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ABSTRACT: Recent experiments with undersaturated aqueous glycine solutions
have repeatedly exhibited the presence of giant liquid-like clusters or nanodroplets
around 100 nm in diameter. These nanodroplets re-appear even after careful efforts
for their removal and purification of the glycine solution. The composition of these
clusters is not clear, although it has been suggested that they are mainly composed of
glycine, a small and very soluble amino acid. To gain insights into this phenomenon,
we study the aggregation of glycine in aqueous solutions at concentrations below the
experimental solubility limit using large-scale molecular dynamics simulations under
ambient conditions. Three protonation states of glycine (zwitterion = GLZ, anion =
GLA, and cation = GLC) are simulated using molecular force fields based on the
1.14*CM1A partial charge scheme, which incorporates the OPLS all-atom force field
and TIP3P water. When initiated from dispersed states, we find that giant clusters do not form in our simulations unless salt
impurities are present. Moreover, if simulations are initiated from giant cluster states, we find that they tend to dissolve in the
absence of salt impurities. Therefore, the simulation results provide little support for the possibility that the giant clusters seen in
experiments are composed purely of glycine (and water). Considering that strenuous efforts are made in experiments to remove
impurities such as salt, we propose that the giant clusters observed might instead result from the aggregation of reaction products of
aqueous glycine, such as diketopiperazine or other oligoglycines which may be difficult to separate from glycine using conventional
methods, or their co-aggregation with glycine.

■ INTRODUCTION
Glycine is the simplest amino acid and an important building
block of proteins. It is essential for life and has even been
detected in deep space.1 Given its fundamental role in
biochemical processes, it is essential that we understand its
basic physicochemical behavior, which includes its behavior in
aqueous solutions.
With this in mind, it is worth considering recent

experimental observations of large colloidal-scale aggregates
in undersaturated aqueous glycine solutions that defy initial
explanation.2,3 In this earlier work, all attempts to permanently
remove these large aggregates by purifying the glycine solution
apparently failed, which suggests that these giant clusters, or
nanodroplets, are an equilibrium phase of aqueous glycine
itself rather than an impurity. If true, this behavior is not
understood. Attempts to purify these aqueous glycine solutions
included nanofiltration to remove colloidal-scale objects and
repeated stages of re-crystallization and washing with deionized
water to remove remaining impurities. Nevertheless, even after
these efforts, nanodroplets re-appear in these solutions after a
lengthy nucleation period, sometimes lasting days. However,
nucleation of these nanodroplets can occur after less than 1 h
of vigorous stirring.
In turn, much of this prior work on clustering in aqueous

glycine solutions was motivated by the study of non-classical
nucleation,4−6 whereby the crystal phase nucleates from

solution via an intermediate non-crystalline microphase,
typically a liquid-like nanodroplet. Glycine is viewed as an
ideal model for these studies, given that it appears to exhibit
these intermediate liquid-like structures close to saturation and
is a relatively simple, small molecule. Moreover, work focused
on the nucleation of crystalline glycine from aqueous glycine
solutions shows that several factors can influence the resulting
polymorph formed, including additives and evaporation rates.7

Very interestingly, the formation of nanodroplets in super-
saturated glycine solutions can also be triggered by laser
irradiation.8−10

In fact, giant equilibrium clusters in solution are observed for
many solute−solvent systems.11 Typically, these involve large,
charged solutes that form even larger charge-stabilized clusters
with a specific average size. Examples include many kinds of
polyelectrolytes, including proteins12,13 and peptides.14

In many cases, the formation of giant equilibrium clusters
can be understood in terms of the SALR (short-range

Received: March 22, 2022
Revised: May 30, 2022
Published: June 21, 2022

Articlepubs.acs.org/JPCB

© 2022 The Authors. Published by
American Chemical Society

4711
https://doi.org/10.1021/acs.jpcb.2c01975
J. Phys. Chem. B 2022, 126, 4711−4722

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martin+B.+Sweatman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nasser+D.+Afify"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carlos+A.+Ferreiro-Rangel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Miguel+Jorge"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jan+Sefcik"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcb.2c01975&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c01975?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c01975?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c01975?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c01975?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c01975?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jpcbfk/126/25?ref=pdf
https://pubs.acs.org/toc/jpcbfk/126/25?ref=pdf
https://pubs.acs.org/toc/jpcbfk/126/25?ref=pdf
https://pubs.acs.org/toc/jpcbfk/126/25?ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcb.2c01975?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCB?ref=pdf
https://pubs.acs.org/JPCB?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/


