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X manometric method ITas used to investigate the addition compounds of dimethyl sulfide, diethyl sulfide, thiacyclopentanc 
[(  CH?)&], and thiacyclohexane [( CHa)$] with BFJ and with Beld Thiacyclobutane [(  CH2)&5] polymerizes in the presence 
of these Lewis acids The low stability of the BF3 adducts and the lorn volatility of the Bel3 adducts make these compounds 
difficult to study in the vapor phase. Physical characteristics and thermodynamic values for the dissociation of these ad- 
ducts are presented. These data do not support a recent proposal of estimating relative donor strengths of the weak BFa 
adducts based on a principle involving “boiling points” and “Trouton constants” of the adducts. 

Introduction 
Electron donor properties of ethers, both acyclic 

and cyclic, have been studied extensively toward a 
large variety of acceptors. For example, hydrogen 
bonding’s2 and iodine ~ o m p l e x a t i o n ~ , ~  studies have 
established a ring size order of 4- > 5- > 6- > 3-mem- 
bered ring, with diethyl ether falling between the 6- 
and 3-membered rings. Relative donor abilities of 
some open chain and the 5-  and 6-membered ring ethers 
also have been established using stronger acids, e.g., 
determining pKa values5 and forming adducts with 
BF3.6a7 The smaller ring ethers polymerize in the 
presence of these acids. Generally, good correlation 
of the donor ability order is found with all of these 
acceptors. 

In a preliminary, condensed phase study on the inter- 
action of cyclic sulfides with BF3,8 it mas suggested that 
possibly the same basicity order held in this case as for 
the cyclic ethers. Later work showed that the donor 
ability of the cyclic sulfides toward iodine is in the order 
5- > 6- > 4- > 3-membered ring,gj10 with diethyl sulfide 
being almost as strong as thiacyclopentane [ (CHa)qS], 
and dimethyl sulfide being somewhat weaker than 
thiacyclobutane [(CH2)3S].I1 

Few investigations of sulfide : BF3 systems in the gas 
phase have been made, and it is reported that these 
adducts are highly dissociated.12 Because of the dif- 
ficulty in obtaining thermodynamic data, it  was sug- 
gestedI3 that use could be made of such properties as 
the “extrapolated boiling point” and “apparent Trou- 
ton constant’’ of the adduct to establish relative donor 

(1) S. Searles and 11. Tamres, J .  A m .  C h e m .  Soc., 73, 3704 (1951). 
(2) S. Searles, &I. Tamres, and E. R. Lippincott, ibid., 7 5 ,  2778 (1053). 
(3) Sr. M. Brandon, M. Tamres, and S.  Searles, ibid., 82, 2129 (1960). 
(4) M. Tamres and Sr. M. Brandon, ibid., 82, 2134 (1960). 
(5) E. M. Arnett and C. Y.  Wu, i b i d . ,  84, 1680 (1962). 
(6) D. E. BIcLaughlin and bl. Tamres, ibid., 82, 5618 (1960). 
(7) D. E. McLaughlin, M. Tamres, and S. Searles, ibid., 82, 5621 (1960). 
(8) &I. Tamres, S. Searles, and R.  F. Vance, Abstracts, 1231-d Sational 

Meeting of the American Chemical Society, Los Angeles, Calif., March 1953, 
p. 25M. 

(9) J. D. McCullough and D. Mulvey, J .  Am.  Chewt. Soc., 81, 1291 (1959). 
(10) &I. Tamres and S.  Searles, J .  Phys.  C h e m . ,  66, 1099 (1962). 
(11) N. W. Tideswell and J. D. McCuilough, J .  Am.  Ckein. Soc., 79, 1031 

(12) W. A. G. Graham and li‘. G. A. Stone, J .  Iworg. ATzd. Cheiiz., 3, 164 

(13) T. D. Coyle, H. D. Kaesz, and F. G. A. Stone, J .  A m .  C h e m  Soc., 81, 

(1957). 

(1956). 

2989 (1959). 

ability. The order given for several sulfide:BFa ad- 
d u c t ~ ~ ~  is completely the reverse of that found toward 
iodine in solution. 

It was thought desirable to study several sulfide: BFa 
adducts in the gas phase to establish a t  least the range 
of the thermodynamic properties, with the possibility 
of checking directly the thermodynamic results of the 
BF3 adducts against those of the iodine complexes. 

The study was extended to BC13 adducts also, since 
BC13 has been found to behave as a stronger Lewis acid 
than BF3.I4 

Experimental Section 
Apparatus and Procedure.-Thc vacuum line constant tem- 

perature manostat and the techniques employed to measure 
known quantities of reagents, to study the saturation pressures 
of the adducts, and to  determine the melting points of the adducts 
have been described previously.6~’~’j 

The saturation pressure data measured in a small tensimeter 
are used to  permit estimating the temperature a t  which a given 
quantity of adduct in the dissociation tensimeter would be 
completely in the vapor state. Such estimates, however, become 
less reliable for weak comple~es’~ (see Discussion). Therefore, 
for the weak sulfide: BFs adducts, measured quantities of each 
component, usually close to  1 : 1 mole ratio, were condensed in 
the large tensimeter, and the dissociation measurements wcrc 
begun a t  a temperature considered to be well into the vapor 
phase. The temperature was varied in random fashion to avoid 
the possibility of introducing systematic errors. The equilib- 
rium pressure a t  each tempeature was read several times, by 
varying the mercury levels in the manometer,15 and the avcr- 
age value was used to calculate K .  The time required to reach 
temperature equilibrium and determine K was of the order 20-30 
min. minimum of two runs was made on each adduct. 

