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al synthesis of glycine oligomers in
a virtual rotational diamond anvil cell†

Brad A. Steele, Nir Goldman, I-Feng W. Kuo and Matthew P. Kroonblawd *

Mechanochemistry of glycine under compression and shear at room temperature is predicted using

quantum-based molecular dynamics (QMD) and a simulation design based on rotational diamond anvil

cell (RDAC) experiments. Ensembles of high throughput semiempirical density functional tight binding

(DFTB) simulations are used to identify chemical trends and bounds for glycine chemistry during rapid

shear under compressive loads of up to 15.6 GPa. Significant chemistry is found to occur during

compressive shear above 10 GPa. Recovered products consist of small molecules such as water,

structural analogs to glycine, heterocyclic molecules, large oligomers, and polypeptides including the

simplest polypeptide glycylglycine at up to 4% mass fraction. The population and size of oligomers

generally increases with pressure. A number of oligomeric polypeptide precursors and intermediates are

also identified that consist of two or three glycine monomers linked together through C–C, C–N, and/or

C–O bridges. Even larger oligomers also form that contain peptide C–N bonds and exhibit branched

structures. Many of the product molecules exhibit one or more chiral centers. Our simulations

demonstrate that athermal mechanical compressive shearing of glycine is a plausible prebiotic route to

forming polypeptides.
1 Introduction

Abiotic synthesis of polypeptides is thought to be an important
prebiotic stage in the origins of life as such molecules are
required to form proteins and more complicated biomole-
cules.1–4 Terrestrial and astronomical observations of meteor-
ites and comets have identied the presence of glycine,5–8 the
simplest protein-forming amino acid, which lends support to
impacts as a possible source to deliver simple amino acids to
ancient Earth and other solar bodies.2,9–11 In addition to being
a viable prebiotic reactant, glycine and its chemistry serve as an
important reductionist model for understanding basic poly-
peptide and protein synthesis in early prebiotic scenarios.12–24

Theories put forth to explain how glycine forms and reacts
under prebiotic conditions to make larger oligomeric structures
include thermal cycling at submarine hydrothermal
vents,14,15,18,19 alternating between wet and dry environments,13

electron irradiation,25 and impact events.16,22,24,26–28 Tidal or
tectonic shearing forces within the interiors of planets and
moons such as Europa, Enceladus, Triton, and Pluto have also
been considered as general drivers of chemistry where subsur-
face oceans interact with a rocky oor.29–32 Mechanochemistry
can arise during impact events or geological compressive shear
wrence Livermore National Laboratory,
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scenarios through short-lived deformed or compressive states.
This can result in the synthesis of unique materials and meta-
stable molecular compounds due to sudden, highly strained
conditions.33–36

Simulations and experiments on shock-compressed amino
acids have demonstrated that polypeptides can form under
impact conditions characterized by GPa-range pressure rises
and temperature rises of hundreds to thousands of kelvin.
Blank et al. performed shock experiments on an aqueous
solution of amino acids in the pressure range of 5.1–21 GPa and
temperature range of 412–870 K and observed the formation of
polypeptides up to dimers.16 More recently, Sugahara and
Mimura performed shock experiments up to 26.3 GPa on cryo-
genic (77 K) model cometary icy mixtures containing glycine22

and alanine37 and showed oligomerization up to trimers.
Sugahara and Mimura also found yields of glycylglycine (digly-
cine) of up to 1.5% mol ratio of products to reactants and that
the yield roughly increases with shock pressure.37 Simulations
modeling impacting glycine–water mixtures have shown that
even higher pressures and temperatures (48 GPa, 3000 K) can
drive the formation larger oligomeric structures that sponta-
neously rearrange into polyaromatic molecules upon adiabatic
expansion.24 Polymerization of dry glycine to form dimers up to
10-mers have also been observed under more modest static
pressures ranging from 5–100 MPa at elevated temperatures
(423 K) over time frames of 1–32 days.17 Elevated temperatures
appear necessary to drive oligomerization in pure glycine under
hydrostatic conditions as Hinton et al. showed that crystalline
This journal is © The Royal Society of Chemistry 2020
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a-glycine is largely unreactive at room temperature when
compressed up to 50 GPa based on Raman spectroscopy and X-
ray diffraction measurements.38

A relatively unexplored avenue for prebiotic synthesis is
through application of non-hydrostatic (i.e., shear) stresses.
Shear stresses can arise in condensed phases due to nonuni-
form deformations whereby adjacent layers in a uid or solid
are displaced at different rates. This can result in the formation
of regions of intense shear deformation, which can lower
energetic thresholds for physical and chemical trans-
formations,39–44 likely in part due to the rapid formation of such
highly localized non-equilibrium or mechanochemical condi-
tions. Beyond altering energy landscapes governing stability
and kinetics, non-hydrostatic stress loads can also induce
plastic deformations in solids when the resulting shear stresses
are large. Such stresses can arise during shocks and in macro-
scopically strained samples, and thus can be expected in both
impact-based and tectonic shearing prebiotic synthesis
scenarios. One mode for plastic deformation in molecular
solids is through shear failure, which can produce shear bands
containing disordered or amorphous material.44–48 Amorphous
regions can also form at grain boundaries in polycrystalline
samples.49 Shear banding through shear failure has been
investigated in a number of molecular materials under shock
conditions and has been postulated45–48 and recently demon-
strated44 to inuence the rate at which chemical reactions
occur. One cause for increased reactivity is that amorphous
materials can exhibit lower reaction activation energies, which
leads to faster thermally activated chemistry.44 Another possi-
bility that we consider here is that shearing forces have poten-
tial to athermally drive reactions in plastically deformed
materials through mechanochemistry.

