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transition metal chloro and bromo which 
are quite stable. In all cases, these cations are poly- 
meric and it would be reasonable to suggest that the 
fluorovanadium(1V) cation is polymeric, with a struc- 
ture probably based on the vanadium trifluoride struc- 
ture. The cation would achieve some degree of stabil- 
ity through polymerization. Even so, the fluoro- 
vanadium(1V) cation is not particularly stable, as 
shown by its formation only with the strongest fluoride 
ion acceptors. 

The reaction between vanadium pentafluoride and 
carbon disulfide appears to follow a similar path to the 
reactions of the latter with either molybdenum2 or 
uraniumlS hexafluorides ; that is, the reaction probably 
involves the intermediate formation of the trifluoro- 
methylthio radical. 2o 

Comparison of the relative fluorinating strength of 
vanadium pentafluoride with other fluorinating agents 
that  have been treated with carbon disulfide2, l9 is 

(17) R. Colton and R. L. Martin,  Nnlwe, 207, 141 (1965). 
(18) H. Schafer and H. G. Schnering, Angev. Chenz., 76, 833 ( lY64) .  
(19) L. E. Trevorrow, J. Fischer, and W. H. Gunther,  Ii2oi.g. Chem., 2, 1281 

(1963). 
(20) R. K. Haszeldine and J. M. Kidd, J .  Che?n. Soc., 3219 (1953). 

dificult siiice iu the iiiajority ol the reactions cxperi- 
mental conditions, particularly temperature, are not 
the same. 

The reactiotis of  vanadium pen taflucwide with sulfur, 
sulfur monofluoride, ioditie, molybdenum pen tafluoritie, 
and uranium tetrafluoride are all quite simple, resulting 
in vanadium tetrafluoride and the corresponding higher 
fluorides. 

It has been previously shown that both molybdenum2 
and uranium4 hexafluorides undergo a number of oxi- 
dation-reduction reactions. These reactions readily 
show that uranium hexafluoride is more easily reduced 
than molybdenum hexafluoride. The reactions of 
vanadium pentafluoride with molybdenum pentafluo- 
ride and uranium tetrafluoride to forni vanadium 
tetrafluoride and the corresponding hexafluoride thus 
show that vanadium pentdfluoride is a more powerful ox- 
idant than both hexafluorides. 

The reactions described above have been found to bc 
most useful in determining relative reactivities and 
formed part of thc basis of the order of reactivities 
that we previously put forward, that is, VF5 > UF6 > 
MoFe > WFe > N bF:, = TaFB, with respect to oxidiz- 
ing strength. 
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Complex fluorides cotitainiiig tetravalent protactiniuni and the alkali fluorides (Li, bra, K, Kb) wcrc preparcd from M F  + 
PaF4 starting mixtures and by hydrogen reduction of MF-PaF:, compounds a t  400-450". LiF.PaF4 is tctragonal: a = 
14.96, c = 6.58 A. The three rhombohedral compounds, 7MF.6PaF4 (M = &-a, K,  and Rb), are isostructural and have the 
cell dimensions: a = 9.16 A, CY = 107" 54'; a = 9.44 A, CY = 107" 09'; and a = 9.64 A, CY = 10i"  O ' ,  respectively. Mono- 
clinic 4NH4F.PaF4 was formed by direct reaction between NH4F and PaF4 a t  temperatures of 26-90'; cell dimensions are 
a = 13.18, b = 6.71, c = 13.22 A;  p = l l i o  10'. a = 12.86, b = 10.88, c = 8.54 A;  
p = 126' 21'. The absorption 
spectra of Pa(1V) in ND4F-DP0 solution and in various solid fluorides are presented. For iRbF.6PaF4, 3NaFsPaF4, and 
PaF4, an intense infrared absorption band is observed a t  -5485 cm-l, giving a value of rji = 1567 cm-1 for Pa(1V). 

PaF4 is monoclinic with cell dimensions: 
These protactinium(1V) fluoride compounds are isostructural with their uranium analogs. 

Although a number of complex fluorides containing 
other tetravalent actinides are k n ~ w n , ~ - ~  no such com- 

(1) This  work was performed under the  auspices of the  U. S. Atomic Bn- 
ergy Commission. 

