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Abstract. We describe two approaches to develop accurate models for CNHO chemistry
through force matching comparatively inexpensive semi-empirical quantum models to ab
initio data. The approaches used to generate ab initio training data differ depending on
the kinetics for the chemistry of interest and are applied to aqueous glycine chemistry
under ambient and detonation-like conditions. Significant correlations between potential
energy functions parameterized using both approaches are noted and possible implications
for model development are discussed. A force-matched model is applied to predict glycine

chemistry under detonation-like conditions.

Introduction

Quantum-based molecular dynamics (QMD)
simulations are critical for predicting chemistry and
can help guide the design and interpretation of ex-
pensive experiments. First principles approaches
based on density functional theory! (DFT) are
highly accurate, but their extreme computational
cost typically imposes harsh limits on the acces-
sible space and time scales (often reaching only
nanometers and picoseconds). Semi-empirical ap-
proaches such as density functional tight binding?
(DFTB) hold promise to retain DFT-level accu-
racy and afford up to a thousand-fold reduction
in computational cost. DFTB with self-consistent
charges is capable of modeling organic chemistry
because it captures bond formation/dissociation and
charge transfer. Moreover, because DFTB is de-
rived from DFT, it is generally more accurate
and transferable than classical reactive force fields.
Off-the-shelf DFTB models can be inaccurate in

their description of chemistry (especially at extreme
conditions),3: 4. 3. 6 but are highly amenable to tun-
ing for specific systems.5 6. 7.8 In this report, we
describe two general approaches to parameterize
DFTB models for reactive CNHO systems based on
force matching. The approaches differ depending
on the kinetics for the chemistry of interest, ranging
from fast reactions that occur within picoseconds®
to situations with large barriers that prevent direct
QMD simulation.®

Self-consistent charge DFTB is derived? from an
expansion of the Kohn-Sham energy to second order
in charge fluctuations. The total DFTB energy,

EprrB = EBs + Ecoul + ERep, (D

is separated into contributions from the electronic
band structure (Egg), Coulombic interactions be-
tween the fluctuating partial charges (Ecoy1), and an
empirical repulsive potential (Frep,) that accounts
for ionic repulsion and Kohn-Sham double count-
ing terms. Generic parameter sets usually fit Erey,



to reproduce energies and/or forces for gas phase
molecules.: 9 In contrast, we explore fitting Frep
to DFT force data obtained for configurations ex-
tracted during condensed-phase chemical reactions
through the force matching method.!0: I As in pre-
vious work,>- 67 we define ERe, as a set of pair-
wise interactions expressed as a power series,
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that is linear in its coefficients cgﬁ . Here, r;; is the
separation distance between atom ¢ of type « and j
of type 3 and 727 is a distance cutoff that is typi-
cally ~2 A. Because Eq. 2 is linear in ¢, the co-
efficients can be fit rapidly using techniques such as
singular value decomposition. Specifically, we find
the set of ¢2? that minimize the root mean-square
error (RMSE) in the forces Fy, attributed to the
repulsive interactions,

1 *
RMSE = \/?)]VQ zq: (FRep,q - FRep,q)~ (3)

Here, the target repulsive forces are computed as
FRrep = Forr — Fas — Feoul, “4)

where Fppr is the force predicted by DFT and Fpg
and F ¢, are the DFTB forces from the band struc-
ture and Coulombic energy contributions that are
treated as pre-determined. The sum runs over the )
configurations indexed by ¢ and each force vector
is of length 3N, where IV is the number of atoms.
A primary difficulty in the development of a force-
matched DFTB model is in constructing a suitable
DFT training set for particular reactions or reaction
conditions.

When the chemistry of interest is fast relative to
practical DFT simulation times (typically 10 — 100
ps, depending on simulation parameter choices),
important configurations for force matching can
be sampled directly through standard DFT-based
QMD.5 Extreme temperature and pressure condi-
tions, such as those realized during a detonation or
impact event, often facilitate rapid chemistry (see,
for instance Refs. 5, 12, and 13). However, such
conditions can also facilitate accessing many re-
action paths that cannot be sampled by a single

simulation.!2 In this case, relatively short timescale
DFT simulations can be used to train DFTB mod-
els that efficiently reach longer times and are inex-
pensive enough to run in ensembles of independent
simulations.

