AB + A- = A- + AB. These steps do
not cause a net change to the reacting systems, and are therefore
ignored in the implementation.

3. Had heterolytic fissions been taken into account, we would
have had to distinguish among atoms of the same type as those
with no valence electron, those with one valence electron, and those
with two valence electrons. This would greatly complicate the rules.
For instance, if two colliding atoms both have no valence electron,
or both have two valence electrons, no bond should be made be-
tween them; only those that satisfy the double-occupancy rule will
be allowed to make a bond.
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