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The perfluorinated-alkanes GFam+2 (M= 1 to 6) are widely used and expensive substances that are not only

of technological interest for the semiconductor industry but also powerful greenhouse gases having an important
impact on the atmosphere. This paper presents tables with recommended thermophysical data in the temperature
range (200 to 1000) K at pressures®.1 MPa. SecongVT-virial coefficientsB, viscositiesy, and diffusion
coefficientsD are calculated by means of am§) Lennard-Jones temperature-dependent potential. The potential
parameters, equilibrium distance, and potential well depth are defined as functions of the temperatsméving

an ill-posed problem of minimization of the squared deviations between measured and caBuiatedd D,
normalized to their experimental error. Tables with potential parameters as well as algorithms for calculation of
the potential-dependent properties are given. New tables of the harmonic vibrational frequendzB;efn-CsF12,
andn-CgF14, which are required as input parameters in the course of the calculations, are also presented.

Introduction of-sound virial coefficient3(T), the viscosityn(T), and the
Recently, interest in the transport properties of the perfluo- diffusion coefficientD(T) of the perfluorinatech-alkanes, we
rocarbons (PFCs) has grown noticeably. The reason is not onlyrely on our recently developed model of a Lennard-Jones) (
the wide application of these gases in semiconductor and temperature-dependent potentiak) LITDP. Hitherto thert-
chemical vapor deposition manufacturing but also the fact of 6) LJITDP has been very successfully applied to small- and
their accumulation in the atmosphere. The global warming medium-sized spherically shaped molecules such as CH,
potential of the perfluoroalkanes.Exm2 is almost as high as ~ and C(CH)4*2and also to nonspherical species such asaad
that of CQ, and this is why they have been included in the the n-alkanes GHamiz, m < 61314 We are presenting new
Kyoto protocol as greenhouse gades. results for GFome2 (M > 1), but for the sake of completeness
In particular, recent research devoted to the perfluoroalkanesSome of the hitherto obtained data on.Efare repeated here.
CrFamt2 Spans wide areas such as experiméiatadl theoretical . .
studies on the production of fluorocarbon thin films, as well as Theoretical Section

plasma etchirjand hot atom reactions occurring at the surface  potential Model. The (-6) LJTDP is a spherical potential
of spacecrafts flying in low Earth orbitsMore closely related  \yith explicitly temperature-dependent potential parameters:
to our present investigations are studies that deal with the

intermolecular interaction potential of pure perfluoroalkanes or (M [G(Rm(T))” - n(Rm(T))G]
— 6 R

of binary mixtures of GFzm+2 with other small molecule%:° URT) = R

Some of them are aimed at getting detailed information about
the binary interactions only,whereas others also intend to
predict liquid-phase properties via molecular dynamics simula-  U(RT) is the intermolecular interaction energl, is the
tions’8 It is also widely known that the highly fluorinated center-of-mass distanc&n(T) is the equilibrium distance,
compounds exhibit a unique sorption and partition behaitior. €(T) is the potential well depth, antis the repulsive parameter.
Despite their importance, however, only a very limited number In our modeh does not depend on the temperaflirds already

of their low-density thermophysical properties are available, discussed in detail (see, e.g., ref 13), the temperature dependence
especially for the higher homologues of&mi2 with m > 2. of Rn(T) and ¢(T) is due to the vibrational excitation of the

To extend our studies of the gas-phase thermophysical propertiegnolecules. Therefore, in our model the potential parameters (PP)

such as the secom/T-virial coefficientB(T), the second speed-  ©f, for example, the noble gases argon, krypton, and xenon do
not show any temperature dependeticEhe separation between
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Table 1. Experimental Input Data