attraction and long-range repulsion) model fluid.15,16 Although
details of the global phase behavior of the SALR model are still
actively researched, it is known to form giant clusters at a low
concentration under suitable conditions. These clusters are
size-limited because growth of a bulk liquid phase is arrested
by the accumulation of repulsive (typically screened coulomb)
interactions as the cluster size increases.
Since the length scale is arbitrary in the SALR model, there

is no reason in principle why small molecules with effective
SALR interactions in solution should not also form giant
clusters like their much larger counterparts. However, in such
cases, the clusters themselves are likely to be smaller, perhaps
too small in many cases even for optical microscopy to image,
and therefore, the presence of giant equilibrium clusters in
many small-molecule solutions, similar to aqueous glycine,
might have gone unnoticed.
This is the context of this work. Glycine is considered a very

small and highly soluble molecule which mainly forms
zwitterionic species in solution at near-neutral pH. It is,
therefore, usually thought unlikely to form giant equilibrium
clusters in undersaturated solutions. Nevertheless, large,
persistent, and apparently equilibrium clusters or nanodroplets
are observed in experiments with aqueous glycine. They appear
to be sensitive to experimental conditions and influence glycine
crystallization nucleation rates and the resulting glycine
polymorph. The key question, which this work seeks to
address, therefore, is whether these clusters are composed
mainly of glycine or an impurity. Moreover, is the SALR
mechanism responsible for their formation? Insights into these
questions could lead to progress in understanding the behavior
of glycine, other amino acids, and small soluble molecules in
solution, as well as the phenomenon of non-classical nucleation
more generally.
Experimental Evidence for Giant Clusters in Under-

saturated Aqueous Glycine Solutions. Jawor-Baczynska et
al.2 studied undersaturated and supersaturated aqueous
solutions of glycine (and DL-alanine) by dynamic light
scattering (DLS), Brownian microscopy (nanoparticle tracking
analysis or NTA), and cryogenic transmission electron
microscopy (cryo-TEM). In all cases, they found submicron-
sized aggregates in equilibrium with the solutions. These
liquid-like nanostructures are reportedly stable, and their size
distribution and number concentration depend on solution
properties and concentration. Clusters detected by DLS and
NTA have a broad size distribution with the mode in the range
of 100−300 nm even in glycine solutions at concentrations
below 10% of the solid phase solubility limit. A cryo-TEM
image apparently shows one of these clusters directly. A simple
calculation shows that for near-saturation conditions and in the
absence of impurities, these clusters can contain only a minute
fraction of all the dissolved glycine (of the order of 0.0001%).
Further work shows that similar nanodroplets also exist under
supersaturated conditions, and they appear to be important in
the pathway to crystallization,7 that is, a non-classical crystal
nucleation pathway is proposed for aqueous glycine. Repeated
filtration and re-crystallization attempts show that the
nanodroplets can be removed, but only temporarily. They
typically reform in aged samples after a few days or more
quickly if stirred. This suggests that they are an equilibrium
phase of aqueous glycine.
More recent work includes the detection of glycine clusters

with SAXS and NMR.3 The presence of nanodroplets in
undersaturated solutions is confirmed by SAXS. Moreover,

both SAXS and NMR appear to detect the presence of a low
concentration of small glycine clusters involving only a few
molecules, possibly hydrated glycine pairs.

Molecular Dynamics Simulations of Aqueous Glycine
Solutions. Molecular simulation techniques have also been
used to study glycine solutions.17−22 These calculations are
sensitive to the choice of force field and, especially, atom
partial charges, and therefore, it is not surprising that there
have been many efforts to obtain suitable atomistic charge sets
optimized for aqueous glycine solutions.21,22

Studies focused on the investigation of clustering of glycine
in aqueous solutions using molecular simulation methods have
typically found that while glycine dimers occur frequently, they
are not a dominant configuration and have short lifetimes even
at relatively high undersaturated concentrations.17−20 There-
fore, glycine monomers dominate in solution, and only
transient clustering between a few glycine molecules is typically
reported; giant clusters are absent entirely from these
simulations. This agrees with experimental evidence that no
more than 10% of glycine molecules in aqueous solution occur
in the form of dimers.3,23