(2) L. R. Asprey and I<.  A. Fenneman. ~ J Z O V ~ .  Chcni., 1, 134 (1962); V. H. 
Kruse and L. B. Aspi-ey, i b i i i . .  1, 137 (1962); T. K. Keenan, I w ~ i s .  A-ucl. 
Chem. Letieus, 2, 155 212 (1966). 

(3) R .  Benz, R .  ?VI. Ilouglass, 1'. H.  Kruse.  and I<, A. Penneman, l i i o r g .  
Chem.,  2, 799 (1963); R .  A. Penneman, F. H. Kruse, R .  S. George, and J .  S. 
Coleman, i b i d . ,  3. 309 (1964). 

(4) G. D. Brunton, H. Insley, T. N. McVay, and  R. E. Thoma, ORNL- 
3761, Feb 1965; C. J. Barton, et ai., O K h ~ L 2 5 4 8 ,  h-ov 1959; R .  E. Thoma, 
et al., J .  Am.  Crram. Soc. ,  41, 6 3  (1958); i b i d . ,  41, 538 (1958); i b i d . ,  46, 37 
(1963);  K .  H. 'Thoma, I i iovg .  ( ' hem. ,  1, 220 (1962). 

(6) G. D. Brunton, ORPiL-3913, Annual Report  of Reactor Chemistry 
Division, Dec 1965, p 10; Acin  Ciysi . ,  21, 814 (1966). 

(6) J. H. Burns,  I<. L). Ellison, and H. A. Levy, ORNL-3913, Annual Re- 
port  of Reactor Chemistry Division, 1965, p 17. 

(7) W. H. Zachariasen, J .  Am. Cheiiz. Soc., 70, 2147 (1948); T,. B. Asprey, 
ibid., 76, 2019 (1954). 

pounds of Pa(1V) have been reported other than in our 
preliminary communication on 7KbF. 6PaF4.* (In 
this paper, formulas of the alkali protactinium fluorides 
are written MF.PaF4 or ?vlF.PaFj solely for ease of 
displaying the valence of protactinium and have no 
structural implicatioiis ) Our previous I\ ork on 4NHl- 
F .  UF4 and 4NH4F.AniF4,*?j plus the very extensivc 
mork at the Oak Ridge IVational Laboratory,4-6 and 
earlier work by Zachariasen7 on compounds in the 
alkali fluoride-uranium tetrafluoride systems provided 
X-ray data for the U(IV) fluoride complexes We an- 
ticipated that the analogous Pa(1V) compounds i$ ould 
be isostructural. 

(8) L I1 A s l n e ~  I '  H K I I I ~ L  diiil I <  A 1'enncm.in zblil 87, 3518(1'3Oi) 
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Two approaches were taken to prepare the tetra- 
valent protactinium complexes reported in this paper. 
In the first, anhydrous protactinium tetrafluoride was 
intimately mixed with alkali (or ammonium) fluoride 
and heated ; in the second, known fluoride complexes of 
pentavalent protactinium were treated with very pure 
hydrogen to give tetravalent protactinium complexes. 

Experimental Section 
The purification of protactinium, the preparation of com- 

pounds of pentavalent protactinium, and the techniques for ob- 
taining X-ray diffraction data on compounds containing this 
radioactive material have been described.O-11 The alkali fluorides 
were of analytical reagent grade or equivalent; LiF and NaF 
wcre used without treatment. The hygroscopic, heavier alkali 
fluorides were treated separately with gaseous fluorine prior to 
use in order to  remove traces of water. The resulting anhy- 
drous powders were handled subsequently only in an inert- 
atmosphere box. 

Preparation and Properties of PaFa.-Amounts of Pa205 up to 
100 mg were placed in a platinum dish in a nickel reactor and 
heated at  350-500" in a stream of hydrogen and hydrogen fluoride. 
Details of the nickel reactor were described p~eviously.~ At 
500", the red-brown PaF4 was well sintered and appeared to have 
crept up the sides of the platinum dish during the reaction; some 
~ e i q h t  loss was observed. When formed at  400", however, the 
PaF4 product showed the expected gain in weight from PazOj 
and had the X-ray powder diffraction pattern typical of anhy- 
drous PaFa,'"& isostructural with UF4. lob Some prominent lines 
of PaF4 have been published, but the author stated that the data 
were insufficient to  permit determination of lattice constants.10* 
We indexed the data from several of oux preparations, using in- 
tensities calculated on the basis of the structure of UF4 recently 
reported. lob 

