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Abstract

Carbon dioxide-expanded liquids, organic sol-
vents with high concentrations of soluble car-
bon dioxide (CO2) at mild pressures, have
gained attention as green catalytic media due to
their improved properties over traditional sol-
vents. More recently, carbon dioxide-expanded
electrolytes (CXEs) have demonstrated im-
proved reaction rates in the electrochemical re-
duction of CO2, by increasing CO2 delivery to
the electrode while maintaining facile charge
transport. However, recent studies indicate
that a limiting behavior of CXEs at higher
CO2 pressures is a decline in solution con-
ductivity due to reduced polarity, leading to
poorer charge screening and greater ion pairing.
In this Paper, we employ molecular dynamics
simulations to investigate the energetic driv-
ing forces behind the diffusive properties of an
acetonitrile and tetrapropylammonium hexaflu-
orophosphate (TPrAPF6) CXE with increasing
CO2 concentration. Our results indicate that
entropy drives solvent and electrolyte diffusion
with increasing CO2 pressure. The activation
energy of ion diffusion increases with higher
concentrations of CO2, indicating that increas-
ing temperature may improve solution conduc-
tivity in these systems. This trend in the activa-
tion energies is traced to stronger cation-anion
Coulombic interactions, due to weaker solvent
screening at high CO2 concentrations, suggest-
ing that the choice of ion may provide a route
to diminish this effect.

1 Introduction

Carbon dioxide-expanded liquids (CXLs) are
formed by using carbon dioxide (CO2) to pres-
surize an organic solvent, leading to a volume
expansion of the solution.1,2 These CXLs have
significant potential as a versatile and ‘green’
catalytic reaction media because they possess
several qualities that address the drawbacks of
traditional reaction media, including reduced
viscosity, increased mass transport, and a non-
flammable vapor phase.1–7 Moreover, they rep-
resent a route to greener processes as CXLs
reduce the amount of organic solvent required
while maintaining highly tunable solubility and
polarity.2,4–6

More recently, these approaches have been
expanded to applications in electrochemistry
through the development of CO2-expanded
electrolytes (CXEs). CXEs can support CO2

concentrations of up to 15 M at relatively mild
pressures of 0.7−55.1 bar,8 making them highly
relevant for CO2 conversion processes. This is
particularly advantageous for the electrochem-
ical reduction of CO2, where it removes the,
often significant, limitations of CO2 delivery
to the electrode.7,9 While conventional CO2

reduction in aqueous media requires close to
ambient operating conditions (at which CO2

concentration is 0.034 M)10 to avoid acidifica-
tion,11–14 CXEs overcome this limitation and
achieve higher CO2 reduction rates.10 CXEs
also operate at milder conditions than super-
critical CO2,

7,15 which requires pressures ex-
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ceeding 74 bar at near ambient temperature.16

Although numerous experimental and theo-
retical studies have characterized CXLs, the
molecular-level properties of CXEs have re-
ceived less attention than they deserve.
Recently, Piskulich and Laird conducted

molecular dynamics (MD) simulations on an
acetonitrile (MeCN)-based CXE with lithium
perchlorate salt to assess the impact of elec-
trolyte concentration on CO2 expansion and
transport properties of the CXE.17 In our re-
cent work, we combined experimental and theo-
retical approaches to quantify solution conduc-
tivity with CO2 expansion, addressing a crucial
limitation of CXEs: As more nonpolar CO2

molecules are added, the solution conductiv-
ity diminishes.8 We obtained excellent agree-
ment between the experimentally measured
solution conductivity and values obtained from
MD simulations for a MeCN-based CXE with
tetraalkylammonium hexafluorophosphate elec-
trolyte. We found that the decline in solution
conductivity at high CO2 pressures is primar-
ily attributable to reduced overall polarity of
the solution, which leads to decreased charge
screening capacity of the solvent and thereby
increased ion pairing.
To develop design principles for CXEs to over-

come the limitations of solution conductivity
at high CO2 concentrations, a comprehensive,
molecular-level understanding of the factors in-
fluencing the dynamical properties is needed.
In the present work, we address this issue by us-
ing our previously developed CXE model8 to in-
vestigate the energetics behind the ion-pairing
behaviors that lead to decreased solution con-
ductivity, with the goal of designing CXEs with
electrolytes that minimize these interactions.
More broadly, a fundamental study of the prop-
erties of CXEs with increasing CO2 pressures is
valuable for the further development and im-
plementation of these media.
In this study, we investigate the energetics

that govern the dynamics of CXEs using MD
simulations and fluctuation theory for dynam-
ics.18–20 These enable an exploration of the ac-
tivation energy of diffusion over the experimen-
tal range of CO2 pressures and, importantly,
a decomposition of the activation energy into

its contributions from various energetic compo-
nents and molecular interactions. Furthermore,
we investigate the entropic contributions to dif-
fusion, gaining insight into the role of entropy in
the diffusion of CXEs with changing CO2 pres-
sure. While solution conductivity is of particu-
lar interest for applications of CXEs in electro-
chemistry, here we consider instead the diffusive
behavior of all components of the CXE, which
is simpler to interpret. Nevertheless, the strong
correlation between diffusion and solution con-
ductivity means that the present investigation
reveals the key factors that govern the latter in
CXEs.