Rotational diamond anvil cells (RDACs) are a specialized
experimental tool that can probe sheared material samples
under GPa-range compressive loads absent the temperature rise
of a shock.50,51 Similar to a traditional diamond anvil cell, an
RDAC compresses a material sample in a small chamber
between two gasketed diamonds that is lled with a pressure
transmitting medium. Shear is imposed in an RDAC by rotating
one of the diamonds with respect to the other, with shear
frequently reported in units of “revolutions” of the shearing
diamond. When coupled with X-ray diagnostics, RDACs provide
a means to study plastic deformations, phase transitions, and
even chemistry under controlled conditions.50 Compressive
shear states accessed in an RDAC were found to drastically
lower the room temperature phase transition pressure for the
chemically reactive transformation of hexagonal boron-nitride
(h)BN to superhard wurtzitic (w)BN by over 40 GPa.52 RDAC
experiments on molecular organic crystals such as sucrose can
induce phase transitions and possibly decomposition reactions
at comparatively modest pressures (#5 GPa).53

Atomistic modeling approaches such as semiempirical
quantum-based molecular dynamics (QMD) using density
functional tight binding54–56 (DFTB) can accurately predict
chemistry under extreme conditions.24,36,44,57–60 Using QMD
offers a powerful route to perform computer “experiments” that
can help selectively target and interpret more expensive and
This journal is © The Royal Society of Chemistry 2020
labor-intensive laboratory experiments. The DFTB method is
derived from density functional theory61,62 (DFT) and offers
a competitive balance between computational accuracy and
expense that allows for the practical generation of nanoseconds
worth of QMD trajectory. This efficiency allows for obtaining
ensemble statistics through independent simulations for
a given set of conditions, which has proven critical for assessing
the wide chemical phase spaces accessible under a variety of
non-equilibrium conditions.

We develop a virtual-RDAC (V-RDAC) approach based on
QMD that imitates RDAC experiments to model glycine mech-
anochemistry under compressive shear. The V-RDAC method
presented here differs from previous reactive compressive-shear
simulations in that we explicitly model diamond-sample inter-
actions rather than imposing shear through deformations of
a periodic simulation cell,42,43,63 which can unrealistically per-
turb bonds that fall along the cell boundary. This has an
advantage in that shearing forces are imposed through a phys-
ically realistic interatomic coupling50 so that long timescale
chemistry under shear can be reliably inferred. Our V-RDAC
simulations predict that glycine readily reacts when subject to
high strain rate shearing under applied compressive loads
greater than z7 GPa. Through ensembles of independent
simulations we identify the consistent formation of large olig-
omeric structures including polypeptides and that the mass
fraction of oligomers increases as a function of pressure and
shear rate. A number of the recovered products exhibit
increased chemical complexity beyond simple oligomerization,
including the formation of heterocycles and chirality centers.
2 Methods
2.1 General simulation details

Quantum-based molecular dynamics (QMD) simulations were
performed using the self-consistent charge DFTB method.54–56

DFTB is a highly efficient semiempirical approach derived from
an expansion of the Kohn–Sham energy62 to second order in
charge uctuations. The total DFTB energy is

EDFTB ¼ EBS + ECoul + ERep + EDisp. (1)

Here, EBS is the electronic band structure energy, which is
evaluated within a tight-binding framework,64 ECoul captures
charge transfer between atoms, ERep is an empirical term that
accounts for ionic repulsion and Kohn–Sham double counting
terms, and EDisp is an empirical dispersion correction. Param-
eters for EBS, ECoul, and ERep were taken from the mio-1-1
parameterization (available at http://www.db.org), a typical
off-the-shelf parameter set for organic systems. Universal force
eld dispersion terms65 were used for EDisp.

DFTB-MD simulations were performed using extended
Lagrangian Born-Oppenheimer dynamics66–69 using LAMMPS70

with forces and stresses evaluated by the DFTB+ code.71 The
electronic structure was evaluated at the G-point only using four
self-consistent charge cycles per time step and with Fermi–Dirac
thermal smearing72 with the electronic temperature set equal to
the instantaneous ionic kinetic temperature. All trajectories
Chem. Sci., 2020, 11, 7760–7771 | 7761
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Fig. 1 Snapshots showing two views of the V-RDAC with Lz ¼ 16 Å.
Axes highlight the Cartesian lab frame and relevant crystal directions
[ijk] in the diamond slabs. Simple shearing was applied to the sample by
translating the top diamond along x at specified velocities Vx while
holding the bottom diamond fixed. Atom colors are cyan, blue, red,
and white for carbon, nitrogen, oxygen, and hydrogen and the periodic
simulation cell is drawn with green lines. Snapshots were rendered
using OVITO.76
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were integrated using a 0.20 fs time step and a Nosé–Hoover-
style thermostat.73,74 Note that this yields NVT dynamics for
portions of the trajectory where the V-RDAC diamond slabs are
not translating. We chose to apply a thermostat during the
shearing simulations described below to specically isolate
glycine mechanochemistry at a controlled temperature to better
match laboratory RDAC experiments. Rapid removal of excess
heat from a sheared sample through a thermostat is justied in
our V-RDAC simulations as diamond is an exceptionally good
thermal conductor.