However, Bushuev et al. reported the cluster size
distribution for undersaturated aqueous glycine solutions for
cluster sizes >10 molecules.24 They found the cluster size
distribution to be a quickly decaying function of cluster size,
which means that a peak in the cluster size distribution at large
cluster sizes is absent. Therefore, in all simulations performed
to date, there is no hint of the giant clusters suggested to occur
in experiments, although the system sizes used in these
simulations are too small to exhibit colloidal-scale objects.
In all the above molecular simulation work, the only glycine

species simulated is the zwitterion, which has zero net charge.
Charged species of glycine, that is, the anion and cation, which
are always present in solution, are absent in these simulations.
Since giant cluster formation via the SALR mechanism seems
unlikely with only the uncharged zwitterion species present,
giant equilibrium clusters are not expected to occur in these
simulations. Moreover, it is known that large free-energy
barriers can exist between the dispersed state and the clustered
state of an SALR cluster fluid.25 This means that it is possible
that even if giant glycine clusters were stable at equilibrium in
such simulations, they might not form from initially dispersed
states in a reasonable time. Furthermore, the simulations of
undersaturated glycine performed to date have been limited by
their size, with typically fewer than 50 zwitterionic glycine
molecules. Since it is possible that the critical nucleus size is
much larger than this, none of the work performed so far has
addressed the questions we seek to address.
To this end, we perform large-scale molecular dynamics

(MD) simulations of aqueous glycine looking for signals of
giant clustering behavior. We perform simulations with the
zwitterion, cation, and anion species and initiate selected
simulations from initially clustered states to overcome
aggregation barriers. We also add salt (NaCl) to some
simulations to gain insights into the potential role of
impurities. The remainder of this paper is structured as
follows. First, we describe our simulation methods and models.
We then examine our simulation results and relate them to
experimental data. Finally, we summarize and conclude our
work.
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■ SIMULATION METHODS

Gaseous glycine consists mainly of neutral molecules (GLY),
but when absorbed into water, glycine predominantly exists in
the zwitterionic state (GLZ). The concentration ratio of the
zwitterionic (GLZ) to neutral (GLY) forms is roughly 1:10−5,
while the relative concentration of the anionic (GLA) and
cationic (GLC) forms depends strongly on the pH.26 At high
pH (>9.7), the negatively charged anionic (GLA) form
dominates, while at low pH (<2.4), the positively charged
cationic (GLC) form dominates. At the isoelectric point, pH ∼
6, the concentration of GLZ is roughly 1,000 times that of
GLC and GLA. It is conceivable that if the giant clusters seen
in experiments consist mainly of glycine, they are composed of
a mixture of glycine species with an unknown composition.
However, considering the low concentration of the neutral
form (GLY) at all pH values, we consider it unlikely that it
plays any role in cluster formation. Therefore, we require
accurate molecular models developed to reproduce sensitive
aqueous phase properties for GLZ, GLA, and GLC, as well as
water (see Figure 1 for ball-and-stick models of these glycine
species).
Considerable effort has been dedicated to creating well-

calibrated molecular force fields for organic molecules in the
aqueous phase. The 1.14*CM1A charge scheme27 is a recent
re-calibration of the OPLS-AA force field,28,29 with the explicit

aim of better reproduction of hydration-free energies.
Furthermore, it is currently the only force field available for
modeling the glycine cation and anion, GLC and GLA,
respectively. We therefore use this force field in our
simulations. These models are calibrated with respect to a
specific model of water, namely TIP3P, which we therefore
also use as our water model.30

Atom partial charges, as well as all other OPLS-AA force
field parameters (see the Supporting Information), for the
1.14*CM1A partial charge set are easily obtained from the
LigParGen website (with three optimization iterations).31 We
compare them in Table 1 with other partial charge schemes
recommended by other authors for the GLZ form. It can be
seen that 1.14*CM1A partial charges are slightly more
polarized than those recommended by Cheong and Boon21

and by Gnanasambandam et al.22 after studying different
aspects of aqueous glycine behavior. However, those authors
recommend the generalized AMBER force field (GAff) or
AMBER ff03 values for atomic Lennard-Jones (LJ) interactions
instead of the OPLS-AA force field used here, and therefore,
there might be some compensation between the LJ and partial
charge values for each force field.
There is no prospect of simulating clusters of the size seen in

experiments within an MD simulation with atom-scale
accuracy. Given the available computing resources, for practical

Figure 1. Ball-and-stick models of zwitterion (a), cation (b), and anion (c) glycine molecules.

Table 1. Atom Partial Charges for Several Published Glycine Force Fields, Including Those Used in This Worka

Reference 21 GLZ CNDO Reference 22 GLZ DNP this work GLZ 1.14*CM1A this work GLC CM1A this work GLA CM1A