An older vacuum assembly, with a large tensimeter of a,qro-ii- 
mately 400 cc. and a small tensimeter of 65 cc., and a Gacrtner 
cathetometer were used to obtain the dissociation data for di- 
ethyl sulfide :BC13 and thiacyclopentane: BC13. X new line, 
with a large tensimeter of 358.5 cc. and a small tensimeter o f  
variable volume of 46-47 cc., and a Wild cathetometer wcre 
used to study the dissociation of the other adducts. The new 
assembly was checked by measuring in the vapor phase the di- 
ethyl ether : BF3 system, the thermodynamic properties of which 
are known: Found, AH’ = 11.99 i 0.09 kcal./molc, AS’ = 

30.6 =k 0.3 e.u., LiG’loo = 580 cal./mole; lit.,6 AH’ = 11.93 A 
0.3 kcal./mole, A S ”  = 30.2 i 0.8 e.u., LiG’l~o = 665 * 30 cal./ 
mole. 

Reagents.-Commercial boron trifluoride, obtained from the 

(13) H. C. Brown and li. 11. Holmes, i b d ,  78, 2173 (l9,56). 
(15) D. E. McLaughlin, Ph.D.  Thesis, University of Michigan, l‘d5Y. 
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Matheson Co., Inc., was purified by a procedure described by 
Brown and Johannesen.I6 The vapor pressure of the BF3 was 
78.0 mm. a t  -126.2" (lit.17 76.8 mm.), 157.0 mm. a t  -119.1" 
(lit.17 157.0 mm.), and 302.0 mm. a t  -111.8' (lit.17 301.4 mm.). 

Boron trichloride, from the Matheson Co., Inc., was purified 
by the method of Brown and Holmes.18 The vapor pressure of the 
BCla was 170.5 mm. a t  -22.9' (lit.19 170 mm.) and 476.0 mm. 
a t  0" (lit.ls 476 mm.). 

Reagent grade CC14 from the Mallinckrodt Chemical Works 
was fractionated in the purification train of the vacuum line. 

Research grade xenon from Air Products and Chemicals, Inc., 
was used directly. 

Dimethyl sulfide and diethyl sulfide were obtained from the 
Eastman Kodak Co. They were distilled from sodium, with the 
middle fraction being used for the measurements. The synthe- 
ses of the cyclic sulfides have been given in a previous publica- 
tion.1° The refractive indices of the sulfides and their vapor 
pressures a t  several temperatures were in excellent agreement 
with literature values.20 Also, analysis by vapor phase chro- 
matography showed the absence of impurities, estimated to be 
less than 0.1%. 

I ts  purity is reported to be 99.991470. 

Results and Discussion 
Physical Properties.-The sulfide : BF3 adducts form 

white, slightly glassy solids which melt over a tempera- 
ture range. The melting ranges are as follows: di- 
methyl sulfide:BF3, -25 to -23" (reported12 to be a 
solid a t  -78.5'); diethyl sulfide:BFa, -85 to -80' 
(reported13 to be a liquid a t  - 78') ; thiacyclopentane : 
BF3, - 30 to - 25" (reported13 to be a solid a t  - 45" and 
a liquid a t  - 23") ; and thiacyclohexane: BF3, - 19 to 
- 15". 

The white solids of the sulfide adducts with 
are higher melting and, in general, have sharper melting 
points than do the corresponding adducts with BF3. 
The melting ranges are as follows: dimethyl sulfide: 
BC13, 85-90' ; diethyl sulfide: 10-11 O ; thiacyclo- 
pentane : BC13, 43-44' ; and thiacyclohexane: 65- 
69". 

Saturation Pressures.-Two methods are widely 
used to prepare the 1 : 1 adducts. In the first, equimolar 
amounts of the donor and acceptor species are measured 
out separately and are then transferred quantitatively 
to a smaller tensimeter where they are mixed (matched 
samples method). In  the second, the individual species 
are measured out in approximate quantities with an 
excess of the more volatile species, usually the Lewis 
acid, e.g., BF3, and the excess is pumped away a t  a 
temperature a t  which the adduct is a solid (pumping 
method). 

The latter method is not satisfactory for preparing 
adducts that  are weak. For these, the observed tem- 
perature dependence of the saturation pressure is not 
characteristic of the complex, but is dependent upon the 
ratio of sample size to volume of the tensimeter.l3 
Therefore, a meaningful comparison can be made only 
if this ratio is maintained for the series being com- 
pared. That  this could be so is not surprising since a 

(16) H. C. Brown and R. B. Johannesen, J .  A m .  Chem. SOL., 7 2 ,  2934 

(17) R. E Dodd and P. L. Robinson, "Experimental Inorganic Chem- 

(18) H .  C. Brown and R. R. Holmes, J .  A m .  Chem. Soc., 7 8 ,  2173 (1956). 
(19) D. R. Stull, Ind. Eng. Chem., 89, 517 (1947). 
(20 )  "Selected Values of Properties of Hydrocarbons and Related Com- 

(1950). 

istty," Elsevier Publishing Co., 1954, p. 203. 

pounds," American Petroleum Research Institute, Project 44, Vol. VII .  