AT rel exptl error @expt
molecule reference property ndl;, of input data K %
CoFs Pace and AstcA (1948) B 9 180 to 298 25t08.5
Bell et al??(1992) B 3 290 to 310 1
Di Nicola et al?3 (2004) B 7 283 to 346 0.7t01.1
Hurly24 (1999) B 10 215 to 475 1
Hurly et al25(2003) B 5 225t0 375 1to25
Hurly et al?> (2003) n 7 225t0 375 2
McCoubrey and Singli (1960) i 8 291 to 456 3
Dunlop?” (1994) n 1 298.15 1
CsFs Dantzler and Knoblé? (1969) B 2 323t0 373 71010
Pace and Plaugh(1967) B 1 236 8
Brown®° (1963) B 7 233t0 373 3to8
Lapardir! (1983) n 10 272 t0 421 3
n-Cs4F10 Tripp and Dunlaf? (1962) B 6 28310 323 5to 10
Dantzler and Knoblé? (1969) B 2 3231t0 373 10
Brown and Mear¥ (1958) as cited by ref 32 B 3 28310 323 5to 10
MathesoR* (1974) n 6 27310573 10to 20
n-CsF12 Garner and McCoubré§(1959) B 6 307 to 383 1to25
Dantzler and Knoblé? (1969) B 2 32310373 10
McCoubrey and Singli (1960) i 6 296 to 471 3
n-CgF14 Garner and McCoubré§(1959) B 3 330to 351 5
CeciP® (1964) B 3 303 to 341 5
Taylor and Reed (1970) B 7 34110451 1to5
McCoubrey and Sing§(1960) i 4 296 to 471 3
Table 2. Potential ParametersRi(T), €(T), n, and dp at T = 0 K The potential parameters of the§) LITDP of each GFami2
and RMS Deviation, Equation 5, of then-Perfluoroalkanes GnFam+2, molecule were determined by minimizing the suimof the
m=7 ‘ squared deviations between experimentally measured (index
10%R(T=0K) [(T=0K)K 1020 “exptl”) and calculated (index “calcd”) thermophysical proper-
molecule m K n m RMS ties normalized to their relative experimental eraggpy:
CFg2 4.329+ 0.002 328.4-1.1 52.71+0.63 1.29+ 0.03 0.701
CoFs 500+ 041 470.51% 0.031 132.9- 1.2 0.31+0.10 1.024 Nexpi| |2 Bexpu| |2 Bexpn| |2
CsFs 5.266+0.018  666.4£56  32.6+1.0 2.05+0.10 0.366 In In In
n-CiFo 5.193+0.023 972187 12.00+0.31 2.90+ 0.10 0.584 No [ \Weare Ns [ \Bgarc Ng calc
n-CsF, 6.0466+ 0.0080 974.6:2.3  39.58+ 0.59 1.32+0.10 0.396 F= _
n-CeFis  6.286=+ 0.025 1080k 12 46.9+ 1.7 0.82+0.10 0.388 = @, e | g exp = e @

aReference 12.

) ) As input data we have generally ushij viscositiesy, Ng
where the termoo x f(T) is the effective enlargement of  secondpVT-virial coefficientsB, andN; second acoustic virial
molecular size caused by the vibrational excitatiop.is a coefficientsp, whereas the calculations are performed with the
constant (independent of temperature) fit parameter, whereasyarametrized LITDP, eq 1. All of the experimental input data
the functionf(T) can be calculated from the vibrational partition o CoFamiz, 1 < m < 7, are given in Table 1; in the case of
function (see refs 13 and 16 for details). Assuming that the CF, the data are already summarized by Zarkova and Hdhm
attractive dispersioninteraction does not depend on the tem-  and are not repeated here. After inspection of the experimental
perature, the potential well depth for the interaction between gata given by the various authors, we have realized that not all

two equal particles is given by of them can be used in our minimization procedure. We have
6 identified outliers as well as experimental uncertainties that are
€(T) = e(0)[R(0)/R(T)] 3) obviously too small. In the case nfCgF14 We have not useB

o . _ given by Garner and McCoubréyat T = 307.7 K, 372.3 K,
Within our model and the considered maximum temperature and 383.9 K as well aB given by Cecité at T = 351.3 K. The
of 1000 K this is a reasonable assumption. However, one hasyncertainty of all viscosities given by McCoubrey and Siigh

to bear in mind that the dispersiointeraction energy might  has been set to 3%, as was recommended by \V&gel.

show a detectable temperature dependence when one is dealing The final potential parameters (PP) are obtained by minimiz-
with very high temperatures at which, for example, blackbody jng the root-mean-square (RMS) deviation

radiation effects become importakiti8

Procedure and Input DataTo obtain the factof(T) of eq RMS = vF/M (5)
2, the vibrational partition function is calculated in the harmonic
oscillator approximation. In the case of LF,Fs, and GFg whereM = N, + Ng + N is the number of all experimental

the vibrational fundamental frequencies are taken from the input data. The final PP dt = 0 K and the RMS deviation are
literaturel®2° Due to a severe lack of experimental and given in Table 2.

theoretical data the vibrational frequencies qF{g, CsF12, and Frequency CalculationsDue to a lack of experimental and
CsF14 are calculated in this work (see next section). theoretical data we computed the harmonic vibration wave-



