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Abstra
t

An empiri
al fundamental equation of state 
orrelation in terms of the Helmholtz energy is presented

for hexamethyldisiloxane. The relatively small amount of thermodynami
 data that is available in the

literature for this substan
es is 
onsiderably extended by speed of sound measurements and numeri
al

results for Helmholtz energy derivatives from mole
ular modelling and simulation. The speed of sound

apparatus employed in this work is based on the puls-e
ho te
hnique and operates up to 150 MPa in

the temperature range between 250 K and 600 K. The range of validity of the equation of state, based

on laboratory data from literature and speed of sound data of this work, is from 270 K to 580 K and

up to 130 MPa. Mole
ular simulation data are applied to extend the range of validity up to 1200 K

and 600 MPa.
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1. Introdu
tion

In heat re
overy systems, su
h as organi
 Rankine 
y
les (ORC), one important group of working

�uids are siloxanes, whi
h belong to the wider 
lass of organo-sili
one 
ompounds. Among others,

hexamethyldisiloxane (CAS No.: 107-46-0, C6H18OSi2) appears to be a good 
andidate for be
oming a

widely employed working �uid for high temperature ORC pro
esses. However, a

urate thermodynami


data for siloxanes are a prerequisite for optimally designed pro
esses.

Traditionally, thermodynami
 properties obtained from experiments are summarized in di�erent

forms of empiri
al equations of state. Correlations of the fundamental equation of state (EOS) are

parti
ularly useful, be
ause every thermodynami
 equilibrium property 
an be expressed as a 
ombina-

tion of derivatives of the thermodynami
 potential in terms of whi
h the EOS is expli
it. However, a

su�
ient amount of thermodynami
 data is a key fa
tor when it 
omes to empiri
al EOS development.

For hexamethyldisiloxane a fundamental EOS was published by Colonna et al. [1℄ in 2006. Upon


ommission of our speed of sound measurement apparatus that is brie�y des
ribed below, it was found
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that this model yields unreliable data for this property. In fa
t, with up to 15 %, these deviations were

so large that we de
ided to develop a mole
ular intera
tion model to independently 
orroborate our

experimental �ndings.

Sin
e 2006, the amount of experimental data that is available for hexamethyldisiloxane has expanded,

parti
ularly through the work of Abbas [2℄, but it is still rather poor; additional data sets were generated

in the present work by means of speed of sound measurement and mole
ular modeling and simulation.

In prin
iple, mole
ular simulation alone 
ould provide any thermodynami
 data at any state point

and it is more 
ost and time e�
ient than laboratory measurements. However, its predi
tive 
apability

is limited by the quality of the underlying mole
ular intera
tion model. Although mole
ular intera
tion

models are usually adjusted only to a small amount of experimental data, it is generally a

epted

that they 
an provide reasonably good predi
tions for other state points and properties that were

not 
onsidered during their optimization. However, 
onsistently good inter- and extrapolation ability


annot be guaranteed. Our previous experien
e with several substan
es indi
ated that satisfa
tory

performan
e still 
an be expe
ted with respe
t to predi
ting various Helmholtz energy derivatives in

the homogeneous �uid region, even if the mole
ular model was optimized ex
lusively to experimental

vapor-liquid equilibrium data [3, 4, 5, 6, 7℄. Nevertheless, due to the inherent un
ertainty of mole
ular

models, experimental data are still essential for EOS development.

A
ousti
 measurements allow for a fast and 
onvenient a

ess to the speed of sound. In 
ase of

�uids, su
h measurements 
ontribute substantially to the development and parameterization of EOS

[8℄, be
ause a

urate speed of sound data 
an e�
iently be obtained over a large range of temperature

and pressure. The 
ommon measuring prin
iple for determining the speed of sound of liquids is the

pulse-e
ho te
hnique, whi
h was introdu
ed by Kortbeek et al. [9℄. In this method, sound waves,

emitted by an ex
ited quartz 
rystal, propagate through a �uid over a known propagation distan
e,

are re�e
ted and travel ba
k to the quartz 
rystal. The interferen
e and 
orrelation approa
hes are


ommon for the pulse-e
ho te
hnique for determining the propagation time of the wave signal. Here,

the 
orrelation approa
h was employed for the speed of sound measurement.

2. Speed of sound measurement

2.1. Measurement prin
iple

Speed of sound measurements were 
arried out with the pulse-e
ho te
hnique. By emitting a high

frequen
y modulated burst signal with a piezoele
tri
 quartz 
rystal, whi
h was positioned in the �uid

between two re�e
tors with di�erent path lengths l1 and l2, where l1 < l2, the speed of sound was

determined by the time measurement of the signal propagation through the �uid over a known distan
e

[10, 11℄. The speed of sound, negle
ting dispersion and di�ra
tion e�e
ts, is given by the ratio of the

propagation distan
e and the propagation time

w =
2(l2 − l1)

∆t
. (1)
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The measurement of the propagation time di�eren
e ∆t was based on the 
orrelation method, whi
h

was also used by Ball and Trusler [12℄, 
ombined with a signal enhan
ement by applying Fast Fourier

Transformation (FFT) to the original e
ho signals [13, 14℄.

The quartz 
rystal was ex
ited with a burst of 20 
y
les, typi
ally with a voltage of 10 V peak-to-

peak. Both e
hoes were sampled, stored to a 
omputer by an os
illos
ope (Agilent, DSO1022A) and

identi�ed via a threshold. On the basis of the time intervals where the signals ex
eeded the spe
ifed

threshold, a signi�
antly extended number of data points in the time interval ∆te was marked around

both e
ho maxima, starting at t1 for the �rst e
ho and at t2 for the se
ond e
ho, 
f. Fig. 1 (top).

Be
ause the se
ond e
ho is a�e
ted by greater attenuation due to the longer propagation distan
e

than the �rst e
ho, the ratio of the maximum amplitudes of the �rst e
ho and the se
ond e
ho had be

determined. The resulting amplitude fa
tor r, whi
h depends on the �uid and its thermodynami
 state,

is required in the 
orrelation approa
h to 
onsider attenuation [12℄. This was done here by multiplying

the se
ond e
ho, i.e. the signal data within ∆te after t2, with the amplitude fa
tor to a
hieve the same

maximum peak magnitude for both e
hoes, 
f. Fig. 1 (
enter).

The 
orrelation z overlays the signals of both e
hoes by

z(∆t) =

√

√

√

√

t1+∆te
∑

t1

[x(t) · rx(t +∆t)]2, (2)

where x(t) refers to the e
ho amplitude at the time t. The time at the maximum of z is the measured

propagation time di�eren
e ∆t, 
f. Fig. 1 (bottom).

2.2. Measurement pro
edure

After �lling siloxane into the 
ell, it was 
ompressed to about 20 MPa by a hand-pump and an

equilibration time of around 1 h was given to rea
h a 
onstant pressure level. Ea
h isotherm was

studied from high pressure to vapor pressure, where the pressure was measured with a transdu
er

(Honeywell TJE with an operating range from 0 to 70 MPa), whi
h was 
alibrated with a dead weight

tester (Degranges and Hout, 5201-S) and prote
ted by a blowout dis
.

The temperature was measured with a PT-100 thermometer (Rössel Messte
hnik RM-type), whi
h

was mounted in the wall of the pressure 
ylinder next to the quartz and was 
alibrated with a standard-

ized 25 Ω platinum thermometer (Rosemount 162 CE). Hen
e, the overall un
ertainty of the temperature

measurement results a

ording to the error propagation law due the individual un
ertainty 
ontributions

amounts to u
T

= ±15 mK.

For 
ontrolling the 
ell with a high a

ura
y over a wide temperature range, the thermostat was


onstru
ted with three nested 
opper shields. Ea
h was monitored with respe
t to the temperature

and equipped with one independently adjustable heater, whi
h was 
ontrolled with a 
ombination of a

PID 
ontroller and an additional proportional (P) 
ontroller to qui
kly spe
ify a 
onstant temperature

without overshooting.
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Figure 1: Steps of the 
orrelation method. Top: First and se
ond e
ho signals identi�ed via a threshold. Center: Signal

re
onstru
ted by FFT where the amplitude of the se
ond e
ho is the same as the amplitude of the �rst e
ho. Bottom:

Correlation fun
tion z(∆t) a

ording to Eq. (2).

The referen
ing of the path length distan
e di�eren
e ∆l = l2− l1 was 
arried out with water, whi
h

is available at high purity and for whi
h highly a

urate speed of sound measurements are available

over a wide range of states, see also [15℄. The experimental speed of sound data were 
orre
ted by the

di�ra
tion 
orre
tion by Harris [16℄, where signi�
ant dispersion e�e
ts are not expe
ted for a resonan
e

frequen
y of 8 MHz [17℄.

2.3. Results

Speed of sound measurements were 
arried out for a set of 12 isotherms in the temperature range

from 365 K to 573 K up to 20 MPa, 
f. Fig. 2. The siloxane was obtained from WACKER with a given

purity of ≥ 99% and was degassed before experimental measurements were 
arried out.

The un
ertainty of the present measurements is larger for lower pressures mainly due to the un-


ertainty of the pressure sensor. The operating range of the pressure sensor was up to 70 MPa with

an a

ura
y of ±0.035% of the full s
ale. Therefore the absolute un
ertainty was 0.025 MPa. This

un
ertainty had the largest impa
t at high temperatures and low pressures. The overall speed of sound

measurement un
ertainty u
w

is 
omposed of the relevant 
ontributions due to un
ertainties of temper-

ature and pressure measurements as well as the un
ertainty of the referen
ing pro
edure.

A

ording to the error propagation law, the total un
ertainty was between 0.03 % and 0.3 %. The

higher end of this un
ertainty range is mainly 
aused by the fa
t that the relative un
ertainty of the

pressure measurement was signi�
antly higher at low pressures, 
ombined with the high isothermal
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Figure 2: Speed of sound of hexamethyldisiloxane. Present experimental data: ◦ 365 K, � 373 K, △ 393 K, ▽ 413 K, ×

433 K, ♦ 453 K, • 473 K, � 493 K, N 518 K, H 533 K, × 553 K, � 573 K; ◦ (red) present simulation data; � present

equation of state; - - vapor pressure 
urve.


ompressibility of the �uid at su
h thermodynami
 states. Numeri
al measurement data together with

their un
ertainties 
an be found in the Supplementary Material.

3. Mole
ular modeling and simulations

3.1. Mole
ular model

A mole
ular intera
tion model for hexamethyldisiloxane was developed here. It was validated with

respe
t to experimental data or the respe
tive 
orrelations from literature, in
luding saturated liquid

density, vapor pressure, heat of vaporization, homogeneous liquid properties (density and speed of

sound), se
ond virial 
oe�
ient, and transport properties (thermal 
ondu
tivity and shear vis
osity).

The geometry of the model was determined by quantum 
hemi
al 
al
ulations using the software

pa
kage GAMMES(US) [18℄ with the Hartree-Fo
k method and the 6-31G basis set. Three Lennard-

Jones (LJ) sites and three point 
harges were pla
ed on the sili
a (Si) and oxygen (O) atoms, while the

six methyl groups (CH3) were represented with LJ sites only, 
f. Fig. 3. Its point 
harge magnitudes

were spe
i�ed su
h that they 
orrespond to a dipole moment of 2.67 ·10−30
Cm (a value taken from the

DIPPR database [19℄). The initial values of the LJ energy (ǫ) and size (σ) parameters of the CH3 and

O sites were adopted from S
hnabel et al. [20℄ and Vrabe
 et al. [21℄, respe
tively. The LJ parameters

of the Si sites were adjusted to experimental saturated liquid density and vapor pressure data. In a

last step, all model parameters, in
luding geometri
 stru
ture and polarity, were �ne-tuned with the

redu
ed unit method [22℄. The resulting model parameters are listed in Table 1.

3.2. Validation of the mole
ular model

To validate the present mole
ular intera
tion model, simulation results for vapor-liquid equilibria,

homogeneous liquid density, speed of sound, se
ond virial 
oe�
ient, and transport properties were

5



Figure 3: Present mole
ular intera
tion model for hexamethyldisiloxane. CH3: methyl site, O: oxygen site, not labeled:

sili
a site. Note that the sphere diameters 
orrespond to the Lennard-Jones size parameters, whi
h are depi
ted a

ording

to the mole
ular geometry s
ale.


ompared with experimental data from literature and with 
orrelations from the DIPPR database [19℄.

All simulation details and data are given in the Supplementary Material. The simulation data for vapor

pressure, saturated liquid density, saturated vapor density, and enthalpy of vaporization are presented

in absolute plots in the Supplementary Material. As dis
ussed in se
tion 4.3 in detail, for the vapor

pressure relative deviations between the mole
ular simulation data and the present EOS are less than 4

% for all simulation points, ex
ept for the lowest temperature. Note that the experimental data s
atter

in this range, too. Experimental data for the saturated liquid density are available between 213 and

358 K only. The simulation data in this region are well within the s
atter of the experimental data and

the un
ertainty of the DIPPR 
orrelation [19℄. The simulation results for the enthalpy of vaporization

agree well with the experimental data over the whole temperature range from 287 K to 500 K. The

relative deviations are throughout less than about 1.5 %, with the ex
eption of the point at 495 K.

Simulation results for the homogeneous liquid density were 
ompared to experimental data published

by M
Lure et al. [23℄ and Abbas [2℄. M
Lure et al. [23℄ provide data at 1 atm, Abbas [2℄ performed

measurements over a wide temperature and pressure range. Fig. 4 shows the results of the 
omparison

at temperatures from 303 to 427 K up to a pressure of 130 MPa. It 
an be seen that the agreement

between simulation and experimental data is very satisfying. In general, the relative deviation is less

than 0.2 %. For the three data points at 1 atm it is slightly higher.

