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ABSTRACT: The Posner molecule, Ca9(PO4)6, has long been recognized to have
biochemical relevance in various physiological processes. It has found recent
attention for its possible role as a biological quantum information processor,
whereby the molecule purportedly maintains long-lived nuclear spin coherences
among its 31P nuclei (presumed to be symmetrically arranged), allowing it to
function as a room temperature qubit. The structure of the molecule has been of
much dispute in the literature, although the S6 point group symmetry has often
been assumed and exploited in calculations. Using a variety of simulation
techniques (including ab initio molecular dynamics and structural relaxation),
rigorous data analysis tools, and by exploring thousands of individual
conﬁgurations, we establish that the molecule predominantly assumes lowsymmetry structures (Cs and Ci) at room temperature, as opposed to the highersymmetry conﬁgurations explored previously. Our ﬁndings have important
implications for the viability of this molecule as a qubit.

T

(J) couplings (e.g., three unique coupling constants for S6).11
Understandably, other molecular symmetries could treat groups
of 31P nuclei as distinct, thus resulting in a larger number of
pertinent scalar couplings.13 As the ability of the system to
sustain long-lived spin coherences is starkly related to the
asymmetry in the coupling network,14−18 the spin physics of
PMs is inherently linked to the molecule’s point group
symmetries. Further, the presence of an inversion center in the
PM, as found for S6, would render the intracluster dipolar
coupling block-diagonal in a basis of well-deﬁned parity under
exchange of two 31P nuclei related by inversion. As a
consequence, the inclusion of a singlet-polarized diphosphate
molecule in such a cluster could generate long-lived spin
population diﬀerences, spared from fast spin relaxation by the
dipolar coupling within the PM.
The structure of the isolated PM is unknown. However, a
series of studies2,10,11,19 suggest a high degree of symmetry, e.g.,
S6 and beyond, which was later exploited10 in deriving the
molecule’s hypothetical entanglement-driven interaction mechanisms.11,20 That the symmetry of the cluster might in fact be
lower, has, on the other hand, been pointed out as early as 2003
in the work of Yin et al.4 and then later in refs 20 and 11. On the
basis of studies of the PM so far, two possibilities ought to be
addressed: (a) could the molecule exist as a stable entity, i.e.,

he calcium phosphate trimer, Ca9(PO4)6, is of special
biological interest. First discovered in the bone mineral
hydroxyapatite in 1975 by Betts and Posner,1 and henceforth
coined the Posner molecule (PM), it is thought to form the
structural building block of amorphous calcium phosphate.2 Its
presence in simulated body ﬂuids was conﬁrmed by Onuma and
Ito,3 and its aggregation has been hypothesized to underpin
bone growth.4−7 More recently, it has been proposed that the
31
P nuclear spins within PMs can maintain long-lived
entanglement and that this could play an important role in
nervous excitation via synaptic Ca2+ ion release.8−10 These and
other studies11 have subsequently explored PMs as potential
“neural qubits”, drawing upon the fact that nuclear spin
coherence times associated with these systems have been
found to be exceptionally large per theoretical estimates. Such
studies have suggested or assumed that the prototypical
structure for the PM is one with an S6 molecular point group
symmetry, at least on average.10 Furthermore, in the presence of
a well-deﬁned rotation axis of the cluster (such as the 3-fold C3
rotational symmetry of the supposed S6 symmetric cluster), the
binding and unbinding of PMs could arguably act as a
“pseudospin” entangler of the nuclear spin states of multiple
PMs, which is a necessary precondition for the “quantum brain”
concept, as suggested in ref 10.
In the context of the aforementioned mechanism, molecular
point group symmetries for PMs are important because they
dictate the form of the spin−spin coupling network. The
number of independent components in this network is directly
related to the point group symmetry of the structure.12 Certain
molecular symmetries can render the six 31P nuclei magnetically
equivalent (e.g., S6), resulting in a small number of unique scalar
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Figure 1. (a) The scheme used for creating over 10 000 structures by rotating the phosphate units and scaling all the coordinates with respect to the
central atom. The blue, purple, and red spheres represent Ca, P, and O atoms, respectively. (b) Percentage occurrence of each point group symmetry
after ab initio structural relaxation of over 10 000 initial structures (DFT with B3LYP hybrid functional and 6-311G(d,p) basis set).