Oxidation of PaF4 to PazOFs occurs very readily, and PaF4 is 
an excellent oxygen scavenger. This characteristic of PaF4 
can cause difficulties when heating intimate mixtures of alkali 
fluoride and PaF4 on a 20-30-mg scale either in an "inert" gas or 
in an evacuated metal reactor. While the product obtained is 
predominantly the desired MF-PaF4 compound, partial oxidation 
of Pa(1V) is nearly always found. Pure products were produced 
when such mixtures or the alkali fluoride-protactinium(V) fluoride 
compounds were pretreated with fluorine in order to obtain a dry, 
oxygen-free system before reduction with hydrogen. Although 
sufficiently intimate mixtures were obtained on grinding in a mor- 
tar, less of the scarce protactinium material was required if the 
MF.PaF5 compounds were used. The reduction of MF-PaFj 
compounds was the method of choice since the desired ratio of 
alkali to Pa was already present, thus avoiding both the mixing 
problem and the separate preparation and handling of PaF4 
and anhydrous alkali fluorides. 

Techniques of Hydrogen Reduction.-Compounds for reduc- 
tion were loaded into sapphire dishes and then placed in a nickel 
reactor. For the reasons mentioned above, the reactor was 
evscuated, fluorine was added, and the reactor was kept a t  300' 
for 1 hr or more. After removal of the fluorine by evacuation, 
pure hydrogen was then added to the reactor. (High-purity 
1iydrogc.n was prepared by exposing Hz to uranium hydride at  ca. 
400" for several hours.) I t  was found that a t  350°, reduction of 
Pa(S') to Pa(IV) is extremely slow. At 400°, the reaction is com- 
plete in 15-20 hr while at 450°, only 1-2 hr is necessary. In this 
study, reductions were carried out a t  450" for 2-4 hi. 

Preparation of Pa(V) Compounds as Starting Materials for 
Reduction.-Since many Pa(V) compounds were used in the 

(9) L. B. Asprey, F. H. Kruse, A. Rosenzweig, and R. A. Penne,oan. 
I m r g .  C h m . .  6 ,  659 (1966); 1,. B. Asprey and R. A. Penneman, SciencP, 146, 
924 (1964). 

(10) (a) L. Stein, 2 7 ~ 0 ~ ~ .  C/zrnr., S, 005 (1064); (b) A. C. Larson, R. B. 
Roof, Jr., and D. T. Cromer, Acta C;,yst., 17, 555 (1964). 

(11) I). Brown and J. F. Easey, Nalure 206, 589 (1965); J .  Chem. Soc.. 
254 (1966). 

preparation of Pa(1V) complexes, a brief description of the prepa- 
ration of these alkali fluoride-protactinium(V) complexes is given. 
From aqueous H F  solutions of alkali fluoride and protactinium- 
(V), certain crystalline compounds can be obtained readily from 
solution as pure phases; these are MF.PaF6 (K, Rb, Cs), 2MF. 
PaF5 (K, Rb, Cs), and 3MF.PaFj (Na).elll To prepare the 
remaining 1: compounds, LiPaFc and NaPaF6, the dried prod- 
uct resulting from evaporation of a solution containing a 1 : 1 mole 
ratio of the alkali fluoride and protactinium was heated in Fz t o  
obtairi a pure phase. For 7:6 ratios, a mixture was prepared by 
weight using M F  and PaF4. The complexes 2MF.PaF6 (M = 
K, Rb, Cs) were prepared from solution as described.glil This 
2 : l  stoichiometry is not known for lithium- and sodium-pro- 
tactinium(V1 fluorides; consequently starting mixtures were 
prepared using M F  and PaF4 in 2:  1 mole ratio. Only 3NaF. 
PaFj was prepared from solution. The remaining 3MF PaF; 
salts (M = Li, K,  Rb, and Cs) were prepared by heating in Fz 
the residue from evaporation of a solution containing a 3 : 1 mole 
ratio" of MF:Pa(V). Alternatively, the mole ratios M : P a  = 