The speed of sound w in the liquid state was 
al
ulated by simulation, taking the ideal gas 
on-

tribution of the present EOS into a

ount (see se
tion 4.1). These results were 
ompared with the

experimental data generated in the present work. As 
an be seen in Fig. 2, the simulation results are in

line with the experimental data points at the four investigated isotherms 365, 413, 473, and 573 K up

to a pressure of 14 MPa. Nearly all simulation points agree with the experiment within their statisti
al

un
ertainties.
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Table 1: Parameters of the present mole
ular intera
tion model for hexamethyldisiloxane. Lennard-Jones sites are denoted

by the modeled atoms or atomi
 groups. Ele
trostati
 sites are denoted by point 
harge magnitudes q. Coordinates are

given with respe
t to the 
enter of mass in a prin
ipal axes system.

intera
tion site x y z σ ǫ/kB q

Å Å Å Å K e

CH3 -2.2796 -0.8698 -0.3545 3.8144 121.3515

CH3 -2.2150 1.2764 1.8825 3.8144 121.3515

CH3 0.5674 0.7717 -2.5502 3.8144 121.3515

Si -1.2334 -0.0730 1.0059 3.5133 15.1500 0.1458

O 0.1238 0.6680 0.3350 3.1180 43.6148 -0.2916

Si 1.2923 0.3890 -0.8475 3.5133 15.1500 0.1458

CH3 -0.6830 -1.3930 2.2409 3.8144 121.3515

CH3 1.8613 -1.4145 -0.7878 3.8144 121.3515

CH3 2.7335 1.5447 -0.4734 3.8144 121.3515

The se
ond virial 
oe�
ient was predi
ted over a temperature range from 220 K to 1500 K by

evaluating Mayer's f -fun
tion. This approa
h was des
ribed e.g. by E
kl et al. [24℄. The present results

are shown in se
tion 4.5, where the mean absolute deviation over the whole 
onsidered temperature

range is below 0.44 dm

3
/mol.

Thermal 
ondu
tivity and shear vis
osity of liquid hexamethyldisiloxane were obtained by equi-

librium mole
ular dynami
s simulations following the Green-Kubo formalism, 
f. Guevara-Carrion et

Figure 4: Density in the homogeneous liquid region of hexamethyldisiloxane. Relative deviations between present simula-

tion data and experimental data by Abbas [2℄ and M
Lure et al. [23℄ (δz = (zsim − zexp)/zexp). The size of the bubbles

indi
ates the magnitude of the relative deviation.
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al. [25℄. Fig. 5 shows the simulation results in 
omparison with experimental data from the literature

and a 
orrelation from the DIPPR database [19℄. For the thermal 
ondu
tivity, simulations were 
arried

out at p = 10 MPa, 
f. Fig. 5 (top). The simulations agree with the experimental data by Abbas [2℄

mostly within their statisti
al un
ertainties. At 500 K, there is some deviation. The shear vis
osity

experimental data at 1 atm, published by Abbas [2℄, Hurd [26℄, and Wil
o
k [27℄, were used for 
om-

parison. The shear vis
osity from simulation is about 0.1 Pa s below the experimental data in the

entire temperature range from 280 to 350 K, 
f. Fig. 5 (bottom). The mean relative deviation of the

simulation data with respe
t to the 
orrelation from the DIPPR database [19℄ is about 18 %.

3.3. Large s
ale thermodynami
 data generation

In prin
iple, on
e a mole
ular intera
tion model is available, any thermodynami
 information 
an be

obtained from mole
ular simulation. However, the generation of a data set that 
ontains as mu
h non-

redundant thermodynami
 information as possible may look 
umbersome in pra
ti
e, be
ause standard

textbook approa
hes in the mole
ular simulation literature imply that spe
i�
 statisti
al me
hani
al

ensembles are required for parti
ular thermodynami
 properties. It is true that 
ertain properties

Figure 5: Thermal 
ondu
tivity at 10 MPa (top) and shear vis
osity at 1 atm (bottom) of hexamethyldisiloxane: • present

simulation data; � experimental data by Abbas [2℄, △ Hurd [26℄, and ▽ Wil
o
k [27℄; � 
orrelation of experimental data

from the DIPPR database [19℄.
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have simpler statisti
al analogs in 
ertain ensembles and may be di�
ult to derive in others, but it is

nevertheless possible. The statisti
al me
hani
al formalism proposed by Lustig [28, 29℄ was designed to

provide an arbitrary number of Helmholtz energy derivatives

Ar

xy = τxδy
∂x+yαr(τ, δ)

∂τx∂δy
= (1/T )xρy

∂x+yαr(T, ρ)

∂(1/T )x∂ρy
, (3)

from a single mole
ular simulation run for a given state point. In Eq. (3) α is the redu
ed Helmholtz

energy, T the temperature, ρ the density, R the molar gas 
onstant, τ = T



/T the inverse redu
ed

temperature, and δ = ρ/ρ



the redu
ed density, in whi
h T



is the 
riti
al temperature and ρ



the


riti
al density. α is 
ommonly divided into an ideal (supers
ript "o") and residual (supers
ript "r")


ontribution

α(τ, δ) =
ao(T, ρ) + ar(T, ρ)

RT
= αo(τ, δ) + αr(τ, δ), (4)

where a is the molar Helmholtz energy. The ideal 
ontribution αo(T, ρ) = αo(T ) + αo(ρ) 
orresponds

to the value of α(T, ρ) when no intermole
ular intera
tions are at work [8℄. The density dependen
e

of αo(T, ρ) is known from the ideal gas law and it is αo(ρ) = ln(ρ/ρ
ref

). The ex
lusively temperature

dependent ideal part αo(T ) has a non-trivial temperature dependen
e and it is is often determined by

spe
tros
opy or ab initio 
al
ulations. Although mole
ular intera
tion models with internal degrees

of freedom may des
ribe αo(T ) a

urately, the residual 
ontribution αr(T, ρ) = α(T, ρ) − αo(T, ρ) is

typi
ally the target of mole
ular simulation.

The formalism proposed by Lustig is an implemented feature of our mole
ular simulation tool ms2

[30, 31℄ that yields up to eight derivatives of the residual Helmholtz energy. With this method, the

analyti
al derivatives of Eq. (3) 
an be dire
tly �tted to Ar

xy simulation results, unlike usual thermo-

dynami
 properties, su
h as pressure p, iso
hori
 heat 
apa
ity cv, isobari
 heat 
apa
ity cp, and speed

of sound w

p

ρRT
= 1 +Ar

01, (5)

cv
R

= −(Ao

20 +Ar

20), (6)

cp
R

= −(Ao

20 + Ar

20) +
(1 +Ar

01 −Ar

11)
2

1 + 2Ar

01 +Ar

02

, (7)

Mw2

RT
= 1 + 2Ar

01 +Ar

02 −
(1 +Ar

01 −Ar

11)
2

Ao

20 +Ar

20

, (8)

that are linear or non-linear fun
tions of Axy. This approa
h is a 
onvenient route to obtain an arbitrary

number of independent thermodynami
 properties, and its 
ontribution to support EOS development

was re
ently shown [3, 4, 5, 6, 7℄. The large s
ale mole
ular simulation data set of the present work


ontains �ve derivatives Ar

10, Ar

01, Ar

20, Ar

11, and Ar

02 as well as Ar

00 at 194 state points that are
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well distributed in the homogeneous �uid region. At ea
h state point 864 parti
les were su�
iently

equilibrated and then sampled for 2 million produ
tion 
y
les with NV T Monte Carlo simulations [32℄.

Ele
trostati
 long-range 
orre
tions were approximated by the rea
tion �eld method [33℄. The redu
ed

residual Helmholtz energy Ar

00 was determined by Widom's test parti
le insertion [34℄. A dis
ussion of

these data is given in se
tion 4.6, their numeri
al values 
an be found in the Supplementary Material.

4. Fundamental equation of state 
orrelation

In this se
tion, an EOS for hexamethyldisiloxane is presented. Comparisons are made to experi-

mental as well as mole
ular simulation data, and the physi
al and extrapolation behavior is analyzed.

The present EOS for hexamethyldisiloxane is written in terms of the redu
ed Helmholtz energy as a

fun
tion of temperature and density. Be
ause this is a thermodynami
 potential, every other equilib-

rium thermodynami
 property 
an be obtained by di�erentiating Eqs. (10) and (11) analyti
ally and


ombining the results. Examples, e.g. for the pressure, are given in Eqs. (5) to (8).

4.1. Ideal gas 
ontribution

The ex
lusively temperature dependent ideal 
ontribution αo(τ) of the redu
ed Helmholtz energy

α(τ, δ) was derived from a cop equation

cop
R

= n0 +

I
Pol

∑

i=1

niτ
ti +

I
Pol

+I
PE

∑

i=I
Pol

+1

mi

(

θi
T

)2
exp (θi/T )

(exp (θi/T )− 1)
2
. (9)

For the appli
ation to a fundamental EOS in terms of the Helmholtz energy, this equation has to be

integrated twi
e with respe
t to τ

αo (τ, δ) = cII + cIτ + c0 ln (τ) +

I
Pol

∑

i=1

ciτ
ti +

I
Pol

+I
PE

∑

i=I
Pol

+1

mi ln (1− exp (−θi/T
 τ)) + ln (δ). (10)

The integration 
onstants cI and cII 
an be 
hosen arbitrarily. However, the most 
ommon referen
e

state is the normal boiling point (NBP). Here, the temperature and density of the saturated liquid at

the referen
e pressure p0 = 1 atm have to be determined. At this state point, the default values of the


orresponding referen
e entropy s0(TNBP, p0 = 1 atm) and enthalpy h0(TNBP, p0 = 1 atm) are set to be

zero. Therefore, cI and cII depend on the residual part of the re
ent equation of state.

In general, cop equations are 
orrelated to data for the isobari
 heat 
apa
ity of the ideal gas. These

data 
an be determined from spe
tros
opy, statisti
al me
hani
s, or extrapolation from gaseous speed

of sound or isobari
 heat 
apa
ity measurements. Spe
tros
opi
 data are very di�
ult to analyze for


omplex mole
ules. Therefore, they 
an rarely be used to set up equations of state. When extrapolating

ideal gas heat 
apa
ities from experimental speed of sound or isobari
 heat 
apa
ity data, highly a

urate

measurements are mandatory. Thus, su
h data are only available for well investigated �uids. Therefore,

most data were determined by means of statisti
al me
hani
s. Depending on the 
omplexity of the

mole
ule, these data 
an be asso
iated with high un
ertainties so that they have to be treated 
arefully.

10



Table 2: Parameters of the ideal 
ontribution of the present equation of state of hexamethyldisiloxane a

ording to Eq.

(10).

i mi θi/K

1 18.59 20

2 29.58 1400

3 19.74 3600

4 4.87 6300

c
0

3.0

cI -10.431499

cII 72.110754

When developing a cop equation, some boundary 
onditions have to be kept in mind. The fun
tional form

of Eq. (9) is physi
ally based and the 
ontributions of mole
ular translation and rotation are 
ombined

in the temperature independent part n0. For s mole
ule like hexamethyldisiloxane, it 
an be assumed

that the degrees of freedom of both 
ontributions are fully ex
ited also for very low temperatures.

Therefore, n0 = 4, 
orresponding to three degrees of freedom for translation and three degrees of freedom

for rotation. The temperature dependent 
ontribution of the mole
ular vibrations was modeled by the

Plan
k-Einstein terms. For high temperatures, it has to be ensured that the ideal gas heat 
apa
ity

approa
hes a maximum value related to fully ex
ited degrees of freedom 
onsidering all 
ontributions,

i.e. translation, rotation, and vibration. Sin
e it is too 
omplex to express these 
ontributions on a

stri
tly physi
al basis, the Plan
k-Einstein terms were treated empiri
ally. The ideal 
ontribution of the

present EOS for hexamethyldisiloxane thus 
onsists of four Plan
k-Einstein terms and the 
orresponding

parameters are given in Table 2. In Fig. 6, the representation of the isobari
 heat 
apa
ity of the ideal

hexamethyldisiloxane gas is illustrated. The upper part of that �gure shows the absolute trend of

cop/T as a fun
tion of temperature. The present equation has a 
orre
t extrapolation behavior for low

temperatures, i.e. cop(T → 0 K) = 4R. For high temperatures, an asymptoti
 behavior of the equation


an be observed. Colonna et al. [1℄ have 
hosen a simple polynomial approa
h for fast 
al
ulations.

This 
an be helpful when insu�
ient data are available for the 
orrelation. However, these polynomial

terms have to be used 
arefully be
ause it is easily possible to 
ompromize the extrapolation behavior.

As a result from the 
hosen fun
tional form, the transition of the equation of Colonna et al. [1℄ to very

low temperatures yields a value of 6.3R and for in
reasing temperatures the ideal gas heat 
apa
ity

de
reases.

In Fig. 6 (bottom), relative deviations of literature data from the present EOS are shown. Only

three di�erent datasets are available, where Mosin and Mikhailov [35℄ derived their data from statisti
al

me
hani
s. Sin
e no information is given on the a

ura
y of these data, they were not 
onsidered in

the development of the present cop equation. The data of S
ott et al. [36℄ were gained from low

11



Figure 6: Isobari
 heat 
apa
ity of the ideal gas of hexamethyldisiloxane.

temperature 
alometri
 measurements. Due to limitations of their apparatus, the temperature range

was only 360 to 500 K. Additionally, they used results from investigations on the barrier restri
ting

internal rotation around the Si-O bond to determine the ideal gas heat 
apa
ity theoreti
ally, whi
h are

in good agreement with their measurements. Therefore, the low temperature region (T < 500 K) of the

present equation was 
orrelated to the experimental results of S
ott et al. [36℄, and higher temperatures

were modeled with the help of their theoreti
al results. For T < 300 K, the ideal gas heat 
apa
ity is

reprodu
ed within 0.1 %, whi
h is also 
laimed to be the un
ertainty of the present equation. For lower

temperatures deviations in
rease.