As the PM is hypothesized to exist in a variety of molecular
symmetries,10,19,22 we set out to identify symmetric minima on
the PES of the molecule. To cover an appreciable portion of the
PES of the PM, we used various techniques to set up the initial
atomic positions and diﬀerent analysis techniques to extract the
relevant data, as detailed below.
First, a wide variety of possible structures were created by
modifying some of the techniques used in previous studies.22
This resulted in over 10 000 viable structures. A schematic
representation of the method can be seen in Figure 1a, and
further details are provided in the Supporting Information. In all
cases, once the molecular structure was optimized using ab initio
structural relaxation, the resultant conﬁguration had low
symmetry, i.e., either Cs, Ci, or no symmetry (C1). Figure 1b
shows the distribution of the observed symmetries of the relaxed
structures obtained by the described strategy. It is evident that
the PES of the PM is dominated by low-symmetry structures.
Second, the atoms were arranged in relatively high-symmetry
conﬁgurations “by hand” without giving any consideration to the
existence and initial stability of the structure or to the forces on
the individual atoms. The rationale was that since none of the
previous structures resulted in one of the high-symmetry
structures reported in earlier studies, the molecule might instead
transition into one of these high-symmetry structures if the
starting conﬁguration was constrained in symmetry. Structures
with symmetries such as S6, Th, C3v, and D3d were constructed.
The molecular structures were perturbed slightly from their
original symmetries and optimized. However, for all of the four
above-mentioned symmetries, when subjected to structural
relaxation, the molecule failed to retain or increase the pointgroup symmetry and, instead, tumbled down to a low-symmetry
structureCi or Csas was also the case in our previous
approach. Structural relaxation with solvent eﬀects included via a
polarizable continuum model (PCM)26,27 did not result in highsymmetry structures either. Finally, to verify that our results
were not an artifact of the particular basis set, exchange
correlation functional, or simulation software in use, we repeated
our calculations using a semilocal exchange correlation functional and a plane-wave DFT code and obtained very similar
results.

corresponding to a minimum on the potential energy surface
(PES), of high symmetry that is dominantly populated at
physiological temperatures, as motivated by refs 2 and 19, or (b)
could thermal ﬂuctuations average the molecule’s geometry to
an eﬀective structure of high symmetry, i.e., of an overall S6
symmetry, despite the ensemble comprising predominantly lowsymmetry states, as advocated in ref 10? Reference 10 reports
the energy diﬀerence between S6 and C1 to be 0.06 eV = 1.53
meV/atom = 2.33 kBT, while ref 19 suggests an alternate value of
0.13 eV = 3.33 meV/atom = 5.06 kBT between S6 and C2,
suggesting that these structures are thermally accessible, thereby
highlighting the importance of probing hypothesis (b) by
studying the dynamical ensemble properties. Indeed, Swift et
al.,10 while utilizing the S6-symmetry in deriving the speciﬁcs of
the quantum brain hypothesis, acknowledge the existence of
multiple, more stable structures of lower symmetries. Moreover,
it was understood that they considered nonequilibrated
structures, assumed to exist in the average, for their
calculations.21 Naturally, considering a more symmetric yet
less stable molecular structure has important implications on its
spin properties, and prior works2,19,22 could have suﬀered from
the use of poor basis sets available at the time and the use of
molecular force ﬁelds rather than ab initio methods. Molecular
dynamics-based studies23 using improved force ﬁelds24,25
suggest the less symmetric point group C3 for the molecule as
well. Thus, given the conﬂicting state of the literature on the one
the hand, and the importance of the existence of highly
symmetric Posner clusters in support of recent quantum
biological hypotheses on the other hand, we were prompted
to conclusively re-examine the structure of the PM.
Since the PM is a calcium phosphate trimer, we performed
initial simulations on the monomer Ca3(PO4)2 and dimer
Ca6(PO4)4 conﬁgurations to validate our simulation setup. As
detailed in the Supporting Information, the symmetry of the
optimized monomer structure agreed with previous studies.19,22
For the dimer, the work of Kanzaki et al.22 was followed closely,
and many of their structures were replicated. These results gave
us conﬁdence to pursue the structural symmetry of the PM,
which is discussed below.
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Figure 2. Eight diﬀerent structures that were used as starting geometries for dynamical simulations of the PM. The labels (A−H) used in the
manuscript are stated.