2 Theory

The mean-squared displacement, MSDα(t), for
each species α in the CXE were calculated as

MSDα(t) =
1

Nα

Nα∑
i=1

⟨|r⃗i(t)− r⃗i(0)|2⟩, (1)

where r⃗i(t) is the position vector of molecule i’s
central atom at time t and Nα is the number of
molecules of type α. The diffusion coefficient,
Dα, is then calculated from the slope of the cor-
responding MSDα(t) as

Dα = lim
t→long

MSDα(t)

6t
. (2)

We have previously demonstrated that the ac-
tivation energy of diffusion can be calculated
from simulations at a single temperature using
a fluctuation theory for dynamics approach.19,20

Specifically, it is straightforward to show that
the derivative of MSDα(t) with respect to the
inverse temperature, β = 1/kBT , is given by

∂MSDα(t)

∂β
= − 1

Nα

Nα∑
i=1

⟨δH(0) |r⃗i(t)− r⃗i(0)|2⟩

≡ −MSDH
α (t). (3)

Here, H(t) is the total system Hamiltonian at
time t and δH(0) = H(0) − ⟨H⟩ is thus the
fluctuation in the system energy at time zero
from its average value. It then follows that the
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diffusion activation energy is given as

Ea,α = lim
t→long

MSDH
α (t)

MSDα(t)
. (4)

However, in practice, it is more accurate to
calculate Ea,α from the ratio of the slopes of
MSDH

α (t) and MSDα(t), and this is the ap-
proach we use in the present calculations. Be-
cause MSDH

α (t) measures the correlation be-
tween the diffusive dynamics and system en-
ergy, it is sensitive to thermostat effects. Thus,
we calculate it from an ensemble of constant
energy (NV E) trajectories initiated from con-
stant temperature (NV T ) simulations, as de-
scribed in more detail in Sec. 3.2.
The fluctuation theory for dynamics approach

also enables calculation of the contributions to
the activation energy of diffusion from the ener-
getic terms that make up the total energy.19,20

For example, the total energy of a system is
the sum of the kinetic (KE) and potential (V )
energies, and therefore so is its fluctuation rel-
ative to the average. The potential energy
in the present MD simulations can further be
represented as a sum of Lennard-Jones (LJ),
Coulombic (Coul), bond (b), angle (ang), and
dihedral (dih) contributions. Thus,

δH(0) = δKE(0) + δVLJ(0) + δVCoul(0)

+ δVb(0) + δVang(0) + δVdih(0). (5)

Using this expression in Eqs. (3) and (4) gives a
rigorous decomposition of the activation energy
of diffusion for a given species α as

Ea,α = EKE
a,α + ELJ

a,α + ECoul
a,α

+ Eb
a,α + Eang

a,α + Edih
a,α . (6)

Similarly, the system energy can be decom-
posed into contributions from interactions be-
tween different types of molecules, e.g., as

δH(0) = δKE(0) + δV (0)

= δKE(0) +
∑
γ

∑
ζ>γ

δVγζ(0), (7)

where γ and ζ index the four species in the
CXE: MeCN, CO2, tetrapropylammonium
(TPrA+), and hexafluorophosphate (PF−

6 ).

This gives a decomposition of the activation
energy as

Ea,α = EKE
a,α +

∑
γ

∑
ζ>γ

Eγζ
a,α, (8)

which gives the contributions to the diffusion
activation energy due to the intermolecular in-
teractions between different molecule types.
These decompositions of the diffusion activa-

tion energy are readily interpreted using Tol-
man’s description of the activation energy. He
showed that the activation energy for a chemi-
cal reaction can be rigorously written as20–23

Ea = ⟨H⟩reacting − ⟨H⟩reactant. (9)

