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whereas the error propagated by an uncertainty of
1.0 Hz in 6» is 6.09,. The activation energies shown
in Table VII were calculated from the first-order rate
constants by assuming that the frequency factor is equal
to the value obtained for cis-(CH;),Si(acac).

From the above data it may be concluded that there
is a general increase in the rate of acetylacetonate
methyl group exchange with increasing polarity of
the substituents on silicon. For the cis-R(CH;),Si-
(acac) compounds, the rate increases in the order
R = H-C4Hg< C2H5 < CH3 < CHQZCH, CeHa <
CF;CH,CH,, and the lability of cis-(C¢H;).(CH;)Si-
(acac) is comparable to that of (CF;CH,CH,)(CH;):-
Si(acac). The dependence of the rates on the polarity
of the silicon substituents is consistent with a mechanism
involving formation of a five-coordinated silicon
intermediate or transition state. Although several
factors contribute to the energy required for such a
bond-making activation process, as the electron-
withdrawing ability of the substituents is increased, the

resulting increase in positive charge on silicon should
facilitate the use of a metal d orbital in achieving the
transition state.2! Relative to the alkyl-substituted
silicon derivatives, the phenylsilyl derivatives are less
labile than might be expected on the basis of ¢ inductive
effects alone. However, the phenyl group has a
greater steric requirement than the other substituents
studied and, also, may participate in ligand—metal
m bonding. Both of these latter factors would tend to
lower the rearrangement rate. Since cis-(C¢H;):(CH)-
Si(acac) is more labile than cis-(C¢H;)(CH;),Si(acac),
however, ¢ inductive effects must play an important role
in determining the relative labilities of these derivatives.
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Abstract:

Orthorhombic trieuropium tetraoxide monobromide, EuzO,Br, (a
¢ = 5.92 £ 0.01 A); tetragonal europium monoxide monobromide, EuOBr, (a

11.98 = 0.03, 4 = 10.36 £ 0.02,
3.926 £ 0.003, ¢ = 8.019 = 0.008

A); and hexagonal trieuropium monoxide tetrabromide, Eu;OBr; (@ = 9.825 % 0.004, ¢ = 7.510 = 0.003 A) have
been prepared and their incongruent vaporization reactions investigated. Single-crystal X-ray diffraction data for
Eu;O,Br are consistent with space group Pmnm or Pmn2,. Values of AH® 399 = 129.¢ = 1.1 kcal/gram formula
weight and AS°1599 = 50.87 % 0.81 eu were obtained from target-collection Knudsen effusion measurements of the
equilibrium dibromide pressure according to the reaction 3Eu;O4Br(s) — 4Eu.Os(s, monoclinic) + EuBri(g) +

Br(g).
formula weight, and AS®ys = 64.5 = 3.1 eu.
203.3 £ 6.5 kcal/gram formula weight),

Athough structural data for lanthanide monoxide
monobromides (LnOBr) were reported by Za-
chariasen? in 1949, lanthanide—oxygen—bromine sys-
tems have been examined only recently. The thermo-
gravimetric study of Zolotov and Mayer? indicated
that the monoxide monobromides (L.nOBr) were the
only phases observed when ILn = La-Eu, but that
an additional phase, LnBr;-LnOBr, ie., Ln,OBr,
was present for the heavier analogs (Gd-Lu). Baer-
nighausen, et al.,* confirmed the existence of the tetrag-
onal, PbFCl-type monoxide monobromides and re-
ported preparation of orthorhombic trilanthanide tet-
raoxide monobromides, Ln;O,Br (I.n = Sm, Eu,
Yb). More recently Nd;O,Br has been reported.®

(1) (a) Abstracted in part from the Ph.D, Thesis of John M, Haschke,
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For EusO.Br(s) AH;%g = —597.7 = 5.1 kcal/gram formula weight, AG% = —565.0 = 5.1 kcal/gram
Estimated thermodynamic data are presented for EuOBr (AH; s =

Thermodynamic data are not available for any of
the europium~oxygen~bromine phases—the phase dia-
gram has not been examined thoroughly—even though
this is the best characterized lanthanide system. The
preparative and thermodynamic data for both europium
monoxide® and europium dibromide™ suggest also
that oxide bromides of Eu(II) should be stable. This
work was initiated to examine the decomposition be-
havior of selected Eu~O-Br phases, to determine their
thermodynamic stability, and to characterize more com-
pletely the ternary phase diagram.