When Colonna et al. [1℄ developed their EOS in 2006, no information on the ideal gas heat 
apa
ity

was available. Therefore, they applied the Harrison-Seaton zeroth order 
ontribution method [37℄ to

gain information on this property. Unfortunately, the method yields results with 25 % un
ertainty [19℄,

whi
h is too large for a

urate EOS. However, this was the only group 
ontribution method appli
able

to siloxanes, be
ause it is the only one providing information on Si-O bonds. Poling et al. [38℄ state the

same �ndings, whi
h led to further investigations on the ideal gas heat 
apa
ity of siloxanes by Nannan et

al. [39℄. They made ab initio 
al
ulations, whi
h were based on information about hexamethyldisiloxane

from literature, and were then transferred to several other siloxanes. Unfortunately, these results were

not 
ompared to their experimental results for o
tamethyl
y
lotetrasiloxane so that it is not possible

to assess the a

ura
y of their ab initio 
al
ulations. In a publi
ation that reports a 
on
lusion of

12



Figure 7: Data in the homogeneous region of hexamethyldisiloxane. The grey area depi
ts the region where experimental

data are available: T
max

= 580 K and p
max

= 130 MPa. Helmholtz energy derivatives from mole
ular simulation extend

this region up to T
max

= 1200 K and p
max

= 600 MPa.

their investigations on more a

urate ideal gas heat 
apa
ities of siloxanes, they 
laim that the HF/6-

31G(d) method is the most a

urate one. This method yields an ideal gas isobari
 heat 
apa
ity of

cop = 503 J · mol

−1 · K−1
at T = 500 K, whi
h is the same value as their experiment at T = 495 K.

Therefore, these data are assumed to be less a

urate than the data of S
ott et al. [36℄ and were only

used for 
omparison here.

4.2. Residual 
ontribution

The residual 
ontribution 
onsists of polynomial, exponential, and Gaussian bell-shaped terms

αr (τ, δ) = αr
Pol

(τ, δ) + αr
Exp

(τ, δ) + αr
GBS

(τ, δ)

=

I
Pol

∑

i=1

niδ
diτ ti +

I
Pol

+I
Exp

∑

i=I
Pol

+1

niδ
diτ ti exp (−liδ

pi)

+

I
Pol

+I
Exp

+I
GBS

∑

i=I
Pol

+I
Exp

+1

niδ
diτ ti exp

(

−ηi(δ − εi)
2
− βi(τ − γi)

2
)

.

(11)

Polynomial and exponential terms are generally su�
ient to a

urately des
ribe the whole �uid region,

ex
ept for 
riti
al states. The Gaussian bell-shaped terms [40℄, whi
h were �rst applied to Helmholtz

EOS by Setzmann and Wagner [41℄ in 1991, are used for a more a

urate des
ription of the 
riti
al

region. Furthermore, they allow for the development of EOS, whi
h 
an reprodu
e data within their

experimental un
ertainty with a mu
h lower number of terms as before.

The residual 
ontribution of the present EOS 
onsists of �ve polynomial, �ve exponential, and eight

Gaussian bell-shaped terms. The 
orresponding parameters are listed in Table 3. These parameters
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Table 3: Parameters of the residual 
ontribution of the present equation of state of hexamethyldisiloxane a

ording to

Eq. (11), where li = 1.

i ni ti di pi ηi βi γi ǫi

1 0.5063651 · 10−1
1.000 4 -

2 0.8604724 · 10+1
0.346 1 -

3 −0.9179684 · 10+1
0.460 1 -

4 −0.1146325 · 10+1
1.010 2 -

5 0.4878559 · 10+0
0.590 3 -

6 −0.2434088 · 10+1
2.600 1 2

7 −0.1621326 · 10+1
3.330 3 2

8 0.6239872 · 10+0
0.750 2 1

9 −0.2306057 · 10+1
2.950 2 2

10 −0.5555096 · 10−1
0.930 7 1

11 0.9385015 · 10+1
1.330 1 - 1.0334 0.4707 1.7754 0.8927

12 −0.2493508 · 10+1
1.680 1 - 1.5440 0.3200 0.6920 0.5957

13 −0.3308032 · 10+1
1.700 3 - 1.1130 0.4040 1.2420 0.5590

14 −0.1885803 · 10+0
3.080 3 - 1.1130 0.5170 0.4210 1.0560

15 −0.9883865 · 10−1
5.410 1 - 1.1100 0.4320 0.4060 1.3000

16 0.1111090 · 10+0
1.400 2 - 7.2000 7.2000 0.1630 0.1060

17 0.1061928 · 10+0
1.100 3 - 1.4500 1.2000 0.7950 0.1810

18 −0.1452454 · 10−1
5.300 1 - 4.7300 35.8000 0.8800 0.5250
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Table 4: Criti
al parameters from literature, where the 
riti
al density was not measured, but estimated from theoreti
al

models.

Author T



p



ρ



K MPa mol·dm−3

Di
kinson et al. [48℄ 518.8 1.91 1.715

M
Lure and Di
kinson [45℄ 518.7 1.92

M
Lure and Neville [49℄ 1.589

Nikitin et al. [50℄ 519 1.92

Young [51℄ 516.6 1.91 1.745

Young [52℄ 516.6 1.91 1.744

This work 518.7 1.93 1.653

were determined by non-linear �tting te
hniques, whi
h were also used to set up other modern EOS,

e.g. R-125 [42℄, propane [43℄, or propylene [44℄. Tables 5 and 6 list all data sour
es, indi
ating whi
h

data were 
onsidered in the present �tting routine. Their sele
tion is dis
ussed in detail below. The

available dataset is presented in Fig. 7. The shaded area marks the region that is 
overed by experimental

measurements (T = 220 K to 570 K, p
max

= 130MPa). Most are homogeneous liquid density and speed

of sound data. The experimental dataset was supplemented here by Helmholtz energy derivatives from

mole
ular simulation. In this way, the range of validity of the present equation of state was extended to

a maximum temperature of T
max

= 1200 K and a maximum pressure of p
max

= 600 MPa. The 
riti
al

temperature was 
onstraint to the value of M
Lure and Di
kinson [45℄ (T



= 518.7 K), whi
h is in 
lose

agreement with the other literature values (
f. Table 4). The 
riti
al density ρ



= 1.653 mol·dm−3

and the 
riti
al pressure p



= 1.9311 MPa were determined during the present �tting pro
edure. The


riti
al pressure agrees well with the literature values, whereas the 
riti
al density di�ers by up to 5.5 %.

However, none of the 
riti
al density values given in the literature are measurements, they were rather

estimated from theoreti
al models. The triple point temperature T
tp

= 204.93 K was taken from S
ott

et al. [36℄. The 
orresponding liquid triple point density ρ
tp,liq

= 5.266 mol·dm−3
was determined by

extrapolating the saturated liquid line to the triple point temperature. Furthermore, the gas 
onstant

R = 8.3144621 J·mol

−1 ·K−1
[46℄ and the mole
ular weight M = 162.3768 g·mol

−1
[47℄ were applied.

4.3. Assessment of vapor-liquid equilibrium properties

Relative deviations of experimental vapor pressure data from the present equation of state are shown

in Fig. 8. Additionally, the 
orresponding average absolute relative deviations are listed in Table 5.

Relative deviations were 
al
ulated by

∆X = 100

(

X
DATA

−X
EOS

X
DATA

)

. (12)
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Based on this de�nition, the average absolute relative deviation is de�ned as

AAD =
1

N

N
∑

i=1

|∆Xi| . (13)

Vapor-liquid equilibrium data were separated into three temperature ranges: low temperature (LT:

T/T



≤ 0.6), medium temperature (MT: 0.6 ≤ T/T



≤ 0.98), and high temperature (HT: T/T



> 0.98).

All other properties were 
lassi�ed into gas, liquid, 
riti
al region (0.98 ≤ T/T



≤ 1.1 and 0.7 ≤ ρ/ρ



≤

1.4), and super
riti
al region. The latter was further divided into low density (LD: ρ/ρ



≤ 0.6), medium

density (MD: 0.6 ≤ ρ/ρ



≤ 1.5), and high density (HD: ρ/ρ



> 1.5). In the �gures, the equation of

state of Colonna et al. [1℄ and the an
illary equations of the DIPPR [19℄ and TDE [53℄ databases are

plotted for 
omparison.

The large number of authors in Table 5 may lead to the impression that the vapor pressure was

very well investigated. However, in many referen
es only a single data point is reported. Most of these

publi
ations fo
used on measurements of mixture properties with hexamethyldisiloxane as an involved


omponent. For veri�
ation of the sample purity, the normal boiling point was reported. These values

di�er by more than 1 % from ea
h other so that they were not useful for the development of the present

EOS. When ex
luding these data from the dataset, measurements by six di�erent authors remain, whi
h

are mostly lo
ated between T = 300 K and 400 K.

Abbas [2℄ reports a 
omprehensive investigation on thermodynami
 properties of hexamethyldisilox-

ane for a sample purity of 99.7 %. The vapor pressure was measured with a 
omparative ebulliometer,

whi
h requires a very well known referen
e �uid with a high puri�
ation grade. No information is

given on the referen
e �uid in her thesis. Sin
e she is 
alling her apparatus a �S
ott-ebulliometer�, it

is assumed here that she was using water as a referen
e �uid as re
ommended in the original paper

des
ribing the apparatus [81℄. This method is known to be very a

urate, but Abbas' [2℄ data exhibit a

systemati
 negative o�set when 
omparing to the present EOS and other literature data, e.g. S
ott et

al. [36℄ or Flaningam [57℄. For low temperatures the data by Abbas [2℄ s
atter signi�
antly, whi
h 
ould

be due the 
hoi
e of the referen
e �uid. Be
ause water 
an easily be superheated for vapor pressures of

p < 0.0027 MPa, other referen
e �uids should be 
hosen for the low temperature region. The spe
i�ed

un
ertainties of ∆p = 0.0005 · p
v

+ 10 Pa and ∆T = 0.05 K yield a 
ombined un
ertainty of 0.4 % - 1.5

% for a 
overage fa
tor k = 2. No information is given how these un
ertainties were as
ertained and

the sample purity was not 
onsidered.

The vapor pressure measurements of S
ott et al. [36℄ and Flaningam [57℄ agree with ea
h other

within approximately 0.5 %. S
ott et al. [36℄ report a very detailed des
ription of their sample prepa-

ration. The sample purity of 99.996 % was veri�ed by 
alorimetri
 studies of the melting point as a

fun
tion of fra
tion melted. Similar to Abbas [2℄, S
ott et al. [36℄ used a 
omparative ebulliometer

for their measurements. As referen
e, water was used for high temperatures only, benzene was ap-

plied in 
ase of low temperatures. This pro
edure yields 
onsistent vapor pressure data over the whole

temperature range. The measurements of Di
kinson et al. [48℄ 
on�rm the data of S
ott et al. [36℄

16



Figure 8: Relative deviations of experimental vapor pressure data from the present equation of state for hexamethyldis-

iloxane.
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Table 5: Average absolute relative deviations of experimental vapor pressure and saturated liquid density data from the

present equation of state for hexamethyldisiloxane. All temperatures were adapted to the ITS-90 s
ale. Datasets, whi
h

were applied to the �t, are marked with an asterisk.

No. Temperature Average absolute relative deviations

of (AAD) / %

Authors data range LT MT HT overall

Vapor pressure p
v

Abbas [2℄ 18 284 - 375 1.894 2.214 - 2.072

Benkeser & Krysiak [54℄ 1 372 - 373 - 2.966 - 2.966

Bolotov et al. [55℄ 1 373 - 374 - 1.541 - 1.541

Di
kinson et al. [48℄ 3 303 - 316 0.093 0.041 - 0.076

Flaningam & Williams [56℄ 1 373 - 374 - 0.023 - 0.023

Flaningam [57℄ 15 302 - 384 0.765 0.318 - 0.437

Guzman et al. [58℄ 6 333 - 374 - 0.589 - 0.589

Hunter et al. [59℄ 1 372 - 373 - 2.966 - 2.966

Ka
zmarek & Rade
ki [60℄ 1 374 - 375 - 2.833 - 2.833

Ka
zmarek & Rade
ki [61℄ 1 374 - 375 - 1.066 - 1.066

Ka
zmarek & Rade
ki [62℄ 1 374 - 375 - 1.066 - 1.066

Ka
zmarek [63℄ 1 373 - 374 - 0.099 - 0.099

Ka
zmarek [64℄ 1 373 - 374 - 0.774 - 0.774

Ka
zmarek [65℄ 1 374 - 375 - 2.912 - 2.912

Killgore et al. [66℄ 1 372 - 373 - 0.663 - 0.663

M
Lure & Di
kinson [45℄* 19 491 - 519 - 1.615 0.38 1.030

Pedersen et al. [67℄ 1 373 - 374 - 0.620 - 0.620

Rade
ki et al. [68℄ 2 293 - 375 0.860 1.359 - 1.110

Rade
ki & Ka
zmarek [69℄ 2 373 - 374 - 1.541 - 1.541

Rade
ki & Ka
zmarek [70℄ 1 373 - 374 - 1.541 - 1.541

Rade
ki & Ka
zmarek [71℄ 1 373 - 374 - 0.822 - 0.822

Reuther & Rei
hel [72℄ 1 373 - 374 - 0.099 - 0.099

Sauer [73℄ 1 373 - 374 - 0.243 - 0.243

S
ott et al. [36℄* 21 309 - 412 0.044 0.030 - 0.031

Speier [74℄ 1 372 - 373 - 4.376 - 4.376

Stull [75℄ 10 244 - 373 18.34 4.428 - 12.78

Voronkov [76℄ 1 373 - 374 - 0.388 - 0.388

Waterman et al. [77℄ 1 373 - 374 - 0.043 - 0.043

Zhang et al. [78℄ 1 373 - 374 - 0.035 - 0.035

Saturated liquid density ρ'

Gubareva [79℄ 10 273 - 354 0.249 0.085 - 0.167

Guzman et al. [58℄ 5 333 - 359 - 1.335 - 1.335

Mills & Ma
Kenzie [80℄ 2 293 - 303 0.109 - - 0.109
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at low temperatures. The three state points between T = 303 K and 315 K are reprodu
ed with an

AAD = 0.076 %. At T = 373 K, the most re
ent measurement of the normal boiling point by Zhang et

al. [78℄ from 2011 also agrees very well with the data by S
ott et al. [36℄. Therefore, the present equa-

tion was �tted to the data of S
ott et al. [36℄. These data are reprodu
ed within 0.06 % (AAD = 0.031

%), whi
h is well within the expe
ted un
ertainty. Flaningam [57℄ 
arried out his measurements with

a sample purity of 99.9 % using an ebulliometer as proposed by Stull [82℄. In 
omparison to the 
om-

parative ebulliometer, the usage of a 
apa
itive pressure sensor enables for the investigation of the

low temperature regime without any modi�
ation of the apparatus. In his publi
ation, he veri�ed his

apparatus with test measurements on water, methyl
y
lohexane, and diphenyl ether. However, ex
ept

for water, these �uids are not pra
ti
al for test measurements be
ause they are not well investigated.