That is, the activation energy at constant vol-
ume is the difference in the average (internal)
energy of molecules that react and the average
(internal) energy of reactants. In this context,
a contribution to the diffusion activation en-
ergy such as ECoul

a,α can be understood as the
difference in average Coulombic energy of the
molecules that successfully diffuse (i.e., pass
over the barrier for diffusion) and the average
energy of all molecules. In other words, each
contribution tells us how much of that energy is
needed for accelerating diffusion. Note that the
contributions can be negative so, having greater
energy of some types can be detrimental to dif-
fusion.19

3 Computational Methods

3.1 Force Fields

The MeCN molecules were described by the
three-site potential developed by Edwards et
al., with a united-atom (UA) description of
the methyl group.24 The CO2 molecules were
described by the second elementary physical
model (EPM2) by Harris and Yung.25 How-
ever, while the MeCN and CO2 bonds were held
rigid using the SHAKE algorithm,26 all other
bonds and angles (for these molecules and the
ions) were flexible using harmonic potentials.
TPrA+ ions were described by the General AM-
BER force field (GAFF) force field developed
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by Wang et al.;27 and PF−
6 ions were described

by the UA force field developed by Liu et al.28

The force field bond, angle, dihedral, and non-
bonded parameters are given in Tables S1-S4 of
the Supporting Information.

3.2 Simulation Details

The MD simulations were performed using the
Large-scale Atomic/Molecular Massively Paral-
lel Simulator (LAMMPS).29 Six systems were
created to model the CXE at increasing CO2

pressures, corresponding to experimentally de-
termined concentrations of CO2 and electrolyte.
In each system, the number of MeCN, TPrA+,
and PF−

6 were held constant at 849, 20, and
20, respectively, while the number of CO2

molecules was increased with increasing CO2

pressure. Details of each system are given in
Table S5 of the Supporting Information. Fig. 1
provides a visualization of the changing system
composition and demonstrates the volumetric
expansion of the CXE; the solution volume in-
creases by a factor of more than 2.5 from 3.4 to
51.0 bar.
For each system, five NV T simulations were

run for 2 ns equilibration and 5 ns produc-
tion stages at 298.15 K. For the larger systems
(CO2 pressures of 44.8 and 51.0 bar), the pro-
duction runs were propagated for 25 ns. In
all simulations, a cutoff of 10.0 Å was applied
to both Lennard-Jones and Coulombic interac-
tions. Tail corrections to the Lennard-Jones in-
teractions were applied, and a particle-particle-
particle mesh Ewald with a tolerance of 1×10−4

was used to describe the long-range electrostat-
ics.31,32 A Nosé-Hoover thermostat was used to
maintain temperature during all constant tem-
perature simulations using a 100 fs damping pa-
rameter.33,34

From configurations extracted every 1 ps from
the NV T production runs, NV E trajectories
were propagated for 20 ps with positions and
momenta written every 50 fs. There were
25,000 total NV E trajectories for each system
at lower pressures and 125,000 total NV E tra-
jectories for the larger systems at higher pres-
sures. The timestep in all simulations was 1 fs.
All dynamical properties (see Sec. 2) are calcu-

lated from the NV E trajectories. Slopes of the
MSDα(t) and MSDH

α (t) in the calculation of
Dα and Ea,α in Eqs. (3) and (4) were taken from
linear fits over 5−20 ps. Errors in the computed
values were calculated using block averaging
over 5 blocks and were reported as 95% confi-
dence intervals using Student’s t-distribution.35

4 Results

We first consider the diffusion coefficients of
each species in the CXE as a function of in-
creasing CO2 pressure. The results are pre-
sented in Fig. 2 and show that, as CO2 pres-
sure increases, the diffusion coefficient for every
species increases. However, the effect is greater
for CO2 and MeCN compared to the ions. Be-
cause the volumetric expansion of the CXE is
nonlinear, we plot the data as a function of elec-
trolyte concentration; the number of ions in the
simulations is constant, so this axis is propor-
tional to the inverse of the solution volume. On
this scale, the increase in the MeCN diffusion
coefficient is effectively linear with the decrease
of the salt concentration. On the other hand,
DCO2 increases in a more rapid, nonlinear fash-
ion and both ionic species first show an initial
increase as the solution becomes more dilute
before plateauing. These increased mobilities
coincide with a decrease in the shear viscosity
of the solution as more CO2 is added, as we
have previously shown.8 In this context, it is
important to note that the CO2 concentration
in the system is also increasing nonlinearly, in-
dicating that the CO2 mobility is enhanced by
the greater fraction of like molecules in the so-
lution.
We previously calculated the solution con-

ductivity of the CXE over the range of CO2

pressures considered here and demonstrated
excellent agreement with experimental mea-
surements.8 The solution conductivity depends
on the diffusion coefficients of the electrolytes
(which is considered here) as well as the cor-
related motion of the ions (which is not). The
ability of the simulation model to accurately
predict solution conductivity trends gives con-
fidence that it provides a good representation
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Electrolyte concentration (M)