Table 1. Point Group Symmetries for Each of the Structures in Figure 2, Their Formation Energies, As Well As the Point Group
Symmetries Displayed by Each Conﬁguration during a Dynamical Simulation/Evolution over 22.8 psa
transition
structure index

symmetry prior to the creation of the
transition structure

transition structure point
group symmetry

formation energy (in eV) of the
transition structure

resultant symmetries over
dynamical runs

A
B
C
D
E
F
G
H

Cs
C3v
D3d
D3d
S6
S6
S6
Th

Cs
C3v
D3d
C2h
Ci
Ci
D2h
D2h

−271.660
−269.555
−264.997
−269.551
−271.552
−271.540
−271.239
−269.531

C1, C2, Cs, D2h
C1, C2, Cs, C2h, C3v, D2h
C1, Cs, Ci, T, C2h, D2h, D3d
C1, Cs, Ci, T, C2v, C2h, D2h
C1, Cs, Ci, C2, T, C2h, D2h
C1, Cs, Ci, T, C2h, D2h
C1, Cs, Ci, T, C2h, D2h, Oh
C1, Cs, Ci, C2, C2v, C2h, D2h

In comparison, the formation energy for a monomer calcium phosphate was calculated to be −84.244 eV. The listed formation energies of all
trimer conﬁgurations are lower than three times this value.
a

Next, noting that the S6 symmetry has been so widely
discussed and accepted, an S6 symmetric structure was built
using an alternative technique. The phosphate units were
considered as rigid tetrahedrals. The force ﬁeld developed by
Demichelis et al.25 was used to model the atomic interactions.
Imposing the S6 symmetry enables the parametrization of the
structure in terms of 10 parameters. Following a symmetryconstrained global minimization of the system’s energy based on
the above parameters, a unique structure was obtained, details of
which can be found in the Supporting Information. Using DFT
with the B3LYP hybrid functional and a 6-311G(d,p) basis, it
was identiﬁed as a transition state structure and subjected to
further geometrical relaxation. The optimized structure
exhibited a Ci symmetrystarkly lower in symmetry than the
initial S6 symmetry. When performed under constrained
symmetry, the same ab initio geometrical relaxation calculation
failed to reach self-consistency. Thus, the optimization of
symmetric structures modeled on existing force ﬁelds also failed
to produce stable structures with low symmetries.
As our exhaustive search using structural relaxation failed to
identify symmetric species, we then studied the dynamical
properties of eight semistable Posner structures by ab initio
molecular dynamics (AIMD). Starting structures were obtained
from the supposedly minimum energy structures in ref 19,
resymmetrized and subjected to ab initio structural optimization
(using DFT with the B3LYP hybrid functional and the BP86/
Def2TZVPP/W06 basis set). At the end of the relaxation

