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The optical spectra of (NEt,),Ul and (NEt,),UF; are presented and analyzed. With these data the electrostatic, spin-orbit,
and crystalline field parameters have been obtained for the series of octahedral compounds UX¢* (X = F, Cl, Br, I). The
Slater parameter F diminishes approximately 20% as the halide ion changes from F~ to I". The crystalline (or ligand)
field parameters for comparable PaX¢®™ and UX¢?" compounds vary markedly.

Introduction

The preparation and spectral properties of octahedral
compounds of the type (NEt,),PaX, (X = F, Cl, Br, I) have
recently been investigated.>> The trends in the ligand field
parameters 6 and A for these 5f' complexes were explained
qualitatively in terms of molecular orbital theory by large
variations in ¢ bonding dominating the total ligand field
splitting and changing markedly as the halide ion varied. This
same trend was also found for salts of the hexahalogenour-
anates (V). As part of the above program the corresponding
(NEt,),UXs (X = F, CJ, Br, I) salts were prepared and their
optical spectra obtained at 77 K.*** The most thorough

- analyses of the octahedral UX¢* spectra (X = Cl, Br) have
been given by Satten and co-workers from data obtained at
4 K on U** diluted in single crystals.*® We report in this paper
the analyses of the spectra of (NEt,;),UXs (X = I, F) and

compare the trends in the parameters obtained for the U**
series (5f2) as the halide ion is varied, with the corresponding
parameters in the 5f! series.

Experimental Section and Calculations

The preparation of (NEt,),UIs and (NEt,);UF; and the recording
of their spectra at room temperature and 77 K have been described
previously.2?’

Calculated energies were obtained by the simultaneous diago-
nalization of the combined electrostatic, spin—orbit, and crystalline
field matrices which were constructed by the tensor operator methods
described by Judd® and Wybourne.” These matrices were factored
by the crystal quantum number, g, into a 25 X 25 matrix (u =0, T
and T, states), a 24 X 24 matrix (u = 2, T'; and [, states), and two
21 X 21 matrices (u = 1, a doubly degenerate I's state). Matrices
of these ranks can be easily diagonalized by existing computer
programs so no further factoring was necessary. Experimental energies
were compared with calculated energies and the parameters of the
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Figure 1. Spectra obtained for various UX¢> (X = Cl, Br, I)

compounds at ~77 K. The lines at ~ 1.7 x are from the NEt," cation.

above interactions were adjusted to provide the best fit. Our computer
program was checked by reproducing the energy levels for Cs,UBr;
and Cs,UCl, given by Satten et al.* using their parameters.

Edelstein, Brown, et al.

The crystal field Hamiltonian for octahedral symmetry was defined
as

.= 304 [C0(4) + (5/14)1/2(C—4(4) + C4(4>)] + Boé[Co(é)
= (7/2)"HC.4P + C4')]

following the nomenclature given by Wybourne.” For our calculations
we set the ratios of F*/F? = 0,74 and F¢/F? = 0.55."%'" These ratios
were obtained from a review of the data available from spectra of
free ions and trivalent 4f and 5f ions in the solid state and were found
to be constant for a wide range of measurements.'?

Results

Figure 1 shows the spectra obtained for (NEt,),UX; (X =
Cl, Br, I) and for Cs,UCl;. As can be seen immediately the
general features of these spectra are very similar, the UI2
spectrum showing shifts to lower energles when compared to
the UBr¢>” and UCl> spectra. The situation for (NEt,),UF
is quite different as shown in Figure 2 This spectrum shows
almost no similarity to the other UX6 spectra and the peaks
are strongly shifted to higher energies.

High-resolution optical spectra of UCls>” and UBr6 " have
been studied in great detail by Satten and co-workers.*® These
spectra are dominated by vibronic transitions which appear
at regularly spaced intervals on either side of the pure elec-
tronic transitions. For O, symmetry the pure electronic dipole
transition within an 1" configuration is forbidden; however,
vibrations of ungerade character break the inversion symmetry
and are observed superimposed upon the pure electronic
transition. In some instances the pure electronic transitions
are not observed but are deduced from the vibronic assign-
ments, Satten and co-workers have interpreted in this fashion
the spectra of UCls2™ and UBr6 . We make use of their
assignments and similarly assign the UI6 spectrum

The vibrational fre?uencws for UBrg®” and UCl¢> have been
studied extenswely 5 and we estlmate the corresponding
values for UL by use of the equation®

M(Cl or Br)]/?
()= [—(T(I)—‘—J (v/(Clor Br)) (1)
where v, is the frequency of the halide atom-metal vibration
and M is the mass of the halide atom, and the data reported
by Brown et al.!® The calculated values are given in Table
I and compared with the available measurements.