Experimental Section

Samples of EuOBr were obtained only by direct bromination of
the sesquioxide. A continuous helium flow which swept through a
liquid bromine (technical grade, Dow Chemical Co., Midland,
Mich.) reservoir carried the halogen vapor through a heated quartz

(6) 1. M. Haschke and H. A. Eick, J. Phys. Chem., 73, 37f1- (1969).
(7) 1. M. Haschke and H. A, Eick, J. Tnorg. Nucl. Chem., in press.
(8) 1. M. Haschke and H. A. Eick, J. Phys. Chem., 74, 1806 (1970).



tube in which a sample of Eu,O; was confined in a quartz boat.
The 99.9 % pure sesquioxide (American Potash and Chemical Corp.,
West Chicago, Ill.) contained, by spectrographic analysis, 0.05%
La.0;, 0.02% Zn, and 0.01 9 Nd;O,;; other lanthanides were be-
low detectable limits. The oxide was heated first to 400° under a
purge of helium and then to 750-800° for 8 hr under a helium-
bromine stream.

Samples of Eu;OBr were prepared by two procedures. Mixtures
of EuOBr and Eu,0; in 1:1 stoichiometric ratios were sealed in
evacuated quartz ampoules and heated at 900-1050° for 12-15 hr.
Single crystals were obtained if the mixture was heated at 1100-
1200°. The tetraoxide monobromide was also prepared by the
bromination procedure described above if the system was not
purged initially with helium, and a higher partial pressure of oxygen
was maintained by using a lower flow rate of inert gas.

Additional regions of the ternary system were examined as fol-
lows. The preparation of an Eu(Ill) oxide bromide phase more
bromine rich than EuOBr was attempted by reaction of a 4:1 molar
ratio of EuBrs.opepo.01, and EuwO; (“Eu,OBry” composition) in
an evacuated quartz ampoule at 425° for 12 hr. Attempts to pre-
pare Eu(ll) oxide bromides were effected by heating mixtures of
europium monoxide (EuOj.o,30.05)¢ and europium dibromide
(EuBrs.00640.01,) in the stoichiometric ratios of 1:3, 1:2, 2:2, and
1:1 in evacuated quartz ampoules at 650-700° for 5 hr. Some
samples were annealed for 5-10 days at 400°.

The reaction products were analyzed chemically for europium
by air ignition to the sesquioxide at 1000° and for bromine by either
a gravimetric silver halide technique or by weight change during
bromination. Oxygen content was determined by difference.
Powder X-ray diffraction data were collected with a Guinier-Haegg
camera using KCl (¢ = 6.2930¢ = 0.00009 A) and Pt (¢ = 3.9237
=+ 0.0003 A) as internal standards. Single-crystal X-ray diffraction
data were collected using oscillation and equiinclination Weissen-
berg techniques. Air-sensitive samples were manipulated in the
inert atmosphere glove box described previously.” Specimens pre-
pared for X-ray analysis were coated with a thin layer of paraffin
oil to prevent hydrolysis.