The DFTB method is rapidly becoming a computational tool
of choice for QMD studies of nonequilibrium systems given its
efficiency and accuracy relative to DFT and the importance of
taking an ensemble-based approach to sample path-dependent
chemical processes. Standard DFTB parameter sets such as the
one used here provide a reasonable starting point for extrapo-
lating to new conditions and are relatively easy to tune
compared to classical force elds given an investment in DFT
simulations. Because the DFTB quantum interactions are
derived from Kohn–Sham DFT, it generally extrapolates better
and is more amenable to renement than classical reactive
force elds. In the case of V-RDAC simulations, one route to
develop DFTB parameter sets tuned for shearing conditions
would be to force-match the DFTB repulsive potential in eqn (1)
to forces from a V-RDAC simulation performed at a DFT level of
theory.23,24,75 Iterative renement schemes that use DFTB-based
QMD as a driver to sample new congurations for which one
obtains forces from DFT-level single-point calculations is
another promising path towards a semi-automated DFTBmodel
development cycle.
2.2 Virtual rotational diamond anvil cell

Simulations of glycine under compression and shear were per-
formed using the virtual rotational diamond anvil cell (V-RDAC)
shown in Fig. 1. The V-RDAC consists of two 2D-periodic dia-
mond crystal slabs with exposed, hydrogen-terminated (111)
crystal faces and a material sample contained between them.
The hydrogen-terminated (111) face of diamond was calculated
to have the lowest surface energy as a function of hydrogen
chemical potential.77 While the hydrogen-terminated surface
likely has a small dipole moment at the diamond/hydrogen
interface that could inuence chemistry in the sample, this
effect is expected to be smaller than with other surface treat-
ments or leaving the diamond unterminated. The generalized
crystal-cutting method78 (GCCM) was used to obtain an oriented
diamond slab in which the target surface normal vector was set
to S k [111], which coincides with the crystal face normal vector
N(111) for cubic crystals such as diamond. An 8-atom cubic
primary cell for diamond with DFTB-level optimized lattice
length a ¼ 3.555 Å was used as input for the GCCM search. A
nearly square slab with 64 carbon atoms was obtained with side
lengths x ¼ 8.71 Å and y ¼ 10.05 Å that was oriented such that
the surface normal S pointed in the z direction. Terminating
hydrogens were placed on both sides of the slab (yielding 96
atoms per slab) and the conguration was optimized in a 3D-
periodic cell with the z length was set to 50 Å. This initial slab
7762 | Chem. Sci., 2020, 11, 7760–7771
conguration was replicated and displaced along z to create
a large vacuum region and a material sample consisting of
twelve randomly oriented and positioned glycine molecules was
placed between the two slabs. Upon compression, the initial
random placement of glycine molecules leads to a condensed
amorphous conguration corresponding to a shear-induced
plasticly deformed state within the RDAC. The entire congu-
ration contained 312 atoms. Both diamond slabs were held
rigid during all simulations and the sample was treated as
exible. The bottom diamond slab was held xed and rigid
translations of the top diamond were applied to induce
compression and shearing on the amorphous glycine sample.
Starting from an amorphous state is motivated by the presence
of similar disordered regions in sheared molecular crystals44–48

and polycrystalline samples49 and may enhance chemical reac-
tivity relative to the crystal.44

Pressure was applied to the sample through direct manipu-
lation of the diamond separation distance Lz, which was dened
to be the displacement between the top-most carbon atoms in
the bottom slab and the bottom-most carbon atoms in the top
slab. Fig. 2 shows the pressure response during a constant
temperature molecular dynamics simulation in which the top
diamond was translated at a constant velocity Vz ¼ �1.0 Å ps�1

in the z direction. The (non-zero) system pressure at a large
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Pressure as a function of diamond separation distance Lz
measured with respect to a reference P0 at Lz ¼ 22 Å obtained from an
MD simulationwhere the top diamond rigidly translates at velocity Vz¼
�1.0 Å ps�1. The pressure is essentially constant for Lz $ 18 Å.
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separation distance (Lz ¼ 22 Å) was taken as the reference
pressure P0. Congurations were extracted from the compres-
sion simulation at ve separation distances (Lz ¼ 8, 9, 10, 11,
and 12 Å) to spawn ve independent 10 ps NVT unsheared
equilibration simulations with xed diamond slabs. The NVT-
average applied pressures for these ve separation distances
are respectively 15.6, 10.2, 6.7, 4.5, and 2.9 GPa. These ve
equilibrated congurations were used to spawn ensembles
consisting of ten independant shearing simulations at two
different shear rates for a total of 100 independent simulations.