3 :  1 were made by intimately mixing the anhydrous alkali fluoride 
and PaF4. In general, hydrolysis of protactinium(V) fluoride 
complexes, when prepared from solution, is not a problem; they 
show no OH nor 0-Pa bands in the infrared.12 However, to 
avoid the possibility of moisture contamination from any inclu- 
sions of mother liquor in the crystalline starting materials, all 
were ground and fluorinated. In all cases, the Pa(V\ compounds 
were identified by their characteristic X-ray powder patterns and 
by comparison with published result~.~J1 

LiF-PaF4 Compounds.-The pentavalent protactinium com- 
poundsgJ' LiF. P a R  and 3LiF.PaF5, as well as the 2:  1 mixture, 
were treated with hydrogen at  450'. Only one protactinium(1V) 
reduction product resulted. It was identified by its characteris- 
tic X-ray powder pattern to be LiF.PaF4, tetragonal and iso- 
structural with LiF.UFa.4i5 

NaF-PaF4 Compounds.-In the case of sodium protactinium 
fluoride Complexes, Na:Pa mole ratios of 1:1, 7:6, 2:1,  and 3 : l  
were treated with hydrogen at 450". With either 1:l or 7:6 
Na: Pa  starting ratios, rhombohedral 7NaF 6PaF4, isostructural 
with 7NaF.6UF4, was ~ b t a i n e d . ~ , ~  Reduction of a 2:  1 Na-Pa 
mixture yielded a product showing the X-ray powder patterns of 
both 3 : l  and 7 : 6  Na-Pa(1V) compounds. When a number of 
preparations of the pentavalent protactinium compound, tetrag- 
onal" 3NaFePaF5, were treated with hydrogen at 450°, the 
powder pattern of the product was essentially unchanged. The 
color of the material was altered from white to  a pale pinkish tan; 
its absorption spectrum was different as discussed later. 

KF-PaF4 Compounds.-The potassium fluoride- protactinium 
tetrafluoride system was investigated by treating 1: 1, 2 :  1, and 
3 :  1 KF-PaF5 compounds with hydrogen at  450". Reduction of 
K F  . PaFb gave rhombohedral 7KF .6PaF4, isostructural with 
the analogous uranium compound, 7KF.6UF4.4r6 Reduction of 
2KF.PaF5 also gave the same tetravalent compound plus KF. 
Using 3KF.PaF5 as the starting material, a product was ob- 
tained upon hydrogen treatment whose powder pattern closely 
resembled that of the pentavalent starting material." It is to be 
noted, however, that the pattern also resembled just as closely that 
of the compound of tetravalent uranium, 3KF.UF4.416 

RbF-PaFa Compounds.-The rhombohedral compound 7RbF. 
6PaF4 resulted when either the compound RbF. PaF5 or the mix- 
ture RbF-PaF4 in a 7: 6 mole ratio was heated in hydrogen for 4 
hr at  450".* It is isostructuial with 7RbF.6UF4.4p6 We havc 
cycled back and forth several times between orthorhombic9 RbF . 
PaF6, the pentavalent protactinium compound, and rhombo- 
hedraP 7RbF 3 6PaF4, the tetravalent compound, by alternate use 
of hydroaen and fluorine. When the 2:  1 complexe 2RbF.PaFj 
was treated with hydrogen, a mixture of 7RbF. 6PaF1 and unre- 
duced 2RbF.PaF5 was obtained. Starting with 3RbF.PaF6, 
the reduction product was a buff color and showed only slight 

(12) M. N.  Bukhsh, J. Flegenheimer, F. M. Hall, A. C. Maddock. and 
C .  F. de Miranda, J .  Inovg. Nucl. Chem., 28, 421 (1966). 
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differences in its X-ray powder pattern from that of the penta- 
valent starting materlal.s~'l ' CsF-PaF4 Compounds.-In the cesium fluoride-protactinium 
fluoride system, only unidentified, complex X-ray powder pat- 
terns were obtained from the products of hydrogen treatment of 
CsF-PaF5 compounds. 

