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A new set of atomic and group refractions is proposed for fluoroperhalo compounds, based on refractivity 
data for 112 compounds carefully screened for evidence of purity. Molar refractions found for saturated per- 
haloalkanes are fitted to = t O . l % ,  and for terminally unsaturated perhalo olefins to &0.27& The set employs 
single, invariant values for carbon and for fluorine, but multiple values, dependent on position, for the other 
halogens. 

The experimentally determined Lorentz-Lorenz 
molar refractions, Rexp, for fluorine-containing com- 
pounds have usually been examined by calculating4 
the atomic refraction of fluorine, RF, and comparing 
it with some hypothetical norm. For this calculation, 
the Eisenlohr5 increments are commonly employed. 
Values thus calculated for the atomic refraction of 
fluorine in perhalo compounds usually fall within the 
limits 1.05 f 0.20, although values as low as 0.6@ 
and as high as 1.617 have been reported. The apparent 
lack of consistency has been attributed for the most 
part to some peculiarity of fluorine and has rendered 
molar refractivity a rather ineffectual tool for use 
with perhalo compounds containing fluorine. 

In  the present work, the refractivity of fluorine and 
the other halogens in perhalo compounds is re-evalu- 
ated using the best data available and shown to give 
highly consistent results. The low polarizability of 
fluorine suggested that refractivity measurements 
should be particularly useful with the fluoroperhalo 
compounds. These substances now comprise the 
largest group of perhalocarbon compounds and an 
almost unlimited number are capable of existence. 

Source and Basis for Selection of Data.-Re- 
fractivity data for a set of 112 compounds were em- 
ployed in the calculations. About 70% of the data 
were based on new experimental work by the present 
authors and their co-workers in this laboratory; the 
remainder were taken from the literature.s No com- 
pound was included unless positive evidence was avail- 
able establishing the purity of the sample on which 
density and refractive index were taken. I n  most 
cases, such data consisted of narrow boiling and, 
particularly, freezing ranges. For a few compounds 
which could not be crystallized, other criteria of purity 
were employed. For some compounds for which 
data of apparently equal reliability were available 
from several sources, the data were averaged. 

(1) This paper w a s  first prepared in 1957. 
(2) Rexp = (nz - l)M/(nZ + 2 ) d .  The symbols employed in this 

paper are those of Fajanss; unless otherwise indicated, the symbol R 
stands for  R~OD, the Lorenta-Lorens molar refraction a t  20' for the sodium 
o-line. 

(3) K. Fajans, "Physical Methods of Organic Chemistry," Vol. I, part 2, 
3rd Ed., A. b'eissberger, Ed., Interscience Publishers, Inc., New York. 
N. Y., 1959, p. 1169. 

(4) RF is obtained by subtracting from Rexp the Eisenlohr increments6 
for all other atoms, exaltations, etc., and then dividing by the number of 
fluorine atoms in the molerule. 

( 5 )  F. Eisenlohr, Z .  physik. Chem., 76, 585 (1910); for the sodium o-line, 
the increments are C, 2.418; H, 1,100; Br, 8.865; C1, 5.967; I. 13.900; 
double bond, 1.733. 

( 6 )  E. G. Locke, W. R. Brode. and A.  L. Henne, J. Am. Chem. Soc., 66, 
1720 (1934). 

(7) A. L. Henne, A. M. Whaley, and J .  K.  Stevenson, ibid. ,  63, 3478 
(1941). 

(8) The literature search covered Cx-Ce fluorine-containing perhalo- 
carbons through .June 1963 (Chem. Abstr., 68). 

/ 

All molar refractions cited from other sources were 
recalculated from the densities and refractive indices 
reported, using the international atomic weights of 
1951sa; several errors in the values reported for Rexp 
were thus uncovered. Recent revisionsQb of the atomic 
weights do not affect the results signjficant.ly. 

In  the present paper, the synthesis by unambiguous 
procedures of a number of fluorine-containing perhalo- 
alkanes, mostly propanes, is reported. The physical 
properties of these compounds are summarized in 
Table I. In Table I1 are listed physical properties for 
cert.ain of the hydrogen-containing intermediates and 
by-products obtained during the preparation of the 
compounds of Table I. Also listed in the tables are 
values of physical properties previously reported for 
these c o m p o ~ n d s . ~ ~ ~ ~ ~ O - ~ ~  

Two of the compounds listed in Table I are new; 
physical properties for the others for the most part 
supplement or substantially revise the earlier data. 
In  a number of cases the validity of these revisions is 
supported by the best criterion of purity available 
for such compounds, freezing point depressions ob- 
tained from cooling curves. 

Calculations of Atomic and Group Refractions 

Assumptions Involved in the Computations.-In 
calculating any set of atomic refractions a number of 

(9) (a) E. Richters, J. Am. Chem. Soc., 74, 2447 (1952); (b) A. E. 

(10) A. L. Henne and E. G. Wiest, ibid. ,  61, 2051 (1940). 
( 1 1 )  A. L. Henne and E. C. Ladd. ibid. ,  60, 2491 (1938). 
(12) D. D. Coffman, R. Cramer, and G. R. Rigby, ib id . ,  71, 979 (1949). 
(13) A. L. Henne and M. W. Renoll, ibid. ,  69, 2434 (1937). 
(14) E. G. Young and W. S. Murray, ibid., 70, 2814 (1948). 
(15) M. Hauptschein, C. S. Stokea, and A. V. Grosse, ibid., 74, 848 

(1952). 
(16) B. L. Baker and A. M. Whaley, ibid. .  73, 4010 (1951). 
(17) A.  L. Henne and J. V. Flanagan, ibid. ,  66, 2362 (1943). 
(18) A.  L. Henne and F. W. Haeckl, ibid.. 63, 2602 (1941). 
(19) A .  L. H e m e  and T. H. Newby, ibid. ,  70, 130 (1948). 
(20) W. T. Miller, J r . ,  and A. H. Fainberg, ibid. ,  79, 4164 (1957). 
(21) A. H. Fainberp and W. T. Miller, Jr., %bid.,  78, 4170 (1957). 
(22) 4 .  L. Henne and T. P. Raalkes, ib id . ,  68, 496 (1946). 
(23) A.  L. Henne, M. W. Renoll, and H. M. Leicester, { b i d . ,  61, 938 

(1939). 
(24) A.  L. Henne and M. u'. Renoll, ibid. ,  61, 2489 (1939). 
(25) A.  L. Henne and F. W. Haeckl, ibid., 68, 3476 (1941). 
(26) A. L. Henne, "Organic Chemistry," Vol. 1, H. Gilmsn, Ed.. 2nd Ed., 

(27) J. Timmermans, "Physico-Chemical Constants of Pure Organic 

(28) A. Turkevich and C. P. Smyth. J. Am. Chem. Soc., 61, 2468 (1940). 
(29) R. R. Dreisbach and R. A. Martin, I n d .  Eng. Chem., 41, 2875 

(1949). 
(30) G. W. Hearne, T. W. Evans, H. L. Yale, and M. C. Hoff, J .  Am. 

Chem. Soc. ,  76, 1392 (1953). 
(31) A .  I,. Henne and E. P. Plueddeman, ibid. ,  66, 1271 (1943). 
(32) F. K. Beilstein, "Handbuch der Organischen Chemie," 4th Ed., Vol. 

I. 1919, p. 106. 
(33) E. H. Huntress and F. Sanchez-Nieva, J .  Am. Chem. Soc., 70, 2813 

(1948). 

Cameron and E. Wichters, ib id . ,  84, 4175 (1962). 

John Wiley and Sons. Inc.. New York, N. Y.. 1043, p. 956. 

Compounds," Elsevier Publishing Co., Inc., New York, N. Y., 1950, p. 257. 
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TABLE I 
PHYSICAL PROPERTIES OF PERHALOETHANES AND -PROPANES~ 

No. 
I 

I1 

VI 

VI1 

VI11 
IX 

X 

XI  

XVIa 
XVIb 

XXI 

XXII 
XXIII 

XXIV 

xxv 
XXVI 

XXVII 

XXVIII 

XXIX 

xxx 
XXXI 

Compd. 

CClzFCClFz 

CClaCFa 

CClaCFzCCla 

CClzFCFzCClzF 
CClzFCFzCClFz 

CClFzCFzCClFa 

CCl&FzCClF* 

CClaCClFCClr 

CClzFCClFCClzF 

CClzFCClFCClFz' 
CClFzCClFCClFz 

CClFzCClFCFs 

CClsCClFCClzF 

CFaCClFCFa 

CClaCClzCFa 

CClFzCClzCFs 

CCloCCIzCClFz 

CClFzCClzCClFz 

CClzFCClzCClFz 

Ref. 

e 

B 

i 
i 

m 

j 

P 
r 
8 

t 

U 

W 

Y 

2 

aa 
P 

t 

aa 

cc 

cc 

i, ee 

ff 

iJ 8 

B.p.* (760 mm.), 
O C .  

47.7 
47.7 
46.4 

196.1 
194.2 
196.5-197. Oh 
155.4 
154.5 
114.8 
75.0 
72-73h 
36.1 

45.gh 

35.7"" 
35.7h 
35.@ 
113.9 
113.95 
140.8 (50 mm.) 
140.8 (50 mm.) 
105 (15 mm.) 
153.9 
154.7 
113.8 
74.0 
73.9 

73.8 

34.8 
34.7h 
34. 5h 
124.0 (100 mm.) 
196.0 
-2.2 
-2 
153.0 
153. lh 
72.0 
72.0 
194.6 
193. 4h 
112.3 

153.2 
152. 3h 

112.Oh 

B.p. 
range, 

"C. 

<o. 1 

0.2 

<o. 1 

0.5 
0.1 

0.1 
<o. 1 
1 

<o. 1 

0.1 

0.2 

<o. 1 
0.1 
0.1 

<o. 1 
<o. 1 

<o. 1 
<o. 1 
<o. 1 

<0.2 

<o. 1 
<o. 1 

F . P . , ~  O C .  

-36.8 
-36.4 
14.2 
14.2 
-4.2 
-12.9 
-5 
-85.4 

<-go" 

-132.4 
-97.6 

. . .  
-124.9 
- 125.8' 

. . .  

. . .  
-92.3 
-92.78' 
9.6 
9.8 
8.4 

-88.5 
Glass 

Glass a t  - 150' 
-135.4 

a -141.3 
j3 -135.0 
a -141.5 
-134.7 
-131.1 
- 136 
-132.7 

- 55' 
-86.6 
Glass' 

6x4. -55& 

108.2 
109.1 
-4.5 
-4.30 
55.5 
50.8 

-45.9 
-42.9 
-3.9 
-4.9 

F.p. 
dep.,d 

O C .  

0.2 

0.1 

0.4 

<o. 1 

<o. 1 
<o. 1 

<o. 1 

0.2 
0.1 
1.1 
0.7 
0.8 

<o. 1 

<o. 1 
<o. 1 

<o. 1 

0.3 
1.0 

0.5 
1.8 

0.2 

0.3 

1.0 

1.7 

0.4 

nSOD 

1.3588 
1. 3580f 
1.3603 
1.3610 
1.4791 
1.47996 

1.4389 
1.43939 
1 ,3959 
1.3512 
1.3578' 
1.3027 

1. 4777b 

1.3033' 
1.3030 
1.3969 
1.3966 
1,5198 
1.5198 
1.5194 
1.4378 
1.4387 
1.3958 
1.3504 
1.3501 

d% 
1.5748 

1.5772 
1.5790 
1.8023 
1.8105 

1.7549 
1.7590 
1.7021 
1,6454' 
1,6429' 
1.5744 

1.5754' 

1. 7975k 

1.5705' 
1.5730 
1.7034 
1.7034 
1.8521 
1.8520 
1.8515 
1.7606 
1,7624 
1.7121 
1.6525 
1.6541 

ReXp 

26.18 
26.12 
26.24 
26.26 
45.13 
44.99 
45.11' 
40.51 
40.45 
35.83 
31.14 
31.70' 
26.46 

26.57 
26.51 
35.88 
35.86 
49.76 
49.76 
49.74" 
40.29 
40.32 
35.61 
30.94 
30.89 

1.3502 1.6540 30.90 

1.3034 1,5903 26.25 
1.3029 1.5896 26.22 

1.4794 1.8043 45.10 
1.4791 1.8080 44.99 

1.3518 1. 6667dd 30.79 
1.3519 1.6681 30.77 

1.3960 1.7184 35.50 
1.39584 1.7199 35.45 
1'. 4392 1.7694 40.20 
1.43959 1.77023 40.21 

a The values given in the upper line were found in this work; those given in the lower lines are from the references cited. See 
Experimental for method of correcting observed boiling point to 760 mm. Maximum equilibrium temperature attained from cooling 
or warming curve; see Experimental. Calcu- 
lated from data reported a t  other temperatures. Ref. 10. * Pressure not stated. * Ref. 11. Ref. 12. At 25.0'. Corrected 
to 20"; see text. Ref. 13. F.p. -89°.26 d", 1.6229. Ref. 14. Average of two values obtained on different samples. ' Ref. 
15. Ref. 16. Ref. 17. Ref. 18. Reported1* 49.93; recalculation gave 49.74. ld Ref. 19. Henne and Haecklu have re- 
ported this compound; however, their identification is questionable; see Experimental. Ref. 21. aa Ref. 22. bb It was 
found difficult to obtain a good cooling curve, because of the slow rate of crystal growth. OC Ref. 7. dd d", 1.6443. ee Ref. 23. If Ref. 24. 