procedure, they had low forces on the atoms (on the order of
10−4 eV/Å). However, these structures did not correspond to
energy minima but were transition states of higher order instead.
Distorting these structures along the normal modes associated
with imaginary frequencies followed by further optimization of
these structures resulted in the molecule tumbling to lower
symmetries, as did the formation of these structures without the
symmetry constraints. We considered the eight unique
molecular structures derived through the above procedure.
These, along with the corresponding molecular point group
symmetries, as obtained by the Visual Molecular Dynamics
(VMD) software28 are displayed in Figure 2. We also performed
vibrational spectrum calculations on these transition state
structures and compared them with an existing spectrum,10
details of which can be found in the Supporting Information.
The structures were then studied by AIMD using the same basis
set and DFT functional as above, at two diﬀerent temperatures,
298 K (room temperature) and 315 K (at the higher end of
human metabolic temperatures), to see if they maintain their
high symmetry or give rise to high-symmetry species in the time
average. The molecules were allowed to evolve for a total time of
about 24 ps, in which the ﬁrst 1.2 psor the ﬁrst 5% of the total
time−were considered to be the equilibration phase of the
molecule and were not considered for subsequent analyses.
Further details related to this particular choice of total
simulation time is available in the Supporting Information.
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Figure 3. Time persistence of symmetries and the associated frequency of occurrence of each symmetry for two diﬀerent starting conﬁgurations over a
dynamical run. In the ﬁgure, (a) and (c) represent the data for conﬁguration C, whereas (b) and (d) represent data for conﬁguration H. Note that (a)
and (b) represent the data at T = 298 K, and thus some additional symmetries which were observed at T = 315 K are not present in these plots.

among all the eight unique structures in Figure 2. Further details
can be found in the Supporting Information.
Even if the PM exhibits higher symmetries only ﬂeetingly, it
may appear as a more symmetric structure in the time average.
To test this possibility, time-averaged structures for entire
dynamical runs were created and studied. To this end, the
translational and rotational motion of the molecule was
eliminated via a rigid-body realignment procedure, and the
aligned 5 structures were averaged. A single-point calculation
was realized for these time-averaged structures, and their
energies were compared. In addition to averaging all the 5
structures, an average structure was also obtained for subsets of
potentially higher symmetry structures in the dynamical runs,
which we deﬁne as the most symmetric molecular point group
observed in a single dynamical rune.g., D2h for the cases of
Figure 3a,b. Speciﬁcally, the subset of structures chosen for
averaging from the entire range of these high-symmetry phases
of structures was the longest consecutively occurring group of
structures. For instance, in Figure 3b, this would correspond to
the group of D2h structures located just after the 1000th time
index. Note that we refrained from obtaining an average
structure for all of the high-symmetry structures because
diﬀerent high-symmetry structures might have emerged
throughout the AIMD runs. Figure 4 provides a representation