The average pressure error of 0.07 % is not expressed in absolute values, whi
h falsi�es the results by

opposite algebrai
 signs. Nonetheless, most of the data are reprodu
ed within 0.5 % (AAD = 0.437 %).

The data by Stull et al. [75℄ are presented in a paper together with several hundred additional �uids.

Thus, they were not measured, but 
olle
ted from literature. Compared to the present EOS and other

literature sour
es, these data show huge deviations (AAD = 12.78 %) and were thus not taken into

a

ount. The vapor pressure measurements of Guzman et al. [58℄ exhibit a systemati
 positive o�set

when 
omparing to the present EOS or the data of S
ott et al. [36℄. In their publi
ation, the pro
edure

of sample preparation is des
ribed in detail. However, they do not give the value of their sample purity.

The only hint is a 
omparison of the NBP to the value published by Rade
ki and Ka
zmarek [71℄.

Be
ause their value already di�ers by 0.82 % from the present EOS, this 
on�rmation is questionable

and the positive deviation of the vapor pressure data of Guzman et al. [58℄ from the present EOS is

reasonable.

Finally, there is one dataset of M
Lure and Di
kinson [45℄ in the high temperature region (T = 491

K to 519 K). Be
ause there are no other data available in this region, they 
annot be 
ompared to other

measurements. Moreover, the la
k of data between T = 412 K and 491 K prohibits a reliable transition

from the low temperature region to the data of M
Lure and Di
kinson [45℄. Therefore, the a

ura
y

of these data 
an only be evaluated with the information given in the 
orresponding publi
ation and

by 
omparison to the present EOS. They state a sample purity of 99.99 %, whi
h was determined with

gas 
hromatography. The experiment was 
arried out with Pyrex tubes [83℄ and the temperature was

monitored with a thermo 
ouple (type K), whi
h is a quite ina

urate devi
e, if it is not 
alibrated

very 
arefully. However, the 
hoi
e of 
alibrating the thermo 
ouple to the 
riti
al points of hexane,

heptane, o
tane, and nonane is questionable. All of these hydro
arbons are not well investigated and

are barely available with a su�
ient purity from 
ommon manufa
turers (e.g. Sigma-Aldri
h Co. LLC

[84℄, Mer
k Millipore Corporation [85℄, or Alfa Aesar GmbH & Co. KG [86℄). This is a�rmed by the

quite low sample purities of heptane (99.5 %) and o
tane (99 %) [83℄, whi
h were used for 
alibration.

Furthermore, the 
riti
al temperatures of hexane (T



= 507.4 K) and o
tane (T



= 568.7 K) [45℄ di�er

from those of the EOS of Lemmon and Span [87℄, whi
h are the most a

urate models in the literature
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for these �uids (hexane: T



= 507.82 K, o
tane: T



= 569.32 K). Additionally, the in�uen
e of the

sample purity on the 
riti
al temperature was investigated in the same paper. A di�eren
e of 2.6 K

was observed when de
reasing the sample purity from 99.99 % to 99.7 %. Although the hydro
arbons

do not behave exa
tly like hexamethyldisiloxane, these �ndings show that the puri�
ation grade has a

large impa
t on the 
riti
al temperature and, therefore, the vapor pressure in the 
riti
al region. Thus,

the un
ertainty of 0.1 MPa (
orresponding to 0.5 % − 0.8 %) as spe
i�ed by the authors [45℄ has to

be questioned. In fa
t, during the �tting pro
edure it was not possible to a
hieve smaller deviations

than 2 % from the EOS without 
ompromizing the representation of other properties. Based on these

�ndings, the expe
ted un
ertainty of the present EOS regarding the vapor pressure is 0.2 % for T ≤ 410

K and 2 % for higher temperatures.

Literature shows that the saturated liquid density has been investigated less than the vapor pres-

sure. There are only three di�erent datasets available, whi
h are also very restri
ted in terms of the

temperature range (T = 270 to 360 K). This is insu�
ient to model the saturated liquid line of hex-

amethyldisiloxane. Alternatively, the homogeneous density data of Abbas [2℄ were used. Sin
e no

experimental measurements of the saturated vapor line were published, the linear re
tilinear diameter

(RD = (ρ′ + ρ′′)/2) was applied as a �tting 
onstraint. In Fig. 9, an overview about the available

saturated liquid density and homogeneous density data lo
ated near the saturated liquid line is given.

The data of Abbas [2℄ were measured 
lose enough to the phase boundary and 
over a broader temper-

ature range than the saturated liquid density data. When 
orrelating the present EOS to the dataset

of Abbas [2℄, the saturated liquid density of Gubareva [79℄ and Mills and Ma
Kenzie [80℄, whi
h agree

well with ea
h other, are reprodu
ed within 0.2 % (AAD = 0.167 % and AAD = 0.109 %, respe
tively).

The data of Guzman et al. [58℄ show a systemati
 negative o�set of about -1.3 %. Unfortunately, no

information on the sample purity or the measurement devi
e is available in Ref. [58℄ so that it is not

possible to dis
uss the reason for this o�set.

For all three vapor-liquid equilibrium properties, an
illary equations were developed, whi
h 
an be

used for initial 
al
ulations of starting values of iterative phase equilibrium 
al
ulations. The equations

and the 
orresponding parameters 
an be found in the Supplementary Material.

4.4. Assessment of homogeneous state properties

There are several di�erent datasets available for the homogeneous density. Average absolute relative

deviations are given in Table 6 and relative deviations from the present EOS are illustrated in Fig. 10.

Similar to the vapor pressure, most of the authors reported only a single value to verify their sample

purity.

When leaving out these sour
es, �ve datasets of Abbas [2℄, Di
kinson [89℄, Hurd [26℄, Mar
os et

al. [95℄, and M
Lure et al. [23℄ were 
onsidered for the development of the present EOS. The data

of Di
kinson [89℄ were 
al
ulated from a 
orrelation equation based on the available experimental data

from literature. Abbas [2℄ published the only pressure dependent dataset in the liquid phase. All other
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Figure 9: Saturated liquid density of hexamethyldisiloxane. Top: T -ρ diagram in
luding saturated liquid and homogeneous

states near the saturated liquid line. Bottom: Relative deviations of experimental saturated liquid density data from the

present equation of state.
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Table 6: Average absolute relative deviations of the experimental data in the homogeneous region from the present

equation of state for hexamethyldisiloxane. All temperatures were adapted to the ITS-90 s
ale. Datasets, whi
h were

applied to the �t, are marked with an asterisk.

No. Temperature and Average absolute relative deviation (AAD) / %

of pressure range Crit. Super
riti
al �uid

Authors data T p Gas Liq Reg. LD MD HD overall

pρT data

Abbas [2℄* 459 278 - 438 0.9 - 130 - 0.071 - - - - 0.071

Anderson et al. [88℄ 1 293 - 294 0.1 - 1 - 0.120 - - - - 0.120

Bolotov et al. [55℄ 1 293 - 294 0.1 - 1 - 0.081 - - - - 0.081

Di
kinson [89℄

b
5 303 - 304 100 - 501 - 0.476 - - - - 0.476

Fox et al. [90℄ 1 293 - 294 0.1 - 1 - 0.174 - - - - 0.174

Gaines [91℄ 1 297 - 298 0.1 - 1 - 1.025 - - - - 1.025

Golik and Cholpan [92℄ 1 303 - 304 0.1 - 1 - 0.451 - - - - 0.451

Good et al. [93℄ 1 298 - 299 0.1 - 1 - 0.168 - - - - 0.168

Hunter et al. [59℄ 1 298 - 299 0.1 - 1 - 0.122 - - - - 0.122

Hurd [26℄

b
3 273 - 314 0.1 - 1 - 0.275 - - - - 0.275

Ka
zmarek [63℄ 1 293 - 294 0.1 - 1 - 0.199 - - - - 0.199

Ka
zmarek [94℄ 1 293 - 294 0.1 - 1 - 0.173 - - - - 0.173

Ka
zmarek [64℄ 1 293 - 294 0.1 - 1 - 0.199 - - - - 0.199

Ka
zmarek [65℄ 1 293 - 294 0.1 - 1 - 0.199 - - - - 0.199

Ka
zmarek and Rade
ki [60℄ 1 293 - 294 0.1 - 1 - 0.199 - - - - 0.199

Ka
zmarek and Rade
ki [61℄ 1 293 - 294 0.1 - 1 - 0.199 - - - - 0.199

Killgore et al. [66℄ 1 298 - 299 0.1 - 1 - 0.234 - - - - 0.234

Mar
os et al. [95℄ 61 448 - 574 0.1 - 1 0.271 - - 0.455 - - 0.365

Matteoli et al. [96℄ 1 298 - 299 0.1 - 1 - 0.089 - - - - 0.089

M
Lure et al. [23℄ 13 278 - 358 0.1 - 1 - 0.328 - - - - 0.328

Rade
ki et al. [68℄ 1 293 - 294 0.1 - 1 - 0.383 - - - - 0.383

Rade
ki and Ka
zmarek [69℄ 1 293 - 294 0.1 - 1 - 0.397 - - - - 0.397

Reuther and Rei
hel [72℄ 1 293 - 294 0.1 - 1 - 0.385 - - - - 0.385

Sauer [73℄ 1 293 - 294 0.1 - 1 - 0.398 - - - - 0.398

Voronkov [76℄ 1 293 - 294 0.1 - 1 - 0.174 - - - - 0.174

Waterman et al. [77℄ 1 293 - 294 0.1 - 1 - 0.214 - - - - 0.214

Weast and Astle [97℄ 1 293 - 294 0.1 - 1 - 0.147 - - - - 0.147

Speed of sound w

This work* 214 365 - 573 0.1 - 30 - 0.174 - - - 0.228 0.215

Isobari
 heat 
apa
ity cp

Weast and Astle [97℄ 1 298 - 299 0.1 - 1 - 0.921 - - - - 0.921

Anderson et al. [88℄ 1 298 - 299 0.1 - 1 - 1.310 - - - - 1.310

Abbas [2℄* 32 218 - 374 0.1 - 1 - 0.303 - - - - 0.303

Pedersen et al. [67℄ 8 301 - 346 0.1 - 1 - 0.702 - - - - 0.702

Good et al. [93℄ 1 298 - 299 0.1 - 1 - 0.881 - - - - 0.881

S
ott et al. [36℄* 11 363 - 501 0.0 - 1 0.042 - - - - - 0.042

Se
ond virial 
oe�
ient Ba

Mar
os et al. [95℄ 6 448 - 574 VAP 29.82 - - - - - 29.82

S
ott et al. [36℄* 3 332 - 374 VAP 35.51 - - - - - 35.51

aAAD of the se
ond virial 
oe�
ient B in 
m

3
·mol

−1

b
Cal
ulated values
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measurements were 
arried out at atmospheri
 pressure. Abbas [2℄ 
overed a temperature range of

270 to 440 K with a maximum pressure of 130 MPa. A �exural resonator, whi
h was used for the

measurements, was 
alibrated to water (p = 0 MPa to 30 MPa) and heptane (p > 30 MPa). For

test purposes, liquid densities of water and heptane were 
ompared to the IAPWS-95 [98℄ (0.04 %)

and the equation of Lemmon and Span [87℄ (0.08 %). No experimental un
ertainty was spe
i�ed for

hexamethyldisiloxane. However, Abbas [2℄ indi
ates the un
ertainty by referring to the diploma thesis

of S
hedemann [99℄, who 
laimed an un
ertainty of 0.7 to 0.8 mg·
m−3
.

For hexamethyldisiloxane, these values 
orrespond to a relative deviation of 0.08 % to 0.13 %.

When 
onsidering this statement as a 
ombined un
ertainty, in
luding all relevant irritations during the

measurement, the 
alibration has to be 
arried out extremely 
arefully. Keeping in mind the sample

purity (99.7 %) and the test measurements on water and heptane, the deviation of 0.2 % from the

present equation of state is most probably within the true experimental un
ertainty. Therefore, this

deviation is also 
laimed to be the un
ertainty of the homogeneous liquid density of the present EOS.

Fig. 10, bottom presents the deviations of the homogeneous density data measured at atmospheri


pressure. The equation of state of Colonna et al. [1℄ was probably 
orrelated to the data of Hurd

[26℄, be
ause his data point at T = 293.15 K agrees very well with many other data measured at the

same temperature. However, these data are not based on real measurements, but were 
al
ulated from

an equation. For the development of that equation, they measured liquid density data at p = 1 atm.

During their measurements they observed a loss of sample, whi
h 
ould be the reason of the di�erent

trend in 
omparison to the dataset of M
Lure et al. [23℄. However, in this work none of the data at

p = 1 atm were applied to the �t, whi
h leads to a better representation of the data of M
Lure et

al. [23℄ at least in terms of the 
orre
t slope and 
urvature. Their measurements were 
arried out

between T = 278 K and 358 K and a systemati
 o�set of 0.33 % with respe
t to the present EOS


an be observed. In their publi
ation only little information on the experiment is provided and no

experimental un
ertainty is given. During the �tting pro
edure, these data were also applied to the �t

to redu
e the o�set. It turned out that it is not possible to improve the representation of these data

without in
reasing deviations to the liquid density data of Abbas [2℄. Sin
e the data of Abbas [2℄ were


hosen to be �tted primarily, the data of M
Lure et al. [23℄ were �nally reje
ted from the �t. Therefore,

it is assumed that the systemati
 o�set is 
aused by the 
omparatively low purity of the sample (99 %).

The homogeneous gas phase was ex
lusively investigated by Mar
os et al. [95℄. A bore-tube with a

varied volume was used for the measurements. The pressure was obtained with a mer
ury manometer

and the temperature was regulated by two thermopiles. The absen
e of a measurement devi
e to weigh

the sample raises the question how they determined the density of their sample. At least one referen
e

value has to be known, whi
h is 
ommonly measured at atmospheri
 
onditions as explained by Singh

and Kud
hadker [100℄.