Freezing point depression with the material estimated to be half frozen. e Ref. 6. 

v Ref. 20. 

iiiore or less arbitrary assumptions must be made. In 
the calculations which follow, inost of these assump- 
t,ions are explicitly stated. The most important ones 
employed in the present work are (a) that the atomic 
refraction of carbon in perhalo compounds is identical 
with that in hydrocarbons, and (b) that the atomic 
refraction of fluorine bonded to carbon is invariant with 
position. Other assuniptions might have been made, 
and a different set of refractions thus obtained. The 
necessarily arbitrary nature of the atomic refractions 
herein proposed should thus be recognized. 

In the present work, the approach has been to 
minimize the difference between Rexp and Rsdd,  rather 
than the per cent difference between the two. 

Temperature Dependence of Molar Refraction.- 
Organic liquids are known3 to show increases in ReXp 
of 0.005-0.02%/deg. An averagevalue for five per- 
halo is +0.015 f 0.003%/deg. ; this 
figure is tentatively suggested for correcting molar re- 

(34) CClr, +0.018; CBrCla, f0.012; CzClr. +0.012; CCIzFCClFz, 
+0.038 (omitted from average); CClzFCClzF, +0.019; and n-C~Fla, 
+0.013Y0 deg. 
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TABLE I1 
PHYSICAL PROPERTIES OF HYDROGEN-CONTAINING INTERMEDIATES' 

B .pb  (760 mm.), B.P. range, F.p. dep.,d 
No. Compd. Ref. OC. OC. F.P. ,~ OC. OC. n*OD dzo4 Rex* 

111 CHaCClzCHa 69.5 <o. 1 -33.9 <0 .1  1.4149 1.0914 25.90 
e 70.5 -34.4 1.4153' 1. 0915g 25.92 

IV CH2ClCHClCHa 96.5 <0.1 -100.3 <0.1 1.4392 1.1565 25.69 
i 96.20 -100.42 1.43901 1.15577 25.70 

V CHaCClFCHa 35.6 0 .4  -93.2 0 . 2  1.3521 0.9975 20.94 
j 35.2 . . .  1. 35856k 1 .  0072k 21.10' 

1 . 0  1.4592 1.2039 25.23 

m 93.6 0 . 1  . . .  1.4609 1.2150 25.06 
XI11 CHzClCFzCHz 55.9 <o. 1 -56.8 0 . 4  1.3522 1.1935 20.76 

n 55.1" 0 .2  -56.2 1.3520 1.2001 20.64 

XIV CHZClCClFCH, 88.6 <0.1 { "  -g1'3] < O . l  1.4099 1.2622 25.71 

P 88.6" -91.7 1.4099 1.2624 25.70 
XV CHzClCClzCHs 122.6 0 . 1  -65.9 0 . 2  1.4618 1.3233 30.62 

q, r 123 1. 460g8 1. 324q 
XVII CHClzCClFCHa 116.9 0 . 4  Glass a t  -120' 1 ,4360 1.4223 30.41 

n 116.7" Glass 1.4360 1.4238 30.38 
XVIII CClaCClFCHa 139.7 <o. 1 102.4 2.4 

n 139.6" 104.5 0 . 5  
XIX CHClzCClFCH2Cl 160.9 0 , 2  Glass a t  - 100" 1.4682 1.5844 35.08 

n 50-51 (14 mm.) Glass 1.4694 1.5782 35.30 
XX CClaCClFCHzCl 101.5 (50 mm.) -39.1 Large 1.4871 1.6839 40.03 

n 72 (14 mm.) -34.4 1.4871 1.6867 39.96' 

h 69 .3  <o. 1 -33.8 

a -90.0 
93.7 o ' 2  { e  -83.11 XI1 CH2=CClCH,Cl 

B -88.8 

a The values given in the upper line were found in this work; those given in the lower lines are from the references cited. See 
Experimental for method of correcting observed boiling points to 760 mm. Maximum equilibrium temperature attained from cooling 
or warming curve; see Experimental. Interpolated 
from data reported2' for the Ha- and Hg-lines with the relation" nD = ma + 0.29(nag - nHp). 0 Interpolated from data reported at  
other temperatures. Ref. 28. Ref. 29. 1 Ref. 13. At 10.0'. Corrected to 20.0"; see text. Ref. 30. Ref. 18. O Pres- 
sure not reported. P Ref. 31. g Ref. 32. ' Ref. 33. s At 25.0'. Reported's 39.37; recalculation gave 39.96. 

Freezingpoint depression with material estimated to be half frozen. e Ref. 27. 

fractions for perhalo compounds to 20.0'. Over the 
range 0-40°, the error arising from the uncertainty in 
the magnitude of the correct,ion would appear to be 
less than 0.1% of Rex,. 

Atomic Refraction of Carbon and Fluorine Perfluoro- 
n-alkanes.-Ideally, the atomic refractions for carbon 
and fluorine should be calculated from data on the 
perfluoro-n-alkanes, independently of other series of 
compounds. Thus, there is no a priori  reason to ex- 
pect that the atomic refraction of carbon in perfluoro 
coinpounds should be identical with that in hydro- 
carbons; on the contrary, some difference would be 
expected. Unfortunately, a t  present acceptable data 
are available for only two of the five36 liquid per- 

26.884, R20 26.90342; and (2) perf l~oroheptane,~~ 
R20exp 36.726, R3OeXp 36.774. While these data are 
sufficient to yield the values Rc = 2.566 and RF = 
1.173, a small change in Re,, for either compound would 

fluoro-n-alkanes: (1) p e r f l u o r ~ p e n t a n e , ~ ~ ? ~ ~  R15exp 

(35) H. Waldmann, Heh.  Chim. Acta,  31, 1053 (1938). 
(36) Styles and  Cady's" n-CsFir "may have contained up to 4.5 mole 7% 

of impurity." Brice and Coon' reported physical properties for n-CsFi4 
and n-CsFis, but  gave no evidence for the purity of their preparations. 
Density and refractive indices reported by Haszeldine and Smith'B for n- 
CsFm and n-CgFm were given to only three places. n-CioFzz and higher per- 
fluoro-n-alkanes melt well above 20°.as 

(37) V. E. Styles and G. H. Cady, J .  A m .  Chem. Soc.. 74, 3771 (1952). 
(38) T. J. Brice and R. I. Coon, ibid.. 76, 2921 (1953). 
(39) R. N. Hasseldine and F. Smith, J. Chem. Soc., 3617 (1950). 
(40) 0. H. Rohrbach and G. H. Cady, J .  A m .  Chem. Soc.. 71, 1938 

(1949). 
(41) L. L. Burger and G. H. Cady, ibid., 75, 4243 (1951). 
(42) Calculated from the data at 15O on the basis that the temperature 

dependence for perfluoropentane is the same as that found for perfluoro- 
heptane, +0.013%/deg. 

(43) G. D. Oliver. et al., J. A m .  Chem. Soc., 78 ,  5722 (1951): 

produce a large change in the atonic refractions of both 
elements. In  view of this uncertainty, we do not feel 
justified in proposing these values a t  present. 

In the present work, Rc was obtained froin the set of 
selected values of the American Petroleum Institute44 
for the n-alkanes, C~HIZ  to CleH14. For this set, the 
least-squares value45 for CH2 is 4.6424 and for H is 
1.0277. Inasmuch as the uncertainty in these values 
is of the order of 0.001, there is a t  present no justifica- 
t,ion for retaining the fourth decimal place. On round- 
ing off the value for CH2 to 4.642, it was found that the 
data for the n-alkanes is best fitted by the value for H 
of 1.029. These values reproduce the molar refrac- 
tions for the 12 n-alkanes, C6H12 to C16H34, with a 
probable error4' in R a d d  of 0.003, and an average devia- 
tion of 2=0.008~0. 

With the assumption that RH in CH2 has the saine 
value that it has in CH3, Rc = RCH, -  RH = 2.584. 
Using this value for carbon, and, with the assumption 

(44) American Petroleum Institute, "Selected Values of Properties of Hy- 
drocarbons and Related Compounds," Research Project 44,  1956, Tables 
208 and 20b. 

(45) Van der Hulst" has pointed out that  the mathematically correct 
treatment of the data requires the use of the method of least squares. 

(46) L. J. N. Van der Hulst. Rec. ( T a u .  chim., 64, 518 (1935). 
(47) The probable error,48 r, is calculated with the equation - 

r = 0.6745 d Z  (di *)/(n - f) 
i - 1 ,  . . . ,  n 

where d is the difference between the experimental and calculated values 
n is the number of pieces of data, and f is the number of disposable pa- 
rameters calculated from the set of data. 

(48) (a) A. H. Margenau and G. M. Murphy, "Mathematics of Physics 
and Chemistry." D. Van Nostrand Co., Inc., New York, N. Y., 1943, p. 502; 
(b) W. J. Youden, "Stat,iRtical Methods for Chemists," John Wiley and 
Sons, Inc., New York, K. \'., 1951, pp. 12. 15. 
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TABLE I11 
ATOMIC REFRACTION OF TERMINAL CHLORINE I N  PERHALO-R-ALKANES 

h d d  No. of Radd 
NO. Ref. Compd. (Eisenlohr) Rexp C1 atoms RCI  (terminal)' (Table XII) 

3a 
3b 
3c 
4 
Sa 
5b 
5c 
6 
7 
8a 
8b 
8c 
9 

10 
11 
12 

b 
C 

b 
d 
f 

b 
b 
6 
9 

b 
b 
b 
h 

CClsCFs 
CC13CFa 
CClaCFa 
CClzFCClFz 
CClzFCClZF 
CClzFCClzF 

CClFzCFzCClFz 
CClzFCFzCClFz 
CClaCFzCClFz 
CClaCFzCClFz 
CClsCFzCClFz 
CCIzFCFzCClzF 
CClsCFzCClzF 
CCl&FzCCla 
CClaCFzCFzCCla 

26.46 
26.46 

31.18 
26.63 
31.26 

36.08 
36.08 
40.81 
45.54 
50.43 

26.241 
26.257 
26.249 (av.) 
26.182 
30.881" 
30.877" 
30.879 (av.) 

31.141 
35.881 
35.857 
35.869 (av.) 
35.828 
40.507 

50.059 

26.458 

45.128 

3 
3 

4 
2 
3 

4 
4 
5 
6 
6 

5.862 
5.840 

5.845 
5.858 
5.855 

5.864 
5.854 
5.852 
5.841 
5.844 

26.21 
26.21 

30,90 
26.44 
31.13 

35.81 
35.81 
40.50 
45.18 
50.10 

Weighted average for terminal C1 5.850 f 0.007 

chlorine atoms. Ref. 49. Ref. 10. Ref. 50. e Corrected to 20.0"; see text. f Ref. 6. 0 Ref. 17. Ref. 51. 
a Calculated by subtracting from Re,, the atomic refractions for carbon and fluorine (Table XII) and then dividing by the number of 

that RF is the same in CF2 and CF3, the data for per- 
fluoropentane and perfluoroheptane yield R F  = 1.165. 

In  all succeeding calculations, the atomic refraction 
of fluorine bonded to carbon in perhalo compounds is 
assumed to be invariant and equal to 1.165. This as- 
sumption is justified on the following grounds. As will 
be shown below, some of the halogens must be multi- 
valued in order to fit the experimental data. The much 
more polarizable chlorine, bromine, and iodine atoms 
should vary in value with position more than fluorine. 
For convenience, all of the variation will be attributed 
to chlorine, bromine, and iodine. This procedure turns 
out to minimize the number of parameters required to 
fit the data, and this provides additional justification 
for its use. 

Atomic Refraction of Chlorine in the Terminal Posi- 
tion in Perhalo-n-alkanes.-Trial calculations with the 
chlorofluoroalkanes indicated a marked difference in 
the atomic refraction of chlorine in the terminal and 
internal positions. Molar refractions for pure com- 
pounds6, lo, 17949-51 containing chlorine in the terminal 
position only are listed in Table 111. 