Preparation of NH4F-PaF4 Compounds.-Weighed amounts of 
PaF4 were ground both with stoichiometric (4: 1) quantities of 
NHlF and with excess NHlF in a Mullite mortar in a dry argon 
atmosphere. Portions were heated to 90" in a Teflon bomb. 
Both the heated and unheated products gave the same X-ray 
diffraction pattern which could be indexed as 4riH4F. PaF4, iso- 
structural with 4NH4F. UFa. (The latter is the highest complex 
in the NHdF-UFd ~ y s t e m , ~  which also can be prepared readily by 
direct, low-temperature synthesis using anhydrous reagents.) 
On standing in an open dish in the inert-atmosphere box, slow 
growth of PaFd was observed (confirmed by X-ray) as KHaF was 
lost from the compound. 

Absorption Spectra of MF-PaF4 Compounds.-Tetravalent 
protactinium should have a 5f' (or 6d') electron and, therefore, 
show visible and infrared absorption significantly different from 
that of pentavalent protactinium which has none. Calcium 
fluoride dishes made from optical flats were used to mount the 
samples as a Fluorocarbon mull. Auxiliary containers with 
quartz windows were used to protect the sample from the at- 
mosphere and to prevent the spread of radioactivity. A Cary 
Model 14MR was used to measure the absorption spectra. 

The absorption spectrum of the reduction product obtained by 
hydrogen treatment of 3NaF * PaFS gave a strong peak a t  18,220 A 
and a main ultraviolet peak a t  3550 A. The spectrum of 3NaF. 
PaFB before reduction had neither of these absorption peaks. 
The well-characterized compound 7RbF. 6PaF4 was chosen for 
detailed study of the absorption spectrum which is given in 
Figure 1. Table I lists the main absorption peaks due to Pa(1V); 
these peaks disappear on fluorine oxidation to Pa(V). 

The measurements on the solid protactinium (IV) fluorides indi- 
cated that strong absorption from Pa(I1') in fluoride solution 
should occur a t  wavelengths longer than those investigated by 
Haissinsky, et al., who covered the range from 2000 to 6000 A . I 3  
To extend this range, Pa(IV) in a saturated solution of XDaF in 
D20 was investigated. The results are also given in Table I. 
Unfortunately, the long-wavelength region where the main ab- 
sorption peak of Pa(1V) is located (18,300 A)  was obscured by 
solvent absorption but the peak a t  -12,600 A was observed. 
The absorption spectrum of solid PaF4 is given for comparison, 

Discussion 
X-Ray Properties.-Work reported herein shows that 

protactinium in the tetravalent state forms complex 
fluorides similar to those previously established for 
other tetravalent actinides. The data for the Pa(1V) 
complex fluorides are given in Tables 11-IV. These 
characteristic X-ray powder patterns were used to es- 
tablish the presence of a complex as the major phase, 
even in reactions in which more than one component 
is present in the product, e . g . ,  excess K F  in the reduc- 
tion of 2KF.PaF6 to 7KF.GPaF4 or excess PaF4 in the 
reduction of RbF.PaF6 to 7KbF.GPaF4. Conclusive 
evidence for the preparation of the complex fluorides of 
tetravalent protactinium rests primarily on the X-ray 
data and its consistency with the data for similar com- 
pounds for the rest of the actinides. This is amply 
demonstrated in Figure 2 in which molecular volume 
data are collected for the seven actinides (Th-Cm) for 
which tetravalent compounds are known. il plot of 
molecular volume vs.  atomic number for the 1: l  Li- 

(13) M. Haissinsky, I t .  bluxai t ,  and H. Aiapaki, Bull. SOC. Chzm. T i a ~ c c ,  
2248 (1961). 
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Figure 1.-Absorption spectrum of 7RbF. 6PaF4 as fluorocarbon 
mull. 