Simple shearing was induced on the amorphous glycine
sample at controlled shearing rates by translating the rigid top
diamond at a xed velocity Vx in the x direction. The simple
shear rate is dened as

g
� ¼ Vx

Lz

: (2)

We considered two xed velocities, Vx ¼ 1.0 Å ps�1 and Vx ¼ 0.5
Å ps�1, which respectively yield shear rates of 1� 1011 s�1 and 5
� 1010 s�1 when Lz ¼ 10 Å. While these shear rates are more
rapid than those probed in standard RDAC experiments or
likely produced in seismic events, they are representative of
shear banding in shock impacts42–45 and also help place an
upper bound on the chemistry than can plausibly occur under
dynamic conditions. Pressure unloading simulations were
performed following shear to gauge product recoverability in
which the top diamond slab was translated at velocity Vz ¼ +1.0
Å ps�1 in the z direction for 10 ps. This was followed by a nal 10
ps NVT equilibration at ambient pressure. Control simulations
were also performed at selected pressures following the same
procedure outlined above with the shear rate set to zero (Vx¼ 0).
This provides a baseline for the chemistry under pressure alone
to better isolate the inuence of shearing.

2.3 Chemistry analysis

Molecular species were identied in the reactive QMD trajec-
tories using bond distance and lifetime criteria. Atoms were
considered bonded if their separation distance fell within
This journal is © The Royal Society of Chemistry 2020
a prescribed cutoff for at least 50 fs and molecules were iden-
tied as connected components. In our analysis, the bond
distance cutoffs were set to 1.8 Å for C–O, C–N, C–C, N–O, N–N,
and O–O bonds, 1.3 Å for C–H, N–H, and O–H bonds, and 1.0 Å
for H–H bonds. Reducing the cutoffs from 1.8 Å to 1.6 Å and
from 1.3 Å to 1.2 Å yielded qualitatively similar trends,
described in detail below. Time histories for molecular
concentrations and mass fractions were computed for each
trajectory. We dened the concentration as the total number of
molecules of the same type divided by the total simulation cell
volume including vacuum space, which is 10.05 � 8.71 � 50.00
Å3 ¼ 4376.8 Å3. The total volume including vacuum space does
not change as the amorphous glycine is compressed. Mass
fractions were computed as the total mass of all identical
molecules divided by the total mass of the exible sample (900
a.u.) and is given as a percentage. Both concentrations and
mass fractions were averaged over all ten simulations in a given
ensemble to obtain better statistics.

3 Results and discussion

Mechanochemistry of amorphous glycine under compressive
shear was predicted through ensembles of QMD simulations
using the V-RDAC setup following the procedures described in
Section 2.2. The assay of compressive-shear conditions spanned
ve diamond separation distances Lz (corresponding to 2.9 GPa
# P # 15.6 GPa) and two diamond anvil shearing velocities (Vx
¼ 1.0 and 0.5 Å ps�1). Ten independent 25 ps shearing simu-
lations were performed for each condition. Each shearing
trajectory was followed by a 10 ps diamond unloading simula-
tion and nal 10 ps NVT equilibration at ambient pressure,
yielding a total trajectory time of 450 ps for each pressure and
shear rate and a grand total of 4.5 ns across all trajectories.
Chemical bonding analysis shows that few, if any, reactions
occur during the 25 ps shearing portion of the trajectories at the
three lowest applied pressures (2.9 GPa, 4.5 GPa, and 6.7 GPa)
for both shear rates. In contrast, at the two highest pressures
(10.2 GPa and 15.6 GPa) there is signicant and dynamically
evolving chemistry that predominantly forms oligomers. The
qualitative results during shear at the highest shear rate (Vx ¼
1.0 Å ps�1) are described rst, and a more detailed analysis of
the chemistry found for each shear rate is described later.

Many distinct molecular species appear in the high-pressure
shearing simulations. For the most extreme case at 15.6 GPa, we
identied as many as 256 different molecules in a single
simulation, although a number of these molecules have life-
times shorter than 50 fs and are best considered to be tran-
sients. To facilitate interpreting these chemically complex
trajectories, we initially classify the oligomers into two broad
categories. One of these categories corresponds to oligomers
with two or more bonded glycine monomers that contain the
same number of carbon, nitrogen, and oxygen atoms as an
integer number of glycine molecules. We refer to these species
as glycine mass equivalents (GMEs) due to their composition.
For instance, a 2-GME has the same CNO content as two glycine
molecules. Relatively long-lived large molecules and oligomers
were also found that we categorize as “persistent large
Chem. Sci., 2020, 11, 7760–7771 | 7763
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molecules” for the purpose of interpreting chemistry under
shearing conditions. Themolecules included in this category all
had masses greater than glycine, were long-lived enough so that
their average mass fraction over the 25 ps shearing simulations
was greater than 2%, and are larger than 2- or 3-GMEs. More
detailed inspections of chemical trends in the shearing prod-
ucts that we recover at ambient pressure will be made below.

Fig. 3 shows ensemble-averaged time histories of the mass
fraction for selected categories of molecules extracted from
shearing simulations at Vx¼ 1.0 Å ps�1 at 10.2 GPa and 15.6 GPa
in panels (A) and (B), respectively. The tracked molecular
species during shear include glycine, glycine with a missing
hydrogen (glycine-H), water, and two classes of oligomeric
species dened above. Note that the reported average mass
fractions at a given point in time will not necessarily sum to
100% as our analysis neglects species with low average mass
fraction and (implicitly) short lifetimes.