From the estimated and measured vibrational frequencies
and by comparison with other UX¢* (X = Cl, Br) spectra we
assigned eight electronic levels as shown in Table II. The
vibrational frequencies observed do not fit well with the values
expected for »; and »,. The discrepancies could be due to errors
in choosing the centers of overlapping peaks and/or the
possibility of other normal modes or combinations of normal
modes falling in these ranges also. However, the assignments

T
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Figure 2. Spectrum of (NEt,),UF, at 77 K. The lines at ~1.7 ¢ are from the NEt,* cation.
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Table I Estimated Vibrational Frequencies (cm™') for (Et,N), UF, and (Et,N),UI,

UF*" UL
Calcd Obsd Caled Obsd
UBr*~ @ ucy,>- b PaF,>" ¢ UF ¢ UBr, - ¢ ucy - Pal >~ 4 15) Py
v, 371 404 143 156
v, 308 119
v, 369 351 404 406 143 135 143 143
v, 168 155 148 155 65 60 60 60
Vs 170 162 66 62
v, 121 114 47 44
@ Reference 15. ? References 5, 13. ¢ Reference 2b. & Reference 3.
Table Il. Observed Electronic and Vibronic Lines Table III. Calculated and Observed Electronic Transitions
{(cm™!) and Assignments ELN, UL ELN),UF,
(NEt,)UI, (NEt,), UF, 2 - i -
Transition, cm™ Transition, cm™*
Elec- Elec- PSS A —
Vi- Vibra- tronic As Vi Vibra- tronic As r Exptl Calcd r Exptl Caled
bronic tional transi- sign- bronic tional transi- sign- 1 0 102 1 0 46
lines  freq tion ment lines freq tion ment 4 892 4 1129
4596 —41 5181 -457 3 1189 3 1311
0 4637 T 5348 -290 5 2234 5 3303
4680 +43 0 5638 T, K 4637 4632 5 5638 5631
4753 +116 6094 +456 3 4769 4 821 3 6671 6596
4 6184 6184 4 7017 7 006
4769 0 4769 T, 6006 +665 5 6 640 6840 4 8290 8256
6112 -12 6215 -456 4 7169 6927 5 8577 8550
€143 —41 6309 -362 3. 7663 7463 1 8787 8751
0 6671 T, 1 7718 3 9085 9079
6184 O 6184 T 7032 4361 4 8760 5 10 418
6250 +66 416
€285 4101 7087+ 5 8741 886 4 10562 10713
7342 +671 3 9317 2 10 816
6549 91 6605 —412 2 9420 3 11193
6640 0 6640 T, 6821 -—196 4 9720 9584 4 12035 12015
6734  +94 o 7017 T 5 10333 5 12804 12811
7189 +184 ¢ 3 10776 10812 3 13038 13093
7092 77 7452 1435 5 10848 5 13263 13282
7169 0 7169 1, J.o8 T 2 11468 11621 2 13967
7262 +93 + 5 12180 12219 1 14 572
7570 -93 7849 —441 1 12439 5 14925 14949
7663 0 7663 T 7930 -360 4 12 507 4 15 242
7782 +119 : 0 8290 T, 1 13673 1 16584 16551
8651 +361 4 14597 4 17 301 17 330
8643 -98 8787 +497 3 14 622 3 18 051 18119
8741 0 8741 T, 8945 +655 i ig (G)gg g ;g g;g
1
8842 +10 7981 596 3 15 864 3 20 056
9606 -114 8137 -440 5 16 312 1 20 065
9671 —49 8210 -367 4 17 724 4 22 482
0 9720 T, 0 8577 T, 5 18363 5 22619
9747 +27 8945 +368 1 18 384 1 23 025
9852 +132 9225 +648 4 18 536 4 23 183
2 19219 2 24 387
ESttENh 5 19946 5 25149
0 10562 T 3 20 085 3 25 382
s 5 21 861 5 27 121
11013 +451 3 23106 3 28 780
11274  +712
1 35750 1 45 447
11587 —448 ) . Lo
11655 —380 shown in Table IV and the energy levels given in Figure 3.
0 12035 T, The interpretation of the spectrum of (NEt,),UF, posed a
12330 +295 more difficult problem. The vibrational frequencies expected
12484 +449

were 2primarily made on the basis of the similarities with other
UX¢* (X = Cl, Br) spectra.