The decomposition reaction for Eu;O4Br was characterized by a
combination of X-ray, mass spectrometric, weight loss, and effusate
collection experiments. Residues were analyzed by powder X-ray
diffraction and the equilibrium vapor emanating from a quartz-
lined effusion cell was not only analyzed with a Bendix time-of-
flight Model 12-107 mass spectrometer using a 10-70-eV ionizing
electron beam, but also collected in a quartz cup which was inverted
over the orifice of the cell. The effusate was analyzed subsequently
both chemically and by X-ray diffraction. Appearance potential
measurements were made by the linear extrapolation technique with
mercury as a reference. A sample of Eu;OBr confined in a quartz-
lined graphite effusion cell was heated by induction to constant
weight at 1000-1200°. The decomposition modes of EuOBr
and Eu3;OBr,4 were determined also.

Target-collection Knudsen effusion measurements for the in-
congruent vaporization of Eu;O,Br were effected as described pre-
viously.® The effusates, which were condensed on copper targets,
were analyzed for both europium and bromine by X-ray fluo-
rescence. Symmetrical, quartz-lined, graphite effusion cells (knife
edged orifice areas = 8.6 X 10~ and 59.0 X 107* cm?) were em-
ployed in the temperature range 925-1327°, Cells were charged
with 0.25-0.35 g of Euz04Br and 0.05-0.10 g of Eu,0;, and experi-
ments were conducted to 95 % sample depletion.

Results

Bromination of the sesquioxide via the flow procedure
produced the tetragonal monoxide monobromide (a
= 3,926 = 0.003, ¢ = 8.019 = 0.008 A); static bro-
mination and reaction of sesquioxide with monoxide
monobromide yielded the orthorhombic tetraoxide
monobromide (a = 11.98 = 0.03, b = 10.36 = 0.02,
¢ = 592 £ 001 A). For Eu;O.Br the observed
systematic extinctions, A0I (h00, 00l), with h + | =
2n + | absent, are consistent with space groups Pmn21
and Pmnm®** (No. 31 and 59, respectively).®

Anal. Caled for EuOBr: Eu, 61.31; Br, 32.63.
Found: Eu, 61.37 = 0.15; Br, 32.73 = 0.39. Calcd

(9) (a) Nonstandard setting; (b) N. F. M, Henry and K. Lonsdale,

Ed., “International Tables of X-Ray Crystallography,” Vol. 1, Kynoch
Press, Birmingham, England, 1952.
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for Eu;O,Br: Eu, 76.00; Br, 13.32. Found: Eu,
75.9¢ = 0.1g; Br, 13.38 = 0.15.

No evidence was found for a phase more bromine
rich than EuOBr. The various stoichiometric ratios
of EuO and EuBr, produced a hexagonal phase (a
= 9.825 + 0.004, ¢ = 7.510 = 0.003 A). X-Ray
diffraction data showed, in addition to this hexagonal
phase, EuBr, in the products which resulted from
the EuO:EuBr, <1:2 reactants, and a third phase of
unknown composition and symmetry, X, from the
>1:2reactants. Annealing of the >1:2 reactant prod-
ucts yielded two distinct portions, dark green and
light brown. The green-colored portion exhibited X-
ray diffraction lines characteristic of the 1:2 hexagonal
phase. Metal analysis of the green-colored portion
was consistent with the Eu;OBr, stoichiometry (obsd
wt 77 Eu, 57.42; caled, 57.60). The identity of phase X
was not determined. Although Eu;O.Br was stable
in air, EuOBr hydrolyzed slowly, and Eu;OBr; hy-
drolyzed rapidly.

In the temperature range investigated, trieuropium
tetraoxide monobromide was found to vaporize in-
congruently according to reaction 1. Powder X-ray

3Fu;04Br(s) —> 4Eu,05(s, monoclinic) +
EuBr«(g) + Br(g) (1)

diffraction analysis of the vaporization residues in-
dicated the presence of only Eu,O:Br and Eu:O;.
Traces of the cubic modification of the sesquioxide
were observed. The mass spectrometric analysis of
the effusate indicated Br+, EuBr+, Eu*, EuBr,*, and
Bro* in the respective ratio 1000:100:50:15:5. The
fragmentation pattern of europium-containing species
and the appearance potential of EuBr+ (10.4 eV) agree
with those reported for the dibromide.® The weight-
loss experiment indicated 99.4 7 of theoretical according
to reaction 1. Refractory metal (Mo, W) and thoria-
lined cells yielded weight losses of 105-120 & of the the-
oretical, and produced crucible or liner material oxide
contamination. The quartz liners appeared satis-
factory even though they acquired a greenish color
at the highest temperatures (1300°). Chemical and
X-ray analysis of the samples obtained in the effusate
collection experiments confirmed that EuBr, was a
vapor species.

