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Abstract Results are presented for binary intermolecular interactions and thermo-
physical properties in the temperature range between 70K and 1,000K of gaseous
fluorine (F7), and between 200K and 1,000K of chlorine (Cl;), bromine (Bry), and
iodine (I2). Our studies are carried out with an (n — 6) Lennard-Jones temperature-
dependent potential (LJTDP). The underlying model takes into account the influence
of vibrational excitations on the equilibrium distance Ry, (7") and potential well depth
€(T). The potential parameters at 7 = 0 K have been obtained by minimization of the
sum of squared deviations between experimentally determined and calculated second
pVT- and acoustic virial coefficients, B and B, and viscosities 7, normalized to their
relative experimental error dexp. The majority of the available experimental data are
well reproduced within their experimental errors. Tables and fitting formulae for a fast
and reliable prediction of the thermophysical properties and potential parameters are
also presented.
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1 Introduction

The halogens fluorine F;, chlorine Cl,, bromine Br;, and iodine I, are important
chemicals with many applications in different aspects of technology and industry
(for disinfecting of drinking water, production of steel and semiconductor devices,
etc.). Despite their wide usage, because of their great chemical activity, there are not
enough experimentally measured data of their thermophysical properties, like second
pVT- and acoustic virial coefficients, B and , viscosities 1, and diffusion coefficients
D. Whereas low-density F» and Cl, are comparatively well investigated, experiments
for vapors of Br, and I, are few and scanty.

The first investigations of binary interactions between two halogen molecules date
from 1954, when Hirschfelder et al. [1] published results for a (12-6) Lennard-Jones
potential (LJP) for F;, Cly, Bry, and I>. The potential parameters were based on exper-
imental viscosity data [2-6]. In 1972, Hanley and Prydz [7] obtained (m — 6 — 8)
potential parameters by fitting the B data, published by Prydz and Straty [8], and pre-
sented tables with calculated values for the thermal conductivity A and viscosity n of
gaseous and liquid F; in the temperature range between 70 K and 300K for pressures
up to 200 bar.

Two-center Lennard-Jones potentials were widely applied to calculate the second
pVT-virial coefficient B of the lighter halogens. Whereas the calculations of Bohn
et al. [9] for Cl, are not in good agreement with the experimental results of Morrison
at low temperatures [10], more recent studies of Meng and Duan [11] compare favor-
ably well with experiments. Rio and co-authors used the approximate nonconformal
theory [12] to obtain the effective interaction potentials for a lot of gases, including
F, and Cl,. Their results are in reasonably good agreement with experimental data
[13]. In 1974, Tsonopoulos [14] presented an empirical correlation of B data for both
polar and non-polar systems. His method is very valuable for estimating second virial
coefficients for gases for which there are no experimentally measured data.

In 2002, Hurly [15] measured the second speed-of-sound virial coefficient B of
Cl,. From these speed-of-sound measurements, he determined a hard-core square-well
(HCSW) and a hard-core Lennard-Jones (HCLJ) potential. The latter potential was
able to reproduce the measured speed of sound with an uncertainty of 0.2 %. Although
the temperature range of the measurements was rather narrow (A7 = 260 K to 440K)
the same potential was used to calculate B in the temperature range between 177K
and 1770K.

Oh and Park [16] used a group contribution method on the basis of a Kihara potential
in order to obtain thermophysical properties of F» and Cl,. This method, which was
recently also applied to larger spherical molecules [17], seems to provide the only
intermolecular interaction potential so far which is able to reproduce simultaneously
transport and equilibrium properties of the halogens.

The goal of our study was first to investigate the applicability of the (n — 6)
Lennard-Jones temperature-dependent potential (LJTDP) [18,19] to interactions
between diatomic halogen molecules. Second, within our model, we obtain the tem-
perature dependences of the potential parameters equilibrium distance Ry, (") and po-
tential well depth €(T), as well as of the thermophysical properties B(T), n(T), and
pD(T)(p = density) at pressures p < 0.1 MPa in a wide temperature range between
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200K and 1,000 K. We also present simple fitting formulae which allow fast calculation
of these properties which could compensate for the lack of experimental data. They are
also helpful for an estimation of other potential-dependent properties of low-density
halogen gases and their binary mixtures.