TABLE I 
ABSORPTIOX SPECTRA O F  TETRAVALENT 

PROTACTINIUM FLUORIDES 
compound Peak  Maxima Remarks  

A 

7RbF- 6PaF4 2580 
2920 
3500 

12600 
14700 
16000 
17400 
18270 
18510 

3 N a P  PaFd 

PaF ,  saturated 

solution 
NDqF-D20 

PaF4, solid 

3550 
18220 

247 0 
3475 

12700 

- 2400 
3500 

12600 - 12900 
17200 
18200 

M 
W 
M 
S 
W ,  broad 
VW, broad 
VW 
VS, narrow 
M. shoulder  

M 
S 

M 
S 
W 

M 
W 
M, broad 
W 
S 

Pa(1V) and the 7 : 6 Na-, K-, and Rb-Pa(1V) complexes 
is given in Figure 2. (Note; It has been established by 
complete structure determinations that the 1 : 1 stoichi- 
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TABLE I1 
X-RAY CRYSTALLOGRAPHIC DATA FOR PaF4 

AND SOME ALKALI FLUORIDE-pOF4 COMPLEXES 
ComDound 

PaF, 

LiF:PaF4 

7NaF. GPaF, 

7KF.6PaF4 

7RbF. 6PaFL 

4NHLF. PaF4 

Crystal &stem 

Monoclinic 

Tetragonal 

Rhombohedral 

Rhombohedral 

Rhombohedral 

Monoclinic 

Hexagonal dimensions 

Structure Type Unit Cell Dimensions. A 

U F4 8 = 12.86 

b = 10.88 

c = 8.54 

fl =126'21' 

LiFeUF4 a = 1 4 . 1  

c = 6.58 

7NaF.6ZrF1 a = 9.16 = 14.81 * 
a" =107e54t{ 1: = 9.85) 

7NaF.BZrF, B = 9.44 a = 15.18 * 
a" =107'9' { c: = 10.47) 

'INaF#GZrF, Bo = 9.64 a = 15.49 

a =107*0' { c: = 10.75) 

~ N H L F . U F ~  a = 13.18 

b = 6.71 

c = 13.22 

p =117*10' 

h k 4  

1 0 1  

1 1 0  

0 2 1  

0 1 2  

2 1 1  

3 0 0  

2 0 2  

2 2 0  

1 2 2  

1 3 1  

0 0 3  

4 0 1  

3 1 2  

- 

TABLE I V  
X-RAY POWDER DIFFRACTION DATA FOR 7MFmGPaF4 

COMPOUNDS (M = Na, K, Rb) 
Na 

dabs. - 6 s .  

7.79  3 

7.40 1 

5.37  3 

4 . 6 0  4 

4 .34  5 

4 .26  2 

3.904 1 

3.704 2 

3.453 2 

3.342 10 

3.278 2 

3.048 3 

2.880 6 

} 2.803 
3 2 1  

4 1 0  
8 

0 4 2  2.675 

3 0 3  2.601 

2 3 2  2.528 

2 2 3  2.455 

2 4 1  2.353 

0 2 4  2.303 

5 1 1  2.237 

2 1 4  2.197 

4 2 2  2.174 

K 

- dobe. Iobs. 
8. l o  5 

7 .85  2 

5.57 2 

4.86 3 

4.51 4 

4.37  2 

4.107 1 

3.811 2 

3.604 2 

1 3.453 10 

3.143 3 

2.998 5 

2.903 2 

2.854 3 

2.788 1 

2. 130 2 

2.691 1 

2 ,561  2 

) 2.440 2 

_ _  
2.31G 2 

2.244 2 

dobe. lobs. 

8.35  4 

7.72 1 

5.69  3 

4.98 4 

4.58 6 

4.46 3 

4 .195  1 

3.870 2 

3.697 2 

3.508 10 

3.577 5 

3.200 3 

3.049 7 

- -  

} 2.933 3 

2.838 2 

2.791 3 

2.653 2 

2.627 1 

} 2.463 1 

} 2.370 2 

2.290 2 

TABLE I11 I I I I 1 , I I 1 

4 4 
4 8 

1 

7 . 3 0  1 0 1  0.02  e . 0 2  

8 . 7 0  2 2 0 5 . 2 8  3.29 

5.44 1 2  I 4.885 4.691 I 0  

4 7 

7 

5 .  l a  3 0 1 3 . 9 7 3  3.973 

0 4 0 3.729 3.741 > I  

3 2 I 3.509 3.310 

4.119 2 4 0 3.344 3.346 
> 

1 8 

140 - 
MOLECULAR VOLUME X-RAY POWDER DIFFRACTION DATA 

FOR PaF4 AND LiF.PaF4 
0 - T H I S  WORK 130 - hlonuciinic PBF, TEtriwmal L iF .  IbF4 