N 0.022 −0.127 −0.4549 −0.3735 −0.8552
H 0.164 0.199 0.394 0.3664 0.3183
H 0.208 0.218 0.394 0.3664 0.3183
H 0.199 0.224 0.394 0.3664
Subtotal 0.593 0.514 0.7271 0.7257 −0.2186
C −0.021 0.007 −0.2299 −0.1714 −0.0788
H 0.033 0.064 0.1343 0.17055 0.0615
H 0.03 0.061 0.1343 0.17055 0.0615
Subtotal 0.042 0.132 0.0387 0.1697 0.0442
C 0.374 0.483 0.5018 0.4161 0.4162
O −0.483 −0.578 −0.6338 −0.3234 −0.6209
O −0.526 −0.552 −0.6338 −0.4205 −0.6209
H 0.4324
Subtotal −1.009 −1.13 −1.2676 −0.3115 −1.2418
Total 0 −0.001 0 1 −1

aThe “1.14” multiplier for partial charges only applies to neutral molecules.27,31 Subtotals are reported for several atomic groups. Note that the
slight imbalance reported in ref 22 is likely due to truncation at three decimal places.
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purposes, we chose to perform simulations with a maximum of
450 glycine molecules in various charge states. In experi-
ments,2,3 giant clusters are observed at sub-saturated
concentrations down to 10 mg/mL, where the solubility
limit is 236 mg/mL.32 Cluster size is observed to be weakly
dependent on concentration, although a general shift to larger
clusters is seen on approaching the solubility limit. Clearly, if
these clusters are composed mainly of glycine, we expect that
they will be more stable at higher glycine concentrations. We
therefore perform simulations at concentrations of around half
the experimental solubility limit between 125 and 145 mg/mL,
where they should form more readily in simulations. For 450
glycine molecules with a range of charge states, this
corresponds to 13,500 water molecules.
As it is well known that giant cluster formation can involve

high free-energy barriers, which will tend to prevent the
formation of giant clusters in simulations initiated from a
dispersed state, we initiate some simulations from a pre-formed
cluster state. If during a simulation this cluster dissolves, then it
is clear that the dispersed state is more stable at this
concentration and system size. Likewise, if large clusters are
formed in simulations initiated from a dispersed state, then the
clustered state is clearly more stable. If, however, both the
dispersed and clustered states are apparently stable when
initiated from those respective states, no decision can be made
on the equilibrium state without recourse to expensive free-
energy calculations. Moreover, if a single large cluster persists
in the clustered state, we cannot decide from these limited
simulations on the equilibrium cluster size or whether a bulk
liquid−liquid phase transition would occur in the thermody-
namic limit. Given that there are no such bulk liquid−liquid
phase transitions observed in experiments, we rule them out on
that basis. Therefore, if a single large cluster persists within a
simulation, we expect that the equilibrium cluster size is likely
to be larger than observed in the simulation.
Our classical MD simulations were carried out using the

large-scale atomic/molecular massively parallel simulator
(LAMMPS) code33,34 accelerated for Intel processors.35 The
computational work was carried out on the Eddie high-
performance computing (HPC) cluster available at the
University of Edinburgh. Initial geometries were created
using the PACKMOL software package.36 For each sample,
we performed two independent simulations starting from
dispersed and pre-clustered solutions. Table 2 lists concen-
trations, equilibrium densities, and the number of charged and
neutral molecules in each simulation.
Since we did not use a flexible force field for water, all

simulations employed a time step of 2.0 fs. Cubic periodic
boundary conditions were applied in all directions to mimic
bulk liquid samples. Long-range coulombic interactions were
evaluated using the particle−particle/particle-mesh solver33

using a precision factor of 10−5 and a real-space cut-off of 1.2

nm. The short-range interaction cut-off was also set to 1.2 nm.
After tight optimization of all initial geometries, MD
simulations were performed for between 22 and 28 ns,
employing the isothermal−isobaric (NPT) ensemble. Simu-
lations were initiated with densities much lower than the ones
reported in Table 2, but pressure and temperature equilibra-
tion was achieved in every case after a short simulation time in
the NPT ensemble. The temperature and pressure were
controlled using the Martyna−Klein−Tuckerman thermostat
and barostat37 using temperature and pressure coupling factors
of 0.2 and 2.0 ps, respectively.

■ RESULTS

Beginning with pure GLZ in water, Figure 2a−d show the
initial and near-final (22.0 ns) microstates of our NPT MD
simulation for both situations, that is, where the simulation is
started from a dispersed state or from a clustered state.
Underneath the snapshots, we plot the near-final radial
distribution functions (rdfs), g(R), at 22.6 ns for these two
cases, along with the evolution of the coordination number at
0.65 nm, in Figure 2e,f. The radial distribution functions are
based on the nitrogen atom of each molecule (averaged over
0.1 ns), while the coordination number is simply the average
number of nitrogen atoms surrounding a central one within
0.65 nm evaluated by integrating the rdf. This choice of cut-off
for the coordination number (0.65 nm) essentially highlights
the number of nearest neighbors in terms of nitrogen atoms,
which corresponds to the first peak in g(R). For states with
large clusters, we expect the rdf to display further peaks at an
intermediate range, corresponding to next-nearest neighbors
and their neighbors. As separation increases, these inter-
mediate-range peaks will decay to create a slowly decaying
plateau in g(R), which itself will decay to 1 at a long range
beyond the diameter of any large cluster in the system.
Therefore, intermediate-range bumps in g(R) are a useful
signal of large clusters.
We can clearly see that the system is stable when initiated

