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A thermodynamic database for 5 organic carbonates is compiled based on data from the literature. It includes the cyclic compounds
ethylene carbonate (EC) and propylene carbonate (PC) as well as the linear carbonates dimethyl carbonate (DMC), diethyl
carbonate (DEC), and ethyl methyl carbonate (EMC). For all of these substances the solid, liquid and gaseous phases are assessed.
The solid phases are all treated as pure substances. In the liquid state, the cyclic compounds (EC+PC) form practically an ideal
mixture which is also the case for the 3 binary combinations of the linear carbonates (DMC+DEC, DMC+EMC, DEC+EMC).
The 6 binary liquids consisting of a linear and a cyclic carbonate exhibit all positive deviations from Raoult’s law. The gas phase is
described by an ideal mixture of the 5 substances for temperatures up to 1000 K and pressures slightly above normal pressure. The
Gibbs energy functions of all compounds are related to the SGTE data of pure elements (here C, H, and O) by adjusting the
standard quantities of formation (AH°, AS°) to experimental data.
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Lithium-ion rechargeable batteries are widely used as power
sources for many devices from portable electronics to electrical
vehicles. Ideally, the electrolyte solution in these batteries is just a
medium that allows the charge transport of Li-ions between the
electrodes, but which itself is not involved in the electrochemical
reactions. However, the solvents used here are frequently organic
carbonates, the stability of which depends not only on the tempera-
ture but also on the oxidation and reduction potentials at the
electrodes.

In Li-ion batteries, cyclic and linear organic carbonates are mixed
to optimize the properties of the solvent. The cyclic carbonates have
high dielectric constants (comparable to that of water), which
increase the solubility of salts, but also relatively high viscosities,
which lead to small diffusion coefficients and thus to low ionic
conductivities. Linear organic carbonates have an inverse relation-
ship between these two properties. The 5 most important technical
carbonates used in Li-ion batteries are listed in Table L.

In thermodynamics, the stability of these solutions is described
by the Gibbs energy functions of the pure substances, as well as their
mixing behavior using appropriate interaction parameters.
Thermodynamic datasets for calculating the mixing behavior and
phase transformations of various 0r§anic carbonates have already
been published in the literature, e.g.'*> However, in these evaluations
so far the reference to the standard formation reactions from the
elements is missing, which is necessary to calculate combustion
reactions of carbonates or their decomposition at higher tempera-
tures. Furthermore, the datasets'? do not include a gas phase which
is needed to model evaporation effects at the approach of a thermal
runaway.

Thermodynamic Models

The Gibbs energy of a compound i in a liquid or solid phase ¢ is

a function of the temperature only, Gi“’(T), provided the pressure is
kept at sufficently low levels®:

Gl =a+bT+cTT+dT?*+eT + 7'+ gT" +h T
[1]
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The entropy, enthalpy and heat capacity can be derived from the
Gibbs energy:

S'=-b-c—clnT—2dT - 3eT?+ T2
—7g T+ Oh T-10 [2a]

Hf =a—cT—-dT? - 2T+ 2fT~' - 6g 77+ 10h T~° [2b]

Cp? =—-c—2dT - 6eT? - 2f T2 — 42g T® — 90h 7710 [2c]

However, the temperature range of the thermodynamic functions
usually has to be divided into several intervals, due to two reasons.
Firstly, the temperature function cannot represent the thermody-
namic property (G, S, H, Cp) sufficiently accurate over the given
temperature range. The inclusion of additional terms with higher
powers of T can improve the fit in the interval, but usually results in
the function not being able to be extrapolated to higher or lower
temperatures, since strong deviations occur just outside the range
considered.

Secondly, when extrapolating the heat capacity of a liquid into
the range of the supercooled melt or when extrapolating the
functions of a solid into the superheated region, a situation can
arise in which the solid has a higher entropy than the liquid at the
same temperature, which contradicts common thermodynamic
principles. The case when the entropy of a supercooled melt
becomes smaller than the entropy of the crystalline solid is known
in the literature as the Kauzmann paradox.* In real liquids, this
situation is avoided by the transition into the glassy state.
Unfortunately, for many liquids, no measurements of the enthalpy
or heat capacity in the supercooled region or even in the glassy
region are available. Therefore, in the course of thermodynamic
modelling of the elements, SGTE proposed that the heat capacity of
the supercooled liquid should approach the Cp function of the
crystalline phase by adding an additional temperature interval below
the melting temperature and using the T-term with the coefficient g
(Egs. 1, 2a-2¢) to achieve the asymptotic transition.” Accordingly,
the T-term with the coefficient h is used to make the heat capacity of
the superheated solid approach that of the liquid.

