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The relationship between local structure and dynamics is explored for molten sodium carbonate.
A flexible fluctuating-charge model, which allows for changes in the shape and charge distribution of
the carbonate molecular anion, is developed. The system shows the evolution of highly temperature-
dependent complex low-dimensional structures which control the dynamics (and hence the liquid
fragility). By varying the molecular anion charge distribution the key interactions responsible for
the formation of these structures can be identified and rationalised. An increase in the mean charge
separation within the carbonate ions increases the connectivity of the emerging structures and leads
to an increase in the system fragility.
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I. INTRODUCTION.

Potential relationships between system structure and dynamic behaviour are often difficult to characterise and
untangle. Key to many theories is the concept of locally-favoured structures2–5 which may link with dynamic

heterogeneities6–12. Systematic improvements in key experimental probes are allowing structure to be examined
in more detail than ever before. However, key links between the time-averaged structure and the system dynamical
behaviour often remain problematic2,13–15. Improvements in, for example, diffraction techniques (beam flux, sample
levitation, pressure cells...) are generating information on systems over a wider range of conditions then previously
possible. However, diffraction data still focusses on time- and spatially-averaged structure at a given state point.
Additional information is required if important links are to be made between the underlying static structure and the
system dynamics. Simulation models offer a clear pathway to linking structure and dynamics as the atom positions are
known unequivocally and hence potentially complex inter-atomic spatial correlations may be untangled. Furthermore,
the use of relatively simple descriptions of the inter-atomic interactions allows key parameters to be systematically
varied and hence help isolate key controlling factors.

Molten carbonates have potentially significant roles in, for example, geochemistry16, CO2 sequestration17 and fuel
cells18. As a result, understanding the structure and dynamics of these systems at an atomistic level is key. However,
relatively few simulation models have been developed to date19–22.

Recent work has highlighted how the structure of molten sodium carbonate may be more complex than previously
envisaged23. Molecular ions are (historically) often considered as simple entities (effectively “large atoms”). Whilst
this approximation is liable to be valid at high temperatures (for which the ions show significant rotational motion)
there is a clear possibility that the geometry and charge distributions of these ions affects liquid structure (and hence
the dynamics) as the system cools. Preliminary results, using models in which a fixed charge distribution is imposed
on the molecular anions, indicate that the carbonate ions may closely associate, forming low-dimensional structures
(see also simulation work on CaCO3 in an aqueous environment24). However, the factors which control the formation
of these low-dimensional structures remains unclear. Furthermore, the effect of the formation of these structures on
the system dynamics (in particular the ion diffusivities and related viscosities) is also unclear. Experimental viscosity
data, obtained using oscillating crucible methods, are available25–27 but are inconsistent28. Models which impose a
fixed charge distribution may be overly constrained as, in chemical terms, the distribution of charge over the atoms
making up a molecular ion would be expected to be a function of the local environment.

II. METHODS.

In this Letter the evolution of the structure and dynamics in a key target system, molten sodium carbonate, is
investigated both as a function of temperature and molecular charge distribution. To pursue this goal a fluctuating
charge model (FCM) has been developed which employs both a flexible description of the CO2−

3 molecular anion
and the internal charge distribution22,29–34. The use of a relatively simple description of the interatomic interactions
(compared with, for example, employing large-scale electronic structure calculations) allows key model parameters to
be systematically varied and, as a result, allows key interactions controlling the underlying structure and dynamics
to be isolated. In a FCM the electronegativity, χiα, on an atomic site α within a given molecule i is given by

χiα = χ0
iα + J0

ααqiα +
∑

β 6=α

Jαβqiβ +
∑

j 6=i

∑

β

qjβ

r
, (1)

where qiα is the charge on site α of ion i, χ0
iα is the electronegativity of atom α and J0