from a dispersed state; no large cluster is formed even after
27.0 ns. Instead, small clusters and chains of glycine with a
slowly decaying population with size are observed in line with
the results of Bushuev et al. (although the 2-D presentation
likely over-emphasizes the true population of small clusters in
the 3-D simulation cell). However, these small clusters are not
of interest in this study, in which we seek signals of very large
clusters in line with the expectations of an SALR cluster fluid.
Such clusters are generally very obvious, with a peak in their
size distribution far above 1. As already stated, they typically
generate significant bumps in g(R) at an intermediate range
and lead to large values of the coordination number. This
behavior is absent in Figure 2e,f for the plots corresponding to
initiation from a dispersed state.

Table 2. Parameters for the MD Simulations Performed in This Worka

simulation initial state C (mg/mL) #GLZ #GLC #GLA #Na+ #Cl− #H2O density (g/mL)

Pure GLZ dispersed 143.23 150 4500 1.079
Pure GLZ clustered 143.1 150 4500 1.078
GLZ + GLC + GLA dispersed 127.74 150 150 150 13500 1.047
GLZ + GLC + GLA clustered 127.58 150 150 150 13500 1.046
GLZ + GLC + GLA + NaCl dispersed 125.59 150 150 150 150 150 13500 1.062
GLZ + GLC + GLA + NaCl clustered 125.49 150 150 150 150 150 13500 1.061

a# refers to the number of molecules or ions of each type. The density and concentration, C, correspond to final states.
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Figure 2c,d shows analogous results when initiated with a
large pre-formed cluster of GLZ. We see that the cluster

quickly disperses into the water. Although a relatively large
cluster still remains in the near-final snapshot (Figure 2d),

Figure 2. MD simulations of pure GLZ in water. Initial (t = 0) dispersed (a) and clustered (c) microstates are shown next to the corresponding
near-final (22.0 ns) microstates, (b,d) respectively. The color codes for the snapshots are oxygenred; nitrogenblue; carbongray; and
hydrogenwhite. The dashed line denotes the periodic simulation cell boundary. Water molecules are removed for clarity. Lower panel shows
near-final (22.6 ns) rdfs for both situations (e) along with the evolution of the coordination number up to 0.65 nm (f).
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which generates a large bump at an intermediate range in the
plot of g(R) in Figure 2e, it is much smaller than the initial one,
and the near-linear evolution of the coordination number
(Figure 2f) suggests that it will fully disperse before 40 ns.
From this, we conclude that pure GLZ in water is unlikely to
form giant clusters spontaneously.
Figure 3 shows equivalent results for an equimolar mixture

of GLZ, GLA, and GLC when initiated from a dispersed state
at a similar overall concentration to the pure GLZ case
described above. This composition is unrealistic for the
dispersed state for all values of pH since we would normally
expect GLZ to dominate at near-neutral conditions, while GLC
is expected to dominate at high pH and GLA is expected to
dominate at low pH. However, if the giant clusters seen
experimentally are composed mainly of glycine, their
composition in terms of the three glycine species is unknown

and may well be quite different from the composition observed
in the background solution. By including all three species at an
equimolar concentration, we aim to detect whether inter-
actions are sufficiently strong between any of them to promote
or preserve giant clustering. That is, we expect that if no
evidence of clustering is observed even in this ternary mixed
case, then clustering is unlikely to occur for any set of mixture
concentrations.
Once again, no large clusters are formed during the

simulation. No large bumps in g(R) at the intermediate
range are apparent (see Figure 3c), and the coordination
numbers for all species remain low in Figure 3d. Among the
different components, we see from the rdfs in Figure 3c, and
especially the coordination numbers in Figure 3d that the
strongest effective interactions are mutual interactions between
GLZ molecules. Perhaps surprisingly, they appear to be as