For a gaseous compound, the Gibbs energy has a pressure-
dependent contribution which is in the case of an ideal gas:
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Table 1. Organic carbonates assessed in the present investigation.

Compound Abbreviation Formula Structure
Ethylene carbonate EC C;H,05 O
o
Propylene carbonate PC C4HeO5 o
¢}
Dimethyl carbonate DMC C3HgO5 o
\ o /\ o /
Ethyl methyl carbonate EMC C4HgO5 o
/\ o /\ o /
Diethyl carbonate DEC CsH,005 o
/\ o) - o /\
If the entropy is only known for the solid or gaseous state, the
GF*(T, P) = GE*(T) + RT In(P/P°), [3] values in the other phases can be calculated from the data of the

where P° = 100kPa is the reference pressure and R is the gas
constant.

In the present work, the mixing thermodynamics of the carbo-
nates is described by a simple model in which an ideal entropy of
mixing is assumed and the enthalpy of mixing is represented by a
Redlich-Kister polynomial of the mole fractions x;. Thus, the Gibbs
energy of a mixture consisting of n compounds is given by:

n n
Gho=Y xG!+RTY x;lnx;
i=1 i=1

n—1 n m
+Z Z X;Xj Z i — xpk (4]
k=0

i=1 j>i

Here, G,-‘/’ denotes the Gibbs energy of the pure compound i in the
phase ¢, as given by Eq. 1. The coefficients of the Redlich-Kister
polynomial, "L, are the mixing parameters of order k. In the present
assessment their maximum order is m = 2. The constant n denotes
the number of components in the mixture.

Assessment of the Pure Carbonates

For the thermodynamic description of the pure carbonates, their
Gibbs energy functions have to be determined in the gas phase, in
the liquid and in the solid modifications. For this purpose, the
literature data for the heat capacities are used, as well as the
temperatures and transformation enthalpies of the melting points
and, if applicable, the corresponding data for polymorphic transfor-
mations in the solid state. The enthalpies of transformation into the
gaseous state are derived from experimental vapor pressure curves.

The literature data for the entropies of the phases are based
mainly on two methods. In the case of solid phases, the ratio Cp/T is
integrated numerically, provided that the heat capacity has been
determined over a temperature range which approaches sufficiently
close to zero temperature.

In the case of gases, the entropies can be calculated from the
corresponding partition functions, whose energy levels were deter-
mined spectroscopically using infrared and Raman investigations.

transformation points (A.S = A H/T) and the corresponding Cp
functions.

The aim of a thermodynamic assessment is to determine the G-
functions of all phases in the system. Thus, the coefficients (a to h)
of Eq. 1 and the interaction parameters kLij of Eq. 4 have to be fitted
to appropriate experimental data. This task is accomplished in the
present work by using the PARROT module of the Thermo-Calc
program.® Furthermore, all thermodynamic calculations and the
diagrams in the present work are prepared with this program.

Ethylene carbonate.—In addition to the gas and the liquid phase,
ethylene carbonate is known to occur also in a solid phase which
belongs to the monolinic space group C2/c.”

The heat capacity of the condensed phases of EC is given in
several experimental reports shown in Fig. 1a.>*'' It can be seen
that the values for the liquid of Vogdanis et al.” are significantly
higher than those of the other investigations. Therefore, the values of
this study were not taken into account when optimizing the heat
capacity of liquid EC. The resulting best fit curves of the calculation
represent the selected data in good agreement. In the Supplemental
Information, the heat capacity of the condensed phases is shown
with increased resolution, figure S1.

For the gas phase, results from two sources are available,
which are in good agreement with each other, as shown in Fig. la.
The calculated best fit curve also represents the two data sets very
well over the temperature range 100K < 7 < 1000K. To achieve this
agreement, it was necessary to split the function G(7) into two
temperature intervals. At the interval boundary at T=500 K, the two
parts of the G function are calculated in such a way that the Cp
function has the same slope on either side of the boundary.

In Fig. 1b, the calculated vapor pressure curve of EC is shown in
comparison with the experimental data for the liquid'®™"® and the
solid,"""'* over a range of more than five orders of magnitude of
pressure. Looking closely at the vapor pressure curve for the liquid,
it is seen that the values in the van’t Hoff plot do not lie on a straight
line but on a slightly curved graph. The reason for this behavior is
that the enthalpy of vaporization changes slightly with temperature,
since the heat capacities of gas and liquid also change with
temperature. In the literature, this behavior is often described by

8,11
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Figure 1. Thermochemical properties of ethylene carbonate: (a) heat
capacity (see also supplementary figure S1), (b) vapor pressure.

phenomenological Antoine equations, whereas here it is a thermo-
dynamically consistent result from the equilibrium calculations
using the G-functions (Eq. 1) for the gas and the condensed phase.