By comparing the experimental energies with the calculated
spectrum we were able to make three more assignments as
shown in Table III. This table also shows the calculated and
experimental energy levels. The parameters obtained by the
“best fit” are given in Table IV. We also observed a small
shift in the spectra of (NEt,),UX¢ (X = Br, Cl) from that
found by Satten et al. for the Cs;UX¢ (X = Cl, Br). We
assigned these spectra and obtained the “best fit” parameters

were calculated by use of eq 1 and are given in Table I along
with the reported values obtained from the vibronic spectrum
of PaF¢* and IR measurements on UF,>.2*'7 The vibrational
frequencies for UF>" are much higher than for the other
halides so they were well resolved in the spectrum. The most
consistent vibrational frequency was observed at ~360 cm™.
This value corresponds with that calculated for »; (see Table
I) but disagrees with the assignment obtained from the IR
spectrum,? The energy levels for UF,2" were shifted strongly
to higher energies but the same general ordering was expected
as found for the other UX¢> complexes. On this basis the
assignments given in Table II were made. For levels above
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Table IV. Electrostatic, Spin-Orbit, and Crystalline Field Parameters (cm™) for UX*" and PaX*"

Edelstein, Brown, et al.

UF," ¢  uC,> @ UBr,?" @ Ul,>"?  UCL* b UBr b PaF# ¢ PaCl*" ¢ PaBr ¢ Pal "¢
F 49 699 43170 40 867 38 188 42 606 41425
+465 +2181 +2739 £2422
¢ 1970 1774 1756 1724 1800 1792 1508 1523 1535 1542
+10 +35 +41 +39
B 10 067 7463 6946 6338 7211 6593 14 736 6666 5413 4191
+113 +432 +609 1676
B 22 992 999 941 1367 1195 1423 394 —68 -282
+72 +258 +252 +289
Apms® 67 168 176 188
Amed® 39 76 95 106
@ This work. ® Reference 4. € Reference 3. dRoot-mean-square deviation, © Mean energy deviation.
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Figure 3. Energy level diagram for UX¢>™ (X = F, Cl, Br, I). The LSJ state listed for each level is the component having the largest value.

12000 cm* the assignments were determined by the proximity
of the calculated and observed levels. The parameters are levels for UF,* are interchanged when compared to the energy
given in Table IV and the energy levels are shown in Figure levels of the other halide complexes. This change in order was
3. necessary to obtain good agreement between the calculated

It can be seen from Figure 3 that several pairs of energy
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Table V. Ligand Field Parameters (cm™!) for UX,*~ and PaX,*"

69 A8 ¢

M= M= M= M= M= M=

Pab ‘U Pab 4] Pab 4]
MF, > 4502 2455 3074 3029 1508 196910
MCL>- 1873 2457 1634 1290 1523 177435
MCl1,>- ¢ 2640 847 1800
MBr,>~ 1268 2336 1707 1127 1535 175641
MBr, - ¢ 2378 828 1792
ML, " 832 2151 - 1546 999 1542 1724139

2 Total ligand field splitting= A + 6. (See ref 2a for defini-
tions.) P Reference 3. € Reference 5.

and observed levels. In one case this changeover can be directly
traced from the spectra. The spectrum of (NEt4)%UIS shows
well-resolved lines at 6640 cm™ (T's) and 7169 cm™ (T'y). For
the UBr4? complex these two lines come closer and for UCl¢>
we observe only a broad line with unresolved structure. Finally
in (NEt,),UF; we find again two well-resolved levels with the
inverse order (8290 cm™, I'y; 8577 cm™, I).