CO2 pressure (bar)

3.4               17.2                31.0                 37.9                 44.8                     51.0         

0.4                 0.36                 0.3                  0.26                 0.21                     0.15

Figure 1: CXE systems with increasing CO2 pressure and corresponding electrolyte dilution, depict-
ing MeCN (gray), CO2 (tan), TPrA+ (teal), and PF−

6 (red). System visualizations were prepared
using PyMOL.30
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Figure 2: Diffusion coefficient of each type of
molecule in the CXE system as a function of the
electrolyte concentration, as modified by dilu-
tion due to CO2 pressure. Results are shown for
CO2 (purple), MeCN (black), PF−

6 (red), and
TPrA+ (blue). Shaded regions indicate 95%
confidence intervals.

of the diffusive properties of the system.
Nevertheless, it is useful to compare the

present diffusion coefficients with prior mea-
surements and calculations. For example, we
find that the MeCN diffusion coefficient at the
lowest CO2 composition (DMeCN = (2.710 ±
0.003)× 10−5cm2/s) is substantially lower than

the (4.12− 5.0)× 10−5cm2/s measured in bulk
acetonitrile.36 However, in MD simulations us-
ing the same MeCN model, DMeCN has been
reported as (3.1 − 3.4) × 10−5 cm2/s in the
neat liquid.37,38 These results indicate that the
presence of the ions is inhibiting diffusion of
MeCN. While CXEs have not been extensively
studied, ionic liquids diluted with MeCN have
similar characteristics and are a valuable point
of comparison for the mobility of the ions.
In 1.6 M ethylammonium nitrate in MeCN,
Dcation was measured as 0.799 × 10−5 cm2/s.39

In 1.5 M tetraethylammonium tetrafluorobo-
rate in MeCN, Dcation and Danion were mea-
sured as (1.49±0.08)×10−5 cm2/s and (1.65±
0.03) × 10−5 cm2/s, respectively.40 These sys-
tems have smaller cations and anions as well
as ion concentrations significantly greater than
our most concentrated, 0.4 M, CXE conditions.
However, with these competing effects, the dif-
fusion coefficients are on the same order as our
results, where DTPrA+ = (0.917± 0.007)× 10−5

cm2/s andDPF−
6
= (1.221±0.008)×10−5 cm2/s.

Next we consider the activation energies of
diffusion for the different species using the fluc-
tuation theory approach described in Sec. 2.
Fig. 3 shows that the activation energy of
diffusion grows with increasing CO2 pressure
for MeCN, PF−

6 , and TPrA+, but decreases
for CO2. This is a striking result because it
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shows that, as the solution is expanded by
CO2, the mobilities of MeCN and the ions in-
crease (Fig. 2) despite increases in the corre-
sponding activation energies. This implicates a
strong, even determinative, entropic contribu-
tion to diffusion of MeCN and ions, particularly
at high pressures of CO2. This is examined in
detail below in Sec. 5.1.
At 3.4 bar, the diffusion activation energy

is the same (within error) for all species at
around Ea,α = 4.44 − 5.44 kJ/mol. The sys-
tem at this pressure is most comparable to
neat MeCN for which we previously found
Ea,MeCN = 4.81 kJ/mol from an Arrhenius
analysis,41 though using a different force field.42

We note, however, that Hurle and Woolf car-
ried out temperature-dependent measurements
of the self-diffusion of MeCN in the neat liq-
uid43 and, while they did not report the ac-
tivation energy, their data yields Ea,MeCN =
8.62 kJ/mol. The origin of this discrepancy is
unclear, but may be associated with the MeCN
force fields or, in the present case, the effect of
the ions.
Piskulich and Laird also calculated the dif-

fusion activation energy for MeCN and CO2

using fluctuation theory methods for a CXE
system with MeCN solvent and lithium per-
chlorate electrolyte.17 Their system at 20 bar
is most comparable in terms of electrolyte and
CO2 composition to our system at 17.2 bar. At
these conditions, they found Ea,MeCN = 4.02±
0.21 kJ/mol and Ea,CO2 = 4.60 ± 0.42 kJ/mol,
compared to our results of Ea,MeCN = 4.56 ±
0.25 kJ/mol and Ea,CO2 = 3.85 ± 0.46 kJ/mol.
These results use the same MeCN model and
again show excellent agreement to our results,
while the minor differences may be attributed
to the differences in electrolyte identity and sys-
tem composition at the different pressures.
The maximum values of the activation ener-

gies of diffusion for MeCN, TPrA+, and PF−
6

at 51.0 bar are also statistically the same at
around 9.75 − 10.67 kJ/mol. This indicates
that the diffusion of these three species are
intricately related in the CXE. At the same
pressure, the CO2 diffusion activation energy
reaches its lowest value of 2.47± 0.38 kJ/mol.
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Figure 3: Activation energy of diffusion of
each type of molecule in the CXE system
with increasing CO2 pressure/corresponding
electrolyte dilution for CO2 (purple), MeCN
(black), PF−