At the intersection of the vapor pressure curves for the liquid and
solid phases, a three-phase equilibrium exists in which the chemical
potential of EC has the same value in all phases. Furthermore, the
melting temperature and melting enhalpy of EC have been deter-
mined in several experimental investigations,>®'"!'>!> which are
shown in Table II. In the thermodynamic optimization, the coeffi-
cients of the G functions of all phases (Eq. 1) are determined
simultaneously so that the resulting data sets of the phases are
consistent with each other. The calculated temperatures and trans-
formation enthalpies of the phase equilibria are shown by bold face
numbers in Table II.

No literature sources are given for the boiling point data in this
table, since all these values are derived from the vapor pressure
curves (at standard pressure, 101.325 kPa). The references to the
respective experimental publications can be found in the vapor
pressure diagrams instead. In addition to the enthalpies of vaporiza-
tion at the corresponding boiling temperatures, the table also shows
the calculated enthalpies of vaporization at 298.15 K. As discussed
above, the two enthalpies differ due to the temperature-dependent
heat capacities of the liquid and gaseous phases.

In order to calculate chemical reactions involving the carbonates
considered here, it is necessary to know their enthalpies of formation
and also their entropy values under standard conditions. The
enthalpies of formation are usually determined by combustion
calorimetry from the corresponding enthalpies of combustion. The
entropy values for condensed phases are calculated from their heat
capacities, provided that these are known down to sufficiently low
temperatures. In the case of gases, their entropy values can be
calculated using partition functions based on spectroscopically
determined transition energies.

The entropy of the carbonates in their various states of aggrega-
tion are listed in Table III as well as their enthalpies of formation
under standard conditions. The bold face numbers are the respective
values calculated with the dataset of the present work. For EC,
entropy values are reported by two investigations™'' in good
agreement for the gas phase. The standard enthalpy of formation
of EC is reported several times.”'®'® Here it is noticeable that the
value given by Choi and Joncich'® is significantly more negative
than in the other four studies. This discrepancy is also repeated for
the other carbonates. Therefore, the enthalphies of formation
reported by Choi and Joncich'® have been omitted from the
optimisation of the thermodynamic functions of EC and the other
carbonates.

Propylene carbonate.—In propylene carbonate, the carbon atom
on which the methyl group is located is an optically active center,
resulting in two different molecules which are mirror images of each
other. Which of these enantiomers are formed in a synthesis and in
what ratio depends on the production routes used. In Li-ion batteries,
only racemic mixtures are used, which contain the enantiomers in an
equimolar ratio. Accordingly, racemic mixtures are used in all of the
studies of propylene carbonate considered here. Since the mixing
ratio in the racemate does not change during phase transformations,
propylene carbonate is formally treated as a pure substance when
modeling the phases.

Propylene carbonate is known to exist in several states, the
gaseous, liquid, crystalline and two glassy states.?’

The heat capacity of the condensed phases of PC is given in
several experimental reports shown in Fig. 2a.>%!%!"222 [t can be seen
that the values for the liquid of Comelli et al.* are noticeably higher and
those of Ding® are significantly lower than those of the other five
investigations. Therefore, the values of these two studies were not taken
into account when optimizing the heat capacity of liquid PC. Heat
capacities in the glass range have been reported solely by Fujimori and
Oguni.®® According to their results, the glass transition temperature is at
T, = 156K and additionally, a second transformation within the glass
range was detected at 64 K based on a very small jump in the data of the
heat capacity. However, due to the smallness of this jump the transition
between the two glass states is neglected in the present assessment.
Furthermore, the temperature function for the glass is attached to that of
the liquid using an additional temperature range below T.

After appending the G-function of the glass state to that of the
supercooled liquid the Kauzmann paradox does not occour in the
dataset of PC, which was verified by calculating the entropy of
the phases over the temperature range up to 1000 K. Therefore, it
was not necessary to introduce additional temperature intervals into
this dataset.

The heat capacity of gaseous PC is reported by the same two
sources as in the case of EC,&11 and as before, their results are in
good agreement as shown in Fig. 2a. In order to achieve the good fit
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Table II. Phase transition data for the carbonates.