The experimental data showed that the vapor con-
tained both EuBrx(g) and an Eu:Br ratio of 1:3, but
did not indicate whether the equilibrium bromine
species was the monatomic or diatomic gas. By con-
sideration of reaction 2, Br(g) can be proven the vapor

!/2Bry(g) ~—~ Br(g) (2)

species. Use of the Knudsen equation and the two
possible vaporization reactions yields in one case Pg;
= 0.506(Pg,z;,), and in the other, Py, = 0.358(Pgyz:,).
In either case, P;, the total bromine pressure, is of
the order of magnitude of the europium dibromide
pressure. If experimental values for Pg,g,, for reaction
2 at the maximum and minimum experimental tem-
peratures are substituted for P; in the equilibrium
expression K(2) = 2o[P,/(1 — a®)]/2 (1600°K, Pg.p;, =
6 X 107¢ atm, K(2) = 0.496;° 1200°K, Pgup:, =
8 X 10~7 atm, K(2) = 0.042Y9), the degree of dissocia-

(10) D. R, Stull, Ed., “JANAF Interim Thermochemical Tables,”
Dow Chemical Co., Midland, Mich., 1960 and Supplements.
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Figure 1. Graph of the logarithm of the pressure of gaseous

EuBr; in equilibrium with condensed Eu;OBr and Eu,O; and
gaseous Br.

tion, 16005 is 0.995, and &1200 is 0.999. The diatomic
bromine observed in the mass spectrum apparently
resulted from recombination of the monatomic gas
in the cooler portions of the heater assembly outside
the Knudsen cell.

X-Ray diffraction analysis of the residue (EuOBr +
Eu;0,Br) and the collected effusate (EuBr;) indicates
that EuOBr vaporizes incongruently according to re-
action 3. The presence of monatomic bromine is as-

4EuOBr(s) ——> Eu;O,Br(s) + EuBr«(g) + Br(g) (3)

sumed by analogy.

The collected effusate from Eu;OBr, was also
identified as the dibromide, and the phase therefore
must vaporize incongruently according to reaction 4.

Eu;OBry(s,l) = Eus_,OBry—,(s,l) + yEuBrx(g) 4)

A value was not determined for y, but X-ray analysis
of the fused, brown-colored residue gave a complex
pattern whose lines were not assignable to condensed
Eu;0Br,, phase X, or EuO. The results suggest that
during the collection experiment the bulk composition
shifted to a stoichiometry more oxygen rich than
that of phase X, and that additional oxide bromides
of Eu(Il) exist.

Eu;O,Br(s). The log Pgup,, vs. /T (1198 < T
< 1600°K) results presented in Figure 1 for reaction 1
are described by the least-squares equation

log Pg.pr, = —[(1.410 = 0.017) X 104T] +
(5.70 £ 0.12) (5)

The sticking coefficient of the dibromide on copper
has been shown to be unity® within experimental error.

Combination of the equilibrium constant expressed
in terms of the dibromide pressure with eq 5 yields

log K(1) = —[(2.819 = 0.024) X 10%/T] +
(11.1g = 0.18) (6)

At the median temperature, AH®;3 = 129.0 = 1.
kcal/gram formula weight and AS®; = 50.81 =
0.81 eu.