Initially, estimates were made of the group refrac- 
tions for CCl,, CC12F, and CClF2. Compounds 3c, 11,  
and 12 yielded for CCl, 20.12 f 0.02; compounds 5c 
and 9 yielded for CC12F 15.45 f 0.01; and compound 
6 yielded for CClF2 10.77. These group refractions fit 
the data for the other four compounds in Table I11 
quite accurately. Assuming that the atomic refrac- 
tions of carbon and fluorine are invariant in these 
groups and equal to 2.584 and 1.165, respectively, the 
atomic refraction of chlorine in CCl,, CC12F, and CClFz 
is 5.84, 5.85, and 5.86, respectively. This result justi- 
fies expressing the data in terms of a single value for 
Rcl (terminal), 5.850 f 0.007, the weighted average for 
40 terminal chlorine atoms. 

The Eisenlohr values52 fit the molar refractions found 

(49) Reported in this paper. 
(50) A.  H. Fainberg and U'. T. Miller, Jr., unpublished v,ork. 
(51) A. L. Henne, J. B. Hinkamp, and U'. J. Zimmerschied, J .  A m .  Chem. 

Soc.. 67, 1906 (1945). 
(52) Eisenlohrb did not list a value for the atomic refraction of fluorine. 

Using his value for carbon, 2.418, the data on perfluoropentane and perfluoro- 

for the ten compounds of Table I11 with a probable 
e r r ~ r ~ ~ a  in Radd of 0.19. An eight,fold improvement in 
the fit is obtained for this set of compounds when the 
atomic refractions proposed above are employed ; the 
probable 

Atomic Refraction of Chlorine in Internal Positions 
in Perhalo-n-alkanes.-Table IV lists molar refractions 
found for 20 pure compounds containing chlorine in both 

It would be desirable to evaluate the atomic refraction 
for internal chlorine independently of that for terminal 
chlorine, in order to check on group interactions. This, 
however, is not possible a t  present. The procedure 
employed, therefore, was to assume such interactions 
are negligible, and to use the value calculated above 
for teriiiinal chlorine. 

In  this way, compounds 13 through 23 give for CClF 
9.43 f 0.03, and coinpounds 24 through 32 give for 
CC12 13.974 f 0.029. Assuming, as before, the atomic 
refractions of carbon and fluorine are invariant in these 
groups, and equal to 2.584 and 1.165, respectively, the 
atomic refraction of chlorine in CClF and CC1, is 5.68 
f 0.03 and 5.695 f 0.015, respectively. Again, since 
those values overlap, the data can be expressed more 
simply in terms of a single value for Rcl (internal) of 
5.69 f 0.02, the weighted average for 38 internal 
chlorine atoms. This value is sufficiently different 
from that for terminal chlorine, 5.850 f 0.007, to 
justify employing two separate values instead of a single 
average value. 

The Eisenlohr values fit Re,, for the 20 compounds 
of Table IV with a probable in R a d d  of 0.42. 

in R a d d  is reduced to 0.024. 

terminal and internal positions.7,11,17,19-21,24+25,49-6 1,58--62 

heptane yield a value for RF = 1.24. This value, 1 0 . 0 2 ,  has been em- 
ployed by other investigators."-" 

(53) A.  V. G r o w  and 0. H. Cady. Ind.  Eng. Chem., 89, 367 (1947). 
(54) R .  D. Fowler, J. M. Hamilton, Jr., J. S. Kasper, C. E. Weber. W. B. 

(55) R. N. Hasoeldine and F. Smith, J .  Chem. Soc., 603 (1951). 
(56) E. A .  Nodiff, A. V. Grosse, and hl.  Hauptschein, J .  070. Chem., 16, 

(57) (a) f = 0; (b) f = 1 ;  (c) f = 2;  see ref. 47. 
(58) E. Rutner, Ph.D. Thesis, Cornel1 University, 1951. 
(59) E. Rutner and S. H. Bauer, J .  A m .  Chem. Soc., 89, 298 (1960). 
(60) A. L. Henne and J.  B. Hinkamp, ibid., 67, 1196 (1945). 
(61) W. T. Miller, Jr., ibid.. 64, 341 (1940). 
(62) A.  H. Fainberg, Ph.D. Thesis, Cornell University, 1950. 

Burford. 111, and H. C. Anderson. ibid., 89, 375 (1947). 

235 (1953). 
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TABLE IV 
ATOMIC REFRACTION OF INTERNAL CHLORINE IN PERHALO-n-ALKANEB 

NO. 

13 
14 
15a 
15b 
15c 
15d 
16 
17 

1 Pa 
19b 
19c 
20 
21 
22 
23 

ia 

24a 
24b 
24c 
25 
26a 
26b 
26c 
27 

29 
30 
31 
32 

28 

Ref. 

d 

d 
e 

C 

C 

f, Q 
C 

C 

h 

C 
i 

e 
j 

C 

f 

C 
C 

k, 1 

k 
n 
0 

0 

P 
Q 

Compd. 

CClFzCClFCFa 
CClzFCClFCFa 
CClFzCClFCClFz 
CClFzCClFCClFz 
CClFzCClFCClFz 
CClFzCClFCClFz 
CClzFCClFCClFz 
CClaCClFCFa 
CClzFCClFCClzF 
CClaCClFCClzF 
CClaCClFCClzF 
CClaCClFCClzF 
CClaCClFCCls 
CFsCClFCClFCFj 
CClFzCClFCClFCClFz 
( CClFzCC1FCFr)z 

CCIFzCClzCFs 
CClFzCClzCFs 
CClFzCC12CFa 
CClFzCClzCClFz 
CChFCClzCClFi 
CClzFCClzCClFz 
CClzFCClzCClFz 
CClzFCClzCClzF 
CClaCFzCClzCFs 
CClFzCC12CCl~CCIFz 
CClzFCCl~CCl~CClFz 
CClaCFzCClzCC1a 
CC12FCClzCC12CClzF 

Rsdd 
(Eisenlohr) RBXP 

26.63 
31.36 

31.36 
36.08 
36.08 
40.81 

45.54 
50.26 
31.53 
40.98 
50.78 

26.249 
30,947 
30.944 
30.890 
30.900 
30.911 (av.) 
35.611 
35.684 
40,288 
45.102 
44.986 
45,044 (av.) 
49.758 
31.078 
40.392 
50.175 

Weighted average for RCCF 

31.36 
36.08 

40.81 
45.54 
45.71 
50.43 
55.16 
59.89 
59.89 

30.791 
30.773 
30.782 (av.)  

40.200 
40.212 
40.206 (av.) 

44,968 
49.524 

59.165 
58.844 

35.496 

44.899" 

54.236 

Weighted average for Rcci, 

9.386 

9.471 
9.398 

9.390 

9.461 
9.490 
9.460 
9.432 
9.410 
9.430 f 0.028 

13.939 
13.968 

13.993 
14.001 
13.841 
13.998 
14.011 
13.983 
13.973 
13.974 f 0.029 

RCI 
(internal)* 

5.657 
5.670 

5,627 
5,649 
5.722 
5.641 

5.712 
5.741 
5.711 
5.683 
5.661 

5.677 
5,692 

5.705 
5.712 
5.629 
5.707 
5.714 
5.700 
5.695 

Rsdd 
(Table XII) 

26.28 
30.97 

30.97 
35.65 
35.65 
40.34 

45.02 
49.71 
31.04 
40.41 
50.23 

30.81 
35.49 

40.18 
44.86 
45.09 
49.46 
54.14 
59.15 
58.83 

Weighted average for RCI (internal) 5.690 f 0.023 
a X = F for compounds 13-23, X = C1 for compounds 24-32; Rcc~x was obtained by subtracting from Re,, the values for halogen 

and carbon in the terminal groups, Table XII, and then dividing by the number of CClX groups. ' Obtained by subtracting from Re,, 
the values for carbon, fluorine, and chlorine (Table XII), and then dividing by the number of internal chlorine atoms. Ref. 49. * Ref. 20. e Ref. 21. f Ref. 7. Ref. 25. Ref. 17. Ref. 19. Ref. 50. ' Ref. 11. ' Ref. 24. Corrected to 20.0'. see text. 

Ref. 51. Ref. 58 and 59. P Ref. 60. * Ref. 61. 

The present values reduce the probable e r r ~ r ~ ~ b  to 
0.035. 

Atomic Refraction of Terminal and Internal Bromine 
in Perhalo-n-alkanes.-Table V lists molar refractions 
found for 17 pure bromine-containing perhalo-n-al- 
kanes. 20,21,60-64 Utilizing the atomic refractions calcu- 
lated above for carbon, fluorine, and terminal and in- 
ternal chlorine, the data of Table V are best fitted by 
using two values for the atomic refraction of bromine, 
corresponding to the terininal and internal positions. 

Thus, compounds 33-36 yield a group refraction for 
CBrF2 of 13.4.5 f 0.03. Using this value, compounds 
37-41 give for CBrClF 18.22 f 0.07. With the as- 
sumptions stated above, these group refractions yield 
for bromine atomic refractions of 8.54 f 0.03 and 8.62 
f 0.07. As before, this overlap justifies einploying a 
single value for R B ~  (terminal) of 8.57 f 0.06, the 
weighted average for 12 terminal bromine atoms. 

Assuming this value for terminal bromine, together 
with the values already determined for the other ele- 
ments, compounds 42-45 give for CRrF 11.90 f 0.2, 
and compounds 46-49 give for CBrCl 16.49 f 0.02; 
these give for internal bromine 8.15 f 0.02 and 8.21 

(63) J. M. Howald, Ph.D. Thesis, Cornel1 University, 1953. 
(64) A. L. H e m e  and R. P. Ruh. J .  Am. Chem. Soc.. TO,  1025 (1948). 

f 0.02, respectively. While a slightly better fit is ob- 
tained by using separate values, this gain is at present 
not considered sufficient to outweigh the advantage of a 
single value for R B r  (internal), 8.18 f 0.03, the average 
for eight internal bromine atoms. 

The Eisenlohr values fit the molar refractions for the 
17 compounds of Table V with a probable error5'a in 
Radd of 0.54. The values derived above reduce the 
probable errors7C to 0.043. 

Atomic Refraction of Terminal and Internal Iodine 
in Perhalo-n-alkanes.-Acceptable refractivity data 
are a t  present available for only five iodine-containing 
per halo alkane^^^^^^-^^; these are listed in Table VI. 
Compounds 50, 52, and 53 give for R, (terminal) 13.73 
f 0.03, the weighted average for five iodine atoms. 
However, compound 52 yields the value 13.32, far out 
of line. The reason for this discrepancy remains to be 
determined. It may turn out that the data for this or 
the other compounds are in error, or that nonbonded 

(65) M. Hauptaohein and A. V. Grouse, ibid., 79, 2461 (1951). 
(66) W. T. Miller, Jr., E. Bergman, and A. H. Fainberg, ibid, ,  79, 4159 

(1957). 
(67) M. Hauptschein, C. 5. Stokes, and A. V. G r o w ,  ibid., 14, 1974 

(1952). 
(68) W. T. Miller, Jr.. M. B. Freedman, J. H. Fried, and H. F .  Koch, 

ibid. ,  89, 4105 (1961). 
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33 
34a 
34b 
34c 
35 
36 
37 
38 
39 
40 
41 

42 
43 
44 
45 
46 
47 
48 
49 

Ref. 

C 

C 

d 

e 
e 
f 
d 
d 
d 
d 

B 

e 

d 
I? 
e 
d 

C 

C 
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TABLE V 
ATOMIC REFRACTION OF TERMINAL AND INTERNAL BROMINE I N  PERHALO-n-ALKANES 

Rsdd Group Radd 
Compd. (Eisenlohr) Rsxp refractionavb RBP (Table X 11) 

CBrFzCClFz 24.63 24.213 13.45 8.535 24.25 
CBrFzCBrF2 26.983 
CBrF2CBrF2 26.971 
CBrFzCBrFz 27.53 26.977 (av.) 13.49 8.575 26.97 
ClBrFzCClFCClFz 34.25 33.585 13.38 8,468 33.69 
C1BrF2CClFCBrF2 37.15 36.324 13.44 8.528 36.41 
CBrClFCBrFz 32.25 31.612 18.16 8.549 31.65 
CBrC1FCF2CCLF 38.98 38.647 18.28 8.689 38.53 
CBrClFCzCC13 43.71 43.155 18.11 8.508 43.22 
CBrClFCClFCCla 48.43 47.883 18.31 8.711 47.74 
CBrCl FCFZCCIFCFZCC~~ 58.23 57.632 18.23 8.632 57.57 

Weighted average for R B ~  (terminal) 8.571 f 0,055 

CBrFZCBrFCClFz 37.15 36.154 11.906 8.157 36.19 
CBrF2CBrFCF3 32.42 31,449 11.886 8.137 31.50 
CBrFICBrFCBrFl 40,05 38.856 11.888 8.139 38.91 
CBrClFCRrFCClFZ 41.88 40.903 11.930 8.221 40.87 
CBrFzCBrClCFa 37.15 36.066 16,503 8.229 36.03 
CBrF1CBrClCClFz 41,88 40,748 16 500 8,226 40.71 
CBrFnCBrClCBrFZ 44.78 43.444 16.476 8.202 43.43 
CFaCBrC1CF2CC1a 48.60 47.587 16.460 8.186 47.59 

Average for RB,  (internal) 8.187 f 0.032 
a RcBrFZ for compounds 33-36; R B ~ C ~ F  for 37-41; R B ~ F  for 4245 ;  Rslcl for 46-49. 

tions for atoms or groups previously found, and then dividing by the proper number. 
Ref. 20. 