Compound Transition T AqH
Reference (K) (kJ mol™")

EC sol./liq. 309.4 13.3
2 311.2 13.02

8 309.49 133

11 309.13 13.5

12 309.2 13.3
15 309.52 13.19

lig./gas 523.3 50.5

298.15 62.4

PC sol./liq. 218.6 8.0
2 220.3 8.96

8 224.85 9.62

20 218.66 8.011

lig./gas 515.8 48.3

298.15 61.1

DMC sol./liq. 2779 11.7
2 278.2 11.58

28 271.57 11.9

liq./gas 362.8 34.5

298.15 38.4

DEC sol./liq. 198.2 9.2
2 198.2 9.24

28 196.4 9.1

lig./gas 399.5 37.6

298.15 44.5

EMC sol./liq. 219.4 11.2
2 219.4 11.24

12 219.7 11.5

lig./gas 381.3 36.1

298.15 40.7

Note. The entries in bold face denote results of this work. Numbers in
column 2 are references.

of the calculated Cp function to the experimental data for PC, the
temperature range was again divided at T=500 K into two intervals,
under the condition that the Cp function has the same slope on both
sides of the joint.

In Fig. 2b, the calculated vapor pressure curve of liquid PC is
shown in comparison with experimental data over a range of five
orders of magnitude of the pressure.'®'"13141623=25 [t can be seen
that the experimental data are generally in good agreement among
each other and that they are well represented by the calculated curve.
Only two experimental points from the set of Choi and Joncich'® are
noticeably above the fitted curve and two points from the set of
Nasirzadeh et al.>* are below the curve. These points were excluded
from the thermodynamic optimization. Besides these investigations,
Wilson et al.?® have reported measurements of the boiling tempera-
ture under elevated pressures in the range of 13—40 bar. However,
under these conditions the gaseous PC shows noticeable deviations
from the ideal gas behavior and therefore, the corresponding results
of Wilson et al. have not been included in the present evaluation.

The calculated phase transition data for PC are shown in Table II
and compared with experimental values.>®*° Liquid PC can be
supercooled very easily, which makes the determination of the
melting point difficult. In the calorimetric investigations by Fujimori
and Oguni,”° the thermodynamic properties of PC were determined
both in its stable states and in the supercooled liquid and glassy
states. Therefore, when optimizing the dataset for PC, the results of
Fujimori and Oguni were given a high weight. The theoretical
background of applying weight factors in optimization programs
based on the minimization of square sums is explained in chapter 2
of the book by Lukas et al.®> The details of how these weightings are
applied in the PARROT module are described in the user manual of

Table III. Entropy and standard enthalpy of formation for the
carbonates at 298.15 K.

Szog AfH%508
Compound Phase
(mol 'K (kJ mol ")
EC solid 129.3 -585.9
132.5 8 —590.9 9
—682.8 16
—584.8 17
—581.6 18
—586.3 19
liquid 171.7 -572.7
gas 298.0 -5104
294.4 8 —604.3 16
301.6 11 —510.7 17
PC solid 160.3 -625.1
liquid 210.3 -613.7
218.6 8 —631.8 16
2125 20 —614.1 17
—613.4 18
gas 336.4 -552.6
337.9 11 —601.2 16
—553.9 17
DMC solid 188.9 -621.2
liquid 232.5 -609.1
—608.7 37
gas 339.6 -570.7
339.6 28 —571.0 37
DEC solid 252.2 -692.3
liquid 303.0 —682.1
—727.2 16
—681.5 46
gas 417.2 —637.6
417.2 28 —684.2 16
—637.9 46
EMC solid 217.9 -656.5
liquid 269.6 —645.2
gas 378.0 -604.5

Note. The entries in bold face denote results of this work. Numbers in
columns 4 and 6 are references.

the Thermo-Calc program,® which is available online (http://thermo-
calc.com).

The calculated entropy values for PC and its standard enthalpy of
formation at room temperature are compared with experimental
values in Table III. As previously for EC, the higher value of Choi
and Joncich'® was not taken into account in the data optimization.

Dimethyl carbonate.—Dimethyl carbonate can occur in the
gaseous, liquid, and in three crystalline orthorhombic phases.?’ In
the sequence from high to low temperatures these solids belong to
the space groups Ibam, Pbcm, and Pbca. At present, no thermo-
dynamic data seem to be known for the crystals with the space group
Pbca and therefore, this phase is omitted from the present evaluation.
The high temperature solid is denoted here as DMCH and the
crystalline phase with the space group Pbcm is denoted as DMCL.
The heat capacity of these two phases has been measured by Ding?
and for part of the DMCH phase also by Pokorny et al.”® The phase
transformation between DMCH and DMCL occours at 220.1 K and
according to the shape of the Cp curve it is of 2nd order.” This result
was confirmed by the crystallographic investigation of Whitfield,?’
who found an order/disorder relation between the crystal structures
of DMC in the Pbcm and Ibam space groups.