- -  dolls. .dcalc. L -PREVIOUS WORK E7.T d"I,S. & 1_ ObS. - -  

6 l o o -  

:I. 967 a 4 1 1  3.178 3.178 7 

3.751 R 2 0 2 3.007 3.010 7 

J,t i04 B 2 2 2 2 . 7 8 8  2.79:l 4 

.A422 2 3 1 2 , 5 5 8  2 . 5 6 0  3 

A441 3 0 1 2.722 2 724 4 
I 

2 li 0 2 .3G3  2.JGG 2 

i i l l  2.301 ?.,I04 
{ : :'J: } 2 

4 (1 0 } 

3 "91 I 4 i I 2 ,  1OJ 2 .  190 I 

2.743 ,J t i  1 2 ,  1 1 1  2 ,  113 4 
4 l l rr ind 

{ :'::: } 
2 4 4 2  2,Oi iO 2.061 

(z:} 
2.218 6 

ometry occurs with LiF.UF4, while the 7 : 6 stoichiom- 
etry occurs with the heavier alkali fluoride-actinide 
 tetrafluoride^.^,^ 

For 4NH4F.PaF4, the X-ray powder diffraction data 
show that the compound is monoclinic and isostructural 
with the rest of the 4NHdF.XFd compounds (X = U, 
Np, Pu, and Am).3 The cell volume of 4NH4FePaF4 
is slightly larger than that of 4NH4FeUF4, a complete 
structdre determination of which is in progress. l4 

In  the cases of the 3MF.PaF4 compounds (M = Na, K, 
and Rb), X-ray data were not reported here since the 
amount of Pa(1V) present was not determined. The 

(14) I). T. Cromer and A. Rosenzweiy, unpublished work (1966). 
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Figure 2.-Molecular volume of alkali fluoride-actinide(1V) 
complexes, thorium through curium. The stoichiometry is 1 : 1 
for LiF.XF4 and 7 : 6  for 7/6  MF-XF4 (M = Na, K, Rb; X = 
actinide). 

presence of Pa(1V) could be demonstrated by absorp- 
tion spectra, but the absence of Pa(V) could not be 
established in this manner. It would be anticipated 
that there would be little difference in the 3MFsPaF4 
and 3MF.PaFb X-ray powder diffraction patterns, since 
similarity was observed for 3NaF*UF4 and 3NaF.UF5. l5 

Indeed, this close structural similarity has now been 
shown to include compounds containing three different 
valence states of uranium-3MF.UF3, 3MF.UF4, and 
3MF.UFs.16~17 I n  these compounds there must be 

(15) W. Ruedorff and H. Leutner, Ann Cllem , 632, 1 (1960). 
(16) R. A. Penneman, G. D. Sturgeon, and  L B Asprey, Inorg. Chcm., 3, 

(17) R. E. Thoma. H A. Friedman, and  R A Penneman, J. Am. Chem. 
126 (1964). 

Soc , 88, 2046 (1966) 
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slight differences in line intensities since the numbers of 
fluorines differ, but the positions of the alkali and ac- 
tinide atoms are the same and their scattering domi- 
nates the X-ray intensities. In  our experience with 3 : 1 
alkali fluoride-actinide fluoride compounds, there 
are no obvious differences in the X-ray powder 
diffraction film data as the actinide valence is changed. 

Absorption Spectra of Pa(1V) in Solution.-Previous 
observations of the absorption spectra of aqueous Pa- 
(IV) in different media show three ultraviolet absorption 
peaks a t  about 2250-2350, 2550-2600, and 2800-2900 A 
in chloride, perchlorate, bromide, and sulfate solu- 
tion.'* In strong XH4F solution, the most intense 
absorption is reported'3 to be a t  3525 A. (We find i t  a t  
3475 4 in saturated NDdF solution.) 