At the end of each of the eight dynamical runs, and at both of
the above-mentioned temperatures, the PM exhibited either a Cs
or a Ci point group symmetry. Thus, it was understood that, even
if the molecule is forced to exist in a relatively higher symmetry
state, as imposed by our method, it will naturally tumble down to
one of the lower-symmetry states within picoseconds. This leads
us to argue that any stable conﬁguration of the PM is likely to
exhibit lower symmetries at room temperature.
Time averages and temporal variations in the molecule’s
symmetry were then studied as it appeared plausible that the
molecule might exhibit a symmetric structure in the temporal
average. Speciﬁcally, we studied the point group symmetries and
energies of the 5 = 9500 structures generated during each
AIMD run. This allowed us to infer time persistence of the
molecule’s symmetry, if present. We observed that the molecule
does indeed exhibit a variety of symmetries within the time
frame considered, as visualized in Figure 3a,b. However, the
higher symmetries were observed only ﬂeetingly, i.e., on time
scales of the order of 100 fstoo short to be signiﬁcant, both as
an independent species or to markedly determine the average
structure. This supports our claim that the PM prefers to exist in
low molecular symmetries. Moreover, as exempliﬁed by Figure
3, we can say that the behavior described above of low-symmetry
conﬁgurations throughout the dynamical evolution is consistent
10375
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preferred. We also mention in passing that we have carried out
our point group symmetry analysis using more than one software
package (VMD and WebMO29) and obtained similar results.
Further details can be found in the Supporting Information.
On the basis of the above analyses, we identiﬁed the most
stable structure of the PM to be the overall time-average
structure of the conﬁguration A, which can be seen as a blue dot
in Figure 4. Notably, the point group symmetry for this structure
is C1, i.e., no symmetry. At the same time, we reiterate that the
PMs possibly exist in an ensemble of structures and that
identifying a singular structure as the dominant PM structure is
incorrect. More information about conﬁguration A and its
atomic coordinates can be found in the Supporting Information.
With our calculations unable to convincingly point us toward
a PM structure with high symmetry, we performed principal
component analysis (PCA) on the data from the dynamical runs.
It was expected that, if the molecule exhibits any kind of high
symmetry that might have been overlooked in our symmetry
analysis methodology, the associated high-symmetry structure
would show up as one of the dominant eigenmodes of the PCA.
However, none of the dominant eigenmodes displayed any kind
of high symmetry. In fact, in all cases, the eigenmodes had either
a Ci or a Cs point group symmetry. Moreover, as can be seen in
Figure 5a,c,e, each conﬁguration yielded one predominant
eigenmode. Similar plots and ﬁgures for all dynamical runs can
be found in the Supporting Information. While the maximum
displacement of an atom in this mode from its corresponding
position in the time-average structure over the entire dynamical
run was smallless than 0.3 Åthis mode, instead, reﬂected a
more appreciable displacement of the phosphates due to their
rotation. Structures corresponding to the ﬁrst three dominant
modes did not give way to higher symmetries. The small
observed ﬂuctuations further emphasize that considering an
average structure over our dynamical data set was appropriate. A
detailed PCA for all other considered structures is provided in
the Supporting Information.
We next resorted to another powerful data analysis technique,
namely, k-means clustering, to identify hidden patterns in the
data generated from our dynamical runs that might not have
been revealed by our earlier attempts. It was found that, for each
of the eight starting conﬁgurations, the ideal number of clusters
describing our data sets was 2 and that the associated mean
structure for each cluster had low point group symmetryC1 or
Ci. This further agrees with the data and analyses that have
already been presented above and with our assessment that the
PM mostly exists as an ensemble of low-symmetry structures.
Clustering results for all eight conﬁgurations are provided in the
Supporting Information.
In summary, we have explored the dynamical structural
properties of the PM. Our results do not indicate a predominant
S6 molecular symmetry. Instead, we argue that the molecule
exists within a spread of multiple lower-symmetry structures at
room temperature. We also explored the most stable form of the
PM in a vacuum (concordant with earlier work) as well as in the
presence of water (using a PCM), evaluated the point group
symmetry in these scenarios, and came to conclusions
corroborating our dynamical calculations. We used a variety of
simulation techniques, including structural relaxation and
molecular dynamics calculations, both at the level of empirical
force ﬁelds, and using density functional theory based on
semilocal and hybrid exchange correlation functionals as well as
dispersion corrected functionals.32 These calculations have been
done assuming the isolated PM in a vacuum or a dielectric

Figure 4. Energy spread of the dynamical runs for each of the starting
conﬁgurations listed in Figure 2 represented by kernel density
estimations in the form of vertical violin plots. The blue dots represent
the energy of the time-average structure over the entire dynamical run,
and the red dot represents the energy of the time-average structure of
that subset of the high-symmetry phase that is present for the longest
continuous duration. The point-group symmetry of the averages is
indicated next to the symbols. The semitransparent overlays on each of
the violin plots represent the energy distribution for the entire highsymmetry phase. The most stable high-symmetry phases for each of the
cases were D2h, D2h, C2h, D2h, C2h, D2h, D2h, and D2h, respectively. Dots
missing from the graph were found at energies higher than the scale of
the ﬁgure. The plot also shows the mean and standard deviation of the
energy spread within the representations of probability density
functions in the form of white boxes. The energies reported are within
the numerical accuracy of the method and basis set used.30,31