Discussion ;

The electrostatic, spin—orbit, and crystalline field parameters
obtained from our analyses and from Satten et al.* are tab-
ulated in Table IV. One trend is immediately evident. All
parameters except B,® increase as the halide ion is changed
from I" to F. The change is most abrupt from CI" to F~ as
expected from the spectra. The crystalline field parameters
for the analogous PaX¢> and UX¢> compounds were expected
to be similar, with the Pa parameters larger due to the greater
magnitude of the radial expectation values {(#*). The effects
due to the larger radial values for Pa** would be offset to a
degree by the smaller ionic radius of U**. In fact, except for
the fluoride complexes, the crystalline field parameters given
in Table IV show none of the expected trends.

The difference between PaX¢?~ and UX¢?™ arises from the
addition of a 5f electron so that in the 5f case we have the
additional electrostatic parameters F?, F*, and F®, Our
calculations were performed with fixed ratios for F*/F? and
F®/F? 50 we discuss only F2. One of the surprising results of
our analysis is the great change in F? as the halide ion is varied,
of the order of 20%. In order to check this result we have also
calculated the effect of fixed values for the configuration
interaction parameters «, 3, and -y (obtained from the results
of the analysis of Np** diluted in LaCl;'®) and found no
significant change in the fit of experimental and calculated
levels nor in the empirical parameters.

We compare in Table V the values of A and 8, the pa-
rameters obtained from ligand field theory, for the PaX¢* and
UF¢* complexes. The value of A, the parameter which de-
pends only on r bonding, is the same for the UFs>~ and PaFg>
complexes; but although it is diminished for the other UX¢*
complexes relative to the PaX,> complexes, it is approximately
constant. However, 6, which depends on both = and ¢ bonding,
is relatively constant for the entire UX,*" series, in striking
contrast to the PaX,? which shows a substantial lowering as
the halide ion is changed from F~ to I". The spin-orbit
coupling constant ¢ also changes more markedly for the UX¢>
series than for the PaX¢? series.

Let us consider only the electrostatic and spin—orbit pa-
rameters. For the PaX,®” complexes the spin—orbit parameters
are aPproximately equal for all three compounds while for the
UX“~ complexes there is a significant decrease in. this pa-
rameter between UF¢> and the other compounds. Qualita-
tively, we can attribute a reduction in the spin—orbijt parameter
to covalency effects, which would then appear to be significant
in the chloride, bromide, and iodide complexes and in PaF¢*,
but not in the UFs®” complex. Again, the difference between
the PaF>" and UF¢* complex may be attributed to the greater
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Figure 4. Differences in ligand field parameters for UX¢? and PaX®
vs. F2 for UX¢,

radial extent of the 5f wave function for Pa**. Judd'® has
pointed out that the observed values of F? for the UX¢>
compounds correlate in a roughly linear way with the po-
larizability of the halide ion, and a qualitative calculation has
shown that a nearby polarizable atom or ion will always reduce
the effective Coulombic interaction in a second ion.? However,
these qualitative models suggest larger values for the crystalline
field parameters for the Pa complexes, contrary to the observed
trends of the chloride, bromide, and iodide compounds.

Another way of interpreting the change in F? in this series
of complexes is by use of the nephelauxetic effect.! We would
then expect the electron cloud about the metal ion to expand
toward the ligands with the effect to be largest for I" and
smallest for F~. If we define 8 as the ratio F2(complex)/
F*(free ion) and assume 8’ = 1 for UF,*", then we find 8’ =
0.87 for UCl¢*, 8 = 0.82 for UBre>", and §’ = 0.77 for Ul¢*.
This trend follows that found in the d transition series? and
will explain the changes in F2, However, it does not explain
the large differences between the ligand field parameters of
the PaX¢>™ and UX¢>™ complexes.

Let us assume the crystal field parameters for the PaX¢*
complexes should be valid for the UX¢>~ complexes and then
consider the differences in the crystal field defined as

ACF = CF(U) - CF(Pa) @)

where CF = 6 + A, As can be seen from Tables IV and V
the crystal (or ligand) field in the series of ligzands (I-Br-CI-F)
increases much more rapidly for the PaX¢*" complexes than
for the UX¢>" complexes. There will be a point where CF(U)
= CF(Pa) (ACF = 0) for a hypothetical ligand at a certain
bond distance. We call this point “equilibrium” and consider
the value found for F? at this point as the “correct” value.
Figure 4 shows a plot of ACF vs. F2.. Qualitatively ACF
decreases from the iodide to the fluoride as the value of F2
increases. From this definition of “equilibrium” the value of
F? appears to be too large for UF2™ and too small for other
members of the UX,?™ series. _