Focusing rst on the initial state prior to shearing, it is
evident that compression alone of amorphous glycine is
Fig. 3 The ensemble-average mass fraction during shear for different
types of molecules including glycine, glycine minus a hydrogen atom
(glycine-H), the set of 2 and 3 glycine mass equivalents (GMEs),
persistent large molecules, and water during the shear simulations at
(A) 10.2 GPa and (B) 15.6 GPa. The anvil velocity in both cases is Vx¼ 1.0
Å ps�1. A block average is taken every 0.02 ps to obtain a smoother
trend with time.

7764 | Chem. Sci., 2020, 11, 7760–7771
sufficient to induce some reactivity at these two pressures. The
fraction of the system that is distinctly glycine is roughly 67% at
10.2 GPa and 35% at 15.6 GPa. At the same time, there is
apparent formation of 2- and 3-GMEs. This might indicate that
some backbone altering reactions occur upon compression
alone, but could also be partly explained by sensitivity of the
bonding analysis to distance cutoff parameters. To better clarify
whether the initial mass fractions were an artifact of the
chemical analysis, we performed two analogous analyses at the
highest pressure in which we either reduced the distance
cutoffs or removed the hydrogen atoms to more cleanly identify
changes in CNO backbone structures. Plots of the mass fraction
time histories obtained through these analyses are provided in
Fig. S1 and S2 of the (ESI†) for comparison. Removing hydrogen
atoms from the chemical analysis leads to larger initial mass
fractions of both glycine (z42%, an increase of 7%) and the 2-
and 3-GMEs. This indicates that the 2- and 3-GMES are not an
artifact of the bond distance cutoff criteria for hydrogen. The
all-atom analysis using short cutoffs shows that the 2- and 3-
GME populations only decrease slightly, demonstrating that the
2- and 3-GMEs are not artifacts of the CNO bond distance cutoff
criteria. The mass fraction of glycine decreases by a small
amount (to z32%, a decrease of 3%) using the short cutoffs,
which helps justify our choice of cutoffs. This indicates that
some backbone-altering reactions occur upon compression and
are not an artifact of chemical analysis. Time history analysis of
the pre-shear equilibration trajectories (see Fig. S3 in the ESI†)
shows that the system pressure, energy, and chemistry are
approximately steady. It should be noted that pressure was
applied through a macroscopically fast translation of the dia-
monds, so one would not necessarily expect similar chemistry
in a system compressed very slowly along a quasi-equilibrium
path. Extrapolating such a path from QMD is likely to be
unreliable given the many orders of magnitude involved, but it
could plausibly be approximated as a sequence of structure
optimizations.

It is evident that shear initiates a signicant amount of
chemistry. For instance, within the rst 2.5 ps the mass fraction
of glycine drops by z40% and z25% for the lower and higher
pressure, respectively. This time delay is at least partially corre-
lated with the time-dependent work done on the sample by the
shearing diamonds. As an approximate measure of the work
done, the ensemble-averaged change in potential energy during
shear for the two shear rates at the two highest pressures is
shown in the ESI in Fig. S4,† which reveals that the initial delay
for chemical reactions is correlated with an initial increase in
potential energy. However, extracting an effective activation
energy for shear-induced reactions is difficult to do with preci-
sion due to themany physical and chemical processes underlying
the potential energy change, including different kinds of chem-
ical reactions, conformational changes, and mechanical work
from static and sliding friction. A clear difference with pressure is
seen in the time histories for the 2- and 3-GMEs. At 10.2 GPa,
there is a rapid increase in the 2- and 3-GME mass fraction aer
2.5 ps, aer which there is a brief plateau followed by a slow and
steady decrease. In contrast, at 15.6 GPa there is initially a sudden
increase followed by an effectively monotonic decrease until the
This journal is © The Royal Society of Chemistry 2020
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mass fraction of 2- and 3-GMEs approaches zero. Decreases in
mass fractions of smaller species generally coincide with
increases inmass fractions of larger species, with the effect being
greatest at the highest pressure. Hydrogen transfer reactions also
occur upon shearing at the highest pressure, which leads to the
formation of ionic glycine species (e.g., glycine-H) with a reduced
number of hydrogens. The fraction of these ionic species reaches
a maximum within the rst 3 ps of the shearing simulation and
steadily declines thereaer. We also note the formation of water
Fig. 4 Radial distribution functions for recovered products computed fro
ps�1 at diamond separations of Lz¼ 8 Å and Lz¼ 12 Å. Interaction pair type
show RDFs for carbon interactions with the heavy atoms C, N, and O. P
interactions with the heavy atoms C, N, and O.

This journal is © The Royal Society of Chemistry 2020
at 15.6 GPa beginning at around 7 ps, which indicates that
condensation reactions occur.