weak complex containing a highly volatile component, 
e.g., BF3, can be considered as a system of a gas dis- 
solved under pressure in a liquid. For a fixed quantity 
of complex, the gas pressure would be dependent on the 
free volume above the liquid. It is apparent for the 
sulfide:BF3 adducts that  most of the saturation pres- 
sure is due to BFJ since the free sulfides, except (CH&S, 
have relatively low vapor pressures in the temperature 
range investigated. On cooling, the less volatile species 
may solidify rapidly, leaving an excess of the more 
volatile component which may not be able to  diffuse 
sufficiently fast into the solid to maintain the 1 : l  ad- 
duct. Pumping removes the volatile part, thereby 
changing the over-all ratio. It was found in the present 
study that when the pumping method was tried to pre- 
pare 1 : 1 adducts of sulfide : BF3 the saturation pressure 
data were not reproducible. Other workers have ob- 
served that the donor/acceptor mole ratio is extremely 
critical in determining saturation pressures. Accord- 
ing to the work of Palko and DruryZ1 on the (CHs)*S: 
BF3 adduct, even in cases where the sulfide/BFa mole 
ratio changed only from 0.99 to 0.96, the saturation 
pressures and the slope of the log P vs. 1/T plots 
changed markedly. 

Consequently, only the matched samples method was 
employed to prepare sulfide : BF3 adducts of fixed ratio 
of moles of adduct to volume of tensimeter. In  the 
case of the adducts with BClR, which are more stable 
than those with BFs, both the matching sample and 
the pumping techniques were used. The pertinent 
data on saturation pressures for the BF3 and BC13 ad- 
ducts are summarized in Table I,22 the equations for the 
log P ys. 1/T plot being determined by the method of 
least squares. The temperature was varied in random 
fashion to avoid systematic error. 

TABLE I 
SATPRATION PRESSURE EQUATIONS FOR LIQUID ADDUCTS OF 

SULFIDES WITH BFa AND BC13 
Ratioa ( cc. of adduct ) log p - A / T  + B 

Adduct cc. of tensimeter A B 

Dimethyl sulfide: BF3 0 .  30gb 2168 9.602 
Diethyl sulfide: BFa 0. 30Eib 1743 7.918 
Thiacyclopentane : BFI 0.  308b 1598 7.316 

0 .  308b 1590 7.287 
Thiacyclohexane: BF3 O.30gb 1584 7.424 

0.308* 1579 7.406 
Dimethyl sulfide:BCl3 Pumping method 3294 10.119 
Diethyl sulfide: Bel l  0. 21BC 3356 10.286 

Pumping method 3371 10.315 
Thiacyc1opentane:BCla 0.214O 3369 9.856 

Pumping method 3430 9.954 
Thiacyclohexane: BC18 0.23@ 3246 9.482 

Pumping method 3735 10,648 
Ratios are given for the matched samples method. The 

* Ten- quantity of adduct is expressed as cc. of gas a t  S.T.P. 
simeter volume range of 46-47 cc. Tensimeter volume of 65 cc. 

(21) A. A. Palko and J. S. Drury, J .  Cham. Phys., 88, 779 (1960). 
(22) The original data  have been deposited as Document No. 8579 with 

the A.D.I. Auxiliary Publications Project, Photoduplication Service, Libra1 y 
of Congress, Washington 25, D.  C. A copy may be secured by citing the 
document number and by remitting $2.50 for photoprints or $1.75 for  35- 
mm. microfilm. Advance payment is required. Make checks or money 
orders payable to: Chief, Photoduplication Service, Library of Congress. 
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The saturation pressure data for dimethyl sulfide : BF3 
are in excellent agreement with the results of Graham 
and Stone,1z but are slightly lower than the values 
reported by Palko and DrurySz1 For both diethyl 
sulfide : BF3 and thiacyclopentane : BF3, the saturation 
pressures obtained in this study are slightly lower than 
those found by Coyle, Kaesz, and Stone.13 

Dissociation Data.-The weakness of the interac- 
tion of BF3 with sulfides results in the formation of 
very small concentrations of adduct in the vapor phase, 
thereby making quantitative study very difficult. 
In most cases, as much of each component was taken 
(-30 mm. at  0') as could conveniently be studied in the 
tensimeter in order to favor the formation of adduct. 
Even so, as may be seen in Table 11, the concentration 
of adduct formed is quite small. These results are in 
accord n-ith those of Graham and Stone12 and also of 
Coyle, Kaesz, and Stone,13 who reported that, for their 
pressures of sulfide and BF3, the adducts were very ex- 
tensively dissociated at  room temperature (above 9570 
in the case of dimethyl sulfide and 987, in the case of 
diethyl sulfide and of thiacyclopentane) . 

Nevertheless, the presence of adduct in the vapor 
phase seems real. The maximum standard deviation 
of an individual pressure measurement was of the 
order of 0.01 to  0.02 mm. The measured pressure of 
adduct lies outside the realm of the cumulative errors. 
Of course, there is the possibility that the differences 
from additivity may be due to nonideal gas behavior or 
to nonquantitative transfer of a component. To test 
these possibilities, the same experimental techniques 
were tried on the thiacyclopentane-CC14 and on the 
xenon-BC13 systems. In the former case, some devia- 
tion from ideal gas behavior was noted just above the 
temperature a t  which the system entered the vapor 
phase. This lasted only for a few degrees, and then the 
dissociation pressure leveled off to a constant value 
within several hundredths of a millimeter of the initial 
total pressure (which may have been due in part to 
cumulative errors or to a slight transfer For the 
xenon-BC13 system, there is no interaction under the 
conditions of measurement, the observed total pres- 
sure being exactly equal to the sum of the component 
pressures. 