Obtained by subtracting from Re,, the refrac- 
Ref. 63. e Ref., 21. f Ref. 64. Ref. 62. 

TABLE VI 
ATOMIC REFRACTION OF TERMINAL AND INTERNAL IODINE 

I N  PERHALO-%ALKANES 
Rsdd 

R d d  (Table 
No. Ref. Compd. (Eisenlohr) R e x p  RI' XII) 

50 b CClFICFzCCla 48.74 48.436 13.789 48.38 
51 c CFJCFzCFzI 42.49 42.178 13.718 42.20 
52 d CF3CFzCFzI 29.83 29 204 13.297' 29.64 
53 f (CFz1CFz)z 47.39 47.065 13.705 47.12 

Weighted average' for terminal iodine 13.73 f 0.03 
54 Q CFsCFICFa 29.83 29.628 12.721 h 

a Obtained by subtracting from Rex, the values for carbon, 
fluorine, and terminal chlorine (Table XII), and dividing by the 
number of iodine atoms. Ref. 63. Ref. 65. Ref. 66. 
e The value for compound 52 was omitted from the average; 
if it is included, RI = 13.66 f 0.12. f Ref. 67. Ref. 68. 

Used to obtain the atomic refraction of internal iodine. 

interactions play a sufficiently more important role for 
perhalogenated iodides than for chlorides and bromides 
to require special treatment. Until this point is settled, 
however, the value for terminal iodine must be con- 
sidered somewhat uncertain and is expressed as 13.7. 

Compound 54 gives a value of 12.7 for internal iodine. 
Perhalocyc1obutanes.-Molar refractions found for 

the four perhalocyclobutanes for which such 
data50,62~se-71 are a t  present available are listed in 
Table VII. Assuming that the atomic refractions for 
carbon73 and fluorine are the sanie in these compounds 
as in the perhalo-n-alkanes, the atomic refractions for 
chlorine and bromine, and the C4 ring increment were 
calculated as follows. The difference between Rexp for 

(69) R. T. Carroll, Ph.D. Thesis, Cornell University, 1952. 
(70) P. Dreyfuss, Ph.D. Thesis, Cornel1 University, 1957. 
(71) A. L. Henne and R. P. Ruh. J .  Am.  Chem. Soe., 69, 279 (1947). 
(72) A. I. Vogel, J .  Chem. Soc.. 1833 (1943). 
(73) In this case, the assumption relating to the carbon value is completely 

arbitrary. Exactly the same result would be accomplished by splitting 
the ring increment between the four carbon atoms, and giving carbon a 
rpecial value in perhalocyclobutanes. 

TABLE VI1 
MOLAR REFRACTION OF PERHALOCYCLOBUTANES AND 

PERHALOCYCLOBUTENES 
Rsdd Radd 

(Eisen- (Table 
No. Ref. Compd. lohr)' R e x p  XII) 

55 b CClFCClFCFzCFz 29.37 22.229 29.23 

56 b CClFCClFCClFCFz 34.09 33.960 33.96 

57 c CBrFCBrFCFlCFz 35.16 34.615 24.62 

I I 

r 1 

r I 

7 1  

r 1 

r 1 

r 1 

58 b CBrFCBrFCClFCFl 39.89 39.352 39.35 

59 b CF=CFCClFCFz 23.57 23.469 23.47 

60a b CF=CFCClFCClF 28.324 

60b d CF=CFCClFCClF 28,404 

60c e CF=CFCCIFCClF 28.360 

60d CF=CFCClFCClF 28.30 28.363 (av.) 28.34 

61 b CF=CFCFICFz 31.51 31.343 31.44 

7 1  

r 1 

I I 

r-- 1 

r 1 

62 e CF=CFCFICFI 44.17 44.446 44.28 

63 e CF=CFCCIFCFI 36.23 36.278 36.31 

64 b CF=CFCBrFCFZ 26.47 26.300 26.26 

65 e CF=CFCBrFCBrF 34.09 34,009 33.91 

r--1 

r 1 

66 f CCl=CClCFzCFz 28 30 28 717' h 
a Using 0.32 for the cyclobutane ring increr~ient ,~~ and no 

ring increment for the cyclobutenes.'* Ref. 50. Ref. 62. 
Ref. 69. e Ref. 70. 'Ref. 71. 0 Corrected to 20.0": see text,. 
Employed to determine the value for CCl=CCl in cyclobutenes. 

compounds 55 and 56 is Rcl - RF ; the same is true for 
the pair 57 and 58. These yield .for Rcl in perhalo- 
cyclobutanes 5.899 f 0.003. In a similar fashion, the 
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TABLE VI11 
MOLAR REFRACTION OF PERHALO OLEFINS WITH TERMINAL 

DOUBLE BOND 
Rsdd Radd 

(Eisen- (Table 
No. Ref. Compd. lohr) Rexp XII) 
57s a (CFZ=CFCF& 30.08 
67b b (CFz=CFCFz)z 30.18 
6 7 ~  (CFz=CFCFz)z 30.37 30 .13 (av . )  c 
68 u (CF2=CClCFz)z 39.83 38.901 C 

69 d CClF=CClCFa 25.88 25.521 C 

70 d CClz=CFCFa 25.88 25.606 C 

71 e CClZ=C(CF& 30.78 30.644 C 

72 f CClz=CClCFa 30.61 30.523 30.54 
73 CC12=CClCFzCCla 49.69 4 9 . 5 6 ~ ~  49.51 
74 i CClz==CCICFzCCl=CClz 53.84 53.799 53.83 
75 f CFz=CClCClFz 25.88 25.458 25.48 
76 d CClL=CFCCla 40.06 40.218 40.20 
77 f CClz=CClCClFz 35.19 35.509 35.40 
78 f CClz=CClCClzF 40.06 40.375 40.27 
79 f CC1*=CClCC13 44.79 44.914 45.13 
80 j CCl2=CC1CC1~CClF~ 49.69 49.294 C 

81 a CFz=CClCBrF* 28.78 28.307 28.27 
82 a CEZ=CFCBrF2 24.05 23 856 23.88 

84 f CFFCFCFZI 29.09 28.897 29 06 
Ref. 21. * Ref. 74. Employed to determine atomic or 

group refraction. Ref. 22. e Ref. 75. f Ref. 20. Q Ref. 76. 

83 f CFz=CClCFzI 33.81 33.592 33.45 

Corrected to 20.0"; see text. * Ref. 78. ' Ref. 71. 

difference between 55 and 57 is equal to 2 (RBr - Rcl); 
another such difference is obtained from 56 and 58. 
Using the value for chlorine determined above (5.899), 
these differences give for R B ~  in perhalocyclobutanes, 
8.593 f 0.003. These values for chlorine and bromine 
in perhalocyclobutanes differ sufficiently from those 
previously found for these elements in both the internal 
and terminal positions to warrant employing them as 
separate values. Using them, the Cq ring increment is 
found to be 4-0.104 f 0.002. 

Utilizing four pieces of data to set the values for three 
disposable parameters leaves but one compound to 
check on the set. This one check is almost perfect, 
but is not considered adequate to warrant retaining the 
third decimal place, which is rounded off in the final 
tabulation. 

Perhalo Olefins with Terminal Double Bonds.-In 
general, the refraction increment for the double 
bond may be expected to vary with the nature of the 
substituents on the vinyl carbon atoms. For this 
reason, terminally and internally unsaturated perhalo 
olefins will be considered separately. Molar refrac- 
tions found for the former are listed in Table VIII. 
See ref. 20-22, 71, and 74-78. 

Allylic exaltations may be expected for the halo- 
gem79 It is necessary to assume that the allylic ex- 
altation for fluorine is negligible; otherwise the exalta- 
tions for the other halogens could not a t  present be 
separated from the unsaturated group increments. 
With this assumption, compounds 67-74 yield the fol- 

Addhional data are, of course, desirable. 

(74) W. L. Thompson, Ph.D. Thesis, Cornel1 University, 1955. 
(75) A. L. Henne. J. W. Shepard, and E. J. Young, J .  Am. Chem. Sac., 79, 

(76) T. Newby, M.A. Thesis, The Ohio State University. 1944; cited 

(77) A. L. Henne, J .  Am. Chem. Sac., 76, 5750 (1953). 
(78) A. L. Henne and E. G .  DeWitt, ibid., TO, 1549 (1948). 
(79) Koutecky*a gives exaltations of +0.4 for C1 and .+0.8 for Br in the 

allylic position in hydrogen-containing compounds. 
(80) J. Koutecky, Chem. Listy, 88, 10 (1944). 

3577 (1950). 

by Henne.'? 

lowing group refractions: CFZ=CF, 10.15; CFZ=CCl, 

CF, 19.53; and CCl2=CC1, 24.46 f 0.03. Of neces- 
sity, all but one of these values is based on data for 
single compounds; the values may therefore be ex- 
pected to undergo some revision as more data become 
available. 

Using these unsaturated group refractions, com- 
pounds 75-79 give for Rcl (terminal allylic) 6.03 f 
0.0582; compound 80 gives 5.74 for Rcl (internal all- 
ylic) ; compounds 81 and 82 give 8.82 f 0.03 for R B ~  (ter- 
minal allylic) ; and compounds 83 and 84 give 14.0 f 
0.15 for R1 (terminal allylic). These values all clearly 
demonstrate the reality of the allylic exaltation. 

The Eisenlohr increments fit the molar refractions 
found for the 18 olefins of Table VI11 with a probable 
error57a in Radd of 0.23. The data of Table VI11 were 
used to determine 10 parameters; the probable errors3 
in R,, for the fit resulting from the use of these param- 
eters is 0.086. 

This fit is not nearly so good as that obtained for the 
saturated compounds. At least two factors may be 
responsible: (1) compared with the perhaloalkanes the 
olefins are known to be more difficult to obtain and re- 
tain in a highly pure state; Le., the experimental data 
for the perhalo olefins may be poorer; and (2) it may 
prove necessary to take account of additional inter- 
actions between nonbonded atoms; e.g., see ref. 82. 
There is reason to feel, however, that the fit can be 
substantially improved when more and better data be- 
come available. 

Perhalo Olefins with Internal Double Bonds.-All of 
the open-chain perhalo olefins with internal double 
bonds for which adequate data are available, see Table 
IX, exist as cis-trans isomers which can be expected to 
have appreciably different refractions. Inasmuch as 
no data on configuration are available for any of these 
compounds; refractivity values for those which are re- 
ported to freeze sharply cannot be considered appreci- 
ably superior for the present purposes to those for which 
no such criterion of purity is reported. For this rea- 
son, all of the pertinent compounds for which molar 
refractions are available, listed in Table IX,  will be 
treated together. 

Using the values previously calculated for the allylic 
halogens, compounds 85-87 give for CC1=CClS4 18.50 
f 0.06, while compound 88 gives for the same group 
17.43; compounds 89 and 91 give for CCI=CF 13.60 
f 0.02, while compound 90 gives 13.11; compounds 
92-96 give for CF=CF values ranging from 8.57 to 9.35, 
averaging 9.0 f 0.2. 

14.54 ; CClF=CC1,8l 19.44; CClz=C<, 18.49; CC12= 

(81) This group exists in the  cis and trans forms. These two forme. will, 
in general, have different refractions. Thus, for instance, cis- and trans-1,2- 
dichlorodifluoroethylene~ have molar refractions at 0' of 20.49 and 20.61. 
I t  is likely that  19.44 is correct for one of the two forms, since compound 69, 
on which the value is based, was reported'* t o  freeze sharply. However, even 
if this is so, it is not known to which of the isomers the value applies. 

(82) There is some indication t h a t  C1 in aElylic CClF,, CCIzF, and CClr 
groups is not invariant. Thus, compounds '79, 77, TO, and 19 yield auc- 
cessive incrementa for Cl - F of 4.99, 4.87, and 4.54. However, the data 
are too meager at present to warrant aseigning separate values. This 
point should be re-examined as more data become available. 

(83) f = 10, see ref. 47. 
(84) Compound 91 is a cyclopentene containing the  necesearily cis-CC1= 

CCl group with a group refraction of 18.550. While this value includes an 
unknown ring exaltation, this is probably fairly small. I t  may therefore 
be significant to note that this value is very similar to the one derived for 
CCI=CCl from the  open chain olefins 85-87. 
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TABLE IX 
MOLAR REFRACTION OF PERHALO OLEFINS WITH INTERNAL 

No. Ref. 