In situations where reaction barriers are more
than a few kT, the reactive processes of inter-
est are often too slow or rare to sample directly
with standard QMD based on either DFT or DFTB.
One approach to accelerate the sampling of re-
active events is to apply a bias potential to one
or more collective coordinates that distinguish be-
tween reactants and products and describe the re-
action path.13.14.15,16 Bias potentials drive the
system over energetic barriers to explore impor-
tant phase space configurations for force match-
ing that have a high relative free energy compared
to the reactants and products at equilibrium.6: 17
Free energy landscapes can be extracted from bi-
ased simulations, with the particular extraction ap-
proach determined by the manner in which the
bias was applied (e.g., metadynamics!3 or umbrella
sampling!8 19),

We develop and apply force-matched DFTB
models to predict glycine chemistry under differ-
ent prebiotic conditions. Two scenarios are con-
sidered with different inherent timescales for chem-
ical reactivity. In Approach 1, we force match a
DFTB model to a 1:1 water:glycine mixture under
cometary impact conditions (7" = 3000 K, P =
50 GPa) with rapidly evolving chemistry. DFTB
is used to significantly extend the simulation time
to model chemistry during the adiabatic expansion
and cooling of small ejected cometary fragments.
In Approach 2, we force match a distinctly different
DFTB model to slow aqueous glycine condensation
reactions at (7" = 300 K, P = 0 GPa) using um-
brella sampling to simultaneously generate training
data and estimate the reaction free energy surface.
Approach 2 and the corresponding glycine DFTB
model were first developed in Ref. 6, wherein it was
found that multiple nanoseconds of DFTB trajec-
tory were needed to converge free energy predic-
tions. Similarities in the two force-matched DFTB
models are described. Both approaches are fully
generalized for CNHO systems and can be readily
extended to model detonation chemistry of other or-
ganic materials.



Methods

All DFTB simulations were performed using
the Large-scale Atomic/Molecular Massively Par-
allel Simulator?® (LAMMPS) with forces and
stresses evaluated by the DFTB+ code.?! Trajec-
tories were integrated using Extended Lagrangian
Born-Oppenheimer dynamics?2: 23 with a 0.2 fs
time step. The electronic structure was evaluated
without spin polarization at the I" point only using
four self-consistent charge cycles per time step and
with Fermi-Dirac thermal smearing where the elec-
tronic temperature was set equal to the ionic temper-
ature at each time step. Isothermal-isochoric (NVT)
simulations were performed using a Nosé-Hoover-
style thermostat.24: 25 The mio-1-1 DFTB parame-
ter set (available at http://www.dftb.org), a typical
off-the-shelf parameterization for organic systems,
was used for all calculations. Selected generic Frey,
potentials from mio-1-1 were replaced with force-
matched potentials specifically noted below.

Two different plane-wave DFT codes were used
for the DFT simulations due to code-linking
requirements. ~ All DFT simulations used the
Perdew-Burke-Ernzerhof26 (PBE) generalized gra-
dient approximation functional with electronic
structure evaluations performed without spin po-
larization at the I' point only. Simulations
sampling fast chemistry (Approach 1) were per-
formed using Born-Oppenheimer dynamics with
the Vienna Ab-initio Simulation Package2’ (VASP),
projector-augmented wave (PAW) potentials28: 29
(500 eV cutoff), and Grimme D2 dispersion
corrections.39 NVT simulations were performed us-
ing a Nosé-Hoover thermostat?4 25 with a 0.2 fs
timestep. Simulations sampling slow chemistry
(Approach 2) were performed using Car-Parrinello
dynamics3! with Quantum Espresso,32 ultrasoft
pseudopotentials33 (340 eV cutoff), and with no dis-
persion corrections. Both the ionic and electronic
degrees of freedom were coupled to a Nosé-Hoover
thermostat with the electron mass and time step
set to 700 au and 6.0 au (0.145 fs), respectively.
All DFT and DFTB simulations performed in con-
nection with Approach 2 had hydrogen masses re-
placed with deuterium ones to allow for a longer
Car-Parrinello time step.

Results
Force Matching Approach 1: Fast Chemistry

An initial 1:1 water:glycine mixture was pre-
pared with 16 molecules of each placed in a cubic
3D-periodic simulation cell at density 1.0 g cm™3.
DFTB with all parameters taken from mio-1-1 was
used to thermalize the cell at 300 K. Isothermal
isotropic compression of the cell to 2.5 g cm™3
was performed over 10 ps using the NVT/SLLOD
algorithm34: 35 and the cell was then heated with a
linearly ramped thermostat to 3000 K over another
10 ps. Starting from the hot compressed state, a
10 ps DFT trajectory was integrated and 50 config-
urations were extracted from the last 5 ps in 100 fs
intervals to force match ERe, functions for the atom
pairs C-C, C-N, C-O, N-O, C-H, N-H, and O-H. The
force-matched DFTB model was then used to simu-
late a high-temperature high-pressure “cookoff” for
100 ps. The pressure was nominally constant at
~50 GPa during the constant-volume cookoff. Fol-
lowing the cookoff, the simulation cell was adiabat-
ically expanded to density 1.0 g cm~3 over 150 ps
using the DOLLS algorithm.3¢ The final tempera-
ture after the expansion was ~1500 K.