The sulfide adducts with BC13 are much less volatile 
than are those with BFa, making i t  necessary to study 
the dissociation a t  elevated temperatures. For some 
of the adducts, smaller pressures of components Tvere 
measured out in order to stay n-ithin a temperature 
range for convenient operation of the constant tem- 
perature manostat. The conditions of small sample 
and high temperature are unfavorable for adduct for- 
mation and, indeed, in these cases the concentration of 
adduct in the gas phase is quite small. Thus, the com- 
ments made on the BF3 adducts apply equally well here. 

(23) Actually, the carbon tetrahalides may act as election acceptors to- 
ward the sulfides. 7Jnpublished work in this laboratory shows that  diethyl 
sulfide-CBra forms a charge-transfer complex in wheptane. The equilib- 
rium constant is so small, however, that  if the same constant applied in the 
gas phase as in solution, the pressure of adduct formed under the conditions 
of t he  manometric study would be -0.01 mm. 

TABLE I1 
EXPERIIIETTAL CONI>ITIOTS FOR THE XDDKJCTS O F  SULFIDES WITH 

Run 

1 
2 
3 

1 
2 a  
3" 

1 
2 
3 

1 
2 <' 
3(' 

1 
2 

10 
2a 

1 a 
2 (6 

1 
2 

BF3 AND ~ I T H  BC13 
s u m  of 

Temp range, component press 
OC. mm. a t  O0 

Dimethyl Sulfide: BFB 
44.7-85.9 61.34 
36.5-85.5 60.71 
47.2-85,5 59.55 

Diethyl Sulfide: BFs 
30.0-55.6 61.07 
32.3-58.1 32.39 
37,3-56,5 31.59 

Thiacyclopcntane: BFa 
-14.5 ~ 6 5 . 3  61.91 
45.6-64.6 60.33 
46.8-63.7 62.03 

Thiacyclohexane : BFa 
57.6-85.3 59.77 
46.3-66.1 28,67 
45.8-61,4 29.22 

Dimethyl Sulfide: BClj 
134.5-165.7 60.58 
135.7-165.5 52.83 

Diethyl Sulfide: BC13 
118.0-140.9 29.47 
116.1-125.4 23.62 

Thiacyclopentane: BCl3 
131.5-149.8 22.08 
134.2-149.2 21.72 

Thiacyclohexane : BCla 
141.1-168.3 28.12 
140.6-169.6 26.56 

Thiacyclopentane-CC14 
54.0-93.9 60.86 

Xenoii-BC13 
33.2-58.1 80,60 

Range6 in 
adduct press., 

mm. a t  0' 

0.33-0.22 
0.33-0.19 
0.26-0.14 

1 .03-0.79 
0,38-0.30 
0.32-0.19 

0,57-0.38 
0.50-0.35 
0,47-0.31 

0.72-0.63 
0.17-0.13 
0.19-0.16 

2,31-0.90 
1.99-0.88 

0.79-0.36 
0.57-0.39 

0 , 3 7 4  17 
0.46-0.21 

0.44-0.16 
0.34-0.13 

0.09-0.03 

0.01-0.00 
Older apparatus used; all other runs made Fvith newer ap- 

paratus. With the newer apparatus the extremes in adduct 
pressures generally corresponded with the extremes in tcm- 
perature. With the older apparatus, where there was greater 
scatter in the data, this often was not the case. 

I t  was noted for the thiacyclopentane : BF3 adduct 
that reproducible data for the log K v s .  1/7' plot were 
obtained so long as the adduct was taken quickly into 
and maintained in the vapor phase. The adduct was 
colorless initially, but gave a  yell^^ color when it vias 
cooled to a liquid after the vapor phase measurements 
had been taken. The yellow color darkened to an 
orange-yellow on standing. Upon re-entering the 
vapor state, the dissociation constants were lower. 
Repetition of the condensation and vaporization proc- 
esses continually diminished the dissociation constants. 
These data are shown in Figure 1 (corresponding to run 
1 in Tables I1 and 111). Similar observations were 
made for the thiacyclohexane : BF3 adduct, but no such 
difficulty was encountered with dimethyl sulfide or 
with diethyl sulfide and BFJ. The data for the ad- 
ducts are presented in Figure 2. 
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Runa 

1 
2 
3 

Av . 

1 C  

2d 
3d 

1 
2 
3 

Av . 

1 C  

2d 
3 d  

1 
2 

Av . 

Id 
2d 

Av. 

I d  

2d 

Av . 

1 
2 

Av . 