85a b 
85b d 
85c 

86 e 
87 f 
88 h 
89 h 
90 h 
9la d 
9lb h 
9lc  
92 k 
93 h 
94 h 
95 k 
96 1 
97 m 

DOUBLE BONDS" 
R.dd 

(Eisen- 
Compd. lohr) Rexp 

CF&Cl=CClCFsC 30.552 
CFsCCl=;CClCFa" 30.649 
CFaCCl=CClCF1C 30.78 30.600 

CBrFZCCl=CClCBrF2" 46.03 46.058 

CClsCC1=CC1CCl~ 59.14 58.782' 
CCIFzCF=CCICFoC 30.78 30.607 
CClaCF=CClCF1" 40.23 39.863 
CFaCF=CClCFa 25.715' 
CFaCF=CClCFa 25.851 
CFaCF=CClCFa 26.05 25.783 
CBrF2CF=CFCBrFZc 36.58 36.814 

CBrFzCF=CFCFzCClr 48.03 47.354 

(av.1 

CFaCCl=CClCFzCFa 35.68 35.54* 

CFJCF=CFCFzCC1aC 53.06 53,186 

CClFzCF=CFCClFz 30.78 30.939 
CC13CFzCF=CFCFzCCl~ 59.48 59.067' 
CF&Cl=CClCACFe" 33.20 33.292 
L I 

Radd 
(Table 

XII) 

30.7 

4 6 . 0  
35.6 
59.8' 
3 0 . 4  
4 0 . 2  

25 .6  
36.5 
53 .0  
4 7 . 8  
30 .9  
59 .1  
n 

a Includes all internally unsaturated perhalo olefins for which 
four place densities and refractive indices are available. All of 
these compounds except 97 can exist &s cis-trans isomers. Ref. 51. 

Freezing points were reported on these samples. Ref. 19. 
e Ref. 85. Ref. 86. Corrected to 20.0';' see text. Ref. 63. 
* Very far out of line; may be a different isomer; omitted from 
the calculations. j Reported'$ 23.7; recalculation gave 25.715. 

Ref. 87. I Ref. 88. Ref. 89. Employed t o  determine the 
group refractions for CCl=CCl in cyclopentsnes. 

The Eisenlohr values fit the molar refractions found 
for the 13 corn pound^^^^^^^^^^^^-^^ of Table IX with a 
probable errors7a of 0.20. The values herein provi- 
sionally proposed lead to no significant improvement for 
this set of compounds. The uncertainty concerning 
the possible differences in refraction for allylic chlorines2 
in CClp, CCLF, and CClF2 does not appear to be large 
enough to account for more than a small fraction of the 
discrepancies. On the other hand, cis-trans isomerism 
can easily be responsible. Thus, there is some reason 
to believe that molar refraction may prove to be a 
powerful tool in helping to establish such configuration. 

Perhalocyc1obutenes.-Molar refractions for eight 
perhalocyclobutenes are listed in Table VII. The 
differences between compounds 59 and 60, and be- 
tween 61 and 63 yield values for C1 - F; they give 
6.08 f 0.02 for allylic chlorine in cyclobutenes. The 
difference between 64 and 65 is Br - F; this gives 8.87 
for allylic bromine in cyclobutenes. The differences 
between 59 and 63 and between 61 and 62 yield values 
for I - F; these give 14.1 f 0.15 for allylic iodine in 
cyclobutenes. These values, while slightly higher, are 
within experimental error of those already determined 
for terminal allyl+ halogen in open-chain structures. 
Thus, from a practical point of view, there does not ap- 
pear to be justification for retaining two sets of values a t  
present. For this reason, the atomic refractions deter- 
mined for terminal allylic halogen in open-chain per- 
halo olefins were employed to calculate the group re- 

(85) F. W. McLafferty, Ph.D. Thesia, Cornell University. 1950. 
(86) A. L. Henne and K. A. Latiff. J .  A m .  Chem. Soc., 7 6 ,  610 (1954). 
(87) H. Kaldon. M.A. TheFis, Cornell University. 1952. 
(88) A. L. Henne and D .  W. Kraus, J .  A m .  Chem. Soc., 76,  1175 (1954). 
(89) A. L. Henne and W. J. Zimmerschied, i b i d . ,  67, 1235 (1945). 

TABLE X 
MOLAR REFRACTION OF MISCELLANEOUS PURE PERHALO 

COMPOUNDS 
No. Ref. Compd. Rexp 

98 a CCL 26,448 
99 b CBrCIzF 24.337 

100 c CBrC13 29.294 
101 d CBraF 30.059 
lO2a b CClzFI 29.66 
102b e CClzFI 29.56 
102c CClzFI 29.61 (av.)  
103 b CClaI 34.805 

105 f CClF=CClF (tram) 20.66' 
106 h CClz=CClF 25.362 
107 a CClz=CClz 30.30 
108 i CFz=CClCCl=CFz 29.701 
109 i CCl~=CClCCI=CCb 49.892 
110 b CCl=CClCCl=CClCClz 52,016 

104 f CClF=CClF (cis)  20.54O 

11 1 j CFZCF2CFzCF&Fz 24.5V 

112 k CFaCFzCFzCF( CFa)z 26.81' 
L _I 

Ref. 27. Ref. 63. Ref. 95. Ref. 96. e Ref. 97' 
'Ref. 6. Corrected to 20.0'; see text. Ref. 64. Ref. 58 
and 59. Ref. 40 and 98. Ref. 41. 

fraction for CF=CF in cyclobutenes, 8.80 f 0.07.90 
Compound 66 gives for CCl=CCl in cyclobutenes 18.89. 
These group refractions of course include whatever con- 
tributions are made by the four-membered rings. It is 
not possible a t  present to separate these contributions, 
nor, from a practical point of view, is it necessary. 

The Eisenlohr increments fit the molar refractions 
for the eight cyclobutenes listed in Table VI1 with a 
probable in R a d d  of 0.14. The eight pieces of 
data were used to calculate two parameters; the prob- 
able error57c of the fit employing them is 0.06. 

Other Group and Atomic Refractions in Perhalo 
Compounds.-Table X lists molar refractions for 

most of which are special cases. Thus, because 
the necessity for different values for chlorine and 
bromine in CX, and CX, has been demonstrated, 
it is not surprising that still another set of values should 
be required for these atomic refractions in CXI. Thus, 
compound 98 gives 5.97 for chlorine; compounds 99- 
101 give 8.75 f 0.04 for bromine; and compounds 103 
and 104 give 14.1 f 0.2 for iodine. 

The four perhaloethylenes listed in Table X (com- 
pounds 104-107) constitute another special class, with 
which little can be done a t  present. The 1,2-dichloro- 
difluoroethylenes point up the effect on molar refrac- 
tion of cis-trans isomerism. 

Butadienes, compounds 108 and 109, yield, on sub- 
traction of the proper vinyl group refractions, exalta- 
tions of 0.62 and 0.97, respectively, for l,&conjugation. 

Some pure perhalo compounds,6 I 27 I 40,41,58,5Qm ,64,95--88 

(90) Using the values for allylic halogen as determined from the cyclo- 

(91) R. G. Benner, et al., Ind. Eng. Chem., 89, 329 (1947). 
(92) Little or no evidence bearing on the purity of these compounds was 

avaihble. 
(93) E. T. McBee and L. D. Bechtol. Ind .  Enu. Chem., 89, 380 (1947). 
(94) E. T. McBee and W. B. Liggett, U. 5. Patent 2,614,129 (Oct. 14, 

1952); Chem. Absfr., 47, P8769g (1953). 
(95) R. R. Dreisbach, "Physical Properties of Chemical Compounds," 

Vol. 11, American Chemical Society, Washington, D. C., 1959, p. 199. 
(96) Y. Desirant, Bull. aoc. chim. Belgea, 67, 676 (1958); Chem. Aba17.;  

68, 17017i (1959). 
(97) J. Fried and W. T. Miller, Jr., J .  A m .  Che'm. Soc., 81, 2078 (1959). 
(98) G. 11. Rohrback, J .  Chem. Phys . ,  17, 547 (1949). 

butene8 themselves. the value for CF=CF becomee 8.70 i 0.06. 
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TABLE XI  
AGREEMENT BETWEEN EXPERIMENTAL AND ADDITIVE MOLAR 

REFRACTIONS 
No. of 

No. of param- Probable 
compd., eters, error" in Average fit. 

Compd. n f Rsdd % of R e x p  

Perhalo-n-a1 k a n a  
containing C1, F only 32 3 0 .03  10.09  
containing Br, C1, F 17 2 0 .04  f 0 . 1 3  

Perhalocyclobutanes 4 3 <0.01 0 
Perhalocyclobutenes 7 2 0 .06  f 0 . 2  
Perhalo olefins 

terminally unsatd. 18 10 0 .09  f O . 2  
internally unsatd. 14 4 0 .16  f 0 . 5  

There is no reason to expect that such exaltations should 
be invariant with structure. 

Decafluorocyclopentane (1 11) gives a C5 ring 
increment of -0.07. Five perfluorinat.ed cyclo- 
h e x a n e ~ ~ ~ - ~ ~ ~ ~ ~ ~ ~ ~  give a tentative value for the (26 ring 
increment of -0.17 f0.02. Nine saturated polycyclic 
c o r n p o ~ n d s 3 ~ ~ ~ ~ ~ ~ ~ - 9 4  give a tentative value of -0.22 f 
0.05 per ring. 

Perfluoro-2-methylpentane (1 12) gives a chain- 
branching increment for the 2-methyl group of -0.09. 

A tentative value of 1.71 f 0.07 for ether oxygen in 
the group CF20CF2 was derived from four open-chain 
perfluoro et.her~.3~~92~99~'00 This value also appears to 
be applicable to cyclic  ether^,^^^^^^^^^ provided the ring 
increments derived above are also employed. lo2 

A t'entative value for tertiary nitrogen of 2.5 f 0.3 
was derived from nine tertiary perfluoroamines. 
See ref. 38, 92, and 103-105. 

Comparison of Molar Refractions Found and Calcu- 
lated.-In Table X I  are listed the precision of the 
fits of R a d d  obtained for the sets of compounds em- 
ployed to determine the atomic and group refractions 
summarized in Table XII. These also provide a meas- 
ure of what can be expected from the proper application 
of these refraction increments to other compounds. 
Thus, 95% confidence limits48b can be obtained by 
multiplying the probable errors in Table XI  by a fac- 
tor of three. In general, the saturated perhalo coin- 
pounds, except the iodides, can be expected to be fitted 
within fO.lyo of Rexp; perhalo olefins not capable of 
cis-trans isomerism, f0.2% ; and iodides and perhalo- 
olefins capable of cis-tmns isomerism, ca. f0.5%. It is 
anticipated that as additional dependable data become 
available, these fits can be materially improved. 

In Table XI11 are listed molar refractions for three 
groups of perhalo compounds not, previously considered 
in this paper. These compounds were not employed 
in the refractivity calculations because of lack of suffi- 
cient evidence demonstrating their purity. Com- 

perhalocarbons containing only fluorine, chlorine, and 
pounds 113-1406! 15.19.37-39,55.M),63,70.'14,96,106-118 are saturated 

(99) A.  L. Henne snd M. A .  Smook, J .  A m .  Chem. Soc.. 1 4 ,  4378 (1950). 
(100) J. H. Simons, U. S. Patent 2,500,388 (Mar. 14, 1950); Chem. Abatr., 

(101) E. A. Ksuck and J. H. Simons. U. S. Patent 2,644,823 (July 7, 

(102) For determining ring sire, oxygen is regarded as equivalent to 

(103) R. N. Haszeldine. J .  Chem. SOC., 102 (1951). 
(104) E. A .  Kauck and J. H. Simons, British Patent 666,733 (Feb. 20, 

(105) E. A. Kauck and J.  H. Simons. U. S. Patent 2,616,927 (Nov. 4 

44, P5236d (1950). 

1953); Chem. Abstr. .  48, P6469i (1954). 

carbon: e.g., C-CIHIOO requires a CS ring increment. 

1952); Chem. Abstr. ,  46, P6015g (1952). 

1952); Chem. Abstr.. 41, P87726 (1953). 