αα and Jαβ control the
intramolecular contributions to the charge distribution whilst the fourth term controls the inter-molecular atom-atom
interactions. As a result, a single parameter, ∆χ = χ0

iC − χ0
iO, may be employed to effectively control the internal

molecular charge distribution. The larger the value of ∆χ the greater the charge separation on the oxygen and carbon
atoms (termed qO and qC respectively). The charge separation can be quantified by defining ∆q = qC − qO. Since the
sum of the ion charges is constrained as qC +3qO = −2 then ∆q = −2−4qO. ∆q = 0 corresponds to an even spread of
charge across the anion, qO = qC = −1/2. In the present work ∆q varies from ∆q ∼ −0.7e to ∼ 2.5e (corresponding
to {qO, qC} = {−0.33,−1}e and {−1.12, 1.36}e respectively). Simulations are performed on systems containing 1296
atoms at fixed volume and temperature with the cell volumes obtained from the experimental densities35–37 and
temperatures maintained using Nosé-Hoover thermostats38,39.
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FIG. 1. (a) F (Q) from HEXRD (light green topmost line) for Na2CO3 compared to that from the FCM at different values
of ∆q as indicated. Successive curves are offset along the ordinate for clarity. (b) breakdowns of F (Q) (black line - from
HEXRD, red line - from simulation) into the weighted partial structure factors at the lowest and highest ∆q (∆q = −0.68e
and +2.48e, left and right panels respectively) values respectively. (c) The evolution of SOO(Q), SCO(Q) and SCC(Q) as a
function of ∆q. (d) The evolution of SNaO(Q), SNaC(Q) and SNaNa(Q) as a function of ∆q. In panels (a), (c) and (d)
∆q = −0.68, 0.20, 0.80, 1.28, 1.76, 2.24 and 2.28e (from bottom to top) and successive curves are offset along the ordinate for
clarity.

III. RESULTS AND DISCUSSION.

Figure 1(a) shows the total structure factor, F (Q), obtained by HEXRD experiment23 compared with the functions
obtained from simulation using different values of ∆q. F (Q), is generated by combining the six Ashcroft-Langreth
structure factors calculated directly from the Fourier components of the ion densities, Sαβ(Q) = 〈A∗

α(Q)Aβ(Q)〉, where

Aα(Q) = 1√
Nα

∑Nα

j=1 exp(iQ.rj). As ∆q is increased (corresponding to greater charge separation in the carbonate

anion) the agreement with experiment improves, in particular the intensity of the peak at low−Q (Q ∼ 1.6Å
−1

) and

the “filling in” between the peaks at Q ∼ 2.2Å
−1

and Q ∼ 3.4Å
−1

. Figure 1(b) shows the breakdown of F (Q) into the

six (X-ray weighted) partial structure factors for (b) low and (c) high ∆q. The intensity of the peak at Q ∼ 1.6Å
−1

is
a superposition of all the partial structure factors. Figures 1(c) and (d) show the evolution of the six partial structure
factors with changing ∆q. There are a number of key changes in structure which contribute both to the intensity of

the peak at Q ∼ 1.6Å
−1

and the intensity in the range ∼ 2.2Å
−1

< Q <∼ 3.4Å
−1

. SNaNa(Q) shows a “splitting”

from a single peak at Q ∼ 1.8Å
−1

(with a high-Q shoulder) at low ∆q, to a clear two-peak structure at high ∆q with

peaks at Q ∼ 1.6Å
−1

and Q ∼ 2.3Å
−1

. Analogous changes are observed in SNaO(Q) with the first peak shifting to

lower Q as ∆q increases coupled with the emergence of a feature at Q ∼ 2.3Å
−1

. In addition, the peak at Q ∼ 3Å
−1

in SNaO(Q) shifts to higher Q and broadens as ∆q increases, a change which contributes significantly to F (Q) in the

range ∼ 2.2Å
−1

< Q <∼ 3.4Å
−1

. SCC(Q), although relatively low weighted in F (Q), also shows significant changes
as ∆q is increased.