6 (red), and TPrA+ (blue). Shaded
regions indicate 95% confidence intervals.

5 Discussion

We now shift our focus to a deeper examina-
tion of the origins of the the CO2 pressure-
dependent behavior of the diffusion coefficients
and diffusion activation energies within the
CXE system. The CXE undergoes a dramatic
change with CO2 expansion. At 3.4 bar, the
simulation box has a volume of ∼83,000 Å3

and contains just 7 CO2 molecules, while at
51.0 bar, the volume has increased nearly 3-
fold and contains 1613 CO2 molecules (see Ta-
ble S5). At the highest pressure, the CXE
is much more nonpolar, and the electrolytes
are just below their solubility limit.8 In under-
standing and designing such CXE systems, it
is critical to understand the driving forces that
underlie their tunability via CO2 pressure. In
this context, we will particularly consider the
roles of entropy, ion pairing, and the different
interactions present in the system.

5.1 Entropy

To elucidate the entropic contribution to diffu-
sion, the relative activation entropy of diffusion
was calculated using methods we have previ-
ously utilized44 by describing the diffusion co-

6



efficient by a transition state theory (TST)-type
expression:

D(T ) ≈ DAe
−β∆A‡

= DAe
−β∆U‡

e∆S‡/kB , (10)

where DA is the “attempt frequency” factor
which is assumed to be the same at all CO2

pressures, ∆A‡, ∆U ‡, and ∆S‡ are the acti-
vation Helmholtz free energy, internal energy,
and entropy, respectively. The most significant
approximation here is taking DA to be con-
stant when it might reasonably be thought to
increase with CO2 concentration as the solu-
tion viscosity decreases; it is, however, unlikely
that this effect would be of sufficient magni-
tude to alter the conclusions below. While in
TST, these thermodynamic properties depend
on a choice of the transition state dividing sur-
face, Tolman’s interpretation of the activation
energy, Eq. (9), shows that ∆U ‡ = Ea for a hy-
pothetical non-recrossing dividing surface.20,45

Thus, we can rewrite Eq. (10) for each species
α in the CXE at a given CO2 pressure, p, as

Dα(T, p) ≈ DA,αe
−βEa,α(p)eSa,α(p)/kB , (11)

where we have assumed DA,α is independent of
the pressure and defined the activation entropy,
Sa,α, that accompanies the use of the activation
energy as the internal energy.
Then, we can find the change in activation

entropy as the solution is expanded, relative to
the CXE at 3.4 bar, as ∆Sa,α(p) = Sa,α(p) −
Sa,α(p0), such that

Dα(T, p)

Dα(T, p0)
= e−β∆Ea,α(p)e∆Sa,α(p)/kB , (12)

where ∆Ea,α(p) = Ea,α(p) − Ea,α(p0) with
Ea,α(p0) and Sa,α(p0) the reference values at
p0 = 3.4 bar.
The relative activation entropy of diffusion as

a function of CO2 pressure from this calculation
is presented in Fig. 4. The ions and MeCN all
show similar behavior, where at high CO2 pres-
sures the relative activation entropy of diffusion
becomes more favorable, i.e., ∆Sa,α(p) becomes
more positive, or −T∆Sa,α(p) becomes more
negative. This demonstrates that at high pres-
sures of CO2, entropy drives the faster diffu-

0.150.200.250.300.350.40
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3.4 17.2 31.0 37.9 44.8 51.0
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Figure 4: Relative activation entropy of diffu-
sion contribution, −T∆Sa,α(p), for each type
of molecule in the CXE system with increas-
ing CO2 pressure/corresponding electrolyte di-
lution for CO2 (purple), MeCN (black), PF−

6

(red), and TPrA+ (blue). Shaded regions indi-
cate 95% confidence intervals.