TABLE XI1 
SUMMARY OF ATOMIC AND GROUPS REFRACTIONS FOR 

PERHALO COMPOUNDS 
Compounds or structures 

applicable to Atom or group 

All perhalo compounds C 
F 

Perhalo-n-a1 kaned C1 (in CX4) 
C1 (in CX3) 
C1 (in CX2) 
Br (in CX4) 
Br (in CXa) 
Br (in CX,) 
I (in CX4) 
I (in CXs) 
I (in CX2) 

Br 
Ring incrementa (saturated) C4 ring 

Ca ring 
Ce ring 

Perhalocyclobutanes c1 

Polycyclic compounds 
(saturated) Per ring 

Perfluoro ethers 0 
Perfluoroamines (tertiary) N (tertiary) 
Perhalo olefins CFFCF 

CFZ=CCl 
CCl,=C < 
CClz=CF 
CClF=CCl 
CC12=CCl 
CF=CF 
CCl=CF 
CCl=CCl 
C1 (in allylic 

CXS) 
C1 (in open- 

chain allylic 
CX2) 

Br (in allylic 
CXd 

I (in allylic 
CX3) 

CCl=CCl 
Perhalocyclobutenes CF=CF 

R% 

2.584" 
1,165* 
5 .  97d 
5.850 f 0.007 

8 . 7 5  f 0 . 0 4  

14. id 

5 .69  f 0.02 

8.57  f 0 .05  
8 .19  f 0 .03  

13.7" 
12.7d 
5 .  SOd 
8,  5Qd 
0.  lod 

- 0 . 0 7 ~  
- 0 . 1 7  f 0.02' 

-0 .22  f 0.05' 
1 .71  f 0.07' 
2 . 5  f 0.3' 

io .  lgd 
14. 54d 
18. 4gd 
19. 53d 
19, 4d.' 

9.00 
24.46 f 0 .03  

13.4' 
18. 5OSh 

6 . 0 3  f 0.03' 

5 .  74d 

8. 82d,i 

8.80 f 0.07' 
18. Qd,' 

14, od.a.i  

a Derived from n-alkanes; assumed for perhalo compounds. 
Derived from per5uoropentane and perfluoroheptane; as- 

sumed for 5uorine bonded to carbon in all perhalo compounds. 
Values listed under this entry are also assumed applicable to 

saturated nonallylic portions of perhalo olefins, e.g., to C1 in CFZ= 
CFCF2CC13. Based on only one or two compounds; consid- 
ered tentative. e May vary widely with structure; see text. 
f Based on compounds the purity of which was not demonstrated. 
0 These values are very uncertain, apparently because these 
groups can exist as cis-trans isomers; see text. Also applicable 
to cyclopentenes. * Also applicable to allylic halogen in cyclo- 
butenes. 1 Includes ring increment. 

bromine; compounds 141_1~56,63,74,96,1'a,116,1 19,120 also 
contain iodine; and compounds 151-165~9~70~g7~116~'21~126 
are terminally unsaturated olefins. 

In  the first group, compounds 113-131 are fitted by 
the atomic refractions of Table XI1 with a probable 

Agreement of this order 
clearly constitutes strong supporting evidence for the 
structure and purity of these compounds. 

Of the saturated iodides, compounds 141-146 are 
fitted by Rsdd with a probable error of 0.11; of the ole- 
fins, compounds 151-159 are fitted with a probable 
error of 0.09. 

in R a d d  of 0.037. 
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the densities and/or refractive indices reported for 
these compounds must be seriously in error. 

In  this connection, it is of interest to note that an 

TABLE XI11 
MOLAR REFRACTIONS OF PERHALO COMPOUNDS FOR WHICH 

SUFFICIENT EVIDENCE FOR PURITY IS LACKING 

No. Ref. 
l l 3 a  a 
l l 3 b  c 
l l 3 c  
114 d 
115 e 
116 f 
117 g 
118 h 
119 h 
120 i 
121 j 
122 k 
123 D 
124 g 
125 1 
126 m 
127 n 
128 P 
129 q 
130 q 
131 r 
132 a 
133 t 
134 u 
135 h 

139b z( 
140 z 
141 aa 
142 T 

143 r 
144 E 

145 n 
146 a a  
147 g 

149 bb 
150 cc 
151 dd 
152 ee 
153 a 

154 ff 

155 I 

157 a 
158 00 
159 hh 
160a ii'l 
160b iiJ 
161 k 
162 j j  
163 hh 
164 kk 
165 kk 

148 8 

156 E 

Compd. 
CClaF 
CClaF 
CClaF 
CClFzCClFz 
CClsCClFCClFz 
CBrFzCFzCBrFz 
CClsCFzCBrFCFa 
CBrFzCBrFCFzCFa 
CBrFzCFzCFzCBrFz 
CClsCFzCFzCFs 
CFaCClzCClFCFa 
CClFzCCl?CFzCClFz 
CClFzCClFCClzCFa 
CClsCClFCClzCFs 
CClzFCClFCClFCClzF 
CClaCClzCFzCCla 
n-CrFliBr 
CFaCClzCClzCFzCFs 
(CC1FzCCIFCClF)z 
(CClzFCClFCClF) z 
CBrFzCBrFCFzCFzCClFCClFt 
(CC1FzCClFCFzCFz)z 
CClFzCFzCFa 
CClsCFzCFa 
CFaCBrFCBrFCFs 
n-CsFnC1 

n-CsF1b 

n-CsFia 

n-CoFm 

CBrzFz 
CClFzCClFI 
CClFzCCIFCFzCClFI 
CClFzCClzCFzCClFI 
CClFzCClFCFzCFzCFzCFzI 
n-CsFiiI 
CClzFCFzI 
CClFICFzCFa 
CFaCFICFaCFa 
CFzICFa 
CFzICFzI 
CFz=CFCChF 
CFz=CFCFzCClzF 
(CFF=CFCFZCFZCFZCFZ)S 

CF=CFCBrFCClF 

CF=CF-CBrFCFI 
(CFz=CFCFzCFz)r 
(CFI=CFCFZCFZCFZ)~ 
CFz==CFCClFCClFz 
CF?=CF(CFz)d 

CClz=CFCClFz 

CClz=CCICFzCFs 
CCla=CFCCIzF 
CFz=CF(CFz)d 
CFFCFClFzCClzI 
CFFCFCFZCFIZ 

I------- 1 

Radd 
(Eisen- 

lohr) RBXP 
21. 66b 
21.61 

21.56 21.635 (a 
21.73 21.52* 
40.81 40.34 
32.42 31.87 
43.88 43.14 
37.32 36.47b 
37.32 36.84b 
36.25 36.05* 
36.25 35.5gb 
40 98 40.46 
40.98 40.26 
50.43 49.67 
50.43 49.79 
59.89 59.16 
34.59 34.290 
45.88 44.87 
60.23 59.23b 
69.68 68.76b 
56.57 55.41 
60.57 60.57 
21.90 21.93b 
31.36 31.24b 
37.32 34.4Fjb 
31.70 31.74 

22.63 '22. l Z b '  
34.39 34.01b 
48.91 48.36 
53.64 53.13 
53.98 53.45 
39.63 39.24 
34.39 33.85 
34.56 34.77 
34.73 33.88 
24.94 23.81b 
37.60 38.85b 
25.88 25.97 
30.78 30.47 
59.76 59.58 

31.20 31.17 

39.13 38.99 
40.17 40.19 
49.07 49.58 
30.78 30.55b 
43.78 43.45 

30.61 {iz : $1 
35.51 '35.01 ' 
35.34 37.62 
53.58 54.84 
43.44 42.10 
46.64 46.80 

R d d  
(Table 
XII) 

,v.) 21.66 
21.53 
40.34 
31.88 
43.07 
36.42 
36.80 
36.04 
35.56 
40.41 
40,26 
49.63 
49.78 
59.15 
34.305 
45.00 
59,28 
68.62 
55.45 
60,06 
21.76 
31.13 
36.04 
31.585 

31.81 

41.64 

46.56 

22.41 
34.1 
4 8 . 4  
53.0 
53 .6  
39.4 

34.3 
33.5 

37 .3  

34.1 

24.7 

25,96 
30.51 
59.61 

30.12 

39.1 
39.96 
49,78 
30.38 
43 .5  

35,45 
35.34 
53.3 

30.47 

43.0 
46.2 

a Ref. 106 and 107. Ref. 108. 
Ref. 6. e Ref. 109. Ref. 15. P Ref. 63. Ref. 110. 
Ref. 111. R.ef. 112. Ref. 19. Ref. 69. Ref. 60. 
Ref. 113. O Interpolated between data at 0 and- at 28". 

P Ref. 114. * Ref. 115. Ref. 74. Ref. 116. Ref. 117. 
Ref. 118. Ref. 37. Ref. 38. Ref. 55. Y Ref. 39. Ref. 

96. Ref. 119. bb Ref. 56. cc Ref. 120. dd Ref. 97. ee Ref. 
121. f f  Ref. 70. Ref. 122. hh Ref. 123. I f  Ref. 124. 
' 1  Ref. 125. 

Corrected to 20.0°, see text. 

I c k  Ref. 126. 

In  view of the present uncertainties in the refractive 
increments for iodine and for unsaturated groups, no 
conclusion will be drawn about the poor fits for com- 
pounds 147-150 and 160-165. However, the remain- 
ing nine compounds, 132-140, fall well outside of the 
95y0 confidence limits. It is therefore concluded that 

error of 0.0004 in ~Z"D produces an error of ca. 0.1% in 
Radd.  For the density term, a given per cent error in 
density will cause the same per cent error in Rad,+ 

Since in many cases a change in refractive index arising 
from the presence of impurity will be partially com- 
pensated for by a change in density, a poor refractivity 
check must be taken as evidence for really gross error in 
refractive index and/or density. 

The present work demonstrates that under the proper 
circumstances molar refractivity can be a considerably 
sharper tool than has heretofore been commonly real- 
ized. Thus, in the perhalo compounds, it can serve 
not only as supporting evidence for molecular formula, 
but also to distinguish between certain types of position 
isomers. Furthermore, it can be used, particularly for 
the alkanes, as a necessary, although not sufficient, 
criterion of purity. Its greatest value in this connec- 
tion may be for spotlighting inaccurate densities and/or 
refractive indices. A possible application to deter- 
mination of the configuration of cis-trans isomers has 
already been pointed out. 

Compounds Containing Halogen and Hydrogen.- 
Further studies aimed a t  setting up a system of re- 
fraction increments for hydrogen-containing halogen 
compounds are under way. The consideration of such 
compounds is inherently much more complex than has 
been found to be the case with the perhalo compounds, 
apparently because of the greatly increased effect of 
interactions of nonbonded atoms. RemicklZ7 has 
pointed out that the changing values of the successive 
differences in molar refraction in the series CCh, 
CHC13, CH2C12, CHSC1, CH4 indicates that the refrac- 
tions of both hydrogen and chlorine are altered by sub- 
stitution, "as it is quite inconceivable that only one of 

(106) F. Swarts, Ber., 46 Ref., 291 (1893). 
(107) A. F. Benning and R. C. McHarness, Ind. Eng. Chem., 84, 814 

(1940). 
(108) J. M. Stevels, Trona. Faraday Soc., 88, 1381 (1937). 
(109) W. T. Miller, Jr.. and S. D. Koch, Jr., J .  A m .  Chem. Soc., 79, 

(110) T. J. Brice, J. D. LaZerte, L. J. Hals, and W. H. Pearlson, ibid., 76, 

(111) G. V. D. Tiers, H. A. Brown, and T. 6. Reid, ibid., 76, 5978 (1953). 
(112) T. M. Reed, 111, and T. E. Taylor, J .  Phye. Chem., 68 ,  58 (1959). 
(113) M. Hauptschein, K. L. Kinsman, and A. V. Grosse, J .  A m .  Chem. 

(114) W. T. Miller, Jr., W. Frass, and P. R. Resnick, ibid., 88, 1767 (1961). 
(115) R. P. Ruhn, R. A. Davis, and K. A. Allswede. U. S. Patent 2,i05,229 

(March 29, 1955); Chem. Abstt . ,  60, P2651d (1956). 
(116) I. L. Knunyanta, C.-Y. Li, and V. V. Shokina, IEV. Akad.  Nauk 

SSSR,  Odt. Khim.  Nauk,  1462 (1961); Chem. Abstr., 66, 302f (1962). 
(117) M. Hauptschein, E. A. Nodiff, and A. V. Grosse. J .  A m .  Chem. 

Soc., 74, 1347 (1952). 
(118) E. T. McBee, D. H. Campbell, and C. W. Roberts, ibid., 77, 3149 

(1955). 
(119) M. Hauptschein, M. Braid. and A. H. Fainberg, ibid. ,  88, 2495 

(1961). 
(120) D. D. Coffman, M. S. Raasch, G. W. Rigby, P. L. Barick. and W. E. 

Hanford, J .  Ore. Chem., 14, 747 (1949). 
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(123) I. L. Knunyants and E. Ya. Pervova, Izu. Akad.  NauL S S S R ,  Odt. 
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(124) A. L. Henne and C. J. Fox, J .  A m .  Chem. Soc., 7 6 ,  479 (1954). 
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TABLE XIV 
REFRACTION VARIATIONS WITH SUBSTITUTION OF H BY F 

Structure Group refraction AR RF* 
CHzCHo 10.31 

CHzCHzF 10.19" 0.906 

CHzCHFz 10.23c 0.988 

CHZCFI 10. 3QC 1,055 
a Based on the data of Jeffery, et  a1.,'2g on n-alkyl fluorides. 

* Assuming C and H constant a t  2.584 and 1.029, respectively. 
Ref. 50. 