Journal of Chemical and Engineering Data, Vol. 52, No. 5, 200341

Table 3. Calculated Harmonic Vibration Wavenumbers o, and 2
Integrated Absorption Coefficients A of the Perfluorocarbons N °
n-C4F10, N-CsF12, and n-CeF14 in the Linear Configuration i\'f ] o .O o o o 5
molecule: n-CaF1o n-CsF12 N-CeF14 n_§ r o ¢ T .° . 1
conformer: linear linear linear ) + ® -
method: B3LYP B3LYP B3LYP <y N o e
basis set: 6-31G(d) 6-31G(d) 6-31G(d) ~ 9) R
O e +
Wy A [ A [ A o + & o
cm® km'mol? cm® km'mol! cm! kmemol! r .. ? ° ., 1
26.39 0.00 31.65 0.00 26.24 0.00 ° . ®
55.96 0.00 46.48 0.00 42.25 0.00 2 . X T . . A A
66.11 0.01 59.25 0.02 46.51 0.00 150 200 250 300 350 400 450 500
122.98 0.00 62.36 0.04 55.46 0.05 TIK
184.50 0.06 103.68 0.31 63.99 0.02 Figure 1. DeviationsPexpn — Pcaica between experimental and calculated
ggjg ggg gggg 8%3 1?12’(55?) 8%2 propertiesP = B, 5, or 8 for CFs normalized to their individual
234:18 0:03 200:72 4:94 170:66 0:02 experimental uncertaintiegyp: ®, secondpVT-virial coefficientsB; O,
285.60 6.10 291.42 0.23 198.11 553 viscositiesy; +, second acoustic virial coefficients
288.07 0.01 244.60 0.00 200.42 0.15
323.95 0.01 245.22 0.14 217.39 0.64 g °
328.71 0.06 288.11 0.63  230.66 0.11 ﬁu 05l ° |
359.14 0.02 289.08 7.83 250.47 0.14 8
376.20 0.00 316.53 0.03 252.11 0.01 O . o6 © ° o
416.01 1.78  320.00 0.09 286.56 9.48 o®
499.75 1.07 352.15 0.00 290.53 0.03 ~ 00 = -
518.53 12.30 365.94 0.08 310.36 0.04 ° o
536.78 0.03  377.48 0.01 313.45 0.22 ° 4 ©
579.38 153 389.61 121 344.16 0.01
587.50 20.36 461.28 0.41 360.79 0.11 -0.5r o 1
615.92 1.35 518.31 17.59 368.88 0.39 °
687.22 0.28 528.16 8.72 371.30 0.79 L L @ L
721.85 86.67 53191 077 37751  0.02 200 250 300 350 400 450
762.28 0.16 576.29 3.55 432.92 0.47 TIK
909.01 168.49 592.64 1.01 49454 111 Figure 2. DeviationsPeypn — Pcaica between experimental and calculated
1127.28 254 60427 1392 517.95 2851 propertiesP = B or  for CsFg normalized to their individual experimental
1166.58 180.30 634.56 26.78 527.84  0.61  yncertaintiesex: ®, secondpVT-virial coefficientsB; O, viscositiesy.
1211.42 50.15 702.09 2.29 549.27 8.39
1211.97 3.29 718.19 121.92 560.17 15.61 o
1241.18 0.97 755.17 1.88 595.31 1.40 o 1.0F E
1251.92 384.06 838.62 110.87 604.80 12.53 A§ o
1264.95 34.25 1060.49 3.59 612.75 0.45 ’l 05k s |
1274.80 710.87 1147.10 4521 653.20 76.73 g e ° ©
1321.02 0.48 1165.96 137.33 710.94 141.45 S o o
132493 281.60 1200.80 6.01 711.05 0.53 0.0 o‘ o O (¢}
1395.00 0.49 1207.44 4.71 749.83 0.54 °
1230.18 415.06 797.38 54.96 051 o 1
1231.96 145.96 985.97 0.32 d
1257.45 96.85 1120.29 87.99 o0l . |
1260.85 9.16 1151.90 10.20 , ) ,
1277.69 71857 1170.65 21291 300 400 500 600
1282.18 98.57 1198.62 0.07 TIK
igéggg i%gg ggigg gizg Figure 3. DeviationsPexpt — Pcaica between experimental and calculated
1391:00 3.'47 1226..14 82..68 propertiesP = B or 5 for n-C4F10 normalized to their individual experimental
1231.87 64.92 uncertaintiesexpr: ®, secondpVT-virial coefficientsB; O, viscositiesy.
1239.10 267.33
1265.41  95.04 for the bond lengths ahl % for the bond angles. Harmonic
573-05 137-5‘71 vibrational frequencies were subsequently computed at these
1222:31 ggfiz fully optimized geometries using the same level of theory. Table
1331.10 0.69 3illustrates the calculations and gives the necessary information
1351.29 191.94 about our original results fan-C4F10, N-CsF12, andn-CgFa4 Of
1391.84 0.91

numbersw; for n-C4F10, N-CsFi1,, and n-CgF14 by gradient-
corrected density functional theory using the Gaussian &3W : :
suite of programs. We used the three-parameter Becke— Resuilts and Discussion
Yang—Parr (B3LYP) hybrid functionéf-#! with the doubleg
polarized 6-31G(d) basis set. This methodology reliably repro- potential parameters enable us to reproduce the experimental
duces experimental structural, thermochemical, and spectro-input data within their experimental uncertainty, RMSL agypt.
scopic data for a broad range of compouffdS.The molecular
geometries were optimized to yield minimal energy over the measured data are reproduced well within their experimental
conformational space. The published experimental geometriesuncertaintiesaexpi. In the case of gk we found only 56 %

of smaller perfluoroalkanes, GFC,Fs, and GFg,2° are repro-
duced by this methodology with a deviation of less than 1 pm distributed symmetrically around the zero line, a small system-

the harmonic vibration wavenumbets and the integrated
absorption coefficienA of each mode.