TABLE I11 
THERMODYNAMIC DATA FOR THE DISSOCIATION OF 

SULFIDE ADDUCTS WITH BF3 AND WITH Bel3 
A H O , ~  AG060, 

kcal./mole kcal./mole 

Dimethyl Sulfide:BF3 
2 . 8  f 0.3  -1.07 
3 . 3  f 0 . 1  -1.16 
4 .4  f 0.2 -1.27 

3 . 5 f  0 .5  -1 .17*0.06  

Diethyl Sulfide: BF3 
2.9 1. 0 . 1  -0.42 

( 2 . 2  zt 1 . 1 ) ~  -0.21 
(3.7 f 1.4)"  -0.45 

Thiacyclopentane: BF3 
4.6 f 0 . 3  -0.86 
5 . 3  f 0 . 3  -0.89 
5 . 8  i 0 .2  -0.98 

5 .21 .  0 .4  - 0 . 9 1 3 ~  0.04 

Thiacyclohexane : BF3 
1.51. 0 . 1  -0.44 

(1 .3  f 0.9)e  -0.51 
(0 .5  zt 0.7)e  -0.42 

AG'iso, 
kcal./mole 

Dimethyl Sulfide: BClz 
12 .3  f 0.7 -0.14 
11.9 f 0.5  0.00 

1 2 . l f  0 .5  -0.07 1. 0.07 

Diethyl Sulfide: BC13 
12.6 zt 0.7  -0.39 
13.6 f 1 . 4  -0.45 

1 3 . 1 r t 0 . 9  - 0 . 4 2 r t  0.03 

Thiacyclopentane: BCla 
19.7 1 0 . 7  -0.29 
18.6 i 1 . 7  -0.06 

19.2 i 1.1 -0.18 1 0.12 

Thiacyclohexane: BC13 
1 3 . 5 4 ~  1 . 4  -0.20 
13.4 zt 0 . 8  -0.25 

1 3 . 5 1  0 . 8  - 0 . 2 3 3 ~  0.03 

A S o )  
e.u. 

11.6 rt 0 . 8  
13.4 f 0 . 4  
16.9 f 0.7 

14.0 1 . 6  

9 . 9  f 0.4  
( 7 . 1  1. 3.3)e  
(12.4 f 4.3)"  

16. 41. 0 . 9  
18.5 i 1.0 
20.5 f 0.6  

18 .5  1. 1 . 3  

5 , 9  f 0 . 3  
( 5 . 4  f 2.8)8 
(2.6 f 2.1)e 

29.4 rt 1 . 6  
28.0 zt 1.1 

28.7 zt 1 .2  

30.8 1. 1 . 7  
33.3 f 3 . 5  

32.1 f 2 . 3  

47.1 1. 1 . 7  
44.2 zt 4 . 0  

45.7 f 2.6 

32.5 f 3.3 
32.2 zt 2.0 

32.4 f 1 . 9  
a The number of the run corresponds to that in Table 11. 

Considered to be the best run; 
error limits similar to those of dimethyl su1fide:BFa. Older 
apparatus used; all other runs made with newer apparatus. 
e In using the older apparatus, the combination of smaller sample 
and greater scatter of data makes these results less reliable. 
This is particularly so in the case of thiacyclohexane: BF3 where 
the measured change in adduct pressure over the temperature 
range was only 0.04 to 0.03 mm. (Table II), which lies within the 
range of cumulative experimental error. Nevertheless, the 
data are useful in establishing a check on AGOBo. 

Given with standard error. 

In the case of thiacyclobutane and BF3, an irreversible 
decomposition occurred immediately on warming the 
mixture to room temperature. A nonvolatile clear 
liquid was produced which could not be removed from 
the vacuum line by pumping. 

A similar reaction was obtained with thiacyclobutane 

0.6 

Y 

0.3 - 
I I 

3 .o 3. I 

I 03/ T 

Figure 1.-Effect of condensation on the dissociation measure- 
ments of thiacyclopentane: BF3: (1) adduct brought quickly into 
vapor phase and all points taken in this phase, ( l a )  data taken 
after adduct had been cooled to room temperature, ( l b )  data 
taken after adduct was kept a t  room temperature for 1 day. 

I .o 

0.0 

0.6 
CII 
-I 

0.4 

0 . 2  

2.7 2.9 3. I 3.3 

1 0 ~ 1 ~  

Figure 2.-Log K vs. l / T  for BF3 adducts with dimethyl sulfide, 
diethyl sulfide, thiacyclopentane, and thiacyclohexane. 

and BC13. For the other BClp adducts, no secondary 
reactions were observed ; the dissociation data were 
reproducible after the adduct was condensed and re- 
vaporized. 

Thermodynamic Results.-It should be pointed out 
that  because of the low concentration of adduct in the 
vapor phase, small experimental errors such as those 
cited could have a large effect on the dissociation con- 
stant and, hence, on AGO. Further, the change in con- 
centration of adduct over the temperature range in- 
vestigated was quite small, particularly for the adducts 
with BF3 where the over-all change in some cases was 

These data are shown in Figures 3 and 4. 
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04 

0 2  

Y 

0 

1 

0 0  

- 0  2 \ 
9 

2 . 3  2.4 

1 0 ~ 1 ~  

Figure 3.-Log K us. 1/T for BC13 adducts with dimethyl sulfide 
and thiacyclohexane. 

0.2 

0.0 

Y 
01 

-1 

-0.2 

-0.4 

k 
\ 
\ 

I I 
24 2 5  

1 0 3 1 ~  

Figure &-Log K '0's. 1 /T  for BCls adducts with diethyl sulfide 
and thiacyclopentane. 

of the order of 0.1 mm. Here, quite small changes in K 
could affect appreciably the least-squares calculation 
of A H "  from the log K vs. 1/T plot. Consequently, 
many determinations of K were made over the tem- 
perature range to get a better statistical evaluation of 
AH". Even so, omission of one or two points, which 
still fell within the experimental limits, could alter the 
AH" by as much as 1 kcal./mole. In spite of these 
limitations, the data obtainedzz permit a reasonable 
estimate of the thermodynamic properties of the ad- 
ducts. 