-0 .12  

0 .04  

0 . 1 6  

them would be altered." The same effect is demon- 
strated for hydrogen and fluorine in Table XIV, to 
which Remick's statement, is equally pertinent. 

For the present, in order to treat highly halogenated 
compounds containing one or two hydrogen atoms, a 
tentative value of 1.0 is suggested for RH. 

Experimental 
Determination of Physical Properties.128 Measurement of 

Temperature.-One to five junction calibrated copper-constantan 
thermocouples were used to measure temperature. E.m.f. was 
measured with a Rubicon potentiometer Model 2733, or with a 
Brown "Electronik" continuous balance recording potentiom- 
eter, full scale reading 5 mv., with range extended by a stable 
bucking circuit. 

Fractional Distillation and Boiling Point .-Compounds boiling 
above room temperature were fractionally distilled through a 
glass helix packed column, 52 X 1.5 cm., with an electrically 
heated jacket, and a variable takeoff head fitted with a five- 
junction thermocouple. The latter was calibrated in situ by 
fractional distillation of the set of standard liquids recommended 
for this purpose by Timmermans.lao 

For compounds boiling below room temperature, a vacuum- 
jacketed column identical with the above was employed, but with 
a Dry Ice cooled variable takeoff head fitted with a one-junction 
bare wire thermocouple. 

For 
those boiling higher than ca. 75", the P205 waa filtered off, while 
for lower boiling compounds, the materials were fractionally dis- 
tilled from the P205. 

Observed boiling points to at  pressurela' p a  (mm.) given in this 
section are considered accurate to f 0 . 1 "  for the range 25 to 115O, 
and to f 0 . 2 "  for the range -30 to +25O, and 115 to 200". 
Boiling points listed in Tables I and I1 were corrected to 760 mm. 
using the equation tc = to + 0.043 (760 - For the com- 
pounds involved over the range 720-760 mm., this correction 
waa found to be reproducible to within f 0 . 1 ' .  The boiling range 
listed in Tables I and I1 is that of the center cut on which all 
other physical properties were taken. 

Cooling Curves and Freezing Points.-For all compounds which 
could be crystallized, cooling curves were run as a criterion of 
purity. The apparatus consisted of a flat-bottomed tube with an 
evacuatable jacket, fitted with a motor-driven reciprocating cage 
stirrer. The tendency of some compounds to form a solid plug 
on the bottom rather than a slush, thereby hindering the attain- 
ment and maintenance of equilibrium, was substantially elimi- 
nated by use of a highly evacuated false bottom. This was found 
to cut down on heat flow through the bottom and to favor crystal- 
lization taking place on the side walls of the tube, where the cage 
stirrer was most effective. Temperature was measured with a 
multiple junction thermocouple, the bare wires and junctions of 
which were supported in the liquid on a strip of Kel-F plastic. 

All liquids were treated with P205 prior to distillation. 

(128) See ref. 62 for a detailed discussion. 
(129) G .  H. Jeffery, J. Leicester. W. A.  T. Murray, and A.  I. Vogel, 

(130) J. Timmermans and F. Martin. J .  chim. phys. ,  28, 741 (1926). 
(131) Barometric pressures were corrected132 to O o  at 45O latitude at sea 

level. using corrections for temperature, local gravity, and capillary depres- 
sion of the meniscus, and are accurate to +0.05 mm. 

lishers, Inc.. Sandusky. Ohio, 1939. 

Chem. Ind .  (London), 1045 (1954). 

(132) N. A.  Lange, "Handbook of Chemistry," 3rd Ed., Handbook Pub 

In most caaes, the sample size was 20 ml., for which a five-junction 
thermel was used. Where only 2-4 ml. of material was available, 
a smaller apparatus, using a two-junction thermel, was employed. 
Both thermels were calibrated i n  situ by running cooling curves 
on the series of carefully purified liquids recommended by Skaul88 
for this purpose. All freezing points reported to a tenth of a 
degree are considered accurate to better than f 0 . 2 ' .  

Freezing points listed in Tables I and I1 are the maximum 
equilibrium temperatures found. For most compounds, this was 
the initial temperature reached just after supercooling ended; 
for some, it was the highest temperature reached in a sluggish 
return to equilibrium: and for a few, it waa the equilibrium tem- 
perature a t  which the laat crystals melted, in a warming curve. 
The freezing point depressions listed in Table I and I1 were taken 
from each cooling curve a t  the point a t  which it was estimated 
that 5070 of the material had frozen. Inasmuch as the molal 
freezing point depressions for perhalo compounds are very large 
( e . g . , l a 4  for CClZFCClZF and CCdCClFZ, ca. 38"/1000 g.-mole), 
freezing point depressions of 0.2" or less are evidence for very 
high purity with respect to compounds capable of depressing the 
freezing point. 

Density and Refractive Index.-Relative derisitiesl" dm4 were 
taken at  20.00 f 0.05" on samples of 10 or 25 ml., using pyc- 
nometers described by Bauer, et al. (p. 149,'" type D),  the 
samples being distilled directly into the pycnometer. Calibrated 
weights were employed, and corrections were applied for the 
bouyant effect of air, and, for liquids boiling below 50' for the 
weight of vapor in the free space above the liquid.'" The pyc- 
nometers were calibrated with freshly boiled distilled water, and 
checked with purified benzene (found, dzo4 0.87894; reported*' 
0.87888-0.87909) and methanol (found dzo, 0.79140; reportedz' 
0.7913-0.7915). The densities are considered accurate to 
f0 .0002  g./ml. 

Refractive indices for the sodium d i n e  were taken with a 
standard Abbe refractometer, equipped with a calibrated thermom- 
eter accurate to f0.1'. The refractometer was checked with 
a set of pure liquids over the range 1.33 to 1.55; for these, the 
literature values were consistently reproduced within f0 .0001 
unit. 

Molecular Weights.-For compounds boiling below 40-60', 
molecular weights accurate to f 2 %  were determined by vapor 
density. For higher boiling compounds, depression of the freez- 
ing point of benzene gave results of similar accuracy. 

1,1,2-Trichlorotrifluoroethane.-Photochemical chlorination 
of CCIF=CFz, b.p. -29.0" (734mm.), gave CClzFCClFZ (I), b.p. 
46.3' (728 mm.), plus t e l o m e r ~ ~ ~ ~  (dimer, trimer, and higher poly- 
mers). 

1 , l  ,1-Trich1orotrifluoroethane.-This compound, available 
from earlier work,137 was fractionally distilled to give a center cut 
11, b.p. 44.9' (724 mm.). 

2,2-Dichloropropane.-Isopropyl chloride, b.p. 34-35', waa 
chlorinated photochemically'" a t  12-22' to give 50-60% re- 
covered CH;CHCICHa; 48-53 mole % CHaCClzCHa, center cut 
111, b.p. 68.8" (743 mm.); 31-34 mole % CH2ClCHClCHa, 
center cut IV, b.p. 95.8' (743 mm.); and 1.5-3 mole 'j& of tri- 
chloride. This method is superior from a large-scale preparative 
standpoint to the more usual one involving treatment of acetone 
with PCls.1aJa9 

1,1,1,3,3,3-Hexachlorodifluoropropane.-The reaction se- 
quence CHaCClzCHa + CHSCF&Ha + CCl4CF~CC1a was em- 
ployed. The fluorination of 8.5 moles of CHaCC1zCH3 with a 
25y0 excess of SbFa and 5 wt.% of Brz gave 6.3 moles of CHaCFz- 
CHI, b.p. -0.8 to +1.0" (74% conversion); 0.7 mole of 
CHaCCIFCHa, b.p. 34-35' (8% conversion), center cut V, b.p. 
34.5-34.9' (738 mm.); and 0.2 mole of recovered CHaCCLCHa 
(274 of starting material). The temperature required for rea- 
sonable rate of reaction, 55',  waa much higher than that of 
Henne and Renoll,13 who reported that the reaction was self- 
sustaining a t  room temperature. 

Further work on structure of the telomere is in progress. 

(133) E.  L. Skau, J .  Phya. Chem., 87, 609 (1933). 
(134) J. Bernstein and W. T. Miller, J .  Am. Chem. Soc., 62, 948 (1940). 
(135) N .  Bauer and S. Z.  Lewin, "Physical Methods of Organic Chemis- 

try," Vol. I ,  Part 1, A .  Weissberger, Ed., 3rd Ed., Interscience Publishers, 
Inc., New York, N. Y., 1959, p. 131 ff. 

(136) First observed by R.  L. Ehrenfeld and W. T. Miller, Jr.;  R.  L .  
Ehrenfeld, Ph.D. Thesis, Cornel1 University, 1948. 

(137) W. T. Miller, Jr.. E. W. Fager, and P. H. Griswald, J .  A m .  Chem. 
Soc., 79, 705 (1950). 

(138) C. Friedel and R.  D .  Silva, 2. Chem., 489 (1871). 
(139) C. Friedel. Jahnh. Chem., 271 (1857). 
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Photochemical chlorination of the CHaCFzCH3, using a 400-w. 
Westinghouse DH-1 mercury vapor lamp for illumination, gave 
CClaCFzCC4 (VI), center cut b.p. 195.4' (743 mm.), in almost 
quantitative yield. Best results were obtained by holding the 
reaction mixture a t  very near reflux temperature throughout the 
reaction. I t  was found convenient to employ a Dry Ice cooled 
reflux condenser throughout the reaction; the condensed chlorine 
proved quite effective in waahing back high melting intermediate 
chlorination productg which otherwise tended to plug up the 
condenser. 

In addition to CClaCFzCC13, small amounts of higher boiling 
material, b.p. 9C-160" (20 mm.) and higher, were isolated. 
These appear to be dimeric products due to radical combination, 
and are under further investigation. 

Fluorination of 1,1,1,3,3,3-Hexachlorodifl~oropropane.-Fluo- 
rination of the CC13CF2CCls waa carried out by the method of 
Henne and Flanagan," using HgO and H F  aa the fluorinating 
agent. The reaction vessels were 400-ml. lecture cylinders fitted 
with steel valves, which were heated and agitated in a rocker-type 
shaker. One mole of CCLCF&C13, 0.5 mole of HgO, plus 6 
moles of H F  heated a t  100" for 11 hr. gave 33 mole yG recovered 
starting material; 35 mole % A, b.p. 155'; and 13 mole yo B, 
b.p. 115". At 165", 0.5 mole of CClaCFzCC13, 2.0 moles of HgO, 
and 14 moles of H F  gave, in 12 hr., 45 mole % B; 28 mole % C, 
b.p. 75"; and 1 mole % D, b.p. 36'. A t  190", 0.5 mole of 
CClaCF2CCl3, 2.5 moles of HgO, and 13 moles of H F  gave, in 26 
hr., 16 mole yG C and 59 mole % D. 

Fractions A, B, C, and D, with successive 40' decreases in 
boiling point from that of the starting material, clearly involved 
successive substitution6 of chlorine by fluorine. Thus A was a 
CsClsFs, B was a C3ClaF4, C was R CaC13Fs, and D was a C ~ C ~ Z F B .  
These molecular formulae were supported by the molecular 
weights given below. Thus, the only discussion required relates 
to position of the chlorine atoms undergoing substitution. 

Since t,he starting material was the 2,2-difluoride, fraction A, 
center cut b.p. 154.5' (739 mm.), can only be CCl&FzCClzF 
(VII). 

Anal. Calcd.: mol. wt., 270.5. Found: mol. wt., 268.5. 
Henne, et al . , I 1 , l 3  reported physical properties for this com- 

pound (see Table I ,  density differs appreciably), but gave no 
method of preparation or evidence for structure. Coffman, 
Cramer, and RigbyIz claimed to have prepared it from CFz= 
CClF, CC14, and A1C13, but this haa been disputed by Henne 
and Kraus,'@ who showed that the product of the aluminum 
chloride catalyzed reaction is principally CCl3CClFCC1Fz con- 
taminated by rearrangement products. 

Fraction B, center cut b.p. 113.9' (740 mm.), waashown to be 
CC12FCFZCC12F (VIII). Thus, ita molecular formula, indicated 
by boiling point to be CaCllFd, is supported by its molecular 
weight. 

Anal. Calcd.: mol. wt., 254. Found: mol. wt., 249. 
The only other possibility, CC13CFzCC1Fz, is known"; its 

physical properties differ significantly from those of B; see Table 
I ,  compounds VI11 and IX.  

Young and Murray14 reported the fluorination of CClzFCFz- 
CClzF to yield CClFZCFzCClFz; however, they gave no prepara- 
tion for the tetrachloride, nor did they list its physical proper- 
ties. Coffman, Cramer, and Rigby's12 report of its preparation 
via the A1C13-catalyzed addition of CClaF to CClF=CFz is ques- 
tionable.Iw 

Fraction C, center cut b.p. 741.1' (739 mm.), indicated by 
boiling point to be a C3C13Fs, can only be CClzFCFzCCIFz ( IX)  
since it was obtained by fluorination of VIII. 