At detonation-like conditions (7" = 3000 K, p =
2.5 g cm~?), glycine rapidly decomposes and forms
a cluster of carbon, nitrogen, and oxygen. A bond-
ing analysis was performed using both distance and
lifetime criteria that reveals a systematic increase
in the number of C-C bonds during the cookoff.
The bonding character of carbon atoms in the clus-
ter is predominantly sp3. The steady formation of
C-C bonds together with their sp® character pos-
sibly indicates the formation of diamond-like con-
densates. Diamond is the preferred phase at these
conditions according to the phase diagram for pure
carbon,37- 38 which is also consistent with the for-
mation of sp® clusters.

Figure 1 shows the evolution of the diamond-like
sp3 cluster into an sp? bonded sheet during adia-
batic expansion. The number of carbon, nitrogen,
and oxygen atoms remains nominally constant dur-
ing the expansion, but a large percentage of the hy-
drogen atoms are lost to the surroundings to form
small molecule species including water and am-
monia. The loss of hydrogen is consistent with a
transition from predominately sp® to sp? bonding
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Fig. 1. At detonation conditions, glycine is pre-
dicted to decompose and form diamond-like sp3
bonded clusters. During adiabatic free expansion,
the cluster chemically rearranges into a graphitic-
like sp? bonded sheet. Atom colors are cyan, blue,
red, and white for carbon, nitrogen, oxygen, and
hydrogen. Snapshots were rendered using Visual
Molecular Dynamics3® (VMD).

character for carbon atoms. The approximate state
at the end of the expansion (I' ~ 1500 K, p =
1.0 g cm™?) corresponds to graphite on the phase
diagram for pure carbon,37 which is consistent with
the transition to a predominately sp? bonded state.
Soot-like products have been observed in recovered
samples of shocked water:glycine mixtures.40

Force Matching Approach 2: Slow Chemistry

In Ref. 6 we developed a force-matched DFTB
model for the initial glycine condensation reaction

2Gly — Gly, + H0, )]

in aqueous solution at ambient conditions, which is
known to be slow with a half-life on the order of
years.#! This model was shown to reproduce DFT
predictions and experimental measurements for key
features of the free energy surface to within a few
kcal mol—!. Here, our interest is to compare the val-
idated ERrep potentials generated for glycine con-
densation chemistry under ambient conditions to
those obtained just above for extreme conditions.
Our accelerated sampling approach to generate
force-matched models for slow chemical reactions
was described in detail in Ref. 6, so only a brief
outline is provided here. A cubic 3D-periodic simu-
lation cell was prepared that contained two glycine
molecules solvated in 55 water molecules at (T' =
300 K, p = 1.0 g cm™3). To sample otherwise
rare reaction events on QMD timescales, we apply

umbrella sampling!8 to bias the dynamics of col-
lective coordinates that describe the reaction path
and are coupled to the underlying atomic configu-
rations. Specifically, glycine condensation was de-
scribed with path collective coordinates s(t) and
2(t),14 16 which were defined with respect to two
reference configurations, namely the two glycine re-
actant molecules and the single diglycine product.
The coordinate s(t) is interpreted as measuring the
distance along the path defined by the glycine and
diglycine end points that are respectively mapped
to s ~ 1.1 and s &~ 1.9. The coordinate z(t) mea-
sures deviations from that path, which in the current
application differentiates between neutral and zwit-
terionic charge states for the reactant and product.
Additional details regarding the definitions for s(t)
and z(¢) can be found in Ref. 6.

The reaction path was sampled using 19 indepen-
dent 2 ps DFT simulations, each with an applied
harmonic bias potential,

VBias(8,2) = % (s — 80)2 + % (z — 20)2 , (6)
acting on the path collective coordinates. Each sim-
ulation had a different s,, which were set in 0.05
increments in 1.05 < s, < 1.95. The z, were
all set to —0.10, which approximately corresponds
to a path between the neutral glycine and neutral
diglycine free energy minima. The force constants
were set to 4000 kcal mol~! and the bias potentials
were applied during trajectory integration using the
PLUMED 1.3 plugin.!5 Four configurations were
extracted in 250 fs intervals from the first 1 ps of
each independent simulation and thus collectively
sample the reactants, intermediates/transients, and
products.