Figure 3. MD simulations of an equimolar mixture of GLZ, GLA, and GLC in water initiated from a dispersed state. Initial (t = 0) and near-final
(22.0 ns) microstates are shown at the top (a) and middle (b), respectively. The left-most panel in parts (a,b) shows every glycine component,
while the other panels only display a specific component; GLZ, GLC, and GLA from left-to-right. The color code is the same as in Figure 2. Lower
panel (c) shows the near-final (22.6 ns) partial rdfs along with the evolution of partial coordination numbers up to 0.65 nm in part (d). The rdfs
and coordination numbers labeled “x-any” are the sum of the respective partial rdfs and partial coordination numbers. The color codes in these
lower two plots are the same.
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intense as the effective interactions between GLC and GLA,
which have net opposite charges, but occur over a wider range
of separations (see Figure 3c) resulting in a greater net
attraction and significantly more nearest neighbors in Figure
3d. This suggests that water is able to effectively screen the
strong interaction between oppositely charged glycine ions.
Another feature is observed in g(R) at short range, ∼0.28 nm,
for the plots involving the anion GLA. This sharp peak is
caused by the reduction of charge on the amine group of the
anion, which allows nitrogen atoms to approach more closely.
Figure 4 shows results analogous to Figure 3, except now the

simulation is initiated from a clustered state. As we have just
shown that large clusters of pure GLZ are unlikely to be stable,
and the strongest interactions are expected to occur between
GLZ molecules, we do not expect this large mixed cluster to be
stable either, and this is borne out in the simulation. Indeed,
we see that the initial large cluster gradually decays, and it
continues to disperse at the end of the simulation. Once again,
from the coordination number plots (Figure 4d), we see that
the strongest interaction is the mutual one between GLZ

molecules, and there is no special affinity between GLC and
GLA. While this suggests the cluster should decay more
quickly than in the case of pure GLZ in Figure 2, this is not the
case. Indeed, it is not obvious from this simulation whether the
final state will be fully dispersed or whether a small cluster will
remain at equilibrium. However, given that the coordination
number for “GLZ-any” in the dispersed system in Figure 3d
attains values higher than 3.0 near the end of the simulation,
while the corresponding coordination number for the clustered
system, in Figure 4d, attains values close to 4.0 by the end of
the simulation and appears to be decreasing further, it seems
likely that the remaining cluster will probably also disperse
given sufficient simulation time.
Moreover, the concentration of glycine molecules in the

dispersed phase outside of the cluster becomes quite high
toward the end of the simulation, which is at odds with the
experimental results, which show that giant clusters persist
even at quite low glycine concentrations. Of course, it remains
a possibility that our simulations are still too small and below
the threshold required to sustain a giant glycine cluster, that is,

Figure 4. Snapshots and data analogous to Figure 3, except that simulations are initiated from a clustered state.
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the real critical nucleus is larger than 450 molecules.
Nevertheless, we conclude from this result that large glycine
clusters are probably unstable in water under these conditions.
Considering that this concentration is far higher than that
observed experimentally for some giant clusters and that our
composition is chosen to reveal potential signals of clustering
between any of the three components, we do not expect the
experimentally observed clusters to be formed of glycine alone.
If the giant clusters seen experimentally do not consist of

pure glycine, they might alternatively be nucleated around
impurities. In experiments, the pH of glycine solutions is
tailored by adding strong acids or bases, such as HCl and
NaOH. Therefore, salt ions are one obvious impurity that
might play a role in giant cluster formation. To examine this
possibility, we repeated the above simulations corresponding
to Figures 3 and 4 but with added salt ions.

Figure 5 shows data from the simulation resulting from
adding an equimolar mixture of salt ions, Na+ and Cl−, to an
equimolar mixture of GLZ, GLC, and GLA. Essentially, the
simulation now contains 150 molecules or ions of each type,
along with 13,500 water molecules (see Table 2). By the end of
the simulation, we see from Figure 5b that several fractal-like
clusters of GLZ + GLA + Na+ have formed. The cation, GLC,
and Cl− remain in a dispersed state. Cluster growth is tracked
by the coordination number plots in Figure 5d, while Figure 5c
confirms their presence at the end of the simulation by
displaying a large bump in g(R) at an intermediate range.
The reason for this preferential clustering involving GLA or

GLZ and Na+ is not obvious. One possibility can be deduced
from Table 1, which shows the atomic partial charges involved.
We see that both GLZ and GLA feature strong charge density
at the anionic terminus (1.27 e on the OO− group), where the
pair of oxygen atoms shield the positively charged carbon to

Figure 5. Snapshots and data analogous to Figure 3, except an equimolar amount of salt ions are added. The GLC snapshot also shows Cl−, while
the GLA snapshot also shows Na+.
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which they are bonded to some extent. Comparison with the
cationic terminus of GLZ and GLC, NH3

+, shows that it has a
weaker charge density (−0.73 e on the NH3

+ group), where
the hydrogen atoms are too small to shield the nitrogen atom
to which they are bonded. Presumably, then, water is unable to
effectively screen a small ion like Na+ against this strongly
charged OO− region of both GLA and GLZ, while it can
screen Cl− against the more weakly charged NH3

+ region of
GLC and GLZ. Another possibility for this preference to
cluster around sodium ions is that there might be a hydration
asymmetry between the sodium and chlorine ions.40