Anal. Calcd.: mol. wt., 237.5. Found: mol. wt., 240. 
This compound has been reported by Coffman, Cramer, and 

Rigby'* from the AlClr-catalyzed addition of CC13F to CFZ= 
CFZ; their product appears to have been very impure, since its 
refractive index differs markedly from that found for IX,  after 
correcting for the difference in temperature; see Table I. Baker 
and WhaleyI6 reported the preparation of CCl2FCFzCClaF by the 
fluorination of CC13CF&C13 with SbF:, and ClZ, but gave no 
physical properties. 

Fraction D, center cut b.p. 35.3" (741 mm.), indicated by 
boiling point to be a CaClzFg, was identified aa CClFZCFzCClFz 
(X) .  

Anal. Calcd.: mol. wt., 221. Found: mol. wt., 224. 
The only other possible structure, CClZFCFzCF3, was ruled out 

on the basis that this would involve the preferential fluorination 

(140) A. L. Henne and D. W. Kraus. J .  A m .  Chem. Soe., 78, 5303 (1951). 

of a -CCIFz group over a -CC12F group. Furthermore, if the 1,1- 
dichloride had been formed, its further fluorination to CF3CFz- 
CF&l would have been expected to occur under the reaction 
conditions, whereas no trace of product boiling lower than 35' 
was ever observed. 

CCIFzCFzCCIFz has been prepared by chlorination of CHFZ- 
CFzCHFZ,l4 fluorination of CC1zFCFzCC1~F,14 treatment of the 
silver salt of perfluoroglutaric acid with ClZ,l5 and fluorination of 
CCl3CF2CCl3 with SbF3 and Clz'6; see Table I for comparison of 
physical properties. 

1,1,1,3-Tetrachlorotetrafluoropropane.-This compound, avail- 
able from earlier work, was fractionally distilled to give a center 
cut XI, b.p. 112.9' (738 mm.). 

1,1,1,2,3,3,3-Heptachlorofluoropropane.-The sequences of 
reaction of Henne and Haeckl18 was utilized. In the first step, 

H F  c12 
CHz=CClCHzCl+ CHaCClFCHzCl+ CCl~CCIFCCla 

these authors reported that heating 2 moles of H F  with 1 mole of 
CHz=CCICHzCl for 8 hr. a t  50-60" gave a 74yo conversion to 
CH3CCIFCH2C1, 4% CH&FzCHZCl, and 10% recovered olefin. 
To avoid the necessity of separating the addition product from 
unchanged olefin (these compounds boil only 4' apart), the pro- 
portion of H F  to olefin was doubled, and the reaction time was 
increaaed to 12 hr. Under these conditions, CHz=CCICH&l, 
center cut XII ,  b.p. 92.8' (738 mm.), gave 17-26 mole % of 
CH3CFzCHzC1, center cut XIII ,  b.p. 55.1" (742 mm.); 38-41 
mole % of CH3CC1FCH&I, center cut XIV, b.p. 87.7" (739 
mm.); 4-7 wt.% of an unidentified compound, b.p. 116.9- 
117.5' (741 mm.), n 2 0 ~  1.4506, dm4 1.2616, containing chlorine 
but no fluorine; 7-12 mole % of CHzClCCl2CH3, center cut XV, 
b.p. 122.0" (745 mm.); and ca. 2% of a higher boiling residue. 

Photochemical chlorination of CHzCICCIFCHa waa carried out 
in a cylindrical Pyrex flask heated by a spiral winding of nichrome 
ribbon. Illumination was provided by eight 15-w. ultraviolet 
fluorescent lamps141 arranged vertically around the cylindrical 
reaction flask, and mounted inside a stainless steel cylinder, ca. 
28-cm. diameter, which served both as a support and a reflector.6* 
In  the early stages of chlorination, the reaction mixture waa held 
near reflux temperature. However, when the boiling point of the 
reaction mixture rose to ca. 180°, the rate of reaction fell off 
markedly. At this point, it was found that the rate was sharply 
increased by dropping the temperature to loo", presumably be- 
cause of the greatly increased concentration of chlorine in solu- 
tion. Under these conditions, which contrast strongly with those 
found optimum for the perchlorination of CH3CFzCH3, a sub- 
stantially quantitative conversion to CClsCCIFCClr, center cut 
XVIa, b.p. 140.8' (50 mm.), was obtained. From other runs 
which were not carried to completion, the following intermediates 
were isolated: CHCIzCClFCHa (XVII), b.p. 115.9' (736 mm.); 
CC13CClFCHa (XVIII), b.p. 138.7' (736 mm.); CHCl2CC1FCHz- 
C1 (XIX),  b.p. 159.9' (736 mm.); and CC13CC1FCHzCl (XX),  
b.p. 101.5' (50 mm.). 

Chlorination of CH&ClFCH3.-Henne and Renoll13 reported 
that chlorination of CH3CClFCH3 gave a "splitting of the mole- 
cule" to yield CClaCClzF. In view of the ready chlorination of 
CHzClCClFCIL with no evidence of cleavage, it was of interest to 
check this report. The photochemical chlorination of CHI- 
CClFCH3 (V, 118 g., 1.22 moles) under the conditions described 
above for the perchlorination of CHzC1CClFCH3, with reaction 
temperature of 1OC-170' in later stages, gave a substantially quan- 
titative yield of CC4CClFCCl3 (XVIb); there was no evidence 
of cleavage. I t  is possible that Henne and R e n ~ l l ' s ' ~  cleavage 
product "CCl&ChF, easily identified by its melting point," was 
really the intermediate chlorination product CC13CCIFCH3. 
The physical properties reported6 for CCl3CCIzF, b.p. 137.9' 
(760 mm.), f.p. 101.3', are very close to those found for CC1,- 
CClFCH3; see compound XVIII, Table 11. 

Fluorination of 1,1,1,2,3,3,3-Heptachlorofluoropropane.--In a 
typical run, 0.5 mole of CC1&C1FCCl3 was treated with 1.3 
moles of HgO and 6 moles of H F  for 7-14 hr. a t  100-llOO; the 
temperature was then raised to 170" for 12-19 hr. The com- 

(141) These fluorescent lamps (General Electric 360 BL), 2.5-cm. diameter, 
45 cm. long, are an ideal source of cool, high intensity long-wave ultraviolet 
light. uncontaminated by short wave radiation. They are reported142 
to have the following spectral distribution: output in watts below 2800 A , ,  
0; 2800-3200 A. .  . . .; 3200-3800 A , ,  1.2; 3800-5000 A , ,  0.64; and >5000 

(142) "Mercury Lamps," Bulletin LS-103, General Electric Co., Cleve- 
A . ,  0.09. 

land, Ohio, Aug. 1947. 
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bined products of three runs gave 12 mole % of E, b.p. 151-153'; 
39 mole % of F,  b.p. 112-114'; and 16 mole % of G, b.p. 73- 
47; no lower boiling products were found. On the basis of boiling 
points, it was clear that E was a C3C15Fs, F was a CsCl4F4, and G 
was a C3C13F5. 

Fraction E, center cut XXI, b.p. 153.7' (744 mm.), was aa- 
signed the structure CC12FCClFCClzF on the basis that the only 
alternate structures, (a )  CCl&ClFCClF2 and (b)  CCl&FzCC12F, 
would involve the fluorination of -CC12F or -CClF-groups in 
preference to a -Cc& group. 

Henne and Newby18 reported physical properties for CC12- 
FCClFCClzF (see Table I ) ,  but made no explicit statement about 
how or from what it was prepared. 

Fraction F, center cut XXII, b.p. 113.3" (748 mm.), was as- 
signed the structure CC12FCCIFCC1F2 on the basis that the only 
alternative structures, (a)  CF3CClFCC13,s (b)  CCl2FCFZCC1zF 
(VIII), and (c )  CClFzCFzCC13 ( X I ) ,  would involve the fluorina- 
tion of -CClFz or -CClF- groups in preference to a -CClzF or 
-cc13 group. Furthermore, the three alternate compounds are 
known; their physical properties, particularly density, are 
markedly different from those of XXII. 

Repeated attempts to crystallize XXII were unsuccessful. 
It remained fluid for a number of hours a t  - 120 to - 140' with 
continuous stirring. I t  was completely fluid to -120"; below 
this point its viscosity increased rapidly until a t  - 150" it was a 
hard glass. The material was a pure compound, however, as in- 
dicated from the high purity of ita precursor XXI and of ita 
fluorination product XXIII.  

The physical properties found for XXII differ markedly from 
those previously reportedll for CClzFCC1FCC1F2, the identifica- 
tion of which is questioned.B2 

Fraction G, center cut XXIII, b.p. 73.0' (741 mm.), was as- 
signed the structure CC1FzCCIFCClF2 on the basis that the only 
alternative formulations, (a) CC12FCClFCF3,m (b)  CC12FCFz- 
CClF, ( IX) ,  and (c) CC13CFzCFo,118 would have involved the 
fluorination of -CFzC1 or -CClF- groups in preference to -CClzF 
or -CCI, groups.. Furthermore, the three alternate compounds 
are known; their physical properties differ markedly from those 
of XXIII.  Finally, its properties are substantially identical 
with those reported for CCIFzCCIFCCIFz from fluorination of 
CC1,CCIFCCIFzzO, and from reaction of chlorine with CF2= 
CFCBrF221 and CHF2CC1FCClF2.21 

1,2-Dichlorohexafluoropropane.-This compound, prepared 
by the addition of chlorine to CFz=CFCF3, was fractionally dis- 
tilled to give a center cut XXIV, b.p. 33.7' (734 mm.). 

1,1,1,2,3,3-Hexachlorodifl~oropropane.-Ga~lin~~~ prepared 
CC13CClFCClzF (XXV) by addition of Fz to CCI~CCl=CCIz; 
his preparation was characterized; see Table I .  

(143) G. Cavlin, Ph.D. Thesis, Cornel1 University, 1948. 

2-Chloroheptafluoropropane .-A sample of CFaCClFCFa, pre- 
by adding F2 to CF2=CC1CF3, was fractionally distilled 

to give a center cut XXVI, b.p. -3.0' (742 mm.) 
1,1,1,2,2-Pentachlorotrifluoropropane and 1,2,2-Trichloropan- 

tafluoropropane .-Photochemical addition of chlorine, using two 
long-wave ultraviolet larnp~'~1 for illumination, to CC12=CClCFa, 
b.p. 87.2-87.4' (736 mm.), at 70-140' gave a substantially 
quantitative yield of CC13CC12CF3, center cut XXVII, b.p. 
152.1 O (739 mm.). Fluorination of 0.36 mole of XXVII with 0.55 
mole of HgO and 7 moles of H F  by heating a t  90-140' for 3 hr., 
a t  150" for 12 hr., then at  160-180" for 3 hr., gave a 65% yield 
of CClF2CClzCF3, center cut XXVIII, b.p. 71.1' (737 mm.); 
nothing boiling lower was found. 

1,1,1,2,2,3-Hexachlorodifluoropropane and Its Fluorination 
Products.-Photochemical addition of chlorine at 25-40' to 
CClz=CCICCIFz, b.p. 67.5' (100 mm.), f.p.-103.8', using the 
apparatus described above for chlorination of CHZClCClFCHa, 
gave a substantially quantitative yield of CClsCCl&CIF~, center 
cut XXIX, b.p. 193.8' (741 mm.). This compound has pre- 
viously been prepared by chlorination of CHClZCCl&ClF21' and 
CHF&H,CHa ." _ _ _  

Fluorination of CCl3CCl2CClF2 was carried out by a modifica- 
tion of the procedure of Henne and Ladd.I1 A mixture of 287 g. 
of CCLCC12CClF2 (1  .OO mole), 179 g. of SbF3 ( 1  .OO mole), and 30 
g. of SbC15 (0.10 mole) was heated in a lecture cylinder to 155- 
165" for 12 hr. with shaking. The reaction product was poured 
on cracked ice, steam distilled, dried over P205, and fractionally 
distilled to give CC1FzCC12CClF2, center cut XXX, b.p. 111.4' 
(740 mm.), in almost quantitative yield. A small amount of the 
intermediate CClzFCClZClF2, center cut XXXI,  b.p. 151.8' 
(727 mm . ), was also produced. 

The fluorination of CCl3CClzCC1Fz to give CCIZFCC~~CCIFZ 
and CC1F2CCl2CCIF2 has previously been rep~r ted .~ '  The 
structural formula CCIFzCC1zCCIFz there postulated for the 
tetrafluoride as a "plausible hypothesis" has been substantiated, 
for the compounds corresponding to the only alternative formula- 
tions, CClzFCCIFCClF2 (XXII)  and C C ~ ~ F C C I Z C F ~ , ' ~ ~  have since 
been synthesized; their physical properties turn out to differ 
substantially from those of CClF~CCI&ClF2. 
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