This work shows that the parameters obtained in the usual
method for analyzing optical data of 4f and 5f series may not
have the same meaning for free-ion spectra and solid-state
spectra. Our studies suggest the Slater parameter F” is
strongly affected by the type of ligand in the complex and may
absorb some of the effects of the ligand field. Such effects
have been predicted by theoretical calculations.?>?* This is
also'true to 4 lesser degree for the spin—orbit coupling constant.
If 7 and {are affected by the ligands, then the values found
for the ligand field parameters may also not be the “correct”
values, :

Finally, we wish to point out that our analysis is consistent
with the excellent studies of Satten et al.** The 5f2 optical
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spectra observed in octahedral symmetry are dominated by
the vibronic transitions. Furthermore, the electrostatic,
spin-orbit, and crystalline field pararaeters increase as the
ligand changes from I to F~. In the 5f! series the crystalline
figld and spin-orbit parameters also increase with higher
oxidation state on the metal ion. The reported analysis of the
optical spectrum of CsNpF4** does not fit the above trends.
We suggest this discrepancy should be studied further.

Conclusion

We have analyzed the optical spectra of (NEt,),UFs and
(NEt,),Ul,. The electrostatic, spin—orbit, and crystal field
parameters for the entire UX,>" (X = F, Cl, Br, I) have been
obtained and where applicable compared to corresponding
parameters for PaX¢>". It was noted that the Slater parameter
F” changes by approximately 20% for the series and the crystal
field ?arametcrs are dissimilar for the comparable PaX®" and
UX;“" complexes.
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Kinetics of the reaction between hexacyanoferrate(III) and arsenic(III) in alkaline medium has been reinvestigated to establish
As™ and OH" dependences. The rate depends on the ratio [OH]/[As™]. The rate law for [OH]/[As™] > 1 is
"d[Fe(CN)ﬁa-]/dt = [FC(CN)GS—] [ASI"] (k]K}[OH_] + szle[OI’I—]2 + k3K1K2K3[OH_]3)/(1 + K1 [OH—] + 1{11{2[01'1—]2
+ K\ K;K,JOH1%). ky, k», and k3K, were found to be (10 & 0.9) X 10 M 57, 0.35 £ 0.02 M5!, and 13 £ 0.2 M?
s7!, respectively, at 45 °C and 7 = 2.0 M. K, K>, and K, are the equilibrium constants for the formation of H,AsO5",
HAs0,%, and AsO,* from H;AsO; and OH™, E, and AS* associated with k,, k,, and k3K were found to be 11.8 % 0.5,
6.4 % 0.7, and 3.75 % 0.46 kcal mol™ and -32 & 2, -43 £ 3, and -42 % 3 cal mol™ deg™!, respectively.

Entroduction

Krishna and Singh' and Mushran and co-workers? have
investigated the kinetics of the oxidation of arsenic(III) by
hexacyanoferrate(III) ion in alkaline solutions. The effect of
hexacyanoferrate(III) ion has been variously reported. A
limited range of concentrations had been employed to study
the arsenite and hydroxide ion dependences. The various
equilibria involving arsenic(III) and OH", as reported by
Mushran and co-workers,? clearly indicate that the arsenite
and hydroxide ion dependences would depend on their ratios
but they did not give quantitative treatment. These were some
of the points which prompted us to reinvestigate the kinetics
of this reaction, About a 1000-fold variation in the con-
centration of As" and about 500-fold variation in the con-

centration of NaOH have enabled us to characterize the
various rate constants, The overall reaction is represented by

AsHI 4+ 2Fe(CN),®~ - AsY + 2Fe(CN),*"

Experimental Section

The stock solution of 0.2 N arsenious acid was prepared by dis-
solving the requisite amount of arsenic trioxide, sufficient to give a
little more than 0.20 N acid, in boiling water. After cooling, it was
filtered and standardized against a standard permanganate solution.
All other reagents used were BDH AnalaR. Doubly distilled water
was used throughout (the second distillation being from the per-
manganate).

Reactions were carried out in a thermostated water bath at 45 £
0.1 °C unless mentioned otherwise. Measured quantities of As™ and
sodium hydroxide solutions were mixed and kept in the water bath