5f' Absorption of Pa(1V) in Solid Fluorides.-The 
fluoride complexes of Pa(1V) are an off-white to pale 
tan ; their main absorption occurs in the ultraviolet 
and infrared. The position of the main absorption 
bands in the solid tetravalent protactinium complex 
fluorides can be roughly compared with the data of 
-4xe, who observed the absorption of dilute Pa(1V) in a 
CstZrCle matrix.lg 

Ultraviolet Region.--Axe observed a very strong, 
broad band centered a t  about 5400 A and suggested 
that this intense absorption could arise either from 
crystal field stabilization of the 6d orbital states or 
from charge-transfer mechanisms. He also reported 
two minor peaks a t  3320 and 3650 A which were not 
discussed. In  7RbF.GPaFd three ultraviolet peaks occur 
a t  3500, 2980, and 2580 A or, alternatively, 28.6, 34.2, 
and 38.8 kK, respectively (1 kK = 1000 cm-l). This 
discrete absorption in the ultraviolet region (Figure 1) 
can reasonably be ascribed to 5f1-6d transitions. Jgir- 
gensen20 has reported values for such transitions in 
U3+ a t  25.5, 28.6, and 31.2 kK, and for G4+ a t  31.8, 
33.0, 35.8, and 40.0 kK, while Reisfeld and Crosby 
give values for the 5f1-6d transition in U5+ a t  36.2, 
40.0, and 44.0 kK.21 Also in our spectrum a t  -5000 A 
(20 kK) there is evidence of very broad, relatively weak 
absorption on which are superimposed the extremely 
intense f-d bands just discussed. I t  seems reasonable 
to ascribe this absorption to a charge-transfer mecha- 

(18) D. Brown and A. G. Maddock, Quarf .  Rev. (London), 17, 337 (1963). 
(19) J. D. Axe, "The Electronic Structure of Octahedrally Coordinated 

Protactinium(IV)," University of California Radiation Laboratory Thesis, 
UCRL-9293, 1960. 

(20) C. K.  JCgensen, "Orbitals in Atoms and  Molecules," Academic 
Press Inc. ,  London, 1962, p 156; J. L .  Ryan and  C. K .  Jgrgensen, 3dol.  
Phys. ,  7 ,  17 (1963). 

(21) M. J. Reisfeld and  G. A. Croshy, Inorg.  Chem., 4, 65 (1966); J .  Mol .  
S p u c t ~ y . ,  10, 232 (1963). 

nism involving electron transfer to the nonbonding 
ligand orbitals. 

Infrared Region.-In the case of 3' Pa(IV), it 
would be anticipated that a 2F6/2 -+ fFr/, transition 
should appear as a strong band in the -18,000-A region. 
This is based on the trend in values for the actinides 
as given by Reisfeld and Crosby (15f for Pa4+ is - I600 
cm-I) and using '/2{:f for the transition energy.*I I n  
comparable situations, strong absorption in fluoride 
complexes occurs at  the position estimated as above ; 
e.g., 5f' uranium(V) at  -14,000 A yields fjf [uranium- 
(V)] - 2000 cm-' and 4f1 praseodymium(1V) a t  -35,- 
000 A yields <4f[praseodymium(IV) ] - 825 cm-1.21,22 
In 7RbF.GPaF4 we observe a narrow, strong infrared 
band a t  18,300 _4 (see Figure 1) near its estimated posi- 
tion. 

For the compounds 7RbF.BPaF4, 3NaF*PaF4, and 
PaF4, itself, this sharp, intense absorption lies a t  an 
average value of 5485 cm-l, leading to a value for pro- 
tactinium(1V) of {jf = 1567 cm-'. The true location 
of the parent transition might be 100 cm-' lower since 
the observed peaks probably are a combination of the 
f-f transition with a vibrational mode. Axe, by com- 
parison, gives a value of {jf[Pa(IV)] = 14%) A (io 
cm-l.19 

For 5f' Pa(IV), octahedrally coordinated as PaC&-,  
Axe reported near-infrared bands at  about 12,000, 
14,000, and 18,500 A, which he assigned to the r6, r8', 
and transitions, respectively, originating in the r7 
level. The spectra are largely vibronic, giving rise to 
several components in each band (five components in 
Axe's 18,500-A band). For the fluoride compounds 
reported in our study, there are several absorption 
bands in addition to the strong one a t  18,300 A, and the 
gross features of our spectrum roughly correspond to 
those found by Axe. However, the origin of the 
levels (though undoubtedly crystal field in nature) can- 
not be designated as identical with those of Axe be- 
cause of the different site symmetry of Pa(1V) in the 
two different environments. 2 3  
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