Our model of the (n — 6) LITDP has been presented in detail elsewhere [19]. To
be brief, the intermolecular interaction potential U (R, T') is represented by

n 6
vr.T) < ED [6(Rm(T>) _n(Rmm) } o
n—=~6 R R

R is the center-of-mass distance and n is the repulsive parameter, which is supposed
to be independent of temperature. The temperature dependence of Ry, (7)) and ¢(T)
is due to vibrational excitation of the molecule with increasing temperature 7'. It is
described by

Ru(T) = Rn(T = 0K) 4 8f(T) 2
e(T) = &(T = 0K) (R (T =0K)/Ru(T))°, 3

where § is a temperature-independent fit parameter, whereas the function f(7") indi-
cates the influence of the vibrational excitation of the molecule on its geometrical
radius. f(T) can be calculated via the vibrational partition function Z(7') at any T if
the vibrational frequencies of the molecule are known. In this work we use the har-
monic oscillator approximation. In the case of very high vibrational frequencies (light
molecules like F»), the molecules stay in their ground state. Therefore, no effective
enlargement of the molecule is observed, Ry, (7)) = Ry (T = 0), which also results in
8 = 0. In this case, the (n — 6) LITDP reduces to a temperature independent (n — 6)
LJP.

2 Procedure

The potential parameters at 7 = 0K have been obtained by minimization of the
sum of squared deviations F between M experimentally obtained and calculated data
points of B, 8, and 1, normalized to their relative experimental errors aexp. Standard
procedures, as given by Hirschfelder et al. [1], are used for the calculation of B, §,
and 7. The reduced collision integrals are interpolated from tables given by Klein and
Smith [20];

uy [1n (B22)77 o5 Fin(f2) 77 i (222 ?
_ 2 _ calc calc Tcale
RN LIRS o S @
] Aexpp ] Qexpg dexp,)

The available experimental data for the thermophysical properties B and n of
F», Cl,, Br,, and I, are collected in Table 1. In the case of the second speed-of-sound
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Table 1 Sets of experimental input data used for the determination of the potential parameters of low-
density gaseous halogens

Substance  References Number of Temperature Experimental
experimental range AT (K) erTor dexp (%)
data (M)
Fluorine White et al. [21] 11 (B) 80-250 19-45 (5 em3 - mol ™!
t0 80 cm? - mol_l)
Prydz and Straty [8] 45 (B) 80-300 1-23 (0.3 em? -mol ™!
to 40cm? - mol~ 1)
Kanda [2] 9(n) 87-273 10
Franck and Stober [22] 7 (n) 90-471 5
Hanley and Prydz [7] 24 (n) 70-300 5
Haynes [23] 8 (n) 155-300 5
Chlorine  Pier [24] 1(B) 273 5(17cm? - mol~1)
Jaquerod and Tourpaian [25] 2 (B) 273-298 5(17cm? - mol™ 1)
Eucken and Hoffman [26] 2(B) 244-250 522cm’ -mol™ 1)
Morrison [10] 4(B) 298-650 3-7 (4em’ - mol~! to
11em? - rnolfl)
Hohm and Triimper [27] 9 (B) 296-1080 3-75 (5cm? - mol™ 1)
Hurly [15] 14 (B) 260-440 0.5-0.9
Rankine [28] 2 (n) 286-372 1.5
Braune and Linke [3] 9 (n) 289-772 1.5
Trautz and Ruf [4] 10 (n) 289-523 1.5
Wobser and Miiller [29] 6 (n) 293-523 1.5
Bromine Tsonopoulos [14] 4 (B) 282-1041 703 em3 - mol~! to
62cm? - mol~ 1)
Rankine [5,28] 6(n) 286-575 10
Braune et al. [6] 22 (n) 292-867 5
Todine Tsonopoulos [14] 7 (B) 410-1137 70 em® - mol™! to
62cmd - mol_l)
Rankine [30] 3(n) 397-520 10
Braune and Linke [3] 7 () 379-796 5

virial coefficient 8, only results for Cl, are given in the literature [15]. Although mea-
sured in the small temperature range between 260K and 440K, these measurements
have a large impact on the resulting potential parameters due to their high accuracy
(error about 0.5 % to 0.9 %).

In general, the experimental results for B at low temperatures seem to be the most
inaccurate input data. In many cases, the experimental error of B is not less than
5 % throughout the whole temperature range. These errors are directly taken from the
original sources. In the case of the viscosity, the experimental errors are hardly calcu-
lated or even estimated by the various authors. Therefore, we assume that the relative
experimental errors dexp for 1 are in the range between 1.5 % and 10 %, depending on
the method and on the reactivity and volatility of the substance.
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Due to the obvious non-existence of experimental B data for Bry and I, we used in
our minimization procedure results from the correlation of Tsonopoulos [14] which
are cited in the DIPPR801 database [31].

3 Results and Discussion

The obtained “best solutions” for the potential parameters of Fy, Cly, Bra, and I
at T = 0K are shown in Table2. In the same table, the root-mean-square devi-
ations RMS = \/F/M of the fit and the number of experimental input data M =
Mp + Mg + M, are also given. Our results show that for interactions between two
fluorine molecules the (n — 6) LITDP turns into the usual (n — 6) LJP (§ = 0). In all
cases, we observed that the RMS = aex, Which proves the reasonability of our model
to calculate thermophysical properties.