Figure 2 shows the evolution in structure with changing ∆q in real space in the form of the six partial radial
distribution functions at T = 1200K. As ∆q is increased a short length-scale emerges in gCC(r) at r ∼ 3.4Å with
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FIG. 2. Partial pair distribution functions, gαβ(r), as a function of ∆q as indicated with αβ =OO, CO, NaO, CC, CNa and
NaNa. ∆q = −0.68, 0.20, 0.80, 1.28, 1.76, 2.24 and 2.28e (from bottom to top) and successive curves are offset along the ordinate
for clarity.
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FIG. 3. (a) [Main panel]. Diffusion coefficients, Dα, for α =C (dashed lines) and α =Na (solid lines) as a function of T−1 for
∆q = −0.68, 0.20, 0.80, 1.28, 1.76, 2.24 and 2.28e (black, red, green, blue, cyan, magenta and orange lines respectively). The
inset shows the respective diffusion coefficients as a function of ∆q at T = 1000K, 1200K and 1400K (black, red and green lines
respectively). (b) VTF coefficient Bα (α =C [×], Na [◦]) as a function of ∆q. (c) The ratio of the VTF coefficients T o

α/Bα

(α =C, Na) as a function of ∆q.

the next-nearest length-scale moving to higher r (r ∼ 4.5 −→ 5.2Å). Over the same range the first peaks in gNaO(r)
and gNaC(r) shift inward (from r ∼ 2.48 −→ 2.31Å) and outward (from r ∼ 2.68 −→ 3.04Å) respectively. Significant
changes are also seen in gNaNa(r) with a small shift in the first peak (at r ∼ 3.6Å) concomitant with a much larger
shift in the position of the second peak (from r ∼ 5 −→ 6Å).

Figure 3(a) shows the temperature-dependence of the diffusion coefficients (determined from the respective mean-
squared displacements) for the C and Na atoms (Dα with α = {C,Na} respectively). At all temperatures the
Na+ ions show higher diffusivites than CO2−

3 . The figure also shows the experimental sodium ion diffusivities40.
The simulated values are in best agreement at high ∆q (for which the best agreement is shown with structural
HEXRD data) although they are still smaller than those extracted experimentally. The inset shows the respective
diffusion coefficients at three temperatures as a function of ∆q. The carbon diffusion coefficients increase with charge
separation whilst those for sodium show a more complex behaviour, falling for ∆q / 1 but rising for ∆q ' 1. To
characterise any change in fragility the lnDα v. 1/T curves are fitted to a Vogel-Fulcher-Tammann (VFT) law of the
form Dα = D0

αexp[−Bα/(T −T 0
α)]. Bα and T 0

α control the function curvature and hence characterize the fragility41,42.
A value of T 0

α = 0 corresponds to a strong liquid (following an Arrhenius law) with Bα corresponding to the diffusive
activation energy. Figure 3(b) shows the fitting parameter Bα as a function of ∆q. For ∆q / 1 BC and BNa show
distinct behaviour (falling and rising with increasing ∆q respectively) whilst, for ∆q ' 1, both functions fall as ∆q
increases. Figure 3(c) shows the evolution of T 0

α/Bα (a measure of the system fragility). Again, the C and Na sub-
lattices show distinct behaviour. The carbonate diffusivities show a deviation from Arrhenius behaviour at ∆q ' 1.5.
The Na sublattice shows a deviation from Arrhenius behaviour both at low and high ∆q with a minimum at ∆q = 1.
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FIG. 4. (a) Molecular graphics “snapshots” of the Na2CO3 simulation cell at T = 1100K (lower panels) and T = 1400K (upper
panels) showing the carbon atoms only for (from left to right) ∆q =-0.7, 1.3 and 2.5e. As ∆q increases (corresponding to a
greater charge separation in the CO2−

3
anion) the number of complex low-dimensional structures increases. (b) Fraction of

n−coordinate C-C “bonds” and the mean coordination number, < nCC >, as a function of ∆q at T = 1200K. (c) The mean
C-C coordination number, < nCC >, for different values of ∆q as a function of temperature. (d) Fraction of carbonate anions
in (CO2−

3
)3 triangles as a function of both ∆q and T . The inset shows the same data on a logarithmic scale. In panels (c) and

(d) ∆q = −0.68, 0.20, 0.80, 1.28, 1.76, 2.24 and 2.28e (black, red, green, blue, cyan, magenta and orange lines respectively).