sion of these molecules. Conversely, CO2 shows
no change in the activation entropy of diffusion
with changing CO2 pressure. As the activa-
tion energy of diffusion decreases with increas-
ing CO2 pressure (Fig. 3), this demonstrates
that the faster diffusion of CO2 is driven by a
reduction of the energetic barrier as CO2 pres-
sure is increased.
We can also predict diffusion coefficients as

a function of CO2 pressures from our calcu-
lated activation energies, under the assump-
tion that the entropic contribution to diffu-
sion is invariant with CO2 pressure, by taking
∆Sa,α(p) = 0 in Eq. (12). These predicted dif-
fusion coefficients as a function of CO2 pressure
are presented in Fig. S1, along with the actual
Dα values from Fig. 2. Again, the ions and
MeCN show similar behavior, where at low CO2

pressures the predicted diffusion coefficients are
within error to the actual values, i.e., entropy
has a minimal contribution to diffusion, but at
high CO2 pressures, the predicted diffusion co-
efficients deviate from the actual. This demon-
strates that at high pressures, the increasing
activation energy of diffusion for the ions and
MeCN would lead to decreasing diffusion coef-
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ficients if entropic effects were invariant with
pressure. In contrast, for CO2, the prediction
is in agreement across the pressure range, indi-
cating that entropic factors play a minor role in
the diffusion of CO2.
This behavior, in which the diffusion of some

species is governed by entropic effects and oth-
ers by energetic effects, is quite remarkable.
The results suggest that higher temperatures
could be used to increase the ion (and MeCN)
diffusion coefficients, while having a more mod-
est effect on the CO2 behavior. It is important
to note, however, that our calculated activation
energies are for fixed composition. Raising the
temperature will also have the effect of reducing
the amount of CO2 in the CXE. Nevertheless,
the present results indicate that this may be a
fruitful avenue for modulating solution conduc-
tivities (and other properties of the electrolyte
that we discuss below).

5.2 Contributions to the Activa-
tion Energies

To understand the origins of the diffusion acti-
vation energies shown in Fig. 3 and how they
change with the CO2 pressure, we probe the
role of different intra- and intermolecular inter-
actions. This is enabled by the fluctuation the-
ory for dynamics approach described in Sec. 2.
Contributions to the activation energy of dif-

fusion with changing CO2 pressure were calcu-
lated from Eq. (6) and are presented in Fig. 5.
For each molecule, the bond and dihedral po-
tential energy contributions (Ebond

a,α and Edih
a,α)

were effectively zero at all CO2 pressures, thus
the major contributions to the activation en-
ergy of diffusion are kinetic energy as well as the
Lennard-Jones, Coulombic, and angle bending
potential energies. For all molecules, the kinetic
energy contribution to the activation energy of
diffusion is roughly constant with CO2 pressure
and makes up about half of the total Ea,α at
pressures below 44.8 bar.
The contributions from Lennard-Jones,

Coulombic, and angular potential energies all
comprise a small positive contribution to the
total activation energy of diffusion at the lower
pressures. At 44.8 bar, the Lennard-Jones

and Coulombic contributions to Ea,α increase
slightly for MeCN, TPrA+, and PF−

6 while the
angular contribution shows a small decrease.
The diffusion of CO2 exhibits similar behavior
in its angular contribution, but to a lesser de-
gree. These effects are enhanced at 51.0 bar,
where the total activation energy has signif-
icant contributions from Lennard-Jones and
Coulombic potential energies for all molecules
and the angular contribution decreases sharply,
so that it gives a negative contribution to the
total activation energy of diffusion.
The dramatic change in the angular poten-

tial energy contribution at 51.0 bar may be as-
sociated with the limitations of CO2-expansion
in these electrolytes. Experimentally, it is ob-
served that just beyond the highest CO2 pres-
sures considered here, the system develops in-
creased heterogeneity and the ions become no
longer soluble.8 Our results may be reflect-
ing the beginning of longer-ranged ion pairing
and the development of larger ionic clusters in
the increasingly nonpolar system; this is cer-
tainly indicated by the increasing Coulombic
and Lennard-Jones contributions to the MeCN
and ion activation energies at the highest CO2

pressures. The behavior of Eang
a,α may be a

manifestation of this structure, with the an-
gular energetics showing a marked difference
from those at lower pressures. As the system
is mainly composed of CO2 at 51.0 bar (see
Table S5), most of the angular potential en-
ergy is attributed to the CO2 bond angle (see
Fig. S2). Note that a negative Eang

a,α contribu-
tion means that the angular potential energy is
lower at the transition state for diffusion, for
CO2 this implies that the molecule must be-
come more linear to enhance diffusion of itself
and the other molecule types. This seems to
be a reasonable consequence of the higher pres-
sures and the presence of increased ion pairing,
but it is not clear why the change is so sharp
between 44.8 and 51.0 bar.