In the dataset the course of the Cp function is described by
splitting the temperature range at 220.1 K into two intervals with
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Figure 2. Thermochemical properties of propylene carbonate: (a) heat
capacity (see also supplementary figure S2), (b) vapor pressure.

appropriate temperature functions according to Eq. 2¢ as can be seen
in Fig. 3a.

The heat capacity of liquid DMC has been measured in five
investigations and the results of four reports are in close agreement
with each other.>**° Only the values measured by Comelli et al.>>
are significantly lower and they have been omitted from the
optimisation. Figure 3a shows that the Cp values of the liquid are
well represented by a linear function.

The heat capacity of gaseous DMC has been reported by Pokorny
et al.?® and by Zhou et al.*' Here, it should be noted that Zhou et
al.>! do not provide a table of Cp values, but instead a formula for Cp
derived from the equation of state. The corresponding data shown in
Fig. 3a are calculated using the equation of Zhou et al.*' It can be
seen that the Cp values of Zhou et al. are higher than those of
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Figure 3. Thermochemical properties of dimethyl carbonate: (a) heat
capacity (see also supplementary figure S3), (b) vapor pressure.

Pokorny et al., whereas the difference decreases at higher tempera-
tures. The calculated curve represents an average of both datasets.

In Fig. 3b, the calculated vapor pressure curves for liquid DMC
and solid DMCH are shown in comparison with experimental
data 25283236

The melting point of DMC and its melting enthalgy are reported
in good agreement by Ding” and Pokorny et al.”® as shown in
Table II. The entropy of gaseous DMC at 298.15 K has been
reported by Pokorny et al.>® and the entropy values of liquid and
solid DMC shown in Table III are calculated in the present work
based on the data for the heat capacities and phase transition data. In
addition, Table III lists the standard enthalpy of formation of liquid
and gaseous DMC which has been determined by Steele et al.”’
based on combustion experiments.
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Figure 4. Thermochemical properties of diethyl carbonate: (a) heat capacity
(see also supplementary figure S4), (b) vapor pressure.

Diethyl carbonate.—In addition to the gas and the liquid, diethyl
carbonate can also occur in a crystalline state. According to
Yakovenko et al. these crystals belong to the orthorhombic space
group Pna2,.®

Up to now, the heat capacity of the solid has been measured only
by Ding,” and that of the gas has been reported only by Pokorny et
al.>® The liquid heat cagacities of DEC have been reported by
several investigations.>**?%%°=*2 In Fig. 4a the calculated Cp
functions for the three phases are compared with the experimental
data. The experimental data for the liquid phase show noticeable
differences between the different reports. However, they were all
taken into account in the fit of a linear Cp function for the liquid.
Figure 4b shows the the calculated vapor pressure curve for liquid
DEC compared to the experimental data,'®-2>-2%354345
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Figure 5. Thermochemical properties of ethyl methyl carbonate: (a) heat
capacity (see also supplementary figure S5), (b) vapor pressure.

The melting enthalpy and melting temperature have been
reported in good agreement by Ding” and Pokorny et al.>® In
Table II these data are compared with the calculated values. The
standard entropy of gaseous DEC has been determined by Pokorny
et al.”® and the corresponding values for the other phases of DEC
shown in Table III have been calculated in the present work based on
the assessed heat capacities and phase transition data. The standard
enthalpy of formation of liquid and gaseous DEC have been reported
by Choi and Joncich'® and by Mansson.*® As in the case of EC and
PC before, the higher values of Choi and Joncich'® were not
considered in the present optimization.

Ethyl methyl carbonate.—The known phases of ethyl methyl
carbonate are the gas, liquid and one crystalline solid. The heat
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Table IV. Thermodynamic parameters of the carbonates.

Phase

T-range (K) Parameter (J mol ')

Gas

[100, 500) GSc = —666230.8 — 23.552 T — 429138 T InT — 0.178147 T? + RTLNP

[500, 1000) —756382.6 + 1201.87 T — 225.799 T In T — 0.0545015 T2 + 7405060 T~
+ RTLNP

(100, 300) GESc = —597385 + 293.597 T — 99.0241 T InT + 0.105595 T2 — 1.23519:10~* 73
+ RTLNP

[300, 500) —591170 — 36.1988 T — 353564 T InT — 0.111686 T2 + RTLNP

[500, 1000) —651898 + 787.396 T — 158.224 T InT — 0.028834 T2 + 5001957 T~
+ RTLNP

(100, 500) GE® = —525406 — 95.7693 T — 21.7384 T In T — 0.0922116 T2 — 6.18674-1076 T°

+ RTLNP

[500, 1000) —582471 + 656.018 T — 132.781 T InT — 0.0284898 T2 + 4755090 T~
+ RTLNP

[100, 500) GES. = —629563 — 9.76564 T — 42.598 T In T — 0.13907 T? + RTLNP

[500, 1000) —698178 + 908.917 T — 179.345 T InT — 0.048227 T2 + 5738000 T~
+ RTLNP

[50, 500) GE® = —572040 — 86.8996 T — 25.281 T InT — 0.13446 T2 + RTLNP

[500, 1000) —639927.8 + 842.061 T — 164.08 T InT — 0.039911 T2 + 5531300 T~
+ RTLNP

Liquid

[150, 198.2) Gl = =719767.71 — 34.984682 T — 435 T InT — 0.375 T? — 1.6700686-10~'4 17