of the energy distributions over the AIMD runs together with a
comparison of single-point energies and point group symmetries
of the time-averaged structures. It can be seen that the energy
spread between all averaged structures is relatively smallabout
1.36 eV on average. Whenever the 5 intermediate structures
were averaged, regardless of the initial conﬁguration of the
molecule, the point group symmetry of the averaged structure
was either C1, Ci, or Cs, which, for the purposes of this study, have
been considered as “low symmetries”. Their energies are shown
as blue dots. This further reinforces the hypothesis that the PM
prefers to exist in lower point group symmetries at any time as
well as on average, at biologically relevant temperatures.
Additionally, when looking at the energies of only the temporary
high-symmetry phases of the PM which, in Figure 4, have been
represented by the semitransparent violin plots overlaid on top
of the opaque plots which represent the energies of the entire
dynamical run, one can see that the energy of the structures with
a higher symmetry is higher than the average energy, which
agrees with our claim. However, seemingly in contrast to the
above observation, we observe that the time-average structure of
the higher symmetry phase can have a lower energy than the
time-average structure of the entire dynamical run. This,
however, can be explained by the fact that in every studied
case, the time-averaging of even a high-symmetry phase yielded a
structure with low (Ci or Cs) symmetry. Thus, the lower energy
individual structures always possess low symmetries, and the
data do not invalidate the claim that lower symmetries are
10376
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Figure 5. (a, c, e) Eigenvalues resulting from PCA over a single dynamical run for conﬁgurations E, D, and B respectively. One predominant mode is
observed. (b, d, f) Diﬀerence between the most dominant eigenmode and the time-average structure of the corresponding dynamical run. The arrows
have been elongated three-fold for clarity.

continuum. Similar calculations in the presence of a nonhomogenous intracellular ﬂuid around the PM are expected to
hinder the molecule’s rotation and likely further reduce the
cluster’s point group symmetry, which will lead to faster
relaxation of the 31P coherences.11 To interpret the results of our
simulations, we employed a variety of structural analysis tools,
including vibrational spectra calculations and the evaluation of
time persistence of symmetries, as well as a broad spectrum of
data analysis tools, including structural averaging, PCA, and kmeans clustering. The exploration of thousands of individual
molecular conﬁgurations, the focus on dynamical structural
properties at room temperature, and the use of a wide variety of
simulation and data analysis tools are all distinguishing features
of our work, and together they serve to provide robustness to our
conclusions.

Our extensive analysis of the dynamical and structural
properties of the Posner molecule suggests that it predominantly
exists in low-symmetry molecular structures such as Cs, Ci, and
C1 at room temperature, as opposed to the results of previous
studies suggesting a prototypical S6 symmetric structure.
Moreover, the initial conﬁguration of the molecule often
dictates the geometric conﬁgurations through which the
molecule transitions during a dynamical run. Most of these
transition structures exhibit low molecular point group
symmetries; the high-symmetry phases are found to be present
only ﬂeetingly and have thus been assumed to be unimportant.
Average structures were also found to be of low symmetry. Our
results indicate that that the molecule does not naturally exhibit
a 3-fold axis of rotation, such as present in S6, in a vacuum or in a
homogeneous solvent. Calculation of spin−spin coupling
10377
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COMPUTATIONAL METHODS
For structural relaxation, we used Quantum ESPRESSO33 with
the Standard Solid-State Pseudopotentials library34,35 and the
Perdew−Burke−Ernzerhof (PBE) exchange correlation functional and Q-Chem36 with both PBE and B3LYP exchangecorrelation functionals, and a basis set of 6-311G(d,p) for the
atomic orbitals. Symmetries were analyzed using two toolkits,
VMD and WebMO.29 Both toolkits gave the same symmetries.
Further details about our methods can be found in the
Supporting Information.
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constants and spin coherence times for the structures explored
by us constitutes ongoing and future work.
Lastly, we suggest the possibility of experimental veriﬁcations
of our results. At a very basic level, it may well be possible to
establish the existence of Posner molecules in simulated body
ﬂuids by introducing the constituents at stoichiometric ratios.
Imaging techniques such as Dynamic Light Scattering or
Transmission Electron Microscopy and NMR spectroscopy
could then be applied to observe/study the basic properties of
these molecules.8 However, we believe that more sophisticated
techniques, possibly following established quantum optics
protocols and using microﬂuidics, might be needed to conﬁrm
or refute the possibility of the Posner molecule sustaining 31P
qubit states.
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Details about our methods, results of our simulations on
monomers and dimers, data obtained from dynamical
runs, vibrational analysis, PCA, and k-means, along with
our identiﬁed most stable structure of the Posner
molecule (PDF)
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