5.3 Ion-pairing

The limiting behavior of CXEs at high CO2

pressures is a decline in solution conductivity.
Structurally, the extent of ion pairing with CO2
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Figure 5: The energetic contributions to the activation energy of diffusion over increasing CO2

pressure/corresponding electrolyte dilution for a. MeCN, b. CO2, c. PF
−
6 , and d. TPrA+. Results

are shown for the total activation energy (black) as well as contributions from the kinetic (purple),
Lennard-Jones (red), Coulombic (blue), and angle (cyan) energies. Shaded regions indicate 95%
confidence intervals.

expansion is well-described by the increase in
cation-anion coordination number with increas-
ing CO2 pressure that we have reported previ-
ously.8 The energetic effect of ion-pairing can be
understood by decomposing the activation en-
ergy into contributions from intermolecular in-
teractions between different types of molecules.
From Eqs. (7) and (8), the contributions

to Ea,TPrA+ from Coulombic interactions be-
tween TPrA+ and PF−

6 were calculated with
changing CO2 pressure. These quantities were
also calculated for Ea,PF−

6
and show similar be-

havior, which is shown in Fig. S3. The re-
sults are presented in Fig. 6, and show that, as
CO2 pressure increases, the contribution of the
Coulombic interactions between the cation and
the anion to Ea,TPrA+ increases. Conversely,
at the same time, the cation-cation and anion-
anion Coulombic interactions have an increas-

ingly negative contribution to Ea,TPrA+ . This
demonstrates how the energetically favorable,
oppositely-charged ionic attraction makes diffu-
sion less energetically favorable, and more so at
high CO2 pressure where the most ion-pairing
is observed. However, this effect is tempered
by the ionic repulsion experienced between ions
of like-charge, which keeps the overall Coulom-
bic contribution to Ea,TPrA+ non-prohibitive to
diffusion.
Smaller magnitude intermolecular contribu-

tions shed further light on the origin of in-
creased activation energy of diffusion of the
ions. The non-zero contributions to Ea,TPrA+

from Lennard-Jones and Coulombic interac-
tions between all pairs of molecules are pre-
sented in Fig. 7 with changing CO2 pressure.
These quantities are again similar to those for
Ea,PF−

6
, which is shown in Fig. S4. The ma-
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ted. Shaded regions indicate 95% confidence
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jor Lennard-Jones intermolecular contributions
come from MeCN-MeCN and CO2-CO2 inter-
actions, which each increase with increasing
CO2 pressures. Other Coulombic contribu-
tions to Ea,TPrA+ include positive contributions
from MeCN-MeCN, MeCN-CO2, and CO2-CO2

interactions, and negative contributions from
MeCN-ion interactions. The absence of con-
tributions from CO2-ion interactions shows the
difference in role that the solvating molecules
play: MeCN stabilizes diffusing ions, while CO2

neither stabilizes nor destabilizes.
These intermolecular contributions shed light

on the mechanism of a diffusing ion, ultimately
giving insight to the origin of the solution con-
ductivity loss in CXEs at high CO2 pressure.
Fig. 8 provides a schematic of this mechanism,
and the following discussion of the activation
energy contributions from intermolecular inter-
actions are in line with the proposed mecha-
nism. For solution conductivity to be main-
tained, an ion must be able to diffuse sepa-
rately from an oppositely-charged partner. The
breaking of the cation-anion Coulombic attrac-
tion is the largest contribution to Ea,TPrA+ ,
but nearby like-charged ions facilitate diffusion
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Figure 7: Contributions from intermolecular
a. Lennard-Jones and b. Coulombic inter-
actions to the activation energy of diffusion
of TPrA+ are shown, along with the total
ELJ

a,TPrA+ and ECoul
a,TPrA+ (black). Contributions

from the MeCN-MeCN (red), CO2-CO2 (blue),
MeCN-CO2 (magenta), MeCN-PF−

6 (purple),
and MeCN-TPrA+ (cyan) interactions are plot-
ted. Shaded regions indicate 95% confidence
intervals.

through Coulombic repulsion.
For the ion to diffuse, it must also break

the interactions of the nearby solvation struc-
ture, and we see that the positive Lennard-
Jones contributions to Ea,TPrA+ from MeCN-
MeCN and CO2-CO2 interactions show the en-
ergetic barrier involves breaking stable solvent-
solvent interactions. At high CO2 pressures,
these contributions are increased, demonstrat-
ing that MeCN and CO2 molecules must move
into environments that are less energetically-
favorable when there are greater concentrations
of CO2. The remaining Coulombic intermolec-
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Figure 8: A schematic representation of the dif-
fusion process of TPrA+ · · ·PF−