Potential ParametersAs can be seen in Table 2, the obtained

This is illustrated in Figures 1 to 5. Except fopkg, all of the

within 1 @expu. Although the deviations foB and g are
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Figure 4. DeviationsPexpt — Pcaica between experimental and calculated
propertiesP = B or 7 for n-CsF12 normalized to their individual experimental
uncertaintiesexpi: ®, secondpVT-virial coefficientsB; O, viscositiesy;.
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Figure 5. DeviationsPexpt — Pcaica between experimental and calculated
propertiesP = B or 7 for n-CgF14 normalized to their individual experimental
uncertaintiesaexpi: ®, secondpVT-virial coefficientsB; O, viscositiesy;.

atic trend can be observed far. In the case of the other
perfluoroalkanes no such trend is observed, which might be dueconsistent picture we used the London approximatiizn~
to the small number of experimental input data, however.
As was observed earlier for the alkanes,Hoy o314
Rn(T = 0 K) ande(T = 0 K) of the perfluoroalkanes increase

S 20 / s
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Figure 6. Cg-ondon= 3g2/4 as a function 0Cs-TPP = n[Ry(T = 0 K)]%-

(T = 0 K)/(n-6) for, @, the perfluoroalkanes GF CyFg, CsFs, N-CaF1o,
n-CsF12, andn-CgF14 and, A, the non-perfluoroalkanes Ar, GHKr, Xe,

CoHs, SiFs, SFs, C3Hsg, n-C4H1o, N-CsH12, CCly, and SiCl. The compounds

are listed by increasing value 65-TPP. The two symbols for Clland Kr
coincide. The dotted curve is the linear least-squares fit for the perfluoro-
alkanes and the dashed curve the corresponding fit for the non-perfluoro-
alkanes.

with increasing size of the molecules. The only exception is
n-C4F10, for which Rn(T = 0 K) is too small and(T = 0 K) is

too large. Also comparable to our findings for the alkanes
CnHomt2,314the repulsive parametardoes not follow a simple
trend and varies between 12.08C4F10) and 132.9 (GFe). It

is, therefore, instructive to look at the dispersianteraction
energy constanCs, which in the case of the LJTDP is given
by Cg-TPP = n[Ryn(T = 0 K)]%(T = 0 K)/(n-6). For the alkanes
we observed a very good linear correlation betw€g™®" and

the exactCs, which can be obtained from dipole-oscillator
strength distributions (DOSD$3.In the case of the perfluoro-
alkanes the exadTs value is available for only CFTo get a

Cg-ondon = 3¢.21/4, wherea. is the electronic part of the static
dipole polarizability volum#&4>and| is the ionization poten-
tial.*® Figure 6 shows a plot af¢-°"do" againstCg-'TPP for the

Table 4. Dimensionless Propertie®* = B/(cm3mol™?), »* = 5/(uPas), and pD* = pD/(10-3-g-m~1-s71) of C,Fs, C3Fg, N-C4F10, N-CsF12, and