This value 
an then be used to 
al
ulate the density during the experiment when varying the volume

with a 
onstant mass. Fig. 10 shows that these values di�er by about 0.5 % in the literature, but no
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Figure 10: Homogeneous density of hexamethyldisiloxane. Top: Relative deviations of experimental homogeneous density

data from the present equation of state. Bottom: Relative deviations of the experimental homogeneous density data at

atmospheri
 pressure from the present equation of state.
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Figure 11: Relative deviations of gaseous pρT data of Mar
os et al. [95℄ from the present equation of state for hexam-

ethyldisiloxane. � equation of state, Colonna et al. [1℄; - - phase boundary.

Figure 12: (Z − 1)/ρ − ρ diagram of hexamethyldisiloxane: � pρT measurements of Mar
os et al. [95℄; ◮ se
ond virial


oe�
ient of Mar
os et al. [95℄; � present equation of state.
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value for hexamethyldisiloxane was 
ited by Mar
os et al. [95℄. Furthermore, they measured a density

range of 2 to 18 kg·m−3
, whi
h are extremely small values even for state points in the gaseous phase.

Therefore, these measurements had to be 
arried out extremely 
arefully. Fig. 11 shows that the

density data of Mar
os et al. [95℄ are reprodu
ed within 1 %, but they are not 
ompletely 
onsistent.

For a 
onsisten
y test, the density was re
al
ulated to the 
ompressibility fa
tor Z = pv/(RT ) and

represented in terms of (Z−1)/ρ as a fun
tion of the density in Fig. 12. Six isotherms ranging from 448

K to 573 K are illustrated. For a better assessment, the 
orresponding isotherms 
al
ulated with the

present EOS are depi
ted for orientation. The �high density� data seem to be 
onsistent, at least for

the two lowest isotherms. With de
reasing density the data start to s
atter, whi
h is be
oming worse

with in
reasing temperature. The isotherms T = 448.22 K and 473.21 K are slightly shifted to lower

values with respe
t to the present EOS. The other isotherms exhibit a larger s
atter and even merge.

Therefore, the un
ertainty spe
i�ed by Mar
os et al. [95℄ (0.33 kPa, 
orresponding to 0.1 % to 0.5 %)

seems to be questionable. Furthermore, a sample purity of 99 % is probably insu�
ient to 
arry out

these sensitive measurements. Thus, the deviation of 1 % is assumed to be the un
ertainty of both the

experimental data and present EOS in the gaseous region.

Similar to the approa
h illustrated in Fig. 12, Mar
os et al. [95℄ used their density measurements to

extrapolate the se
ond virial 
oe�
ient B of ea
h isotherm. They �tted their data to a virial expansion

and extrapolated it to ρ → 0 mol·dm−3
. The resulting virial 
oe�
ient is shown in Fig. 12. When


omparing their results for the se
ond virial 
oe�
ient with their density measurements, it is not 
lear

how they determined it. Ex
ept for the two lowest isotherms the extrapolation does not agree with the

underlying dataset. Therefore, these results should be treated 
arefully. In Fig. 13, absolute deviations

of the se
ond virial 
oe�
ient data from the present EOS are illustrated. Ex
ept for one outlier, the

data of Mar
os et al. [95℄ and S
ott et al. [36℄ are represented within 50 
m

3·mol

−1
, 
orresponding to

7 %.

The reason for setting up a new EOS for hexamethyldisiloxane was the �nding that the present

measurements of the speed of sound deviated by up to 15 % from the equation of Colonna et al. [1℄.

This was 
aused by the fa
t the there was no information available on the speed of sound when Colonna

et al. [1℄ developed their equation. In this work, new measurements are reported with a 
ombined

expanded un
ertainty as indi
ated in Fig. 14. The sample purity of 99 % was not 
onsidered for the

determination of the experimental un
ertainty. These data are reprodu
ed with the present EOS within

0.5 % and most of them are represented within the experimental un
ertainty. Therefore, the deviation

of 0.5 % is expe
ted to be the un
ertainty of the EOS for liquid state speed of sound data.

The only available 
alori
 data in the gaseous region are the heat 
apa
ity measurements of S
ott

et al. [36℄. They were measured with a low temperature 
alorimeter as explained by Hu�man [101℄

and no statement on the un
ertainty was made. However, these data are reprodu
ed here within 0.1 %,

whi
h is most likely well within the expe
ted experimental un
ertainty. Further measurements on the

isobari
 heat 
apa
ity are listed in Table 6 and depi
ted in Fig. 15. There are four di�erent datasets
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Figure 13: Absolute deviations of the se
ond virial 
oe�
ient of Mar
os et al. [95℄ and S
ott et al. [36℄ from the present

equation of state for hexamethyldisiloxane.

available in the liquid region at atmospheri
 pressure. Anderson et al. [88℄ and Good et al. [93℄ report

only single data points and, therefore, they were only 
onsidered for 
omparison. Thus, the results of

Abbas [2℄ and Pedersen et al. [67℄ remained for �tting the present EOS.

A nonsteady hot-wire method was used by Abbas [2℄, where platinum was employed to heat the

sample. The pressure was measured by a diaphragm pressure sensor and the temperature was 
ontrolled

with a Pt100 thermometer. In this way, results with an experimental un
ertainty of 1 % were a
hieved.

The same measurement a

ura
y was stated by Pedersen et al. [67℄, however, their data are not as


onsistent as the ones from Abbas [2℄ and they are restri
ted to a narrow temperature range. Therefore,

the data of Abbas [2℄ were 
hosen in the present �tting pro
edure. These data are represented within

0.5 %, ex
luding four state points at low temperatures T < 240 K. In this way, the data of Pedersen

et al. [67℄ are represented within their experimental un
ertainty. Finally, S
ott et al. [36℄ published

saturation heat 
apa
ity data cσ (for the thermodynami
 de�nition see Hoge [102℄) measured with the

same type of apparatus. They state an experimental un
ertainty of 0.2 %, whi
h is probably too low.

During the development of the EOS, it turned out that it was not possible to �t these data within

the given un
ertainty without 
ompromizing the representation of the isobari
 heat 
apa
ity. Sin
e

there are several di�erent datasets available, whi
h agree with ea
h other within the given experimental

un
ertainty, the homogeneous isobari
 heat 
apa
ity was 
hosen to be modeled primarily.

4.5. Assessment of physi
al and extrapolation behavior

In Fig. 16, typi
al plots are illustrated to verify the physi
al and extrapolation behavior of the

present EOS. The top, left part of the �gure shows the temperature as a fun
tion of density along

sele
ted isobars (p
min

= 0.5 MPa, p
max

= 5 MPa). Additionally, the saturated liquid and vapor 
urves

as well as the re
tilinear diameter are presented. It is important that there are no bumps in the 
ourse

of the isobars, the saturation lines have to meet in a �at maximum, and the re
tilinear diameter has to
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Figure 14: Relative deviations of experimental speed of sound data of this work from the present equation of state for

hexamethyldisiloxane.
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Figure 15: Heat 
apa
ities of hexamethyldisiloxane. Top: Relative deviations of experimental isobari
 heat 
apa
ity data

from the present equation of state. � Liquid phase of Colonna et al. [1℄ at p = 1 atm; - - vapor phase of Colonna et

al. [1℄ at p = 1 atm; -.- normal boiling point temperature. Bottom: Relative deviations of experimental saturated heat


apa
ity data from the present equation of state.
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be a straight line up to the 
riti
al point. The top, right diagram shows the pressure as a fun
tion of

density along sele
ted isotherms with a maximum temperature of T = 106 K. Again, bumps have to be

avoided and the isotherms have to approa
h ea
h other at extremely high temperatures, densities and

pressures in this double logarithmi
 plot. In the 
enter of Fig. 16, the residual iso
hori
 heat 
apa
ity

and the speed of sound is presented. For the iso
hori
 heat 
apa
ity, the liquid phase has to exhibit a

positive 
urvature over the whole temperature range for non-asso
iating �uids. When extrapolating it

to metastable temperatures below the triple point temperature, the residual iso
hori
 heat 
apa
ity has

to have a negative slope on the hypotheti
al liquid side, whereas a positive slope has to be observed in

the liquid region approa
hing the 
riti
al temperature. The iso
hori
 heat 
apa
ity of the vapor phase

has to in
rease monotonously with in
reasing temperature. Finally, both phases have to merge with a

distin
tive peak at the 
riti
al point. The speed of sound of the saturated liquid and vapor phase have

to have a negative slope and 
urvature in the vi
inity of the 
riti
al point. Similar to the maximum of

the iso
hori
 heat 
apa
ity, the saturation 
urves of the speed of sound have to merge in a minimum

at the 
riti
al temperature. Furthermore, the extrapolated liquid phase has to exhibit a negative slope

and no 
urvature, or rather a slightly positive 
urvature. At the bottom of Fig. 16, the se
ond, third,

and fourth thermal virial 
oe�
ients are shown as well as some 
hara
teristi
 ideal 
urves. Detailed

information on the behavior of the virial 
oe�
ients 
an be taken from the publi
ation of Thol et al.

[7℄. For the present equation of state, all of the three 
oe�
ients show a 
orre
t trend. For T → 0 K the

virial 
oe�
ients have to approa
h negative in�nity. With in
reasing temperature the virial 
oe�
ients

have to in
rease and �nally vanish at high temperatures after passing a maximum. The maxima of the

third and fourth virial 
oe�
ient have to be lo
ated in the vi
inity of the 
riti
al temperature. The


hara
teristi
 ideal 
urves (for de�nition see Span and Wagner [103℄ or Span [8℄) have to be smooth

without any bumps. All of the plots presented in Fig. 16 exhibit a reasonable behavior with only small


hanges in the 
urvature of the Joule-Thomson inversion 
urve and the Joule inversion 
urve. Having in

mind the restri
ted dataset available for hexamethyldisiloxane, the plot of the ideal 
urves still proves

exellent etrapolation behavior.

4.6. Assessment of mole
ular simulation data

In Fig. 7, the shaded area indi
ates the region where experimental data are available for hexam-

ethyldisiloxane. On this basis, the range of validity of the present EOS was de�ned to be T = 220

to 570 K with a maximum pressure of p
max

= 130 MPa. The large s
ale mole
ular simulation data

presented in this work were applied to the �t to extend the range of validity to a maximum temperature

of T
max

= 1200 K and a maximum pressure of p
max

= 600 MPa. During these simulations the thermal

stability of the �uid was not 
onsidered. Therefore, the extended range of validity has to be 
ompre-

hended as an extrapolation from the real �uid behavior. The temperature of thermal de
omposition,

whi
h 
ould not be retrieved from literature, was 
onsidered irrelevant for the development of the EOS

and the �uid was treated as if it is stable throughout.
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Figure 16: Physi
al behavior of some thermodynami
 properties of hexamethyldisiloxane. Top, left: Isobars and vapor-

liquid equilibrium 
urves together with the re
tilinear diameter. Top, right: Pressure as fun
tion of density along isotherms

at extreme 
onditions (T
max

= 106 K). Center, left: Residual iso
hori
 heat 
apa
ity. Center, right: Speed of sound.

Bottom, left: Se
ond, third, and fourth virial 
oe�
ients, in
luding B from the mole
ular intera
tion model. Bottom,

right: Chara
teristi
 ideal 
urves.
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Figure 17: Relative deviations of simulated residual Helmholtz energy derivative data along sele
ted isotherms from the

present equation of state for hexamethyldisiloxane. Relative deviations are 
al
ulated a

ording to Eq. (12).
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In Fig. 17, relative deviations of the simulated residual Helmholtz energy derivatives from the present

EOS are shown along sele
ted isotherms. A 
omprehensive overview in
luding all simulation data is

provided in the Supplementary Material. Generally, the un
ertainties of the residual Helmholtz energy

Ar

00, the �rst derivative with respe
t to the temperature Ar

10, the �rst derivative with respe
t to the

density Ar

01, the �rst mixed derivative with respe
t to the temperature and density Ar

11, and the se
ond

derivative with respe
t to the density Ar

02 are 10 %. The deviations in
rease with de
reasing density

and in
reasing temperature. The se
ond derivative with respe
t to the temperature Ar

20 was reprodu
ed

within 20 %. These values may lead to the assumption that it is not reasonable to apply these data to

the �t. However, it has to be kept in mind that these data ex
lusively represent the residual 
ontribution

of the EOS. Common thermodynami
 properties, whi
h are usually used for the development of EOS,

always in
lude the ideal 
ontribution. Therefore, the ideal 
ontribution of the present EOS was used to

re
al
ulate the thermodynami
 properties pressure, iso
hori
 heat 
apa
ity, isobari
 heat 
apa
ity, and

speed of sound from the residual mole
ular simulation data a

ording to Eqs. (6) to (8).

In Fig. 18, the resulting data are 
ompared to the present EOS. Additionally, the involved residual

Helmholtz energy derivatives are indi
ated in the grey boxes. Although the deviations of the involved

derivatives amount to 10 % or even 20 %, the deviations of the 
ommon thermodynami
 properties are

mu
h smaller. Density data deviate from the present equation of state by no more than 2 %, the iso
hori


heat 
apa
ity is reprodu
ed within 1 %, the isobari
 heat 
apa
ity is within 2.5 %, and the speed of

sound s
atters within 4 %. Therefore, residual Helmholtz energy derivatives with un
ertainties of up to

20 % are statisti
ally useful values when an extension of validity ranges is aimed at. Keeping in mind

that other simulations for validation predi
ted the available homogeneous liquid density data within

their experimental un
ertainties, and the speed of sound data within 4 %, the deviations presented in

Fig. 18 
an be assumed to be a rough estimate of the un
ertainty of the present EOS in the extended

range of validity. Of 
ourse, for a reliable statement further experimental measurements are required

in this region.