A dominant trend is the tendency for glycine molecules to
oligomerize rather than decompose under shear. This mecha-
nochemical process creates a variety of short-lived and meta-
stable molecular species. Molecular species with short lifetimes
could be due to the highly non-equilibrium shearing conditions
sampled, but might also indicate that the molecules formed are
not particularly stable. To gauge which molecular species
m the ensembles of NVT simulations that followed shear at Vx ¼ 1.0 Å
s are given in the x-axis labels. Panels (A), (B), and (C) in the first column
anels (D), (E), and (F) in the second column show RDFs for hydrogen
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formed during shear are (meta)stable and therefore potential
recoverable products, we performed additional simulations in
which the diamond anvil was unloaded to reduce the pressure
to 0 GPa as described in the methods section.

Radial distribution functions (RDFs) can quantify chemical
bonding characteristics among the recovered products in terms
of a probability density for nding an interaction pair as
a function of pair separation distance. When the RDF is calcu-
lated for a given pairwise interaction type (e.g., A and B), it yields
the probability of nding an atom of type B (or A) at distance R
from an atom of type A (or B). Fig. 4 shows RDFs calculated for
six interaction types (C–C, C–N, C–O, C–H, N–H, and O–H) for
the recovered products obtained from the lowest and highest
compression cases (Lz ¼ 12 Å and Lz ¼ 8 Å, respectively) and
highest shear rate (Vx ¼ 1.0 Å ps�1). The RDFs were calculated
using all ten 10 ps NVT trajectories for a given ensemble. No
chemical reactions were observed during these 10 ps, indicating
that our set of recovered products are stable on typical QMD
timescales. Note that the Lz¼ 12 Å (2.9 GPa) case corresponds to
a system of pure glycine that is predominantly in the neutral
charge state.

Comparison of RDFs for the highly reactive (Lz ¼ 8 Å) and
unreactive (Lz ¼ 12 Å) cases reveals a number of changes in
chemical bonding structure. Most of these changes are found
for the C–C, C–N, and C–O interaction types arranged in the rst
column of Fig. 4, panels (A)–(C). The C–C RDF in panel (A)
clearly reveals the formation of oligomers for Lz¼ 8 Å, as seen in
the new peak at z2.5 Å. In contrast, Lz ¼ 12 Å exhibits only
a single peak at z1.5 Å that corresponds to the C–C bond in
glycine. In the reacted case, this C–C peak decreases in inten-
sity, which indicates a loss of C–C bonds, and also splits to form
a second small peak at 1.36 Å. This new low-intensity peak
indicates a small concentration of C]C double bonds. The
most distinctive feature of the C–N RDFs is the appearance of
a low-intensity peak at 1.27 Å in the reactive case. This arises
from peptidic C]N double bonds from diglycine, larger oligo-
mers, as well as other molecules with C]N double bonds. A
more detailed analysis of the exact recovered products is
provided later. We note that the predicted C]N bond length of
1.27 Å is a slightly shorter than the peptide bond in a-diglycine
crystal (1.32 Å).79

The C–O RDF for the unreactive case exhibits three peaks,
with the two shortest distance peaks exhibiting narrow distri-
butions. These two correspond to C]O and C–O bonds in the
carboxyl group in neutral glycine, due to the O–H bond on one
oxygen. The third broader peak arises from 1–3 interactions
between oxygen and the non-carboxyl carbon. In the reactive
case, the C]O peak decreases in intensity, the C–O peak
broadens and shis to a slightly larger distance, and the third
peak remains largely unchanged. The C–O broadening and shi
arises due to the formation of O–C–O bridges in the 2 + GMEs
and larger oligomers.

From the second column of Fig. 4, we identify only two
notable differences in bonds with hydrogen. These are
a decrease in the population of N–H bonds and an increase in
the population of O–H bonds in the reacted case compared to
the unreacted one. Both trends are consistent with the
7766 | Chem. Sci., 2020, 11, 7760–7771
formation of polypeptides and also reect the propensity for
product molecules to exhibit alcohol groups.

In order to more clearly identify recovered products and also
to investigate the pressure and shear rate dependence on the
glycine mechanochemistry, ensemble predictions for the mass
spectra of recovered products were extracted from the NVT
equilibration simulations following shear simulations at both
shear rates and are shown in Fig. 5(A) and (B). Conguration
snapshots highlighting the chemical diversity of those products
are shown in Fig. 5(C). Only glycine was observed as a recovered
product for the two lowest pressure cases, so mass spectra plots
for those conditions have been omitted from Fig. 5(A) and (B).
Readings at the smallest non-zero concentration (3.7 �
10�5 mol cm�3) indicates that only a single molecule of a given
mass was identied across all ten independent trajectories.
Note that dividing by this amount yields the molecule count in
a given ensemble.

Several trends are apparent from the mass spectra plots. As
the applied pressure increases, the glycine concentration
decreases and the concentrations of a variety of other (larger)
molecules including diglycine, polypeptides, cyclic molecules,
and other large oligomers increases. Concentrations of the 2-
and 3-GMEs decreases with pressure from the 10.2 GPa to
15.6 GPa cases, which is consistent with the interpretation of
GMEs as reaction intermediates under the reasonable
assumption that pressure facilitates rapid chemistry. The
dependence of chemistry on the shear rate is less clear. At
10.2 GPa, a larger andmore diverse set of products is formed for
the slower diamond shearing velocity. In contrast, at 15.6 GPa it
is the faster shearing velocity that seemingly leads to larger
products. Even with our ensemble approach, there is signicant
undersampling as many spectral peaks correspond to a single
recovered molecule. Thus, we cannot establish a clear trend
with shear rate. Analogous ensembles of simulations with
a shear rate equal to zero (Vx ¼ 0) were performed at 10.2 GPa
and 15.6 GPa and the mass spectra of recovered products are
shown in ESI Fig. S5.† Smaller and less diverse products were
found when no shear was applied at both pressures, which
indicates that shear facilitates the chemistry. Both non-zero
shear rates lead to signicant chemistry with qualitatively
similar features, and thus place bounds on plausible mecha-
nochemistry under very rapid shearing.