N-CeF14
T CoFs CsFs n-C4F10 n-CsF12 N-CeF14
K B* n* oD* B* n* oD* B* 7* oD* B* n* oD* B* 7* oD*
175 —855.5 9.075 11.67 —2320 8.544 11.00 —5596 7.561 9.707 —9518 7.180 9.172-17680 7.138 9.113
180 —800.9 9.284 11.93-2124 8.743 11.27 —4974 7.743 9.973 —8399 7.346  9.391 —15350 7.225 9.224
190 —707.2 9.699 12.47—-1803 9.140 11.80—4011 8.121 10.52 —6683 7.676 9.825-11860 7.521 9.608
200 —629.7 10.11 13.00-—1553 9.535 12.60—3310 8.511 11.09 —5451 8.002 10.26 —9434 7.841 10.03
210 —564.6 10.52 13.52-1353 9.930 13.13-2784 8.894 11.65 —4536 8.325 10.69 —7686 8.157 10.44
220 —509.3 10.93 14.05-1190 10.32  13.39 —2378 9.267 12.22 —3840 8.645 11.11 —6387 8.471 10.85
230 —461.7 11.33 14.57-1056 10.72  13.92 —2058 9.660 12.81 —3297 8.96 1154 —5401 8.782 11.26
240 —420.3 11.73 15.08 —943.2 11.12 14.45-1801 10.09 13.44 -—-2865 9.279 11.96 —4633 9.090 11.67
260 —352.1 12,53 16.10 —765.5 1191 15.51-1415 11.10 14.78 —2227 9.907 12.80 —3530 9.698 12.47
280 —298.1 13.31 17.11 -632.1 12,71 16.56-1141 12.05 16.18 —1784 10.53 13.64 —2789 10.30 13.27
300 —254.4 14.09 1810 —-5285 1351 17.61 —938.1 13.10 17.60 —1461 11.16 14.47 —2265 10.89 14.06
320 —218.3 14.85 19.07 —4459 1432 18.64 —782.2 14.18 19.04 -—1216 11.79 15.30 -—1878 1149 14.84
340 —187.9 15.60 20.01 —378.4 1512 19.67 —658.7 15.19 20.44 —1025 12.42 16.13 —1583 12.08 15.61
360 —162.1 16.34 20.92 —322.2 1593 20.68 —558.6 16.31 21.86 -—872.0 13.05 16.95 -—1351 12.66 16.39
380 —139.8 17.07 21.80 —274.8 16.73 21.68 —4758 1750 2331 -—746.7 13.68 17.77 -—1164 13.25 17.16
400 —120.5 17.78 22.68 —234.1 17.52 22.66 —406.2 18.38 24.56 —642.3 1432 1858 -1011 13.84 17.92
420 —103.4 1850 2356 —198.8 18.29 23.62 —346.7 19.37 25.86 -—553.9 1495 1937 —883.2 1442 18.68
440 —88.35 19.21 2446 —167.9 19.06 2455 —2953 2046 27.14 -—478.1 1558 20.15 —7748 15.01 19.43
460 —74.90 19.91 2535 —140.5 19.82 25.46 -—-250.5 21.27 28.18 -—4123 16.21 2092 —-6819 1559 20.18
480 —62.83 20.59 26.18 —116.1 20.56 26.35 —210.9 22.06 29.28 -—354.5 16.82 2168 —601.3 16.17 20.90
500 -—-51.94 21.25 26.96 —94.20 21.27 27.21 —175.7 2288 30.39 -—-303.5 1743 2243 —-530.7 16.75 21.62
550 —28.84 22.86 28.81 —47.94 2298 29.25 —-102.6 2481 32.81 -198.0 1891 24.18 —387.1 18.18 23.36
600 —10.25 24.44 30.74 -—10.76 24.54 31.13 —45.01 26.31 34.89 -1154 20.29 2585 —277.0 19.56 25.08
650 5.03 25.96 32.62 19.96 25.97 32.86 176 27.77 36.90—48.66 2159 27.37 —189.7 20.89 26.63
700 17.82 27.39 34.30 4593 27.26 34.43 40.67 29.02 38.60 6.80 22.78 28.76118.3 22.16 28.15
750 28.68 28.78 35.90 68.28 28.44 35.85 73.68 30.10 40.08 53.88 23.87 30.0~58.72 23.36 29.59
800 38.03 30.14 37.48 87.83 29.50 37.16 102.2 30.98 41.24 9457 2486 31.25-8.01 2450 30.89
900 53.28 32.71 40.56 120.7 31.34 39.46 149.1 3242 43.17 162.0 26.57 33.29 7429 26.56 33.31

1000 65.16 35.14 43.50 147.7 32.86 41.37 186.5 33.42 44.49 216.5 27.98 35.02 138.9 28.36 35.45
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Table 5. Coefficients for Rm(T) According to Equation 6