[198.2, 1000) —736498 + 732.75 T — 1428 TInT — 0.133 T2

(100, 277.9) Ghdc = —636905.548 + 104.520189 T — 32.97 T InT — 0.1844 T2
— 1.3944696-10715 77

[277.9, 1000) —651730 + 618.936 T — 120.39 T In T — 0.07565 T2

[100, 309.42) G = —592638.22 + 25757331 T — 13.99 T InT — 0.1699 T2 — 4.89631-10~16 77

[309.42, 1000) —604452 + 404.778 T — 7746 T InT — 0.0965 T2

[50,219.4) Gl = —668791.42 — 435.03662 T + 70.27 T InT — 0.5238 T*
— 1.0113047-10715 77

[219.4, 1000) —689399 + 563.37 T — 1142 T InT — 0.1142 T2

[50, 156) Gp = —645760.48 + 136.45722 T — 30.7 T InT — 0.184 T2 + 10000 T~

[156, 1000) —644383 + 361.587 T — 740 T InT — 0.138 T2 — 537000 T~

(100, 1000) ()LllDiIc\l/IC,EC = 1650, lLllJiﬁAc,Ec:%O > ZLSI?AC,ECZZOO

[100, 1000) OLE& pvie = 2600, 'Ld pye=—320, 2LEd pye=—380

(100, 1000) OLII)i]%C,EC = 3760, ILSEC,ECZSOO ) 2Lllyigc,laczmo

[100, 1000) OL 3 e pc = 890 , 'L po=460

[100, 1000) OL e pe = 1480 , 'L pc=580 , 2Lixic pc=730

(100, 1000) OLllJigC,PC = 1760, lL]ggC.PCZZQO g ZLS%C,PC:GSO

[100, 1000) 0Lt L. =0

[100, 1000) °Lpticemc = 0

(100, 1000) °Liic.pme = 0

[100, 1000) OLII)i]%C,EMC =0

Solid phases

[100, 309.42) GESS = —605140 + 65.7316 T — 13.99 T InT — 0.1699 T2

[309.42, 500) —618371.98 + 449.56484 T — 77.46 T In T — 0.0965 T2
+ 1.6130569-1024 79

[100, 500) GEE® = —650017 + 167.205T — 34.18 TInT — 0.165 T2 + 14000 T~

[100, 220.1) GOYEH = —648836.55 + 149.14925 T — 32.97 T InT — 0.1844 T? — 2.220-10"'2 T¢

[220.1, 277.9) —647574.6 + 142269 T — 32.97 T InT — 0.1844 T2

[277.9, 500) —664303.011 + 663.878611 T — 12039 T In T — 0.07565 T2

+ 8.2344119-103 7~°
[100, 220.1) GIoMEr = —648856.55 + 149.24012 T — 32.97 T InT — 0.1844 T2 — 2.220-10~2 7%
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Table IV. (Continued).

Phase
T-range (K)

Parameter (J mol™})

[220.1, 277.9)

—647594.6 + 14235987 T — 32.97 T InT — 0.1844 T?

[277.9, 500) —664323.011 + 663.969481 T — 120.39 T In T — 0.07565 T2
+ 8.2344119-108 79

[100, 198.2) GOEES = —727804 + 4.54894 T — 435 T InT — 0.375 T2

[198.2, 500) —746674.66 + 783.62261 T — 142.8 T InT — 0.133 T?
+ 4.4197683-1022 779

[50,219.4) GEMES — 679882 — 384.60 T + 70.27 T InT — 0.5238 T2

[219.4, 500) —700753.56 + 615.06996 T — 1142 T InT — 0.1142 T2
+ 1.3604256-1022 79

Functions

RTLNP = RT In(P/P°),

capacity has been determined for the solid and the liquid phase by
Ding” and Finster et al.'? The heat capacity in each phase can be
described by a linear temperature function, as shown in Fig. Sa.
Since no data are known for the heat capacity of the gas phase, this
property is approximated by the average of the Cp data of DMC and
DEC which are reported by Pokorny et al.?® The resulting calculated
function is shown in Fig. 5a with the label gas.