Comparison of Force-Matched Potentials

Figure 2 shows a comparison of ERe, potentials
obtained from force matching to glycine chemical
reactions to those from the mio-1-1 parameter set.
While a repulsive potential for N-O interactions was
obtained in the fit to fast chemistry (Approach 1),
an analogous potential was not obtained for slow
glycine condensation (Approach 2) due to inade-
quate sampling of those interactions. It should be
noted that the cutoff distances for the two sets of
force-matched models differ. In Approach 1, we set
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Fig. 2. Comparison of repulsive potentials from the mio-1-1 parameter set to those obtained through Ap-
proach 1 by force matching to direct high P/T DFT simulations of glycine chemistry at (T = 3000 K,
p = 2.5 gcm™?) and to those previously obtained through Approach 2 at (T’ = 300 K, = 1.0 g cm™3).

the 7%# to values corresponding to the first mini-
mum in the radial distribution function for each in-
teraction type. In Approach 2, the 727 were set to
the mio-1-1 values. Consequently, the various Fgrep
potentials do not all approach zero at the same value
of r for a given pair type (in particular, for N-H).

It is immediately apparent that two sets of force-
matched E'rep, potentials are more similar to each
other than they are to the mio-1-1 defaults. This
is despite numerous differences in the training sets
generated from DFT. Those differences include the
DFT code implementations (VASP vs. Quantum
Espresso), the handling of core electronic states
(PAW vs. ultrasoft pseudopotentials), the initial
concentrations of glycine and water (1:1 vs. 2:55),
the temperature and density, and the specific chem-
ical nature of the intermediate and product config-
urations included in the training sets. Ascertaining
which of the above factors contributes most to the
differences between the two sets of force-matched
ERep potentials is complicated by nonlinear depen-
dencies and would require an extensive compara-

tive study. However, experience suggests that dif-
ferences in the training sets play the largest role in
determining the quality of a force-matched poten-
tial. For instance, fitting DFTB Ege;, potentials to
only equilibrium glycine and diglycine configura-
tions results in a model that is unstable when taken
to chemically reactive regimes.®

All of the force-matched E'rep, potentials are less
repulsive than their mio-1-1 counterparts with the
exception of those for the C-H pair type. The break-
ing and formation of C-N, C-O, N-H, and O-H
bonds are explicitly sampled through the reaction
path sampling used in Approach 2 whereas C-C and
C-H are not. This is in contrast to the arguably bet-
ter sampling of the C-C and C-H interactions un-
der the high T'/P conditions studied in Approach
1 owing both to capturing the rapid decomposition
of glycine and to the significantly greater number
of carbon atoms in those simulations (32 vs. 4).
While the C-C interactions obtained in both fitting
approaches are nearly the same, the C-H ones dif-
fer. In particular, the high T'/P fitted C-H poten-



tial exhibits a local minimum whereas the reaction
path one is purely repulsive. Both sets of fitted N-
H and O-H potentials exhibit minima, which were
previously correlated with an improved description
of hydrogen bonding between water molecules and
between water and glycine. Additional validation
studies can be found in Ref. 6.

Conclusions and Conjectures

Significant similarities were found between
force-matched DFTB models for glycine chem-
istry obtained through fitting to high tempera-
ture/pressure DFT trajectory data and through ex-
plicit reaction path sampling. One possible im-
plication may be that force-matched DFTB mod-
els exhibit a fairly large degree of transferability
over temperature, density/pressure, and composi-
tion states. This is in contrast to many classical re-
active force field models and likely owes to the ap-
proximate tight-binding description of quantum me-
chanics that underpins the DFTB method. This sim-
ilarity may also imply a certain degree of flexibility
in the approach used to generate DFT training data
for force matching DFTB or other semi-empirical
quantum models.

In practice, generating unbiased DFT trajectories
at high temperatures is significantly easier to exe-
cute than using biased dynamics approaches with
collective coordinates for reaction path sampling.
Thus, using high temperatures to accelerate the ex-
ploration of phase space in DFT simulations may
provide for a shorter DFTB model development cy-
cle. The reaction path fitting approach provides a
clearer path to simultaneously force match DFTB
models and validate them against detailed charac-
terizations of chemical reaction free energy sur-
faces. Direct transference of the present results
for force-matched DFTB models for glycine chem-
istry to other types of chemistry is not guaranteed.
However, one might not unreasonably expect simi-
lar results for other organic reactions. Further com-
parisons between different force matched DFTB
models for other condensed-phase organic reactions
is warranted to ascertain both model transferabil-
ity and to establish guidelines for best practices in
DFTB model development.
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