These clusters are composed of oppositely charged species,
GLA + Na+, plus the zwitterion GLZ. Given that they form
spontaneously from a dispersed solution, we can expect that
they will also persist when the simulation is initiated from a
clustered state. And indeed, this is the case. Figure 6 shows the
analogous data for this situation. We see from Figure 6b that a
single large cluster of GLZ + GLA + Na+ remains in the

simulation, while the GLC and Cl− again disperse. The
coordination plots in Figure 6d, which show only slow decay
toward the end of the simulation, confirm that the cluster is
stable after the GLC and Cl− disperse, while Figure 6c again
displays a significant bump in g(R) at the intermediate range.
Unfortunately, we cannot determine the equilibrium size of the
cluster under these conditions since our simulations are likely
to be limited by finite size effects. That is, we cannot know
from this single simulation whether, for a much larger
simulation, a single cluster, or multiple clusters with a similar
size to the one here, is the equilibrium state.

■ DISCUSSION AND CONCLUSIONS

Our MD simulations show that, at least for this model of
glycine in water at undersaturated conditions, pure glycine
does not show any tendency to form giant clusters. This also
applies when all species of glycine, GLZ, GLA, and GLC, are

Figure 6. Snapshots and data analogous to Figure 4, except an equimolar amount of salt ions are added. The GLC snapshot also shows Cl−, while
the GLA snapshot also shows Na+.
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considered. This is our main result, which has not been
reported before.
Even though the composition of the clusters observed in

experiments is unknown, by performing simulations with a
high concentration of each species initiated from a clustered
state, it is apparent that none of the interactions between any
of the species is sufficiently strong to maintain a clustered state.
Therefore, we find little support for the hypothesis that
experimentally observed giant clusters in aqueous glycine
solutions below the solubility limit are composed mainly of
glycine and are formed without the action of any impurities.
However, we do find large stable clusters involving glycine

when small positive ions, corresponding to salt or a strong
base, are added to the solutions. This finding supports the view
that the giant clusters observed in experiments are probably
triggered by the presence of impurities, especially charged
impurities that form complex clusters with GLZ and GLA.
Set against this view is the fact that giant clusters are

observed even in aqueous glycine solutions that have been
through several rounds of re-crystallization and filtration that
aim to remove such impurities.2,3 Therefore, it is doubtful that
there are sufficient levels of such salt impurities remaining in
those experiments to trigger any significant clustering behavior.
Moreover, when a small amount of salt is deliberately added to
aqueous glycine, there is no obvious change observed in the
giant clusters.3 This negative experimental result might indicate
that despite our best efforts, our force fields are inadequate.
Alternatively, the clustering observed with added salt in our
simulations might be of a different kind to the nanodroplets
observed in experiments.
Ultimately, we still do not have a clear picture of the identity

and formation mechanism of the giant clusters observed
experimentally, although it seems unlikely that they are formed
of pure glycine. Of course, there are also several problems with
our simulation methods that might prevent large clusters from
forming, and therefore, our conclusion must remain somewhat
qualified. Most obviously, our results depend sensitively on the
force fields used. Although we have tried to select a good force
field based on the 1.14*CM1A protocol, which has been
optimized to reproduce hydration-free energies, this model
might still be inadequate to realistically reproduce glycine
aggregation. In addition, our simulations remain very small
compared to the cluster size observed experimentally. There-
fore, it is possible that we have not exceeded the critical cluster
size for giant cluster nucleation.
Despite these potential issues, there are good reasons for

thinking that the results here are a fair reflection of reality and
therefore that the giant clusters observed in aqueous glycine
experiments are probably not composed purely or mainly of
glycine. One strong argument against them being composed
primarily of glycine is that the concentration of giant clusters in
the experiments is very low. Indeed, we estimate that even
close to the saturation limit, if the nanodroplets are composed
mainly of glycine, less than one in a million glycine molecules
is involved in their formation. This is a tiny proportion that
appears to hold for a wide range of glycine concentrations.
This behavior cannot be explained by the SALR mechanism

for giant cluster formation, or indeed by liquid droplet
nucleation in the process of bulk phase separation, if the
clusters are formed primarily by glycine. In either case, we
would expect to see the proportion of molecules in the liquid-
like phase grow very quickly using arguments similar to the
Lever rule once the critical cluster concentration or dew point

concentration is exceeded. However, this has not been
observed in any experiment. These observations hint at cluster
formation controlled by impurities, in agreement with the
simulations we present here. And yet, strenuous efforts have
been made to remove all such impurities in experiments.
A potential solution to this apparent contradiction is that in

aqueous solutions, glycine undergoes several reactions
spontaneously, forming two main kinds of products. On the
one hand, aqueous glycine undergoes a dehydration reaction to
form the short peptide diglycine. This dehydration reaction is
relatively slow, and, of course, the reaction equilibrium is
biased heavily toward reactants. Nevertheless, at equilibrium,
we expect the concentration of dipeptide to be about 1,000th
that of glycine,38 similar to the glycine cation and anion, GLC
and GLA, under neutral conditions near the isoelectric point.
In turn, further dehydration reactions generate a hierarchy of
longer glycine peptides, each with a decreasing concentration
at equilibrium with aqueous glycine.39