Even allowing for the fact that the high degree of 
dissociation of adducts makes difficult a precise deter- 

These are given in Table 111. 

mination of AH", it  seems reasonable to estimate from 
the data that the enthalpy of reaction of the sulfides 
with BF3 has a maximum value of approximately 5 
kcal./mole. Clearly, AH" is smaller for the BFa than 
the BC1, adducts and confirms that BCl, is a stronger 
Lewis acid toward sulfides than BF3. 

The increase in entropy on adduct dissociation is due 
to the change of three vibrational degrees of freedom 
into translational. For stable adducts, the vibrational 
frequencies are too high to contribute appreciably to 
the over-all entropy. This is the case for the sul- 
fide: BC13 adducts, the entropy changes being in the 
range expected. For the BF3 adducts, the enthalpy 
and entropy changes are much smaller, being of the 
order of magnitude observed for ether-iodine complex 
formation in s ~ l u t i o n . ~ ' ~  The small entropy change 
on dissociation requires that the adduct possess some 
rather lorn frequencies corresponding in magnitude to 
those found in pure rotation. No direct evidence for 
this has been reported as yet in the literature. There 
has appearedz4 one result for thiacyclopentane : BFa 
which suggests that the enthalpy and entropy values 
may be larger than those found in the present study, 
namely, AH" = 9.6 kcal./mole, AGOjo = -1.35 kcal./ 
mole, and A S "  = 29.4 e.u. The high value calculated 
for A S "  is due predominantly to the experimental 
result for AH". The latter seems unusually high, coii- 
sidering the great instability of this adduct as found in 
the present study and by others.13 

Donor Ability.-The sequence of donor ability of a 
series of electron donors is dependent on the choice of 
reference acid and the conditions of measurement. 
When these are varied, it  is not uncommon to find 
reversals in the sequence of donor strength, being due 
mainly to such factors as steric and solvation effects. 

In studies on the interaction of tetrahydrofuran, 
tetrahydropyran, and diethyl ether with iodine in n- 
heptane solution3 and n-ith BF3 in the vapor phase,"I 
the same sequence of donor ability is observed. In  fact, 
a linear correlation exists between the enthalpies of 
reaction for the two sets of data.' It would seem 
somewhat unexpected if a marked reversal for these 
same two acids were to be found for the corresponding 
sulfide system. 

The fact that  variation in AH" of someIvhat more 
than 1 kcal./mole between different runs on the same 
sulfide:BF3 adduct is observed makes it difficult to 
assign a unique sequence of donor strengths which 
could be compared with the corresponding data for the 
iodine complexes. For the latter, a sequence of thia- 
cyclopentane > diethyl sulfide > thiacyclohexane has 
been r e p ~ r t e d , ~ ,  n-ith dimethyl sulfide probably being 
still weaker. In many interactions, particularly in the 
absence of steric factors, it  has been noted that any 
two of the thermodynamic functions AH", AS",  and 
AGO show a linear correlation for a series of related 
compounds.23 Unfortunately, such a correlation was 
not obtained in the present study (Table 111). 

(24) J. F. Carpenter, Ph.1). Thecis, St. Louis ITniversity, lY60. 
( 2 5 )  L. J. Andrews and 12. 11. Keefer, J .  AJn. Chum. SOC., 77, 2164 (1H55). 
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Nevertheless, the data permit making a few compari- 
sons, even if the entire sequence of strengths is not es- 
tablished. A sequence based on the dissociation con- 
stant can be changed depending upon the temperature 
chosen for the comparison. For the BF3 adducts, that 
formed with dimethyl sulfide was the most highly dis- 
sociated over the entire temperature range. I ts  AHo 
appears somewhat smaller than that for the thiacyclo- 
pentane adduct. These data would indicate that di- 
methyl sulfide probably is a weaker donor than thia- 
cyclopentane toward BF3. 

The stronger BC18 adducts do not show quite the same 
trends in AH” and AGO as do the BF3 adducts. Here, 
both sets of thermodynamit functions support the 
conclusion that, toward BC13, thiacyclopentane is a 
better donor than diethyl sulfide. 

For those cases where thermodynamic data are un- 
available, comparison of stabilities of addition com- 
pounds has been made by using the rulez6 that for 
adducts of similar structure and molecular weight the 
weaker adduct will be more volatile. This criterion, if 
applied to the BF3 adducts of thiacyclopentane, di- 
ethyl sulfide, and even thiacyclohexane, again leads to 
the conclusion that thiacyclopentane forms the strong- 
est adduct. 