The wide range of different product molecules can be loosely
separated into seven categories. The rst six categories are
shown in Fig. 5(C) and include: (1) glycine and similar mole-
cules, (2) 2- and 3-GMEs, (3) diglycine and similar molecules, (4)
cyclic molecules, (5) “other” medium-sized molecules, and (6)
small molecules. Fig. 6 shows examples from the seventh
category of large oligomers. Molecules were considered similar
to glycine if they had the same C–C–N backbone structure,
irrespective of oxygen and hydrogen content/placement or CN
atom hybridization states. The 2- and 3-GME structures are
more diverse and are characterized by containing an equivalent
number of C, N, and O atoms to an integer number of glycine
molecules. Molecules were considered similar to diglycine if
they had the same CNO backbone structure as diglycine, irre-
spective of hydrogen content/placement or CNO atom
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 The mass spectrum (on a log scale) of recovered products for shear simulations performed at different pressures and different diamond
anvil velocities (A) Vx ¼ 1.0 Å ps�1 and (B) Vx ¼ 0.5 Å ps�1 as well as (C) the representative structures of product molecules. The letters associated
with the peaks in (A) and (B) correspond to the structures in (C). The spectra were obtained from the ensembles of the final NVT equilibration
simulations at ambient conditions. Molecule categories are described in the text. Dividing the concentrations by 3.7 � 10�5 mol cm�3 yields the
molecule count across all ten simulations in a given ensemble.
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hybridization states. If a product molecule contained any small
(<10 atom) cyclic structures, it was classied as cyclic. The last
three categories sorted remaining molecules that did not fall
into categories (1)–(4) based on molecular weight relative to
glycine. Small molecules had masses less than glycine, other
medium-sized molecules had masses between 1- and 3-GMEs,
and the large oligomers had masses greater than 3-GMEs.

A number of different bonding and functional motifs were
found among the various products. Some of the glycine-like
molecules contain terminal carboxyl groups (Fig. 5(C)),
including the neutral (a) and zwitterionic (g) forms of glycine,
whereas others such as (b) and (f) exhibit a terminal sp3 carbon
with alcohol groups. Similar trends are seen among the digly-
cine analogs. Formation of sp3 carbon centers is perhaps not
This journal is © The Royal Society of Chemistry 2020
unexpected, as solid carbon allotropes typically exhibit sp3

bonding under high pressure.80,81 From the product distribu-
tion, it is evident that compression and shear can facilitate
formation of new peptide (C–N) bonds, yielding diglycine and
products with diglycine-like backbones. The highest concen-
tration of diglycine under compressive-shear is found at the
highest pressure and shear rate where it is equal to about 1 �
10�4 mol cm�3 (a mass fraction of 4%).

What is perhaps unusual is that diglycine (species (m)) can
seemingly form without evolving molecular water, which can be
seen upon inspection of the mass spectra for 10.2 GPa and Vx ¼
0.5 Å ps�1. The formation of diglycine during shear can be seen
in ESI Fig. S6,† where it rst appears in a single simulation aer
1.7 ps of applied shear. We extracted a tentative mechanism for
Chem. Sci., 2020, 11, 7760–7771 | 7767
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Fig. 6 Snapshots of some representative complex large oligomers (a–d) in the recovered products. The large oligomers generally consist of
several glycine molecules fused together through C–N, C–C, and/or C–O bridges and in some cases peptide bonds. Example (d) shows
a particularly large branched oligomer that spans the dimensions of the simulation cell (green lines). Dashed lines delineate the edges of the
oligomer terminated branch and (*) denotes the branching point.
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diglycine formation under shear, which is shown in Fig. 7. It is
a concerted mechanism that occurs within z150 fs and
involves three glycine molecules. A hydroxyl group is released
from one glycine as an sp3 carbon center forms at the carboxyl
group on a neighboring glycine. Simultaneously, a peptide bond
Fig. 7 Schematic for the concerted mechanism for 3 glycine molecules
water that occurs under pressure and shear conditions in amorphous gl

7768 | Chem. Sci., 2020, 11, 7760–7771
forms and a hydrogen is transferred from the amine on a third
glycine to form a triol. This results in one diglycine and a triol
molecule with sp3 carbon. Under shear, the triol molecule
undergoes subsequent reactions and becomes part of a large
oligomer. Diglycine was also observed with a higher
to react into diglycine and an intermediate without loss of molecular
ycine.