Although we do not expect the equilibrium concentrations
of these peptide reaction products to exceed their solubility
limits40 and they are not observed to precipitate in experi-
ments, they might nevertheless aggregate to form liquid-like
clusters in solution. Indeed, simulations involving aqueous
pentaglycine suggest that it spontaneously forms large clusters
in solution.41 However, these simulations are performed at
pentaglycine concentrations far higher than the concentration
of pentaglycine expected in equilibrium with aqueous glycine.
Therefore, it is unclear whether pentaglycine is a solution to
our problem. Unfortunately, clustering involving smaller
glycine peptides has not been investigated in this way.
Alternatively, a more interesting reaction product of aqueous

glycine is diketopiperazine. This molecule is essentially the
cyclic version of diglycine and is formed through two
dehydration reactions. Its equilibrium concentration relative
to diglycine in aqueous glycine solutions is not reported,
although the formation of diketopiperazine might be favored in
the presence of a silica catalyst.42

Very interestingly, diketopiperazine is a powerful small-
molecule gelling agent,43 and its solubility in water is less than
10% that of glycine, being around 1.5% by weight under
standard conditions.44 Indeed, a great deal of research in recent
years has focused on diketopiperazine and its derivatives for a
wide range of applications,45 especially biomedical ones such as
cancer treatment, for which it is thought to have significant
advantages over linear peptides.46 The gelation property of
diketopiperazines has been extensively studied and persists at a
low concentration. It is caused by the tendency of
diketopiperazines to form long hydrogen-bonded chains in
solution owing to the possibility for each molecule to be
involved in four hydrogen bonds, that is, two per molecule in
the chain.43,45 Side chains derived from amino acids other than
glycine can alter this chain-like structure, leading to planar,
fibrillar, and other mesostructures in solution.47 However,
there appears to be no research into the physical structures
formed by diketopiperazines at concentrations below the
gelation limit. Therefore, it is unclear whether diketopiperazine
spontaneously forms giant clusters in aqueous solutions below
the gelation limit.
Nevertheless, this behavior might explain some of the

experimental observations in aqueous glycine solutions in
several respects. First, we know that only a tiny fraction of the
molecules in aqueous glycine solutions are involved in the
formation of the clusters observed, and this indicates low-
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concentration impurities with strong short-ranged attractions.
Diketopiperazine will form at low concentrations in such
experiments, and its mutual interaction through a network of
hydrogen bonds suggests the possibility of a strong short-
ranged attraction. Second, its formation rate is relatively slow,
and thus, even if removed by re-crystallization and washing, it
will inevitably re-appear in solution after a significant delay.
Again, this agrees with observations that giant clusters only
reform in glycine solutions several hours to days after re-
crystallization attempts. Finally, silica, a component of glass
used for containers and stirring rods in experiments, might act
as a weak catalyst for the formation of diketopiperazine from
glycine.
If the large clusters observed in aqueous glycine experiments

are indeed formed primarily of diketopiperazine or other
oligoglycines, then we can expect that they will also absorb
significant amounts of glycine, the dominant solute, from
solution. Therefore, these nanodroplets might well consist of a
mixture of components, including glycine and its many
reaction products in solution. Furthermore, small oligoglycines
may be difficult to separate effectively from aqueous glycine
using conventional separation methods. Even for crystalliza-
tion, this may be challenging due to the potential formation of
multicomponent solid phases, such as crystalline solid
solutions, which have been observed for some amino acids.48

Therefore, our main recommendation from this work is that
the focus of this investigation should shift to the study of
reaction products of aqueous glycine, that is, small
oligoglycines and especially diketopiperazine. Although these
reaction products occur at relatively low concentrations in
aqueous glycine solutions, some of them, like diketopiperazine,
might exhibit sufficiently strong short-ranged attractions due to
hydrogen bonding or cross-interactions with glycine to trigger
aggregation. Moreover, because diketopiperazine is a secon-
dary amine with two amine sites, the long-ranged repulsion
required for stabilization of giant clusters via the SALR
mechanism is also apparent through protonation of a
proportion of the secondary amine sites.
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