The second-law vaporization results, when reduced
to 298°K with published data for the sesquioxide!!
and bromine! and estimated values for the dibromide®
and tetraoxide monobromide,!? yield AH® = 137.¢
+ 2.0 kcal/gram formula weight, AS®g = 64,7 =
2.9 eu, and AG®,y = 118.3 = 2.0 kcal/gram formula
weight. The reported errors include an estimated
+209% error in the data reduction.

The third-law enthalpy of vaporization was cal-
culated using published Gibbs free-energy functions
for Br(g)* and those estimated for Eu,O;(s),!? EuBry(g),®
and Eu;O0.Br(s). Values for the oxide bromide were
obtained from the approximated heat capacity and
an estimated S°s (63.8 eu) calculated by the scheme
of Latimer!¢ with the magnetic contribution of Eu(I1I)
proposed by Westrum.!s A temperature-independent
AH®%g = 139.47 + 0.97 kcal/gram formula weight
was obtained.

The second-law enthalpy of vaporization and the en-
thalpies of formation of Eu,Os(s),'® EuBry(g),! and
Br(g)® were combined to give AH;:°[Eu;0.Br(s)] =
—597.7 + 5.1 kcal/gram formula weight. From the
Gibbs energies of formation of EuyOj(s) (—370.9
kcal/gram formula weight, calculated from published
data10-15~17) EuBrs(g),® and Br(g)!® and those of vapor-
ization, AG;°:s[Eu;0,Br(s)] = 565.0 = 5.1 kcal/gram
formula weight. Similarly, S°s{Eu;OBr(s)] = 64.5
=+ 3.1 eu was obtained.

EuOBr(s). Decomposition of EuOBr according to
reaction 3 requires that the dibromide pressure be
greater than that in equilibrium with Eu;O,Br(s), but
less than that in equilibrium with EuBry(l), and there-
fore permits estimation of the vaporization thermody-
namics. If the S©%g¢ data for Eu;O.Br(s), EuBr.-
(2),® and Br(g)™ are combined with that estimated for
EuOBr (29.0 eu), a AS®;g (65.9 eu) may be approxi-
mated for reaction 3. An entropy correction employ-
ing estimated heat capacities gives AS° = 36.7
eu at the median temperature of the Eu,O,Br and
EuBrs® equilibrium measurements. Combination of
this entropy with the median pressure of EuBra(g)
in equilibrium with Eu;O,Br(s) and EuBry(l) at 1400°
yields, for reaction 3, AH®g40 = 128.5 kcal/gram
formula weight (AH®g = 135.5 kcal/gram formula
weight); and from this value, for EuOBr(s), AH;%
= —203.3 + 6.5 kcal/gram formula weight and AG;°2ss
= —193.4 =+ 6.5 kcal/gram formula weight. The
estimated error was calculated with the equilibrium

(11) L. B. Pankratz, E. G. King, and K. K. Kelley, U. S. Bureau of
Mines Report of Investigation 6033, U. S. Government Printing Office,
Washington, D. C., Jan 1962.

(12) 1. M, Haschke and H. A. Eick, Inorg. Chem., 9, 851 (1970).

(13) I. M. Haschke and H. A. Eick, J. Phys. Chem., 72, 4235 (1968).

(14) W. M. Latimer, “Oxidation Potentials,” 2nd ed, Prentice-Hall,
Englewood Cliffs, N. JI., 1952, Appendix IIL.

(15) E. F. Westrum, JIr., Advan. Chem. Ser., No. 71, 25 (1967).

(16) E.J.Huber, Jr., G. C. Fitzgibbon, and C. E. Holley, Jr.,J. Phys.
Chem., 68, 2720 (1964).

(17) R. Hultgren, private communication.
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dibromide pressures for condensed Eu,O,Br and EuBr;
as limiting parameters for the enthalpy of vaporization.