In order to provide a simple way of obtaining the potential parameters at any desired
T, Ry (T) was fitted to

Rn(T) = Rm(0) + Arexp (=B1/T) + Azexp (=B2/T). (&)

The fit parameters A1, A», By, and B are also included in Table 2. The sum of the
two exponential terms reflect the increase in Ry (T) — Ry (0) = 8f(T), see Eq.2.
The potential well depth ¢(T') can be calculated by using Eqgs. 3 and 5. Because of the
limited number of experimental data for the thermophysical properties of Bry and I,
the intermolecular potentials can be considered as preliminary. In Table 3, we present
recommended values of the second pVT virial coefficient B, the viscosity n, and the
diffusion coefficient p D calculated with the LJTDP in the range between 200K and
1,000 K. In the case of F,, the table is extended down to 70K because experimental
data are available for comparison. In Table4, the parameters of fitting formulae are

Table 2 Potential parameters at 7 = 0K, root-mean-square deviations and fit parameters of Eq.5 for
gaseous halogens

Fy Clp Brp I
Mass (a.u.) 38.0 70.9 159.8 2538
M 104 (B + 1) 59(B+B+n) 32(B+1) 17 (B +1n)
&/kg (K) 136.9 +3.0 497.04 £11.3 7185+ 15.8 1009.3 +22.0
Rm (10710 m) 3.629 +0.018 4.262 +0.020 4.477 +0.022 4.915+0.025
n 16.71 + 1.34 25.93 +2.01 17.5 4+ 1.36 19.82 +1.53
510710 m) 0.0 0.011 £ 0.010 0.086 £ 0.010 0.056 £ 0.010
RMS (dexp) 0.867 1.387 0.421 0.406
A1(10710 ) - 0.02544 0.24395 0.19485
B (K) - 844.0 528.5 389.6
Ar(10710 ) - 0.03883 0.41957 0.34492
B> (K) - 2391 1896 1679
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Table 4 Fit parameters according to Egs. 6 and 7 for the halogens

Property Fit param-  Fp Clp Brp Iy
eter

B Py 3474 £ 0.12 81.58 £0.66 106.359 £ 0.061  154.69 +0.84
1074P, —1.1150 £ 0.0099  —8.256 +0.088 —12.4028 + 0.0085 —23.40+0.11
1076p3 —0.553 +£0.019 1.924+0.35 —9.942+£0.029 —13.394+0.40
1079P 0.01979 £ 0.00094 —2.936 + 0.041 —1.8554+0.0086 —7.830+0.073
Ps 0.0 (fixed) 0.0 (fixed) 66.532 +0.079 87.21 £0.16
AB(cm? - 0.33 0.42 0.029 0.51
mol_l)

n Py —0.760 + 0.025 1.038 +0.036 2.585 4+ 0.051 3.209 £+ 0.051
102 P, 10.201 £+ 0.026 4.356 +0.021 3.824 £ 0.030 3.478 £0.030
10°P3 —9.383 +£0.082 —0.185+0.038 2.323 £ 0.054 1.400 £+ 0.053
108 P4 6.37 £0.10 —0.357 £ 0.021 —1.553+£0.030 —0.744 +0.030
101 ps —1.786£0.043 - - -
An(uPa-s)  0.025 0.019 0.027 0.027

pD Py —0.600 % 0.026 0.680 + 0.033 1.471 £ 0.084 2.704 £ 0.032
102P; 13.045 £ 0.027 6.206 +0.019 6.121 £ 0.049 5.148 £0.019
10° Py —12.081 £+ 0.085 —1.334+£0.035 1.305 4+ 0.088 1.249 +0.034
108 P4 8.51+£0.11 0.059 +0.019 —1.2824+£0.049 —0.873+£0.018
1011 ps —2.487+0.045 - - -
10°ApD(g - 2.6 1.7 44 1.7
m1. sfl)

AP(P = B, n, or p D) denotes the standard deviation of the fit

given, which can be used for a fast calculation of the thermophysical properties of
the low-density gaseous halogens. The dimensionless quantities P(T) = n/(uPa - s)
and P(T) = pD/(103g-m~! . s71) are fitted to a polynomial in powers of the
temperature T of the form,

5
P(T) = P(T/K)"!

i=1

(6)

whereas the dimensionless second pV7T-virial coefficient P(T) = B(T)/(cm®-mol~!)
is represented by

4
P(T)= > Pi(T/K—Ps)'"".

i=1

(N

The relative deviations between experimentally measured and calculated properties
P = B, n, B of F», Cl», Brp, and I are presented in Figs. 1, 2, 3, and 4. Generally the
experimental data for the thermophysical properties of the halogens can be reproduced
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Fig. 1 Deviations Pexp — Pcalc between experimental and calculated properties P = B or 7 for F nor-
malized to their individual experimental uncertainties daexp. Calculations are carried out with an (n — 6) LJP
by using the potential parameters given in Table 2