1010 A B: 101 A, B2 104ARn(T)?
molecule m K m K m
Ck 0.1155+ 0.0019 720.4- 4.2 0.25357 0.00093 1749 14 0.60
CoFe 0.0519+ 0.0018 610.6t 7.1 0.11125¢+ 0.00089 1502t 26 0.52
CsFs 0.735+ 0.017 286.0+ 4.9 2.378+ 0.033 1451+ 28 24
n-C4F10 1.610+ 0.036 260.4+- 4.6 4.979+ 0.071 1425+ 28 45
n-CsF12 0.952+ 0.020 262.9- 45 2.870+ 0.041 142°H 28 31
n-CgF14 0.737+ 0.016 254.2+ 4.4 2.175+ 0.031 1415+ 28 24
a ARq(T) denotes the standard deviation of the fit.
Table 6. Fit Parameters According to Equations 7 and 8 for then-Perfluoroalkanes GyFomi2, m < 72
property fit parameter CF CoFs CsFs n-CaF10 n-CsF12 n-CgF14
B P 97.43+ 0.37 162.450t 0.055 364.4+ 2.9 475.7+£ 1.9 626.9+ 3.8 634.7£ 2.5
10%P, —4.767+0.045 —8.9595+ 0.0074 —21.90+0.39 —27.47+0.22 —39.55+0.43 —46.21+0.26
1076P; —0.424+0.16 —3.160+ 0.011 134+ 1.4 9.12+ 0.67 19.14+1.3 18.23+0.79
10°9P, —0.559+0.017 —0.4330+ 0.0073 —4.13+0.25 —4.286+0.98 —7.97+0.19 —11.51+0.10
Ps 0.0 (fixed) 40.42+ 0.26 42,9+ 1.4 74.63+ 0.38 75.51+ 0.39 84.32+-0.13
AB/(cm3-mol~1) 0.31 0.017 0.93 0.92 1.8 1.3
n Py 1.017+ 0.029 1.434+ 0.034 3.056+ 0.070 3.92+0.72 2.66+ 0.13 1.86+0.11
10°P, 6.091+ 0.025 4.559+ 0.032 2.253+ 0.066  —0.71+ 0.67 2.09+0.12 2.95+ 0.10
10°P3 —1.709+ 0.074 —1.004+ 0.098 6.72+ 0.20 20.1+2.1 3.80+ 0.38 0.38+ 0.32
108P, —0.890+0.090 —0.57+0.12 —9.81+0.26 —28.0+ 2.6 —4.96+ 0.47 —0.554+0.40
104Ps 0.671+ 0.038 0.386+ 0.054 3.81+0.11 11.6+1.1 1.59+0.21 —0.13+0.17
10%An/(uPas) 8.3 7.2 15 154 28 23
oD Py 0.872+ 0.056 1.46+0.14 2.414+0.44 1.82+0.79 2.417 0.064 2.24+0.10
10°P, 8.518+ 0.049 6.22+ 0.13 4.39+ 0.42 1.94+0.74 3.416+ 0.060 3.679 0.097
10°P; —4.78+0.14 —2.18+ 041 46+ 1.3 18.4+ 2.3 3.63+0.19 1.68+ 0.30
10°P, 1.62+0.17 —0.41+ 0.52 —8.6+ 1.6 —27.6+29 —6.08+ 0.23 —3.11+0.38
104Ps —0.140+ 0.074  0.58+0.23 3.59+0.71 11.5+1.2 2.29+0.10 1.07+0.17
10°ApDI(gm s 1.6 3.0 9.5 17 1.4 2.2

aAP (P = B, 5, or pD) denotes the standard deviation of the fit.

perfluoroalkanes and, for comparison, the group consisting of

Ar! Kr; Xev CH4! C2H61 C3H8| n-C4H105 n_C5H121 CC|41 SIC|41
Sk, and Sik. At this stage we want to stress only that within

The so-obtained fit parameters are given in Table 6.
We note that our results present the first systematic study of

the intermolecular interaction potential of the lower perfluori-

each group a systematic behavior is observed and that in viewnatedn-alkanes. It has become clear that due to a severe lack

of the physically meaningful parameigg the perfluoroalkanes
behave as regularly as the alkanesHgn+2, which were
extensively studied in our previous word¢4

Thermophysical PropertiesThe potential parameters of the
(n-6) LJTDP are used to calculate the secopdT-virial
coefficientB, the viscosityy, and the diffusion coefficientD

of experimental thermophysical and spectroscopic data our
results are very useful in predicting some of the thermophysical
properties of these important substances. However, one has to
bear in mind that with more experimental input the predictive
power of our results can be increased considerably.

of the pure low-density perfluoroalkanes. The results are given Acknowledgment

in Table 4.
Our obtainedRn(T), eq 2, is fitted to
Ri(T) = Ry(0) + A, exp(—By/T) + A, exp(=B,/T)  (6)

The fitting constant#\;, Ay, B1, andB; are given in Table 5.
By using eq 3 they allow for a direct calculation «fT).

To allow for a fast calculation of some thermophysical
propertiesP(T) of the low-density gaseousperfluoroalkanes,
the dimensionless quantiti€T) = n/(uPas) andP(T) = pD/
(10-8-g'm~1-s71) are fitted to a polynomial in powers of the
temperaturel of the form

5
P =S P(TIK)*

()

whereas we found that the dimensionless secpwidrvirial
coefficient P(T) = B(T)/(cm®mol~1) can best be represented

by
4
P(T) = P(TIK — P9

(8)

We are grateful to Dr. Geller for providing the results of ref 31.

Literature Cited

(1) The Kyoto Protocol to The United Nations framework convention to
climate change; United Nations, New York, 1998.

(2) Visser, S. A.; Hewitt, C. E.; Fornalik, J.; Braunstein, G.; Srividya,
C.; Babu, S. V. Surface and bulk compositional characterization of
plasma-polymerized fluorocarbons prepared from hexafluoroethane and
acetylene or butadiene reactant gase#\ppl. Polym. Scil997, 66,
409-421.

