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2805 w, 2776 w, 2760 sh, 1950 w, 1728 m, 1686 s, 1681 s, 
1502 m, 1487 sh, 1455 m, 1437 m, 1404 s, 1384 s, 1314 
w, 1257 m, 1152 w, 1088 s, 1063 m, 865 w, and 657 s. 

Infrared spectrum of Er(thd)3.DMF: 2963 s, 
2954 sh, 2929 sh, 2003 m, 2866 w, 2809 w, 1666 s, 1604 
m, 1589 s, 1574 s, 1548 m, 1538 s, 1504 s, 1491 sh, 1478 
m, 1459 sh, 1450 m, 1418 sh, 1414 s, 1403 s, 1385 s, 
1357 s, 1284 w, 1244 w, 1225 m, 1195 m, 1177 w, 1140 m, 
1102 w, 1085 sh, 1061 w, 1082 w, 960 w, 929 w, 869 m, 
818 w, 719 w, 677 m, and 611 ni. The bands a t  791 m, 
762 m, 755 m, and 735 m which were obscured in the 
spectrum of the sample dissolved in C C t  were observed 
in a mineral oil mull. 

Infrared spectrum of Er(thd)3: 2965 s, 2958 sh, 2932 
sh, 2903 m, 2868 m, 1596 s, 1577 sh,  1571 s, 1567 sh, 
1561 sh, 1555 sh, 1550 s, 1546 sh, 1537 sh, 1530 sh, 
1522 sh, 1517 sh, 1509 s, 1502 s, 1493 sh, 1479 m, 1460 m, 
1449 s, 1419 sh, 1406 s, 1401 s, 1388 s, 1357 s, 1300 sh, 
1288 w, 1247 m, 1225 s, 1196 w, 1177 m, 1141 s, 1023 TV, 

961 w, 933 w, 929 w, 870 s, 720 m, and 611 ni. The 
following bands, which were obscured in the CC14 
solution, were observed in the spectrum of the sample 
run as a mineral oil mull: 819 w, 769 s, 765 s, 736 m, 
and 731 m. 

New bands appearing in the Er(thd)3.DMF spec- 
trum which are not found in the spectrum of Er(thd)3 
are located a t  166G, 1102, 1061, and 677 cm-', and are 
apparently due to the presence of DMF in the adduct. 
The absorption band a t  657 cm-I in the DMF spec- 
trum, attributed to an N-C=O bending frequency, 
was shifted to 677 cm-I in Er(thd)3.DMF. The shift 
of this band to higher frequencies has been observed 
in the spectra of complexes of DMF with metal hal- 
i d e ~ . ~ ~  The band in DMF located at  1088 cm-l has 
been variously assigned and observed to shift mostly to 
higher frequencies in DMF adducts of metal halides.l5 
That this band map have shifted to 1102 cm-I in the 
Er(thd)3.DMF adduct is subject to question. The 
third absorption located at  1061 cm-l in the adduct 
appears to originate from the unassigned 1063-cm-' 
band in DMF.16 Perhaps the most significant evi- 
dence for interaction between DMF and the erbium 
chelate is the shift of the carbonyl stretching frequency 
in DMF from 1686 to 1666 cm-l in the Er(thd)3.DMF 
adduct. The shift of this absorption to lower frequen- 
cies in DMF adducts of metal  halide^'^^^^ appears to be 
a reliable criterion upon which to choose coordination 
by DMF through oxygen rather than nitrogen. This 
conclusion is also supported by our nmr evidence. 
The exact nature of the complex cannot be specified 
with the information available; the DMF could either 
be bonded to the metal or to some electron-acceptor 
site in the ligand shell. An X-ray analysis or perhaps 
fluorescence measurements of the type reported in ref 4 
should shed further light on this problem. 