In the case of weak complexes, still other criteria have 
been proposed to compare ~tabi1ities.l~ The first is 
based on the difference in the boiling points of the 
complex and the free ligand, namely, for two bases B 
and B’ adding to the same reference Lewis acid A, the 
base strength of B is greater than that of B’ if 

(“b.p.”B:A - b.p.B) > (‘‘b.P.’’BkA - b.p.Bt) (1) 
or 

[A(b.D.)  > A‘(b.p.)l 
The second criterion is based onz7 

Trouton constantB :A > Trouton constanB1:A 

I t  is the use of these criteria which led to a proposed 
stability sequence of (CH&S > (CnH&S > (CH2)S 
toward BF3 in the gas phase, which is not in accord with 
the thermodynamic data of the present study and is the 
reverse of the sequence toward Is in solution.g-ll 

The pertinent boiling point and Trouton constant 
data are given in Table IV. It is difficult to attach 
physical significance to either of these quantities for 
the adducts because, although the sulfide and BF3 are 
measured out in a 1:l mole ratio for the saturation 
pressure measurements, neither the vapor nor the 
liquid phase has this ratio. The combination of high 
volatility of BF3 and low volatility of sulfide can give an 
“extrapolated boiling point” of the adduct which is 
lower than that of the free ligand. When the sulfide is 
very volatile, as dimethyl sulfide, the high “apparent 
Trouton constant” could result from the relatively low 
“extrapolated boiling point.” 

The criterion of eq. 1 depends upon two differences: 
(a) the difference in the “extrapolated boiling points” 

(26) H. C. Brown and H. Pearsall, J. Am. Cham. SOL., 6’7, 1765 (1545). 
(27) A more complete discussion of the Trouton constant criterion is given 

by H D. Kaesz, Ph.D. Thesis, Harvard University, 1958. 

TABLE IV 
BOILING POINT AND TROUTON CONSTANT DATA FOR ADDUCTS OF 

SULFIDES WITH BFa AND WITH BC1a 

Adduct Work‘ 
Dimethyl 

su1fide:BFa A 
C 
D 

su1fide:BFa A 
E 

pentane: BFa A 
A 
E 

hexane:BFa A 
A 

su1fide:BCla B 

sulfide: BCla A 
B 

pentane:BCla A 
B 

hexane: BCla A 
B 

Diethyl 

Thiacyclo- 

Thiacyclo- 

Dimethyl 

Diethyl 

Thiacyclo- 

Thiacyclo- 

B.P. of B.p. of 
adduct? ligand, 

“C. OC. 

4 9 . 4 3  2 . 0  3 7 . 3  
4 8 . 4  
30.2‘ 

7 3 . 0 %  4 . 7  9 2 . 1  
61.6 

8 7 . 1  f 1 . 2  121 .2  
87.8f 3 . 5  
7 3 . 0  

7 5 . 4 1 :  2 . 5  141 .7  
7 5 . 5  1: 2 . 5  

181.8% 3 . 1  

180 f 11 
180 f 22 

210 f 30 
212 f 23 

215 f 5 
208 A 14 

Trouton 
Ab.,,,, constant? 

O C .  e.u. 

+ 1 2 . 1  3 0 . 8 z t 0 . 2  
+ 1 1 . 1  3 1 . 6  
- 7 . 1  3 3 . Y  

- 1 9 . 1  2 3 . 1  f 0 . 4  
- 3 0 . 5  2 5 . 5  

- 3 4 . 1  2 0 . 3  f 0 . 1  
- 3 3 . 4  2 0 . 2  k O . 3  
- 4 8 . 2  2 3 . 6  

- 6 6 . 3  2 0 . 8  f 0 . 2  
- 6 5 . 8  20 .7  rt 0 . 2  

3 3 . 1  rt 0 . 3  

3 3 . 5  i 1.0 
3 4 . 0  i 1 . 9  

3 1 . 5  i 2 . 3  
3 2 . 4  f 1 . 8  

3 0 . 2  1: 0 . 7  
3 5 . 5 f  1 . 2  

a A, this research, matched samples method; B, this research, 
pumping method; C, Graham and Stone, ref. 12; D, Palko and 
Drury, ref. 21; E, Coyle, Kaesz, and Stone, ref. 13. * Given 
with standard error. Calculated from the data for the 0.99 
ratio of BF, to (CHa)*S, ref. 21. 

of the adducts and (b) the difference in boiling points of 
the free ligands. The first of these is relatively small 
due predominantly to  the ready volatility of the BF3 
and covers a range of less than 40” for the extreme case 
of the BF, adducts with dimethyl sulfide and thiacyclo- 
pentane. The second, on the other hand, is quite large, 
the difference in the boiling points of dimethyl sulfide 
and thiacyclohexane being more than 100”. Thus, in 
this study, the latter seems to dominate and leads to 
eq. 1 giving an apparent stability order which parallels 
the boiling points of the free base. 

Equation 1 does give a stability order for the 5- and 
6-membered ring adduct with BF3 in accord with some 
of the thermodynamic results. But, as pointed out, 
so does the criterion26 of comparing volatilities of com- 
plexes of similar structure and molecular weight. It 
would seem preferable to retain this criterion, or re- 
phrasing i t  in a fashion particularly applicable to weak 
complexes, to  compare the vapor pressures of com- 
plexes whose free ligands are of comparable volatility. 

It may be concluded from the composite data, e.g., 
enthalpy values and volatility considerations, that 
thiacyclopentane probably forms the strongest adduct 
with BF3. The enthalpy values for the Be13 adducts 
suggest a sequence which is closely in line with that 
found for iodine complexation. Furthermore, the ob- 
servation that thiacyclobutane polymerizes in the 
presence of BF3 (and also BC13), thereby giving a lower 
than usual pressure for the system, could account for 
the early observation8 that the 4-membered ring thio- 
ether formed a more stable BF3 adduct than did the 5-  or 
the 6-membered ring. Consequently, this discrepancy 
can be considered to be removed. 
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The reaction of UFO with NaF goes to completion rapidly if the NaF is suspended in an inert solvent, c7I:ls. 

pounds are formed, NaUF? and SazCF8. 
centered tetragonal with a = 5.27 8. and c = 11.20 A. 
coordination of fluorine atoms around each uranium atom, with all U-F distances equivalent. 
analogous compounds KUFi and KlUFs is also described. 