(3) Tanaka, J.; Abrams, C. F.; Graves, D. B. NewF interatomic
potential for molecular dynamics simulation of fluorocarbon film
formation.J. Vac. Sci. Technol. 200Q 18, 938-945.

(4) Perry, W. L.; Waters, K.; Barela, M.; Anderson, H. M. Oxide etch
behavior in a high-density, low-pressure, inductively couplefsC
plasma: etch rates, selectivity to photoresist, plasma parameters and
CF radical densitiesJ. Vac. Sci. Technol. 2001, 19, 2272-2281.

(5) Gindulyte A.; Massa, L.; Banks, B. A.; Miller, S. K. R. Direct-€C
bond breaking in the reaction of &) with fluoropolymers in low
earth orbit.J. Phys. Chem. R002 106, 5463-5467.

(6) Ramos, J. E.; Del Rio, F.; McLure, I. A. Accurate effective potentials
and virial coefficients in real fluids Part Ill. Alkanes and perfluoro-
alkanesPhys. Chem. Chem. Phy&00Q 2, 2731-2741.

(7) Vrabec, J.; Stall, J.; Hasse, H. A set of molecular models for symmetric
quadrupolar fluidsJ. Phys. Chem. B001, 105 12126-12133.

(8) Watkins, E. K.; Jorgensen, W. J. Perfluoroalkanes: conformational
analysis and liquid-state properties from ab initio and Monte Carlo
calculationsJ. Phys. Chem. 2001, 105, 4118-4125.



1544 Journal of Chemical and Engineering Data, Vol. 52, No. 5, 2007

(9) Tsuzuki, S.; Uchimaru, T.; Mikami, M.; Urata, S. Magnitude and (26) McCoubrey, J.; Singh, N. Viscosity of some fluorocarbons in the vapor

orientation dependence of intermolecular interaction between perfluo- phaseJ. Chem. Soc., Faraday Trank96Q 56, 486—489.
roalkanes: high levedb initio calculations of Ckrand GFe dimers. (27) Dunlop, P. J. Viscosities of a series of gaseous fluorocarbons at 25
J. Chem. Phys2002 116, 3309-3315. °C.J. Chem. Phys1994 100, 3149-3151.
(10) Song, W.; Rossky, P. J.; Maroncelli, M. Modeling alkamperfluo- (28) Dantzler, E. M.; Knobler, C. M. Interaction virial coefficients in
roalkane interactions using all-atom potentials: failure of the usual fluorocarbon mixtures). Phys. Chem1969 73, 1335-1341.
combining rulesJ. Chem. Phys2003 119 9145-9162. _(29) Pace, E. L.; Plaush, A. C. Thermodynamic properties of octafluoro-
(11) Goss, K.-U.; Bronner, G. What is so special about the sorption behavior propane from 12K to its normal boiling point. An estimate of the
of highly fluorinated compounds® Phys. Chem. 2006 110 9518~ barrier to internal rotation from the entropy and heat capacity of the
9522. gas.J. Chem. Phys1967, 47, 38-43.

(12) Zzarkova, L.; Hohm, UpVT—second virial coefficient8(T), viscosity
n(T), and self-diffusionpD(T) of the gases: B CF4, SiFs, CCly,
SiCls, SFs, MoFs, WFs, UFs, C(CHs)s and Si(CH)4 determined by
means of an isotropic temperature-dependent potedtiBhys. Chem.
Ref. Data2002 31, 183-216.

(13) Hohm, U.; Zarkova, L. Extending the approach of the temperature-
dependent potential to the small alkanessC€Hs, CsHs, N-CsH10,

(30) Brown, J. A. Physical properties of perfluoropropaheChem. Eng.
Data 1963 8, 106—108.

(31) Lapardin, N. I. Research of viscosity of refrigerants R152A and R218.
Ph.D. Thesis, University of Odessa, 1983.

(32) Tripp, T. B.; Dunlap, R. D. Second virial coefficient of the systems:
n-butane+ perfluoron-butane and dimethyl ether 1-hydroperfluo-

i-CaH10, N-CsH1z, C(CHs)a, and chlorine, GL Chem. Phys2004 298 ropropaneJ. Phys. Cheml962 66, 635-639.
195-203. (33) Brown, J. A.; Mears, W. H. Physical propertiesngberfluorobutane.