The experimental evidence presented in this study 

(14) M. A. J. Jungbauer and C. Curran, Nature, 202, 290 (1964). 
(15) E.  W. Randall, C. M. S. Yoder, and J. J. Zuckerman, Ixorg.  Chenz., 6, 

(16) J. Archsmbault and R .  Rivest, Can. J .  Chem., 86, 1461 (1958). 
2240 (1966), and references therein. 

demonstrates conclusively that the complexes prepared 
using the method of Hamniond, et al.,  are adducts with 
the formula Ln(thd)3. DMF while those obtained by 
following the procedure suggested by Eisentraut and 
Sievers are unsolvated chelates with the formula Ln- 
(thd)Z. 
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The preceding paper of this series' described the hy- 
drolytic reaction of beryllium ion in a 0.2 mole frac- 
tion dioxane-water mixture containing 3 M LiC104 as 
an ionic medium and concluded that Be3(OH)33f was 
the predominant species in the solution in which beryl- 
lium ion hydrolyzed. 

In  the present study the hydrolytic reaction of beryl- 
lium ion was examined in different solvent systems such 
as a 0.1 mole fraction (35.21% w/w) dioxane-water 
mixture and an aqueous solution containing 3 h17 LiC104 
as an ionic medium, and results obtained were com- 
pared with the previous findings. Symbols used in the 
present paper are the same as those used in part 1.' 

Method of Measurements 
The method of measurements was essentially the 

same as that employed in part I of this series. In 
aqueous solutions with B _< 0.0050 M ,  a technique of 
coulometric generation of hydroxide ions in the for- 
ward titrations and of hydrogen ions in the back titra- 
tions was employed and no solutions were added from 
the burets to the test solution. 

The emf of the cell used may be written, a t  2 5 O ,  as 

E = E" - 59.15 log h + Ej(h, B )  

assuming the constant activity coefficient of hydrogen 
ion. Eo is a constant involving the activity coef- 
ficient. h and B represent concentrations (moles per 
liter) of hydrogen and beryllium ions, respectively. 
The liquid junction potential, Ej(h, B ) ,  is experimen- 

( 1 )  H. Ohtaki, Ino?,E. Chem..  6, 808 (1967). 
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tally estimated by the same methods described in part 
I.' 

Ej(h,  B )  = - 1 l h  + 7.4B (in mv) 

for a 0.1 mole fraction dioxane-water mixture, and for 
aqueous solution we have 

The result is formulated as 

Ej(h, B )  = -16h + 4.1B (in mv) 

Experimental Section 
All reagents and apparatus used were the same as those used 

in the preceding w-ark.' For coulometric titration, a coulo- 
metric analyzer (Leeds and Sorthrup Co., Phila., Pa . )  was 
employed as a current source. A constant current of 6.43 ma 
(4.000 pF/min) was used. T-ariation of the current was within 
0.05%. 

The cell assembly for coulometric titrations was 

3 00 M LiC104 2 90 LiClOn and 

0 .10  M LiCl in aq  s o h  
~ 

for generation of hydroxide ions and 

~ 3 .00  1VI 
I s o l n ~ P t ( + )  

2 , 9 0  M LiC104 and 

0.10 M AgClOn in aq  s o h  'LiC104 s o h  1 ( - ) r t ,  

for generation of hydrogen ions. 
All titrations were performed at 25.00 i 0.01" in a paraffin 

oil thermostat, which was placed in a room thermostated a t  
25  Z!Z 1'. 

Evaluation of the Composition of Products and the 
Equilibrium Constants of Hydrolysis Reactions 

Values of 2 and log h, a i  each series of B are repre- 
sented graphically in Figures 1 and 2. The results in 
the present work are corrected for protolytic impurities 
which existed in solutions.2 Thirty micromoles per 
liter of protolytic impurities of the apparent dissocia- 
tion constant of pK = 4.6 was found for the solution of 
3 114 LiC104 in a 0.1 mole fraction dioxane-water mix- 

- 0 0.0100 
. A 0.0200 
. 0 0.0400 

0.5- D 0.0800 

- log  h 
Figure 1.-2 as a function of -log h in a 0.1 mole fraction 

dioxane-water mixture system. Points with open symbols were 
obtained by forward titrations, and points with black symbols, by 
back titrations. Drawn curves were calculated with the final 
values of the equilibrium constants given in Table I .  

slightly larger error-square sum than that of the five 
constants, so the existence of BeOH+ and Be2(0H)22+ 
is not conclusive. In the aqueous solution system, 
on the other hand, neglect of and *p2,2 gave an 
appreciably larger error-square sum. Neglect of only 
*&2 gave almost the same error-square sum as that for 
the five constants. Thus the existence of Bez(0H)t2+ is 
doubtful in aqueous solution. The above considera- 
tions lead to the conclusion that the data in the system 
of a 0.1 mole fraction dioxane-water mixture could be 
explained with the set of *p1,2, *P2,,, and *p3,3. In  the 
aqueous solution system, the data are better explained 
with the set of and *p3,3 than the set of 

The final values of the constants 
are tabulated in Table I together with values reported 
previously. 