Discussion

The high-temperature europium oxide bromide
phases which we observed are consistent with those
reported formerly,* but the phase diagram is more
complex than previous work has indicated. The
single-crystal results show that the face-centered
orthorhombic structure and space groups proposed
previously for the Ln,O,Br phases* are incorrect.
Lattice parameters recalculated for these phases%?
from the published data are presented in Table I. Al-

Table I. Recalculated Lattice Parameters of Orthorhombic
L1'1304Br Phases?

Phases a, A b, A ¢, A
Nd;OBr 12.31 = 0.05 10.55 = 0.03 6.03 = 0.02
Sm;OBr 12.04 = 0.03 10.46 = 0.02 5.94 £ 0.01
Eu;OBr 11.98 =+ 0.03 10.38 = 0.02 5.92 &= 0.01
Yb;OBr 11.56 = 0.03 9.98 £+ 0.02 5.72 £ 0.01

s See ref 4 and 5.

though the powder diffraction data can be explained
on the basis of orthorhombic symmetry, the prepara-
tions contained a few single crystals which exhibited
only triclinic symmetry. No evidence for additional
oxide bromide phases of trivalent europium has been
observed, but one phase of the divalent metal has been
characterized, and the existence of additional phases
has been indicated. The hexagonal monoxide tetra-
bromide appears to be isostructural with the phases
reported recently for the oxide halides of strontium
and barium.'%!® The lattice parameters of Eu,OBr,
are almost identical with those of the strontium phase
(@ = 9.82 = 001, ¢ = 7.51 = 0.01 A), for which the
composition SrsOBrs is reported. Since this value is
apparently based only on miscibility observations and
X-ray data, the composition of the alkaline earth
phases is probably M;OX, instead of M,0X.

The decomposition reactions of the oxide bromides
are consistent with the trends observed previously for
condensed Eu;04!% Eu0O,% and EuBr,.® The flow of
reaction observed for all oxygen-containing europium
phases is toward a more oxygen-rich condensed phase,

(18) B. Frit, B. Fanguy, and P, Hagenmuller, Bull. Soc. Chim. Fr.,
2190 (1966).
(19) B. Frit, M. M. Chbany, and P, Hagenmuller, ibid., 127 (1968).
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ultimately the congruently vaporizing sesquioxide. In
the europium-bromine system, the composition shifts
to the congruently vaporizing dibromide; thus, gaseous
dibromide is an anticipated oxide bromide decomposi-
tion product. The stoichiometry of the vapor is fixed
by the composition change of the solid phases, and the
vapor species are determined by the instability of the
tribromide at elevated temperatures.” The same gen-
eral behavior is expected for the oxide halides of all
lanthanides. They should vaporize incongruently to
give a more oxygen-rich condensed phase plus the gas-
eous trihalide. This behavior, which has been ob-
served for NdOF,* however, may not occur for the
oxide halides of europium and ytterbium, since the
dihalides of these species may be the most stable gases.
The stabilities of the lanthanide oxides and the relatively
high volatilities of the halides prevent the appearance
of gaseous lanthanide oxide halides analogous to those
reported recently for other transition metals.?!

Since no previous thermochemical measurement has
been described for any of the lanthanide oxide bromides,
evaluation of these results is difficult, but they may be
compared with those obtained for the LnOCI phases. ??
The estimated enthalpy of formation of EuOBr (—203
kcal/gram formula weight) is consistent with the more
negative values (—230 to —245 kcal/gram formula
weight) observed for the oxide chlorides. The en-
thalpy of bromination of a divalent europium phase
should be essentially constant; the differences between
the enthalpies of formation of Eu;O4(s)!® and Eu;0,Br-
(s) and those of EuO(s)® and EuOBr(s) are 55.1 and
58.1 kcal/gram formula weight, respectively.

Although the Eu{l) and mixed Eu{I)-Eu(III)
oxide bromides have not been characterized completely,
the complexity of the europium-oxygen-bromine
phase diagram is evident. The results for this system
should be helpful in the elucidation of the phase dia-
grams and vaporization reactions of other lanthanide
oxide halides.
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