(14) Zarkova, L.; Hohm, U.; Damyanova, M. Viscosity, secpMT—virial J. Phys. Cheml1958 62, 960-962. _
coefficient, and diffusion of pure and mixed small alkanes;GEiHs, (34) Matheson Co. IncMatheson Gas Data Boopkunabridged ed.;
C3H8, n-C4Hlo, i-C4H10, n—C5H12, i-C5H12, and C(CH)4 calculated by Matheson: East Ruthen‘ord, NJ, 1974.
means of an isotropic temperature-dependent potential. I. Pure alkanes(35) Garner, M. D. G.; McCoubrey, J. C. The second virial coefficient of
J. Phys. Chem. Ref. Da00§ 35, 1331-1364. hydrocarbont fluorocarbon mixturesTrans. Faraday Sod 959 55,

(15) Zarkova, L.; Hohm, U.; Damyanova, M. Comparison of Lorentz 1524-1530.

Berthelot and TangToennies mixing rules using an isotropic tem-  (36) Cecil, R. R. The intermolecular potential energy function for pure and
perature-dependent potential applied to the thermophysical properties mixed nonpolar molecules and its application to the calculation of
of binary gas mixtures of CH CFs, SFs, and C(CH)4 with Ar, Kr, state properties of gases and liquids. Ph.D. Thesis, University of
and Xe.Int. J. Thermophys2004 25, 1775-1798. Florida, 1964.

(16) Stefanov, B. Intermolecular potentials from transport and thermody- (37) Taylor, Z. L.; Reed, T. M. Virial coefficients and critical properties
namic data: role of the molecular vibrations on the example of of perfluorohexanesAlChE J.197Q 16, 738-741.
tetrafluoromethanel. Phys. B: At. Mol. Opt. Phy4.992 25, 4519~ (38) Vogel, E. Private communication, 2006.

4526. ; ; i . : .

(17) Hinde, R. J. Vibrational dependence of the—#i, Cs dispersion (39) \',:Vr;fi:géfma'JéT?tzggﬁéUSSIan 03 revision D.01; Gaussian, Inc.:

coefficients.J. Chem. Phys2005 122 144304. . . .
A ) : . . . 40) Becke, A. D. Density-functional thermochemistry. 1ll. The role of exact
(18) Milonni, P. W.; Smith, A. Van der Waals dispersion forces in ( )exchangeJ. Chem.yPhy31993 08, 5648—5652.y

electromagnetic field?hys. Re. A 1996 53, 3484-3489. ’ . .
(19) Sverdlov, I. M.; Kovner, M. A.; Krainov, E. PVibrational Spectra (41) Lee, C.; Yang, W.; Parr, R. G. Development of the Celalvetti

of Polyatomic MoleculesWiley: New York, 1974. correlation-energy formula into a functional of the electron density.
(20) Zoellner, R. W.; Latham, C. D.; Goss, J. P.; Golden, W. G.; Jones, Phys. Re. .1988 B37, 785-789. . . )

R.; Priddon, P. R. The structures and properties of tetrafluoromethane, (42) Rauhut, G.; Pulay, P. Transferable scaling factors for density functional

hexafluoroethane, and octafluoropropane using the AIMPRO density derived vibrational force field3. Phys. Cheml995 99, 3093-3100.

functional programJ. Fluorine Chem2003 121, 193-199. (43) Raghavachari, K.; Stefanov, B. B.; Curtiss, L. A. Accurate density
(21) Pace, E. L.; Aston, J. G. The thermodynamics of hexafluoroethane functional thermochemistry for larger moleculégol. Phys.1997,

from calorimetric and spectroscopic dafa.Am. Chem. Sod.948 91, 555-559.

70, 566-570. (44) Bulanin, M. O.; Burtsev, A. P.; Tretyakov Yu, P. Refraction and
(22) Bell, T. N.; Bignell, C. M.; Dunlop, P. J. Second virial coefficients of dispersion of gas polarizabilities in the visible and IR spectral regions.

some polyatomic gases and their binary mixtures with noble gases. Opt. Spectroscl99Q 69, 760-763.

Physica A1992 181, 221-231. (45) Reed, T. M., Ill. The polarizabilities of molecules in liquid mixtures.
(23) DiNicola, G.; Giuliani, G.; Passerini, G.; Polonara, F.; Stryjek, R. Virial J. Phys. Cheml1959 63, 1798-1803.

coefficients from Burnett measurements for the R¥160, system. (46) Lide, D. R., EdHandbook of Chemistry and Physj@6th ed.; CRC

Int. J. Thermophys2004 25, 1437-1447. Press: Boca Raton, FL, 1995.

(24) Hurly, J. J. Thermophysical properties of gaseous @i GFs from

speed-of-sound measuremeritg. J. Thermophys1999 20, 445-

484. o o Received for review April 5, 2007. Accepted June 15, 2007. We thank
(25) Hurly, J. J.; Gillis, K. A.; Mehl, J. B.; Moldover, M. R. The viscosity  the Deutsche Forschungsgemeinschaft for financial support.

of seven gases measured with a Greenspan viscomigier.J.

Thermophys2003 24, 1441-1474. JE700182N