5. Con
lusion

The present EOS is written in terms of the redu
ed Helmholtz energy and 
an be used to 
al
ulate

all thermodynami
 equilibrium properties. Referen
e values are given in the Supplementary Material to

verify a 
omputer implementation of the EOS. The underlying set of experimental literature data was

extended 
onsiderably by the speed of sound measurements that were 
arried out at 210 state points. In

addition, �ve Helmholtz energy derivatives and the Helmholtz energy itself were predi
ted by mole
ular

simulation at 194 state points, providing 1164 non-redundant thermodynami
 data points for the EOS

�t. The range of validity based on the experimental data 
overs T = 220 K to 570 K with a maximum

pressure of p
max

= 130 MPa. By means of mole
ular simulation data, the temperature and pressure

limits were extended to T
max

= 1200 K and p
max

= 600 MPa. The expe
ted un
ertainty in terms of
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Figure 18: Comparison of several thermodynami
 properties obtained from mole
ular simulation data with the present

equation of state for hexamethyldisiloxane. The involved residual Helmholtz energy derivatives are indi
ated in the grey

boxes.
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vapor pressure amounts to 0.2 % for T ≤ 410 K and 2 % for higher temperatures. Homogeneous density

data 
an be 
al
ulated with an a

ura
y of 0.2 % in the liquid phase and 1 % in the gaseous phase. The

spe
i�ed un
ertainty for speed of sound data in the liquid phase is 0.5 %. The expe
ted un
ertainty of

the isobari
 heat 
apa
ity is 0.2 % in the gaseous phase and 1 % in the liquid phase. The extrapolation

behavior was found to be reasonable. For the extended range of validity, only rough estimates on the

un
ertainty 
an be made.
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Table 9: Helmholtz energy derivatives obtained from molecular simulation. 

T / K ρ/ mol∙dm−3 
r
00A  

r
00A  

r
10A  

r
10A  

r
01A  

r
01A  

r
20A  

r
20A  

r
11A  

r
11A  

r
02A  

r
02A  

300.00 0.001 −0.0029332 0.0000215 −0.0078886 0.0000192 −0.0028534 0.0000179 −0.0193585 0.0001000 −0.0078590 0.0000855 −0.0005283 0.0002675 

300.00 0.002 −0.0057735 0.0000311 −0.0158234 0.0000247 −0.0057307 0.0000252 −0.0392286 0.0001565 −0.0158322 0.0001569 −0.0002254 0.0004373 

300.00 4.700 −5.1534864 0.3926543 −13.8152519 0.0002901 −0.6880545 0.0035107 −1.8086307 0.0069111 −17.0055587 0.0678220 45.1094492 0.8303767 

300.00 5.000 19.4471135 0.9929154 −14.8827838 0.0008367 2.8862731 0.0094673 −2.1329532 0.0170480 −16.8829538 0.1924254 73.6363506 2.3473525 

360.00 0.005 −0.0089408 0.0000292 −0.0224006 0.0000181 −0.0089184 0.0000251 −0.0416300 0.0001190 −0.0225030 0.0001487 −0.0002703 0.0004778 

360.00 0.020 −0.0358598 0.0000692 −0.0903933 0.0000411 −0.0357888 0.0000593 −0.1750414 0.0005120 −0.0913410 0.0005655 −0.0004053 0.0016760 

360.00 4.400 −3.7738346 0.1169683 −10.3513978 0.0002374 −0.2508876 0.0024626 −1.4581439 0.0050191 −12.8763466 0.0400882 25.6822515 0.5528163 

360.00 4.600 −3.1258817 0.3078862 −10.9327587 0.0002194 1.1929161 0.0028523 −1.5958453 0.0048038 −13.3326557 0.0488923 37.5656706 0.6985254 

360.00 4.700 −3.4190575 0.4791242 −11.2213089 0.0002605 2.0887458 0.0033607 −1.6917528 0.0056738 −13.5536066 0.0572111 42.4581557 0.6867347 

360.00 4.800 −2.3740611 0.7638056 −11.5056216 0.0002875 3.1214561 0.0035322 −1.7826271 0.0063287 −13.4577822 0.0634900 50.0023781 0.7625173 

360.00 4.900 −0.5690146 0.9961740 −11.7833319 0.0003530 4.3046571 0.0037538 −1.9058155 0.0069260 −13.4094072 0.0673093 57.7069852 0.7907255 

360.00 5.000 −1.3699659 0.9966692 −12.0522547 0.0003705 5.6500394 0.0042672 −2.0308439 0.0090760 −13.2099096 0.0978532 65.4551893 1.1434002 

420.00 0.010 −0.0121650 0.0000304 −0.0298208 0.0000158 −0.0122255 0.0000272 −0.0435829 0.0001015 −0.0298665 0.0001527 0.0008226 0.0006239 

420.00 0.050 −0.0610223 0.0000766 −0.1502132 0.0000378 −0.0608065 0.0000665 −0.2313437 0.0005158 −0.1515244 0.0007636 0.0020462 0.0027413 

420.00 0.100 −0.1219740 0.0001236 −0.3041936 0.0000842 −0.1214307 0.0000964 −0.5117767 0.0014128 −0.3130433 0.0017392 0.0084810 0.0055012 

420.00 4.000 −2.8955754 0.0361260 −7.7193424 0.0002426 −0.4049922 0.0017523 −1.1869214 0.0033201 −9.3484512 0.0291653 14.0766179 0.3369376 

420.00 4.100 −2.8799659 0.0594229 −7.9547105 0.0001890 −0.0311384 0.0018386 −1.1985366 0.0030824 −9.7305597 0.0309125 16.7471723 0.3832423 

420.00 4.200 −2.8927420 0.0687216 −8.1930225 0.0001765 0.4150897 0.0017750 −1.2349044 0.0034166 −10.0979217 0.0334954 19.9404037 0.3834155 

420.00 4.300 −2.7447768 0.1187121 −8.4333008 0.0001581 0.9390307 0.0019516 −1.2786692 0.0035373 −10.3223122 0.0335776 23.5461212 0.4258612 

420.00 4.400 −2.4323777 0.2078923 −8.6737172 0.0001733 1.5470945 0.0024418 −1.3376241 0.0038049 −10.5390778 0.0403316 27.4574884 0.4758129 

420.00 4.500 −2.5748499 0.2103119 −8.9133123 0.0001691 2.2495969 0.0022551 −1.4162357 0.0038562 −10.7284397 0.0410133 31.8853147 0.4950720 

420.00 4.600 −2.4244940 0.5741328 −9.1506373 0.0001866 3.0515376 0.0026861 −1.4981172 0.0042183 −10.8288436 0.0433959 36.3655212 0.5457931 

420.00 4.700 −2.2031354 0.4882170 −9.3847223 0.0002472 3.9612227 0.0029643 −1.5892285 0.0053199 −10.8257756 0.0515931 42.1173576 0.5650260 

420.00 4.800 −1.0327532 0.9582156 −9.6129054 0.0002234 4.9952026 0.0025463 −1.6965884 0.0056149 −10.7839040 0.0565066 48.2586300 0.6760693 

420.00 4.900 5.8398146 0.9107996 −9.8338500 0.0003080 6.1663985 0.0033544 −1.8118106 0.0059032 −10.6742599 0.0618886 54.1575357 0.7284453 

420.00 5.000 10.0373451 0.9963488 −10.0475259 0.0003251 7.4684804 0.0034725 −1.9281840 0.0073899 −10.3663590 0.0764819 61.8457521 0.8492435 

448.26 0.018 −0.0187575 0.0000332 −0.0459549 0.0000186 −0.0186544 0.0000296 −0.0612334 0.0001223 −0.0461467 0.0002063 −0.0000589 0.0009230 

448.26 0.022 −0.0229700 0.0000376 −0.0561565 0.0000171 −0.0227933 0.0000337 −0.0755640 0.0001596 −0.0561836 0.0002397 −0.0024698 0.0010339 

448.26 0.027 −0.0280463 0.0000460 −0.0689439 0.0000219 −0.0280316 0.0000406 −0.0926684 0.0001793 −0.0688706 0.0002939 0.0006807 0.0012151 

448.26 0.031 −0.0323245 0.0000448 −0.0792383 0.0000247 −0.0320702 0.0000386 −0.1070910 0.0002334 −0.0793917 0.0003522 0.0002744 0.0015335 

448.26 0.037 −0.0384975 0.0000507 −0.0946537 0.0000270 −0.0383003 0.0000438 −0.1286727 0.0002672 −0.0943777 0.0004153 0.0011784 0.0016448 

448.26 0.045 −0.0468556 0.0000555 −0.1151666 0.0000313 −0.0465155 0.0000476 −0.1577596 0.0003293 −0.1150901 0.0005420 0.0001573 0.0024839 



T / K ρ/ mol∙dm−3 
r
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r
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r
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r
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r
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r
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r
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r
02A  

r
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448.26 0.054 −0.0560307 0.0000664 −0.1382680 0.0000350 −0.0558584 0.0000548 −0.1907706 0.0003828 −0.1394679 0.0005995 0.0008781 0.0027367 

448.26 0.059 −0.0613670 0.0000637 −0.1512765 0.0000408 −0.0609094 0.0000551 −0.2104316 0.0004510 −0.1521506 0.0006872 −0.0012787 0.0027252 

448.26 0.093 −0.0964898 0.0000902 −0.2392942 0.0000464 −0.0957389 0.0000760 −0.3465383 0.0008104 −0.2411171 0.0010319 −0.0055438 0.0041967 

448.26 0.101 −0.1046743 0.0001033 −0.2600462 0.0000594 −0.1039592 0.0000901 −0.3785411 0.0009206 −0.2649746 0.0013701 0.0014977 0.0044405 

448.26 0.110 −0.1140914 0.0000992 −0.2835341 0.0000526 −0.1129799 0.0000830 −0.4166577 0.0011904 −0.2851521 0.0014358 0.0036381 0.0053220 

473.00 0.100 −0.0906332 0.0000808 −0.2265358 0.0000365 −0.0898474 0.0000710 −0.2963831 0.0006384 −0.2287649 0.0009389 −0.0065360 0.0044302 

473.00 0.200 −0.1798995 0.0001441 −0.4555603 0.0000894 −0.1771710 0.0001132 −0.6545930 0.0019379 −0.4621285 0.0027805 0.0167871 0.0091347 

473.00 0.300 −0.2675992 0.0002073 −0.6881818 0.0002661 −0.2615223 0.0001575 −1.1180273 0.0075428 −0.7077711 0.0049616 0.0211102 0.0159596 

473.00 3.500 −2.0300848 0.0081779 −5.7436799 0.0003498 −0.6569832 0.0014121 −1.0880156 0.0059058 −6.5005840 0.0242439 5.9947534 0.2298990 

473.00 3.600 −2.0288963 0.0091730 −5.9326311 0.0002972 −0.4820524 0.0014294 −1.0502884 0.0042508 −6.8830295 0.0219642 7.2071205 0.2633632 

473.00 3.700 −2.0425050 0.0114820 −6.1259869 0.0002262 −0.2736339 0.0014143 −1.0330248 0.0035503 −7.2079874 0.0243589 8.8902877 0.2597617 

473.00 3.800 −2.0319052 0.0171751 −6.3231089 0.0001961 −0.0187613 0.0014581 −1.0268846 0.0030009 −7.5729029 0.0231250 10.6937475 0.2744787 

473.00 3.900 −2.0354436 0.0199582 −6.5244720 0.0001574 0.2808857 0.0014389 −1.0510374 0.0031468 −7.9239401 0.0234951 12.1042228 0.3167086 

473.00 4.000 −2.0441793 0.0311914 −6.7284333 0.0001599 0.6371427 0.0014726 −1.0724543 0.0028176 −8.2050691 0.0240590 14.7698737 0.3007053 

473.00 4.100 −2.0771930 0.0525790 −6.9348397 0.0001537 1.0476465 0.0015203 −1.1075668 0.0028553 −8.4852273 0.0245942 17.2050202 0.3263049 

473.00 4.200 −1.8977646 0.0658122 −7.1416762 0.0001507 1.5305838 0.0017015 −1.1538019 0.0029606 −8.7054740 0.0271691 20.1848281 0.3671789 

473.00 4.300 −1.7526696 0.1122403 −7.3489449 0.0001577 2.0811284 0.0017584 −1.2108203 0.0034267 −8.9119693 0.0327091 23.1300823 0.3975311 

473.00 4.400 −1.7561578 0.1784160 −7.5550709 0.0001578 2.7128039 0.0020393 −1.2812852 0.0032929 −9.0844286 0.0323900 26.5468471 0.4004540 

473.00 4.500 −1.7028279 0.3565634 −7.7597725 0.0001704 3.4258646 0.0022657 −1.3551829 0.0038195 −9.1811069 0.0393124 30.1808885 0.4870965 

473.00 4.600 −0.7519662 0.3222620 −7.9611764 0.0001849 4.2340947 0.0022555 −1.4344492 0.0039556 −9.1123969 0.0426050 36.1647614 0.4994220 

473.00 4.700 0.3119353 0.3896846 −8.1581037 0.0002037 5.1438368 0.0022180 −1.5321365 0.0044890 −9.1340151 0.0476506 40.4729225 0.5714158 

473.00 4.800 −3.3778780 0.5313412 −8.3490047 0.0002405 6.1728351 0.0027270 −1.6361340 0.0051843 −9.0308643 0.0508285 45.9802162 0.5785250 

473.00 4.900 3.2449459 0.6996224 −8.5331302 0.0002656 7.3150721 0.0027912 −1.7353832 0.0060036 −8.7456833 0.0615919 52.8603007 0.6853160 

473.00 5.000 18.5670237 0.9682709 −8.7091097 0.0003069 8.5938698 0.0032848 −1.8605036 0.0074597 −8.5129977 0.0742865 58.9930788 0.8041979 

498.28 0.018 −0.0144391 0.0000286 −0.0362855 0.0000115 −0.0143284 0.0000256 −0.0412690 0.0000770 −0.0361179 0.0001409 0.0008527 0.0007266 

498.28 0.021 −0.0167938 0.0000332 −0.0423230 0.0000127 −0.0167467 0.0000300 −0.0482847 0.0000873 −0.0426496 0.0001656 −0.0018284 0.0009254 

498.28 0.024 −0.0192271 0.0000347 −0.0483451 0.0000128 −0.0191106 0.0000313 −0.0552533 0.0000929 −0.0481684 0.0001909 0.0005223 0.0010201 

498.28 0.027 −0.0215636 0.0000361 −0.0544129 0.0000148 −0.0215303 0.0000325 −0.0622591 0.0001133 −0.0546500 0.0002226 −0.0010276 0.0009455 

498.28 0.037 −0.0295418 0.0000453 −0.0746076 0.0000186 −0.0294344 0.0000402 −0.0857633 0.0001755 −0.0742771 0.0003022 −0.0003833 0.0014623 