This journal is © The Royal Society of Chemistry 2020
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concentration in the recovered products in the control simula-
tions at 10.2 GPa where no shear was applied, see ESI Fig. S5.†
The triol molecule was also found in the recovered products, but
no large oligomers or water were present. A time history analysis
shown in Fig. S7 of the ESI† reveals that both diglycine and the
triol molecule form during the rst few ps of the pressure
unloading phase, not during the 25 ps while the system is held
at static pressure. This could indicate that concerted local
motions are required to induce this reaction in amorphous
glycine, and that the triol molecule may require compressive
shearing to quickly join into a larger oligomer.

Characteristics of the oligomerization process under shear
can be inferred from the recovered products. The three 2-GME
molecules shown in (h), (i), and (j) are distinguishable in that
they respectively involve a C–N, C–O, and C–C bond as the
oligomer linkage. The case with C–N linkage (h) is similar to the
pre-condensation reaction intermediate for diglycine forma-
tion.19,23 The three different linkage types are likely a conse-
quence of the amorphous starting material and rapid
compression and shear rates, with shear forcing bond forma-
tion between two glycine molecules respectively oriented in
head-to-tail, head-to-head, and tail-to-tail congurations.
Despite the idealized amorphous starting conguration, it is
not unreasonable to expect similar disordered congurations to
arise in crystalline samples as molecular crystals readily form
shear bands under complicated stress loads.

Growth of larger GMEs and other large oligomers under shear
is not strictly, or even typically, through formation of extended
linear structures. The two 3-GMEs shown in (k) and (l) exhibit
branched structures, respectively with pseudo-tertiary and
-quaternary linkage points at central nitrogen and carbon atoms.
Although not a 3-GME, product (s) is a linear oligomer of three
glycine molecules linked by C–O and C–N bonds. Inspection of
Fig. 6 highlights that growth of larger oligomers involves both
branching and linear chain extension. The example in 6(c) is
mostly linear, exhibiting only a single quaternary sp3 carbon
branch point. The other larger examples all exhibit more branch-
ing. Example 6(d) is a notable case in that part of the molecule
extends through the periodic boundary, while the rest leads off to
a terminated branch at point (*).

Beyond the formation of large oligomeric structures, the set
of recovered products highlights that shear is a possible driver
for formation of at least two other notable chemical motifs from
simple precursors such as glycine. The rst of these is synthesis
of small heterocycles and the second is formation of chiral
centers from achiral precursors. Although cyclic molecules
produced in this study have low concentrations, the two iden-
tied in our shearing simulations are found in a number of
natural products and other biomolecules. Product (u) is
a functionalized dioxolane and product (v) is a functionalized
amine-terminated oxazole. Dioxalanes are natural products82

and oxazoles are parent compounds for a number of heterocy-
clic aromatic organic molecules.83 Many of the products exhibit
one or more chiral centers. Product 6(b) is distinct in that it is
a large oligomer without a chiral center. Glycine analog (d) is the
smallest chiral molecule among our product distribution, and
while it is not an amino acid, it does exhibit the requisite
This journal is © The Royal Society of Chemistry 2020
carboxyl-amine form of one. Other larger chiral molecules
include 3-GME (l), diglycine analogs (o) and (p), both cyclic
molecules, and products (q), (r), and (s).

4 Conclusions

We develop a quantum-based molecular dynamics (QMD)
approach to model chemistry inside a rotational diamond anvil
cell (RDAC) and apply this approach to predict upper bounds on
the compressive-shear induced chemistry of glycine. Our
virtual-RDAC (V-RDAC) simulation design explicitly models
a material sample placed between hydrogen-terminated (111)
crystal faces of diamond that apply compression and simple
shear. Ensembles of V-RDAC QMD simulations were performed
using semiempirical density functional tight binding (DFTB) to
sample reactivity under compressive loads between 2.9 GPa# P
# 15.6 GPa at two different shear rates. Although the shear rates
are higher than those in typical RDAC experiments, the shear
rates could have been experienced in small terrestrial areas in
subsurface oceans or in shear bands under dynamic compres-
sion on short timescales. The simulations therefore help put
bounds on the plausible chemistry that can occur under such
dynamic conditions.

Our V-RDAC simulations predict a lower bound on the
pressure where glycine undergoes mechanochemical oligo-
merization of about 10 GPa at room temperature, and oligo-
merization increases at higher pressures and shear rates. A
large variety of molecules appear in the simulations including
molecules with new peptide bonds, chains of glycine molecules
connected by C–C, C–O, or C–N bridges, large branched oligo-
mers with atomic masses between 300–800 a.u., and cyclic
molecules. The polypeptide glycylglycine is found to have
a somewhat high average mass fraction of 4% in the recovered
products from the simulations at the highest pressure and
shear rate. A number of the large oligomers contain peptide
bonds along with non-peptidic C–C, C–O, and C–N bridges and
branching points at central C or N atoms. These oligomeric
species are likely intermediates to peptide-forming condensa-
tion reactions and may react further over time scales beyond
those accessible with QMD. Many of the molecules formed from
sheared compressed glycine exhibit one or more chirality
centers. Our study provides a “bottom-up” methodology and
prospectus for predicting possible mechanochemical or shear
induced prebiotic chemistry that can help bound future RDAC
studies as well as determine feasible life-building chemical
pathways that might have occurred on early Earth.
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