* P z , ~  and *p3+ 

TABLE I 

0 . 2  AND 0 . 1  MOLE FRACTION DIOXANE-WATER MIXTURES AND AQUEOUS SOLUTIOS 
THE EQUILIBRIUM CONSTANTS OF T H E  HYDROLYTIC aEACTIOXS OF BERYLLIUM I O N  I N  T H E  SYSTEMS OF 

System Log * h i  Log *81,2 Log *@%I Log *b,? Log *@a,3 

0 . 2  mole fraction dioxane-water' 5 - 6 . 0  -3 .66  i 0 . 1 0  - 1 0 , 8 4 i  0 . 1  - 7 . 1 5 i  0 . 1  - 8 . 7 5 3 ~  0 .04  
0 . 1  mole fraction dioxane-water . . .  -3.29 i 0.10  -11.5 i 0 . 1  , . .  -8,653Z 0 .05  
Aqueous solution 5-54 -3.27 i 0 . 1 0  -11.5 i 0 . 1  . . .  -8.743Z 0 .05  

ture, while the aqueous 3 M LiC104 solution contained 
45 p M  protolytic impurities of pK = 5.4. 

The composition of hydrolysis products mas esti- 
mated by a method similar to that described in the 
preceding paper.' A plot of 4 vs. 2g - p 3  suggested the 
presence of BeOH+, Be20Hz+, and Be3(0H)33+ com- 
plexes a t  2 < 0.8. In the region of lower B and higher 
2, the formation of Be(OH)2 and Be2(OH)zz+ is antici- 
pated. 

Equilibrium constants *PI,*, *pZ,z, and * P 3 , 3  

were refined by means of the least-squares method 
with a help of a computer, HITAC 5020E. 

In  the system of a 0.1 mole fraction dioxane-water 
mixture, neglect of *pl,l and *&2 gave rise to  only a 

(2) H. Ohtaki. H. Kato, and K. Kunda, Bd2  Chem. Soc J a p a n ,  40, 1279 
(1961). 

( 3 )  H. S .  Dunsmore, S. Hietanen, and I,. G. Sillen, A C ~ Q  Chrvt. Scilnd 17, 
2644 (1063). 

Discussion 
A brief survey has been described in part I for pre- 

vious results on the beryllium hydrolysis. It has been 
confirmed by many investigators that Be3(0H)33f is 
the main product in aqueous solutions.4--" Now i t  is 
concluded that the species is the main one not only in 
the aqueous solution but also in dioxane-water mixtures. 

The formation of Be20H3f was also ascertained in all 
systems of aqueous and dioxane-water mixed solutions 
studied. The Be(OH)? complex was evident in three 
systems in the present series of works. The species 
was also found by Kakihana and although the 
equilibrium constant determined in the aqueous .3 M 

(4) H. Kakihana and L. G. Sillen, ibid., 10, 985 (195s). 
( 5 )  P. Schindler and A. B. Garrett, H e h .  Chirn. Aclil, 48, 2176 (1960). 
(fi) B. Carell and A. O h ,  ib id . ,  18, 1875 (1961). 
(7) S. Hietanen nnd L. G. Sillen, A C ~ Q  Chem. S c a d ,  18, 1015 (19fii). 
(8) E. Matijevic, J .  Colloid Sci., 20, 322 (1965). 
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- l o g  h 
Figure 2.-2 as a function of -log h in the aqueous solution 

Curves system. 
were calcuhted with the values in Table I. 

Symbols were the same as those in Figure 1. 

LiC104 medium in the present series of work was about 
0.6 lower in the log *p  unit than that reported by them 
in 3 M NaC104 medium. The change of the constant 
may be caused by the change of the medium salt. 