In Fig. 5b the calculated vapor pressure curve for liquid EMC is
compared to the experimental data.”>>®*” The melting enthalpy of
EMC was first measured by Ding” and recently confirmed by Finster
et al.,'” as shown in Table II. No experimental results are known so
far for the standard enthalpy of formation as well as the entropy of
EMC at room temperature. Therefore, in the present assessment we
assume that the entropy of gaseous EMC is the average of the
corresponding values of DMC and DEC. The same assumption holds
for the standard enthalpy of formation of EMC, resulting in the
values shown in Table III.

Assessment of the Binary Systems

The combination of the five pure carbonates results in ten binary
systems. The phase diagrams of all these systems were investigated
in the range of solid/liquid equilibria by Ding using calorimetric
methods.” Furthermore, Ding also investigated the boiling curves in
the two systems PC-EC and PC-DEC.*® In addition, for PC-DEC
the results of Hu et al. are available.*® In other systems the gas/liquid
equilibria have been investigated by different authors. Luo et al.>
determined the boiling and dew curves in the phase diagrams of
DEC-DMC and PC-DMC, and Zhang et al.*’ determined them in
the systems DEC-EMC and EMC-DMC. In the DMC-EC system,
the evaporation equilibria were determined by Fang et al.,>' and in
the DEC-EC system by Nagl et al.>

In the thermodynamic evaluation of the binary systems, some
simplifying assumptions are made. The crystalline phases of the
carbonates are treated as pure phases. This assumption is supported
by the fact that no solubility ranges in the solids have been
discovered in the experiments so far. The gas phase is treated as
an ideal gas, and the justification of this approach has to be veryfied
afterwards by comparing the calculations with the experimental data.
The liquid is modeled as a generalized regular solution, as shown in
Eq. 4. The PARROT module of the Thermo-Calc program® is used
again to determine the mixing parameters in the liquid (kL,:/). The
mixing parameters are varied so that the calculated phase diagram
achieves the closest fit to the experimental data. By this procedure a
temperature range is covered from the sub-solidus domain up to the
gas phase at normal pressure (101.3 kPa). The optimized parameters
of the pure compounds as well as the interaction parameters kL,«j are
listed in Table IV. When modeling the thermodynamic functions, it
is often necessary to divide the equations into two or more

P°=100 kPa

temperature intervals, as discussed previously. In Table IV an
interval between the temperatures 7, and 7, is represented by the
notation [T, T>) which means T; < T < T5. For calculations with the
Thermo-Calc software, the thermodynamic parameters of Table IV
are transferred to the programs via a specially formatted file (TDB).
A corresponding listing of this thermodynamic database is provided
in the Supplementary Information.

According to the mixing behavior in the liquid, the systems can
be divided into two groups. In systems with ideal mixing in the
liquid all mixing parameters are zero, which is the case when both
components are either cyclic (PC-EC) or both components are linear
(DEC-DMC, DEC-EMC, and EMC-DMC). The other group
contains the systems with one cyclic and one linear component.
These systems show positive deviations from Raoult’s law and the
mixing enthalpies are endothermal.

The phase diagrams of the four systems with ideal mixing in the
liquid phase are shown in Fig. 6. It can be seen that the calculations
are generally in good agreement with the experimental data except
for a small deviation in the system PC-EC (Fig. 6a). Here, the
eutectic temperature is calculated to be 213.1 K, while the experi-
mental value is 207.9 K. It is possible to achieve a notably better
value for the eutectic temperature using a higher order Redlich-
Kister polynomial. However, in this case the corresponding excess
parameters of the liquid lead to significant deviations of the boiling
curve from the experimental values. Therefore, the ideal mixing
behavior for the liquid in the PC-EC system is retained in the present
data set.

The phase diagrams of the non-ideal systems of ethylene
carbonate combined with the three linear carbonates are shown in
Fig. 7. It can be seen that all calculated phase equilibria are well
supported by the experimental results. Only in the case of EMC-EC
(Fig. 7c) no experimental data are available for the boiling range.

The three phase diagrams of PC mixed with linear carbonates are
shown in Fig. 8. As before, no data for boiling equilibria are
available for the system involving EMC (Fig. 8c). The successful
calculation of all 10 phase diagrams confirms the simplifying
assumptions in the thermodynamic modeling of the phases presented
above.