' h o  coni- 
The NasUFs phase is body- 

A model based on this symmetry and cell size leads to an eightfold 
The preparation of the 

Single crystals of Na2UF8 have been obtained. 

Introduction 
In 1946 Martin and Albers3 reported the formation 

of stable complexes between uranium hexafluoride and 
a number of inorganic fluorides. Further ~\,ork,~-' pri- 
marily with the sodium fluoride complex, indicated 
its composition to be iVa3UF9. Exchange studies using 
F I X ,  however, pointed to the formula Na2UFs.8 Re- 
cently, Katz has prepared pure Na2UF8 by means of a 
gas-solid reaction. Exchange studies with several 
other fluorides including K F  gave no evidence for 
complex formation. Nikolaev and SukhoverkhovlO 
reported the preparation of complexes of the type A I -  
UF7 (M = Cs, "4) by combining the reactants dis- 
solved in chlorine trifluoride. They proposed a tenta- 
tive scheme whereby C1F3 acted as an ionizing solvent 
in which intermediate species of the type (C1F2).- 
UFs+n were formed which combined with the simple 
fluorides to form the isolated complexes. Volavsek, l 1  

however, also prepared NH4UF7 by treating UFB with a 
suspension of NHAF in tetrachloroethane. In this case, 
an ionic reaction mechanism appears unlikely. 

(1) Based on work performed under the auspices of the U. S. Atomic 

(2) Presented a t  the 142nd National Meeting of the American Chemical 

13) H. Martin and A. Albers, /Va lur~ i s se7 i schaen ,  33, 370 (1916). 
(4) H. Martin, A. Albers, and H. P. Dust, Z. aitorg. allgeix.  Chem. ,  266, 

( 5 )  R. E. Worthington, United Kingdom Atomic Energy Authority, 

Energy Commission. 

Society, Atlantic City, N. J. ,  Sept. 1962. 

128 (1951). 

IGR-R/CA200.1957. 
(6 )  G. I. Cathers, M. R. Bennett, and R. L. Jolley, I n d .  E?zg. Chem., 

SO. 1709 (1958). . ,  
(7) F. Massoth and W. E. Hensel, Jr . ,  J .  P h y s .  Chem., 62,  479 (1958). 
(8) I. Sheft, H.  H. Hyman, R. lU. Adams, and J .  J. Katz, J .  Awi. Chem. 

(9) S. Katz, Inovg. Chem., 3, 1598 (1964). 
(10) N. S Nikolaev and V. F. Sukhoverkhov, Dokl. A k a d .  Saz i k  SSSR, 

136, 621 (1961). 
(11) B. Volavsek, C ~ o u l .  Chenz. Acta,  33, 181 (1961). 

Soc.. 83,291 (1961). 

We report here studies which confirm the formula 
obtained by F1* exchange work, NazUFs. In addi- 
tion, we have prepared the new compound NaUF7, as 
well as the analogous complexes KzUFs and KUF7. 

Experimental Section 
Materials.-Reagent grade sodium fluoride powder ( J .  T. 

Baker Co.) of greater than 99% purity was used. Potassium 
fluoride was obtained by decomposing reagent grade potassium 
bifluoride (J .  T.  Baker Co.) a t  500'. The powders had a particle 
size range of 3-15 ,us The materials were loaded into the reactor 
(the K F  in a drybox) and outgassed a t  350' under vacuum. A 
tank of pure UFs was obtained from Oak Ridge. It was addi- 
tionally purified by repeated sublimations under reduced pres- 
sure as described previously.l2 The inert solvent, n-perfluoro- 
heptane, CiFle, was obtained from Carbide and Carbon Chemicals 
Co. This was dried over PzOj for 24 hr. with intermittent heat- 
ing to 100'. The C7Fie was pretreated with UFG. The mixture 
was then contacted u-ith S a F  to remove the UP6, and after 
several distillations the C7Fla was transferred to a thoroughly 
outgassed glass storage vessel. 

Procedure.-Reactions were carried out in 10-ml. glass er- 
lenmayer flasks connected uia housekeeper seals to brass Hoke 
valves. The glass reactors contained glass enclosed magnctic 
stirring bars. Reaction flasks and storage containers were 
attached to a metal manifold described elsewhere.12 The 
weighed glass reactor was loaded with about 0.20 g.  of SaF or 
KF and heated at 350" overnight under high vacuum and 
weighed. About 5 ml. of C ~ F H  was distilled onto the NaF or KF. 
With an ice bath surrounding the reactor, the suspension was 
magnetically stirred, and about 2.5  g. of UFO was distilled into 
the reaction vessel. The valve was closed, and the reaction 
was allowed to proceed under various conditions. The unredcted 

and the c7F16 mere then distilled off under reduced pressure 
until constant weight was obtained. The extent of conversion 
of the alkali fluoride to UFO complex was determined from the 
increase in weight of the starting materials. Occasionally the 
reactor was opcncd in a drybox, and a small amount of the 

(12) B. Weinstock and J. G. Malm, J .  I m r g .  LV2~c l .  Chen . ,  2;  380 (1956). 