The Bez(OH)z2+ complex was found only in the 
system of the highest dioxane concentration studied. 
The presence of the species was thus not sure. 

A slight decrease in the equilibrium constant of the 
formation of Be20H3+ was observed with an increasing 
concentration of dioxane in the solvent and an increase 
in the constant for Be(0H)Z was found when the con- 
centration of dioxane increased from 0.1 to 0.2 mole 
fraction. However, for such minor components the 
values of the equilibrium constants might be sensitive 
by a small uncertainty of the equilibrium constant of 
the main species and small experimental errors. There- 
fore, i t  seems reasonable to give a conclusion only for 
the main species : the equilibrium constant for the 
formation of Be3(OH)33+ is changed only to a very 
small extent with the solvent composition of dioxane- 
water mixtures. 
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The structure of XeF6 molecules has been the subject 
of a number of studies over a period of about 3 years. 
Because of experimental difficulties due to the reac- 
tivity of the material and because some of the properties 

of this molecule seen1 to be unique, the problem of 
structure continues to be a challenge. 

Only incomplete infrared and Raman spectra have 
been reported. Smith’ studied the infrared spectrum 
of the vapor from 400 to 1400 cni-* and also reported 
an observation by George Begun of Raman bands for 
the solid a t  655, 635, and 582 cm-’. Hyman and 
Quarterman2f3 observed Raman bands a t  660, 620, and 
600 cm-1 for XeF6 dissolved in HF. 

We have measured the Raman spectra of XeF6 for 
the solid a t  -40’, for the liquid a t  54 and 92’, and for 
the vapor a t  94’ and -2 atni pressure. A Spectra- 
Physics Model 125 laser was used as a source of -50 
mw of exciting light a t  6328 A. The exciting light was 
mechanically chopped a t  400 cps. The scattered light 
was analyzed with a Spex Model 1400 double mono- 
chromator, a photomultiplier cooled to --50’, and 
an ac lock-in amplifier. The samples were contained 
in a cell that  was a nickel block suitably drilled and 
fitted with sapphire or CaFz windows and thin Teflon 
gaskets. A hole 2 mm in diameter is drilled all the 
way through the 1 X 2 X 2 in. nickel block. It is 
closed a t  the top by a sapphire window through which 
the laser beam could enter and a t  the bottom by a 
mirror. A 20-min long section of the 2-mm hole is 
milled open in the central section and covered by a cal- 
cium fluoride window 30 mm in diameter to permit the 
scattered radiation to escape a t  right angles to the 
laser beam. The cell was designed for liquid samples, 
but was used also to study solid XeFe and to obtain 
preliminary results for the vapor. 

The results of the study are shown in Figures 1-4. 
The traces of Figures 1 and 3 were obtained with the 
incident light polarized perpendicular to the line from 
sample to spectrophotometer slit. On Figures 2 and 4 
traces are shown for both perpendicular and parallel 
polarizations of incident light. Polarization char- 
acteristics are indicated qualitatively in these figures 
rather than quantitatively because of the reflections 
from the cylindrical sample container. The frequen- 
cies given in the figures are, in most instances, average 
values obtained from several scans. 

Figure 1 shows that definite changes in relative in- 
tensities and band shapes occur with changing tem- 
perature in the liquid. Comparison of Figures 2 and 3 
shows a striking similarity between the spectra of the 
solid and of the lower temperature liquid. These ob- 
servations indicate that the groups of four molecules 
whose xenon atoms are a t  corners of a tetrahedron in 
the solid4 tend to persist in the liquid as polymers, 
probably tetramers. The band a t  506 cm-l increases 
by a factor of 3 to 5 in warming from 54 to 92’ and is 
probably the only monomer band that is not over- 
lapped by polymer bands. In the vapor, which is 

(1) D. F. Smith, “Noble-Gas Compounds,” H. H. Hyman, Ed., University 

(2) H. H. Hyman and L. A. Quarterman, ref 1 ,  p 278. 
( 3 )  H. H. Hyman, Science, 146, 3634 (1964). 
(4) P. A. Agron, C. K .  Johnson, and H. A. Levy, 1xoYg. Nucl .  Chem. Lellers. 

of Chicago Press, Chicago, lll., 1963, p 300. 

1, 145 (1965). 