The implication of the observations from figure 3 is that the carbonate and sodium ions diffusive behaviour becomes
coupled at high ∆q.

The pair distribution functions (figure 2) indicate that a short length-scale emerges in the carbon-carbon spatial
correlations. Figure 4(a) shows a molecular graphics “snapshot” of this emerging structure as a function of ∆q. At
low charge separation these length-scales appear transient and are dominated by isolated C-C pairs. At intermediate
∆q these structures become longer-lived and significant numbers of (short) chains appear. At high ∆q longer chains
form and more complex structural units, notably C3 rings and C4 tetrahedra. To properly quantify these structures
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figure 4(b) shows the distribution of C-C coordination numbers as a function of ∆q as well as the resulting mean
coordination number, < nCC >. As ∆q increases the number of non-zero-coordinate sites increases concomitant with
a fall in the number of isolated (0-coordinate) units. A similar change in structure is observed as the temperature is
increased at fixed ∆q. For example, figure 4(c) shows how < nCC > falls dramatically as the temperature is increased.
Figure 4(d) shows the fraction of C3 rings formed as a function of ∆q and T . The number of these rings is a very
strong function of both ∆q and T .

To further probe the emergent structures a number of additional spatial correlation functions are defined and
shown in the supplementary information. Figure S1 shows a schematic to help explain the functions considered here.
Figure S2 shows the three angular distribution functions a(θ), n(α) and r(β) as a function of ∆q. The peaks at
α ∼ 0o in n(α) indicate that pairs of carbonate ions showing a close C-C length-scale tend to “stack”, the effect
being stronger at high ∆q with the FWHM of the distributions reducing from ∆α ∼ 48o to ∼ 24o at low and high
∆q respectively. The evolution of r(β) highlights that the relationship between C-O bonds in these neighbouring
carbonate ions changes from being staggered at low ∆q (showing a strong peak at β ∼ 180o) to eclipsed at high ∆q
(showing strong peaks at β ∼ 0o and ∼ 120o). a(θ) shows a change from favouring low angle peaks to favouring a
peak at θ ∼ 60◦. These changes highlight a complex spatial relationship between the carbonate anions and the alkali
cations. The most dramatic structure emerges in the carbonate anions themselves, with the formation of a range
of low-dimensional structures including chains, triangles and tetrahedra. These structures are formed as a result of
the strong electrostatic interactions between the negatively charged oxygen atoms and the positively charged alkali
cations (as highlighted in the schematic figure S1. The moderation of the O-O interactions by the alkali cations results
in the preferential formation of relatively close CO2−

3 -CO2−
3 pairs in which the three C-O bonds are eclipsed. These

interactions also couple the Na+ and CO2−
3 dynamics. As a result of the strong temperature-dependence of these

structures the change in the underlying dynamics is reflected in the system fragility.

IV. SUMMARY AND CONCLUSIONS.

In summary, liquid sodium carbonate shows the formation of highly temperature-dependent low-dimensional struc-
tures whose presence controls the system dynamics and hence controls the liquid fragility. The connectivities of these
emerging structures are strongly correlated with the internal molecular anion charge distribution. As the charge
separation increases the number of these low dimensional structures increases and results in an increase in the system
fragility. Future work will consider how differing charge distributions is other important molecular ions (e.g. NO−

3 ,
NO−

2 etc) may correlate with system fragility.
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V. SUPPORTING INFORMATION.

The supporting information contains details on the angular correlation functions used to help interpret the formation
of the emerging low-dimensional structures.
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