498.28 0.042 −0.0335897 0.0000480 −0.0846467 0.0000191 −0.0333577 0.0000426 −0.0974424 0.0001809 −0.0849107 0.0003456 −0.0002688 0.0016268 

498.28 0.047 −0.0375790 0.0000490 −0.0947143 0.0000224 −0.0372686 0.0000425 −0.1091169 0.0002121 −0.0944156 0.0003749 0.0009357 0.0015937 

498.28 0.056 −0.0447399 0.0000529 −0.1128801 0.0000259 −0.0443504 0.0000453 −0.1308955 0.0002521 −0.1125692 0.0004363 0.0039460 0.0019486 

498.28 0.095 −0.0755154 0.0000686 −0.1914237 0.0000363 −0.0747946 0.0000562 −0.2270508 0.0005001 −0.1921470 0.0008124 0.0015871 0.0035828 

523.15 0.017 −0.0120122 0.0000239 −0.0309332 0.0000101 −0.0119888 0.0000211 −0.0328587 0.0000564 −0.0311003 0.0001124 0.0009881 0.0006501 
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523.15 0.018 −0.0127611 0.0000289 −0.0327600 0.0000108 −0.0126369 0.0000260 −0.0347776 0.0000583 −0.0325264 0.0001294 0.0005134 0.0006595 

523.15 0.022 −0.0155781 0.0000285 −0.0400132 0.0000128 −0.0154466 0.0000252 −0.0425633 0.0000724 −0.0402582 0.0001412 −0.0005867 0.0007960 

523.15 0.025 −0.0176762 0.0000335 −0.0454674 0.0000140 −0.0176021 0.0000300 −0.0483340 0.0000875 −0.0457405 0.0001628 −0.0022064 0.0008780 

523.15 0.029 −0.0205063 0.0000346 −0.0527177 0.0000128 −0.0203601 0.0000309 −0.0560731 0.0000908 −0.0525671 0.0002026 −0.0002260 0.0010032 

523.15 0.033 −0.0232872 0.0000391 −0.0600065 0.0000165 −0.0231825 0.0000354 −0.0641051 0.0001196 −0.0599629 0.0002252 0.0013392 0.0011289 

523.15 0.039 −0.0275115 0.0000416 −0.0708887 0.0000158 −0.0273818 0.0000368 −0.0755459 0.0001253 −0.0707407 0.0002279 0.0014696 0.0014046 

523.15 0.045 −0.0317306 0.0000451 −0.0818228 0.0000197 −0.0315340 0.0000412 −0.0876271 0.0001509 −0.0812792 0.0003401 0.0019227 0.0014417 

523.15 0.053 −0.0373837 0.0000520 −0.0963457 0.0000191 −0.0370941 0.0000477 −0.1036498 0.0001874 −0.0964792 0.0003500 −0.0040929 0.0017127 

523.15 0.059 −0.0415939 0.0000516 −0.1072966 0.0000204 −0.0411653 0.0000448 −0.1154561 0.0002018 −0.1065115 0.0003928 0.0007923 0.0018857 

523.15 0.092 −0.0645624 0.0000636 −0.1670792 0.0000258 −0.0639422 0.0000580 −0.1822388 0.0003057 −0.1659789 0.0006450 −0.0021427 0.0029393 

550.00 0.100 −0.0615041 0.0000604 −0.1638690 0.0000253 −0.0608008 0.0000515 −0.1659382 0.0003218 −0.1637238 0.0006259 −0.0052035 0.0029482 

550.00 0.500 −0.2942037 0.0002061 −0.8020180 0.0002973 −0.2760959 0.0001642 −0.8984045 0.0058923 −0.7682847 0.0043328 0.0557725 0.0166797 

550.00 1.000 −0.5518053 0.0004301 −1.5408533 0.0011736 −0.4782275 0.0003016 −1.8066347 0.0308791 −1.4233938 0.0105476 0.2044643 0.0384929 

550.00 1.500 −0.7739635 0.0007401 −2.1876757 0.0015940 −0.6056814 0.0004145 −2.1215993 0.0443956 −1.8072894 0.0172315 0.2783868 0.0526333 

550.00 2.000 −0.9571221 0.0011721 −2.7693041 0.0014092 −0.6712437 0.0007292 −1.8580068 0.0394597 −2.3160617 0.0238080 0.6521159 0.0759067 

550.00 2.500 −1.1046226 0.0016133 −3.3642783 0.0006586 −0.6479629 0.0008149 −1.2787492 0.0167615 −3.1719398 0.0227928 1.2128568 0.0966951 

550.00 3.000 −1.2036545 0.0022871 −4.0382224 0.0003761 −0.4136475 0.0010517 −0.9625047 0.0071299 −4.3062643 0.0206149 2.7105535 0.1318140 

550.00 3.500 −1.2232537 0.0063875 −4.8057435 0.0001672 0.2623691 0.0010880 −0.8560010 0.0029082 −5.6595579 0.0166783 6.9524304 0.2085738 

550.00 4.000 −1.1068547 0.0322461 −5.6439862 0.0001255 1.7695854 0.0012873 −0.9743700 0.0022387 −6.8135872 0.0220700 15.4087448 0.2902774 

550.00 4.500 −0.4200971 0.1740779 −6.4888338 0.0001548 4.6668123 0.0017604 −1.2841613 0.0029648 −7.3064258 0.0313441 30.2850479 0.3783383 

550.00 5.000 14.6470194 0.6132261 −7.2356005 0.0002747 9.7198869 0.0030437 −1.7667108 0.0063235 −6.4278196 0.0613531 55.7430704 0.6474740 

573.04 0.024 −0.0131154 0.0000453 −0.0363709 0.0000165 −0.0132814 0.0000301 −0.0341453 0.0000496 −0.0361361 0.0000987 0.0010426 0.0006440 

573.04 0.030 −0.0166664 0.0000486 −0.0453559 0.0000146 −0.0165014 0.0000386 −0.0426404 0.0000524 −0.0458429 0.0001240 −0.0013911 0.0007975 

573.04 0.036 −0.0199468 0.0000557 −0.0543802 0.0000138 −0.0199594 0.0000472 −0.0509044 0.0000647 −0.0547268 0.0001546 0.0036800 0.0009475 

573.04 0.042 −0.0231653 0.0000564 −0.0635190 0.0000172 −0.0230938 0.0000431 −0.0595764 0.0000743 −0.0629644 0.0001384 0.0069487 0.0012828 

573.04 0.048 −0.0267947 0.0000561 −0.0725469 0.0000181 −0.0263365 0.0000417 −0.0683395 0.0000929 −0.0732032 0.0001924 −0.0011111 0.0012281 

573.04 0.054 −0.0301703 0.0000581 −0.0815130 0.0000193 −0.0294496 0.0000448 −0.0765565 0.0001043 −0.0808122 0.0002233 −0.0000099 0.0011706 

573.04 0.060 −0.0332549 0.0000736 −0.0905886 0.0000199 −0.0328570 0.0000555 −0.0854169 0.0001154 −0.0904894 0.0002078 −0.0037922 0.0015419 

573.04 0.065 −0.0356160 0.0000815 −0.0981075 0.0000241 −0.0355952 0.0000551 −0.0926759 0.0001116 −0.0980444 0.0002201 −0.0012273 0.0011273 

580.00 0.100 −0.0533292 0.0000569 −0.1475806 0.0000239 −0.0524789 0.0000509 −0.1373475 0.0002335 −0.1465942 0.0005362 −0.0011047 0.0025787 

580.00 0.500 −0.2537342 0.0001742 −0.7196508 0.0001886 −0.2372529 0.0001464 −0.6909872 0.0036690 −0.6907580 0.0032679 0.0210582 0.0129190 

580.00 1.000 −0.4746676 0.0003231 −1.3823641 0.0007116 −0.4076188 0.0002458 −1.2923055 0.0161216 −1.2594934 0.0079947 0.1627900 0.0323628 

580.00 1.500 −0.6618580 0.0005982 −1.9777397 0.0009357 −0.5132210 0.0004034 −1.5034915 0.0219848 −1.7289802 0.0122317 0.2655751 0.0484708 

580.00 2.000 −0.8157832 0.0009418 −2.5442988 0.0009230 −0.5498676 0.0005880 −1.3355904 0.0261598 −2.2796374 0.0177127 0.5667362 0.0697357 
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580.00 2.500 −0.9318399 0.0012463 −3.1311256 0.0005217 −0.4819241 0.0007646 −1.0689800 0.0092150 −3.0445583 0.0160734 1.2123890 0.0914171 

580.00 3.000 −1.0010622 0.0022148 −3.7829681 0.0002784 −0.1893912 0.0008675 −0.8370073 0.0039382 −4.1531209 0.0154865 3.1120083 0.1481128 

580.00 3.500 −0.9668956 0.0058397 −4.5141644 0.0001224 0.5547021 0.0009614 −0.8105610 0.0021256 −5.3801622 0.0152967 6.9079803 0.1751739 

580.00 4.000 −0.8089717 0.0269299 −5.3021108 0.0001142 2.1204579 0.0013484 −0.9523842 0.0020724 −6.4049001 0.0204046 14.9558430 0.2680584 

580.00 4.500 −0.5249882 0.2726033 −6.0869323 0.0001504 5.0435374 0.0020410 −1.2586251 0.0031919 −6.7356014 0.0340842 29.4933967 0.4149446 

580.00 5.000 9.3591576 0.8732024 −6.7699188 0.0002955 10.0512037 0.0029631 −1.7470741 0.0058274 −5.8807168 0.0599160 53.5465213 0.6555252 

600.00 0.100 −0.0483715 0.0000534 −0.1382875 0.0000213 −0.0476853 0.0000474 −0.1225372 0.0001967 −0.1380187 0.0004552 0.0014927 0.0025749 

600.00 0.500 −0.2303580 0.0001837 −0.6738912 0.0001702 −0.2142709 0.0001635 −0.6005240 0.0027904 −0.6506620 0.0029521 0.0132508 0.0151407 

600.00 1.000 −0.4295128 0.0002954 −1.2965886 0.0005455 −0.3661421 0.0002090 −1.0822274 0.0105546 −1.1844386 0.0059517 0.0958472 0.0292922 

600.00 1.500 −0.5967580 0.0004972 −1.8684868 0.0008064 −0.4546493 0.0003584 −1.2631547 0.0153551 −1.6512254 0.0106689 0.2618812 0.0414111 

600.00 2.000 −0.7322152 0.0008663 −2.4178068 0.0006776 −0.4741178 0.0006070 −1.1380252 0.0129694 −2.2124973 0.0132408 0.5131351 0.0637527 

600.00 2.500 −0.8278546 0.0012110 −2.9932598 0.0004014 −0.3785842 0.0006837 −0.9311662 0.0067700 −3.0095538 0.0122279 1.3995983 0.0927690 

600.00 3.000 −0.8718808 0.0019812 −3.6293520 0.0002319 −0.0513716 0.0008101 −0.7856990 0.0039541 −4.0330220 0.0137175 3.1569697 0.1225511 

600.00 3.500 −0.8178945 0.0047907 −4.3372028 0.0001504 0.7348294 0.0010589 −0.7846285 0.0020963 −5.1708796 0.0151190 7.3705632 0.1682658 

600.00 4.000 −0.6457773 0.0258255 −5.0938894 0.0000986 2.3335021 0.0012998 −0.9356845 0.0021854 −6.1147255 0.0211403 14.9806578 0.2659175 

600.00 4.500 −0.1824842 0.2251909 −5.8420115 0.0001267 5.2683307 0.0017441 −1.2470920 0.0029908 −6.3821470 0.0324183 29.5468790 0.4111497 

600.00 5.000 3.2556009 0.7013522 −6.4862906 0.0002514 10.2465566 0.0027551 −1.7255146 0.0061057 −5.4710965 0.0609024 53.0108223 0.6492203 

650.00 0.100 −0.0381157 0.0000479 −0.1194085 0.0000158 −0.0374020 0.0000427 −0.0944829 0.0001768 −0.1193939 0.0003960 −0.0009350 0.0022567 

650.00 0.500 −0.1801197 0.0001664 −0.5821942 0.0001069 −0.1658597 0.0001509 −0.4477515 0.0016135 −0.5600234 0.0022834 0.0297805 0.0125534 

650.00 1.000 −0.3322991 0.0002811 −1.1271188 0.0002816 −0.2764060 0.0002444 −0.7554470 0.0047438 −1.0633997 0.0050411 0.1326298 0.0231140 

650.00 1.500 −0.4564546 0.0004216 −1.6439866 0.0004054 −0.3268478 0.0003191 −0.8905395 0.0081060 −1.5341516 0.0067478 0.1907071 0.0411992 

650.00 2.000 −0.5479908 0.0006694 −2.1573951 0.0003913 −0.3019307 0.0004647 −0.8397671 0.0067531 −2.0900812 0.0092205 0.6743759 0.0579826 

650.00 2.500 −0.6018584 0.0009190 −2.6993285 0.0002753 −0.1446229 0.0006192 −0.7379870 0.0038404 −2.8280953 0.0119386 1.4791500 0.0902510 

650.00 3.000 −0.5938517 0.0016301 −3.2941645 0.0001609 0.2612336 0.0007044 −0.6816548 0.0021949 −3.7348054 0.0111285 3.1804354 0.1069821 

650.00 3.500 −0.4909766 0.0046583 −3.9454853 0.0001152 1.1293554 0.0009333 −0.7303418 0.0014858 −4.7002956 0.0139387 7.3596686 0.1806473 

650.00 4.000 −0.2529934 0.0212883 −4.6311789 0.0000874 2.7977817 0.0012152 −0.9070121 0.0020153 −5.4851128 0.0204417 15.1703310 0.2398937 

650.00 4.500 0.4165070 0.1833160 −5.2975492 0.0001372 5.7497894 0.0017372 −1.2242195 0.0029193 −5.6790249 0.0310070 28.4046850 0.3675481 

650.00 5.000 6.5178416 0.9748886 −5.8564886 0.0002397 10.6476744 0.0024207 −1.6773080 0.0051572 −4.5772436 0.0514476 51.4570615 0.5417032 

700.00 0.100 −0.0298265 0.0000555 −0.1048386 0.0000141 −0.0291941 0.0000500 −0.0752639 0.0001211 −0.1040770 0.0003092 0.0034569 0.0019662 