6 in the CXE,
with MeCN (gray), CO2 (tan), TPrA+ (teal),
and PF−

6 (red). In the initial state, Panel a.,
TPrA+ is ion-paired with PF−

6 . For diffusion to
occur, the ion must break its ion pair interac-
tion and the surrounding solvent must move out
of the way accommodate it. Panel b. shows the
beginnings of separation, where the ions have a
few solvent molecules between them. The final
state, Panel c., shows the ions separated by a
greater distance and are thus more able to dif-
fuse freely. For simplicity, we have not shown
the effect of other ions, which enhance diffusion
of ions of like charge through Coulombic repul-
sion. System visualizations were prepared using
PyMOL.30

ular contributions show a similar picture, with
positive contributions to Ea,TPrA+ from MeCN-
MeCN, MeCN-CO2 and CO2-CO2 interactions
that increase at high CO2 pressures. The con-
tributions from MeCN-ion interactions show
the role of MeCN as a stabilizer for a diffus-
ing TPrA+, as well as stabilizing the PF−

6 left
behind. This stabilizing effect is diminished at
high CO2 pressures, presumably because high
concentrations of CO2 dictate fewer MeCN-ion
interactions.
The origin of the critical effects of the activa-

tion entropy with increasing CO2 pressure are
also suggested by Panel b of Fig. 8. Namely, it
indicates that the CO2-rich milieu may provide
a greater number of ways to arrange the tran-
sition state for ion depairing, both structurally
and compositionally.

6 Conclusion

In this work, a molecular-level understanding
of the factors contributing to a loss of solution
conductivity in CXEs was developed. From

MD simulations of systems corresponding to an
experimentally determined range of CO2 pres-
sures and corresponding electrolyte dilution,
diffusion coefficients and activation energies of
diffusion were calculated.
The introduction of high concentrations of

CO2 in the organic electrolyte system has the
primary effect of increasing the mobility of all
components. CO2 exhibits the highest diffu-
sion coefficient and the most dramatic increase
across the pressure range, MeCN has a lower
diffusion coefficient at all pressures but still ex-
periences a noticeable increase. The ions each
have the lowest diffusion coefficients at all pres-
sures, with that of PF−

6 slightly larger than that
of TPrA+, and exhibit a doubling of the diffu-
sion coefficient across the CO2 pressure range.
The activation energies of diffusion were cal-

culated for all species and the values as a func-
tion of CO2 pressure are quantitatively similar
for MeCN and the ions. They are effectively
unchanged below 44.8 bar and then exhibit a
sharp increase. In contrast, the diffusion acti-
vation energy for CO2 monotonically decreases
with CO2 pressure.
The contradictory trends in the MeCN and

ion diffusion coefficients and corresponding ac-
tivation energies demonstrate that the activa-
tion entropy plays a dominant role in diffusion
at higher CO2 pressures. In contrast, entropic
effects are minimal for CO2 diffusion where the
behavior is well described by considering the
activation energy alone (Fig. S1). The origin
of this behavior may be connected to the ap-
proach of the solubility limit for the ions in
the CXE, suggesting changes in the microenvi-
ronment. The diffusion of molecules and mix-
ing between phases in such a system would be
entropically favored. Another possible factor
could be the entropically unfavored ion-pairing
interactions, where the separation of two paired
ions would implicate increased diffusion driven
by entropy.
At high CO2 pressures, the drop in solu-

tion conductivity is driven by increased ion-
pairing interactions. The ions experience an
increased activation energy of diffusion at high
CO2 pressures, with major contributions from
Coulombic ion-ion interactions and Lennard-
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Jones solvent interactions. As the system be-
comes mainly composed of CO2 at high pres-
sures, the energetic barrier for an ion to diffuse
is made more difficult by the increased activa-
tion energy to break the ion-pair interaction, as
well as increased activation energy to break the
solvent structure surrounding it.
To improve the efficiency of CXEs, electrolyte

design may be a powerful avenue to address the
decline in solution conductivity with increasing
CO2 pressure. We envision that careful choice
of ion structure may be applied to tune the
dominating ionic interactions elucidated in this
work. In particular, the cation-anion Coulom-
bic attraction may be reduced by choosing elec-
trolytes which have larger protecting structures
around a charge-dense center, while incorporat-
ing features that maintain solubility in the in-
creasingly nonpolar CO2-expanded MeCN sol-
vent.

Supporting Information

Simulation details, including force field parame-
ters and system compositions at each CO2 pres-
sure; further activation energy decompositions,
including for PF−

6 .
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