Discussion

The assessed functions for the Gibbs energies of the organic
carbonates given in Table IV are compatible with the SGTE
Substance Database which contains thermodynamic data of pure
substances, including for example H,O, CO,, CH,, and many more.
By combining the dataset for the carbonates and the SGTE database,
chemical reactions with participation of the carbonates can be
calculated. Among them, the decomposition reactions are of special
interest which are shown in Table V. It can be seen that all these
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Figure 6. Phase diagrams of binary carbonate systems with ideal mixing in the liquid: (a) PC-EC, (b) DEC-DMC, (c) DEC-EMC, (d) EMC-DMC.

reactions have a quite strong negative A;G, which means that the
thermodynamic equilibria are strongly shifted to the side of the
decomposition products. Therefore, all these carbonates are only
metastable, similar to many other organic substances. Of course, the
carbonates can be produced and stored at room temperature for
considerable periods of time, but nevertheless they will decompose
if enough activation energy is provided or if suitable catalysts are
present.

Besides the equations shown in Table V many other reactions are
conceivable, but those given here lead to the most stable sets of
products. Although the carbonates have high thermodynamic driving
forces for decay, they are still durable enough to allow experimental
investigations of phase equilibria up to their boiling temperatures.

The thermodynamic data of the carbonates from the present
evaluation can be compared with the respective results reported by
Liu' and Shurtz and Hewson.’> Thermodynamic data of three
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Figure 7. Phase diagrams of ethylene carbonate with linear carbonates: (a) DEC-EC, (b) DMC-EC, (c) EMC-EC.
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Figure 8. Phase diagrams of propylene carbonate with linear carbonates: (a) PC-DEC, (b) PC-DMC, (c) PC-EMC.

Table V. Decomposition of the carbonates into the most stable products at 298.15 K.

Carbonate Decomposition reaction at 298.15 K AG AH
(kJ mol ™) (kJ mol™")
EC C3H,405(s) — 2H,0(1) + 21/2C(s) + 1/2CO4(g) —221.9 —181.8
PC C4HgO3(1) — 3H,0(!) + 4C(s) —250.5 —243.8
DMC C3HgO5(1) — 3H,0(I) + 3C(s) —246.8 —248.4
EMC C4HgO3(1) — 3H,0(!) 4 31/2C(s) + 1/2CHy(g) —265.6 —248.9
DEC CsH;005(1) — 3H,0(!) + 4C(s) + CHy(g) —284.7 —248.6

carbonates (DMC, EC, and PC) are presented in Table II of Liu’s
assessment.' Here, only the quantities AfH®,9g for EC and Sy9g for
EC and PC are in reasonable agreement with the corresponding
values in Table III of the present work. But AH®,9g for PC and
DMC and Sy9g for DMC differ drastically from the data of the
present work. The data for the melting equilibria reported by Liu'

are mostly in fair agreement with the values in Table II of the present
work, except for the melting point of PC, which is noticeably lower
in the present work (218.6 K) due to a high weight given to the
investigation of Fujimori and Oguni.?°

In the review of Shurtz and Hewson® (Table VII) several
thermodynamic data for the five carbonates (EC, PC, DMC, EMC,
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DEC) are compiled from the literature. In comparison with the
values for AfH®9g listed in Table IIT of the present work, there is
generally good agreement, but most entropy values show significant
deviations. However, in an erratum which has been published during
the review process of the present manuscript, Shurtz and Hewson™
provide values in close agreement with the numbers in Table III. A
similar good correspondence is present between the enthalpies of
vaporization given by Shurtz and Hewson™ for the liquid carbonates
at 298 K and the calculated values of the present work (Table II).

The phase diagrams of the binary carbonate mixtures have
already been calculated in the literature using thermodynamic
mixing models in the melting equilibrium range,'? and similarly
good agreement between the experimental values and the calcula-
tions is obtained, as shown in Figs. 6-8 of the present work.
However, in the evaluations of Liu' and Ding? a non-ideal mixing
behavior was found for all binary systems, while in the present work
only the liquid mixtures between cyclic and linear carbonates are
described with non-ideal behavior. If, however, cyclic or linear
carbonates are only mixed with each other, an ideal behavior is
obtained in the present work.

Conclusions

This work presents a critical evaluation of the thermodynamic data
of 5 pure organic carbonates considering the solid, liquid and gaseous
phases, for which a consistent set of Gibbs energy functions is given.
All five carbonates investigated are thermodynamically metastable but
still sufficiently durable for experimental investigations and they are
also available from commercial suppliers. Liquid mixtures of similar
carbonates (cyclic with each other (EC-PC) and aliphatic with each
other (DMC-EMC, DMC-DEC, EMC-DEC)) have ideal mixing
behavior. Mixtures of cyclic and aliphatic carbonates have positive
enthalpies of mixing. In the gas phase at atmospheric pressure, all five
carbonates can be described by ideal mixing behavior.
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