700.00 0.500 −0.1392505 0.0001410 −0.5128511 0.0000802 −0.1267642 0.0001268 −0.3459767 0.0009360 −0.4976800 0.0019265 0.0293337 0.0115987 

700.00 1.000 −0.2535471 0.0002387 −0.9994444 0.0002061 −0.2021014 0.0002067 −0.5775192 0.0029980 −0.9523751 0.0040631 0.1292202 0.0249744 

700.00 1.500 −0.3405877 0.0003772 −1.4714274 0.0002733 −0.2182745 0.0003071 −0.6787575 0.0045246 −1.4041377 0.0066834 0.2857633 0.0358605 

700.00 2.000 −0.3964240 0.0004874 −1.9495955 0.0002280 −0.1511224 0.0003750 −0.6657127 0.0041636 −1.9580628 0.0074703 0.7234357 0.0586371 

700.00 2.500 −0.4091821 0.0008178 −2.4583582 0.0002016 0.0578848 0.0005219 −0.6185981 0.0026967 −2.6475848 0.0088004 1.5314362 0.0754720 



T / K ρ/ mol∙dm−3 
r
00A  

r
00A  

r
10A  

r
10A  

r
01A  

r
01A  

r
20A  

r
20A  

r
11A  

r
11A  

r
02A  

r
02A  

700.00 3.000 −0.3619049 0.0015039 −3.0125541 0.0001415 0.5286010 0.0007865 −0.6167834 0.0018813 −3.4695632 0.0092156 3.4907061 0.0971272 

700.00 3.500 −0.2104272 0.0044852 −3.6127755 0.0001045 1.4640087 0.0008767 −0.6937150 0.0012900 −4.3170178 0.0127967 7.2779748 0.1496130 

700.00 4.000 0.1056538 0.0190467 −4.2365380 0.0000943 3.1851935 0.0012462 −0.8802149 0.0017954 −4.9411372 0.0196814 15.0200226 0.2442517 

700.00 4.500 0.7113903 0.1575469 −4.8328165 0.0001356 6.1460804 0.0017869 −1.1978137 0.0030926 −5.0184756 0.0311624 27.9342770 0.3394901 

700.00 5.000 6.4779690 0.7097498 −5.3193081 0.0002367 10.9644155 0.0023380 −1.6486766 0.0048878 −3.9431255 0.0463604 49.0805529 0.4749426 

800.00 0.100 −0.0172217 0.0000421 −0.0839574 0.0000097 −0.0167086 0.0000381 −0.0515418 0.0000710 −0.0837889 0.0002177 −0.0013744 0.0019145 

800.00 0.500 −0.0777522 0.0001130 −0.4137137 0.0000474 −0.0663643 0.0001040 −0.2286105 0.0005361 −0.4073499 0.0012173 0.0073934 0.0092166 

800.00 1.000 −0.1323739 0.0002012 −0.8164708 0.0001124 −0.0855773 0.0001783 −0.3784156 0.0014092 −0.7996286 0.0027920 0.1015333 0.0194471 

800.00 1.500 −0.1609406 0.0002998 −1.2190986 0.0001481 −0.0426886 0.0002432 −0.4535044 0.0019645 −1.2178906 0.0046504 0.2743203 0.0320016 

800.00 2.000 −0.1556142 0.0004521 −1.6364953 0.0001828 0.0941290 0.0003593 −0.4740130 0.0021247 −1.7265173 0.0058155 0.7244869 0.0510142 

800.00 2.500 −0.1065208 0.0007474 −2.0825231 0.0001257 0.3893584 0.0005371 −0.4888230 0.0015317 −2.3161975 0.0069197 1.6521737 0.0667181 

800.00 3.000 0.0143353 0.0015100 −2.5645824 0.0000951 0.9585195 0.0006517 −0.5314451 0.0010868 −3.0062757 0.0090200 3.5503104 0.1102433 

800.00 3.500 0.2475992 0.0041018 −3.0777416 0.0000827 1.9969498 0.0008219 −0.6423173 0.0011336 −3.6453486 0.0107167 7.5691574 0.1280002 

800.00 4.000 0.6129371 0.0174412 −3.5990162 0.0000833 3.7895085 0.0010615 −0.8453033 0.0016557 −4.1050489 0.0166298 14.5093371 0.1930978 

800.00 4.500 1.2675846 0.1517397 −4.0817838 0.0001273 6.7442972 0.0016419 −1.1541577 0.0030022 −3.9709961 0.0292134 26.6242116 0.3154698 

800.00 5.000 8.7166863 0.9414494 −4.4516121 0.0002178 11.4221868 0.0021539 −1.5815274 0.0041040 −2.7722777 0.0397703 46.6573215 0.4140044 

900.00 0.100 −0.0082043 0.0000379 −0.0697582 0.0000086 −0.0077168 0.0000343 −0.0377358 0.0000508 −0.0698231 0.0001829 −0.0007915 0.0016972 

900.00 0.500 −0.0326281 0.0001047 −0.3460821 0.0000337 −0.0226449 0.0000946 −0.1661944 0.0003129 −0.3431889 0.0009713 0.0327021 0.0079382 

900.00 1.000 −0.0436456 0.0001777 −0.6898070 0.0000876 0.0020817 0.0001595 −0.2769826 0.0009720 −0.6926414 0.0022112 0.1013891 0.0177096 

900.00 1.500 −0.0280803 0.0002737 −1.0400924 0.0001069 0.0924659 0.0002249 −0.3410615 0.0010683 −1.0702000 0.0030123 0.3153420 0.0289330 

900.00 2.000 0.0226362 0.0004439 −1.4078380 0.0001065 0.2847038 0.0003716 −0.3793887 0.0012852 −1.5152975 0.0049661 0.8051929 0.0450609 

900.00 2.500 0.1212497 0.0006506 −1.8012918 0.0000889 0.6461693 0.0004614 −0.4135007 0.0008437 −2.0412586 0.0053037 1.6695899 0.0625026 

900.00 3.000 0.2937435 0.0011266 −2.2233636 0.0000769 1.2897118 0.0005541 −0.4838950 0.0008658 −2.6089869 0.0071601 3.8403787 0.0792216 

900.00 3.500 0.5779098 0.0035577 −2.6663231 0.0000673 2.3972041 0.0009012 −0.6089478 0.0011208 −3.1173096 0.0105342 7.5808694 0.1272849 

900.00 4.000 1.0114674 0.0171854 −3.1070456 0.0000687 4.2306082 0.0009950 −0.8177854 0.0017596 −3.4296389 0.0179031 14.0496287 0.1938886 

900.00 4.500 1.6163007 0.1650856 −3.5019747 0.0001094 7.1658483 0.0012899 −1.1219803 0.0028966 −3.1973861 0.0289041 25.3595520 0.3064543 

900.00 5.000 6.7727690 0.9073186 −3.7845187 0.0001972 11.6974293 0.0019786 −1.5322721 0.0051265 −1.9925357 0.0471239 43.3625616 0.4516755 

1000.00 0.100 −0.0014289 0.0000339 −0.0594826 0.0000068 −0.0009052 0.0000308 −0.0290353 0.0000361 −0.0591861 0.0001571 0.0007024 0.0014315 

1000.00 0.500 0.0011301 0.0000998 −0.2968512 0.0000275 0.0111157 0.0000920 −0.1282999 0.0002381 −0.2974190 0.0008813 0.0228248 0.0076690 

1000.00 1.000 0.0241617 0.0001650 −0.5963172 0.0000609 0.0701493 0.0001474 −0.2175885 0.0005785 −0.6064750 0.0017758 0.0988203 0.0141092 

1000.00 1.500 0.0745146 0.0002635 −0.9053072 0.0000723 0.1987372 0.0002354 −0.2763738 0.0007064 −0.9510039 0.0028675 0.3002836 0.0265731 

1000.00 2.000 0.1617164 0.0003974 −1.2324918 0.0000759 0.4357673 0.0003130 −0.3194791 0.0007671 −1.3511200 0.0039953 0.8169545 0.0418881 

1000.00 2.500 0.3006318 0.0006183 −1.5820765 0.0000755 0.8487967 0.0003795 −0.3705737 0.0007013 −1.8113544 0.0048079 1.7132431 0.0595928 

1000.00 3.000 0.5156640 0.0012948 −1.9542853 0.0000630 1.5475766 0.0005377 −0.4510488 0.0007827 −2.2726135 0.0068120 3.8842909 0.0854422 
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1000.00 3.500 0.8430440 0.0033286 −2.3398164 0.0000530 2.7032188 0.0006612 −0.5845921 0.0010426 −2.6805927 0.0100399 7.6994772 0.1180999 

1000.00 4.000 1.3165921 0.0142829 −2.7157829 0.0000699 4.5610569 0.0009135 −0.7940028 0.0018292 −2.8750677 0.0178753 13.9655346 0.1910791 

1000.00 4.500 2.1466263 0.1190997 −3.0413875 0.0001129 7.4654062 0.0012153 −1.0849081 0.0024735 −2.5099797 0.0250101 24.9294504 0.2712871 

1000.00 5.000 5.4310140 0.7131130 −3.2553234 0.0002066 11.8697513 0.0020596 −1.4840018 0.0046681 −1.3067044 0.0425995 41.5326536 0.4082998 

1100.00 0.100 0.0039493 0.0000318 −0.0517098 0.0000057 0.0043062 0.0000288 −0.0233231 0.0000273 −0.0518321 0.0001334 −0.0015096 0.0011638 

1100.00 0.500 0.0275400 0.0000870 −0.2594164 0.0000207 0.0377393 0.0000788 −0.1039251 0.0001569 −0.2600250 0.0007448 0.0273560 0.0069461 

1100.00 1.000 0.0772488 0.0001594 −0.5241282 0.0000482 0.1248472 0.0001460 −0.1783662 0.0004112 −0.5366346 0.0015385 0.1362860 0.0151701 

1100.00 1.500 0.1556356 0.0002369 −0.8001934 0.0000610 0.2848335 0.0002114 −0.2331237 0.0005042 −0.8538708 0.0023175 0.3484455 0.0246100 

1100.00 2.000 0.2731155 0.0003494 −1.0931119 0.0000626 0.5573277 0.0002819 −0.2814369 0.0005143 −1.2077980 0.0031702 0.8923817 0.0352451 

1100.00 2.500 0.4446427 0.0005759 −1.4057550 0.0000628 1.0108988 0.0003793 −0.3404499 0.0005311 −1.6143423 0.0044352 1.8712515 0.0530232 

1100.00 3.000 0.6869198 0.0011070 −1.7365993 0.0000487 1.7540939 0.0005414 −0.4307598 0.0007178 −2.0263044 0.0072028 3.8367745 0.0896587 

1100.00 3.500 1.0499495 0.0030402 −2.0744880 0.0000476 2.9439186 0.0007051 −0.5706531 0.0009190 −2.3577834 0.0094936 7.3924073 0.1114332 

1100.00 4.000 1.5777147 0.0211950 −2.3976761 0.0000866 4.8125596 0.0011294 −0.7744056 0.0020537 −2.4243796 0.0206935 13.8649582 0.2296067 

1100.00 4.500 2.1923015 0.2000383 −2.6671577 0.0001636 7.6844807 0.0016784 −1.0625327 0.0035332 −2.0413052 0.0361970 23.6401259 0.3795913 

1100.00 5.000 3.0504713 0.5227837 −2.8264234 0.0001970 11.9681014 0.0018050 −1.4430115 0.0041257 −0.7726563 0.0380686 40.0126907 0.3636643 

1200.00 0.100 0.0082111 0.0000344 −0.0456419 0.0000051 0.0085315 0.0000320 −0.0192897 0.0000243 −0.0456621 0.0001248 0.0012348 0.0011949 

1200.00 0.500 0.0489121 0.0000922 −0.2299007 0.0000173 0.0591361 0.0000868 −0.0871164 0.0001338 −0.2344349 0.0006110 0.0145408 0.0059461 

1200.00 1.000 0.1206258 0.0001608 −0.4667140 0.0000383 0.1692489 0.0001463 −0.1520209 0.0002983 −0.4842156 0.0015351 0.1207344 0.0138708 

1200.00 1.500 0.2216671 0.0002419 −0.7153530 0.0000508 0.3551158 0.0002141 −0.2037775 0.0004155 −0.7636352 0.0021262 0.3737061 0.0242026 

1200.00 2.000 0.3628682 0.0003570 −0.9797415 0.0000545 0.6579063 0.0002956 −0.2560694 0.0004914 −1.0934508 0.0030140 0.8326533 0.0352699 

1200.00 2.500 0.5601456 0.0005517 −1.2612613 0.0000492 1.1444130 0.0003643 −0.3197211 0.0005066 −1.4504410 0.0046030 1.8593479 0.0567213 

1200.00 3.000 0.8329869 0.0010958 −1.5566827 0.0000472 1.9193685 0.0004714 −0.4150935 0.0005776 −1.8039514 0.0053849 3.8235518 0.0679409 

1200.00 3.500 1.2218468 0.0031291 −1.8549104 0.0000515 3.1342022 0.0006232 −0.5553992 0.0009121 −2.0589761 0.0091458 7.3559455 0.1052134 

1200.00 4.000 1.7584653 0.0120826 −2.1340079 0.0000737 5.0087803 0.0009515 −0.7583641 0.0013790 −2.0645401 0.0137870 13.4346518 0.1587386 

1200.00 4.500 2.5295910 0.0957474 −2.3574994 0.0001114 7.8414129 0.0012283 −1.0366035 0.0024117 −1.6003101 0.0241086 23.1948163 0.2556792 

1200.00 5.000 6.3920181 0.5644965 −2.4722328 0.0001702 12.0160818 0.0015683 −1.4040638 0.0040320 −0.3388081 0.0378930 38.3379224 0.3715234 

 

 



 

Figure 7. Relative deviations between simulation data and the present equation of state. 



 

Figure 8. Relative deviations between simulation data and the present equation of state. 



 

Figure 9. Relative deviations between simulation data and the present equation of state. 



 

Figure 10. Relative deviations between simulation data and the present equation of state. 



 

Figure 11. Relative deviations between simulation data and the present equation of state. 



 

Figure 12. Relative deviations between simulation data and the present equation of state. 