Chlorine, CI,

n(T) Ref. [3]

n(T) Ref. [4]

7(T) Ref. [28]
7(T) Ref. [29]
B(T) Ref. [10]
B(T) Ref. [24]
B(T) Ref. [25]
B(T) Ref. [26]
B(T) Ref. [27]
A(T) Ref. [15]
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Fig. 2 Deviations Pexp — Pcalc between experimental and calculated properties P = B, 8, or n for Clp

normalized to their individual experimental uncertainties daexp. Calculations are carried out with an (n — 6)
LITDP by using the potential parameters given in Table 2

within their stated limits of accuracy. However, some exceptions can be observed. In
the case of F, Fig. 1, a systematic deviation of more than %1aex,, of the viscosity data
of Kanda [2] is observed. This large inconsistency of these data was already mentioned
by Hanley and Prydz [7]. As expected [11], White’s measurements [21] of the second
pVT-virial coefficient also deviate substantially from our findings and other measure-
ments [8]. Hurly’s measurements [15] on the second acoustic virial coefficient of Cls,
Fig.2, show a considerable deviation of up to 6dexp. The reason for this may be the
inadequacy of our model to reproduce B of Cl, or unrealistically small error bounds
given by Hurly [15] for the second acoustic virial coefficient.
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Bromine, Br2
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Fig. 3 Deviations Pexp — Pcalc between experimental and calculated properties P = B or n for Br

normalized to their individual experimental uncertainties aexp. Calculations are carried out with an (n — 6)
LITDP by using the potential parameters given in Table 2
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| e 7(7T) Ref. [30]
g X X
I o0 % X 0
3 e ¥X
Qlo X
o
3 -0.5 1
o O
R e R
'1.5 T T T T
400 600 800 1000 1200
T,K

Fig. 4 Deviations Pexp — Pcalc between experimental and calculated properties P = B or n for I
normalized to their individual experimental uncertainties d@exp. Calculations are carried out with an (n — 6)
LITDP by using the potential parameters given in Table 2

In Figs.5, 6, and 7, we compare our results obtained with the LITDP with other
correlations. The absolute deviation AB(T) of the second pVT-virial coefficient of
F> and Cl, is shown in Fig.5. Good agreement can be seen above 100K for F,.
In the case of Clp, we notice small deviations between our results (zero line) and
the data of Bohn et al. [9] and Oh and Park [16], which are obtained with different
potential energy models. However, the correlations given by Dymond et al. [13] and the
DIPPR database [31] deviate considerably. In the case of the viscosity, Fig. 6, we notice
reasonably good agreement for F;. For Cl;, again the data given by Oh and Park [16]
are in fair agreement with our calculations, whereas the other data sources show a
larger systematic deviation. All correlations of the viscosity for Brp and I, Fig.7, are
well within £2 %. We conclude that in this case the LJTDP should be able to give
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Fig. 5 Absolute deviations

AB(T) of the second Fluorine, F,
pV T-virial coefficient of F, and 50 _g_ Ez;- {?]3]
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Fig. 6 Relative deviations An(T') of the viscosity of F, and Cl; between the correlations given in Refs.
[16,32-36] and the results obtained with our LJTDP (zero line)

the viscosity of Bry and I, with an uncertainty of about 5 % in the temperature range
between 250K and 800 K.

4 Conclusions

We have shown that the spherically symmetric Lennard-Jones (n — 6) poten-
tial with temperature-dependent potential parameters Ry, (7) and ¢(7') is able to
describe important equilibrium and transport properties of the low-density halogens
F», Cl,, Br,, and I,. Bearing in mind the deficiency and inconsistency of the experi-
mental data for the second virial coefficients B and B and the viscosity 7, and the lack
of self-diffusion data D for all investigated gases, these potentials reproduce accept-
ably well the available thermophysical properties within their experimental error bars.
Especially in the case of Br and I, however, these potentials are provisional since no
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Fig. 7 Relative deviations An(T') of the viscosity of Brp and I, between the correlations given in Refs.
[34,37] and the results obtained with our LITDP (zero line)

experimental thermophysical equilibrium data are available to check their accuracy.
Where available, we also observe a reasonable agreement between our calculations
and other theoretical predictions. Therefore, we use our values of the potential param-
eters to calculate the thermophysical properties B, 1, and p D over wider temperature
ranges. We believe that with our consistent description, the equilibrium and transport
properties of the halogens are obtained with reasonable accuracy even in temperature
ranges where no measurements for comparison exist.
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