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The Preparation and Spéctral Properties

of Actinide (IV) Hexaiodocomplexes.

D. Brown, P. Lidstef, B. Whittaker and N. Edelstein.

Hexaiodocohplexes of the type R;MIVI6 (R1= NEtQ
and'NMeBPh; Tald

reactions in oxygen~free, anhydrous methyl

= Th, Pa and U) have been prepared by

cyanidé. I.r. and Raman data are réborted tdgether

with electronic spectiral results fofvthe ﬁfotactinium (Iv)

and uranium(IV) complexes. Ligand field and spin-ofbit

coupling constants derived for the hexaiodoprqtactinates
'(IV) are discussed in relafionship to values obtained
'_earliér for other hexahalogenorrotactinates (IV),

(Nth)Z?axé (X = F, C1 and Br).

As péft'of a detailed investigation of thé grends in bonding of 5f!
compounds we have previously reported1'2 opticai spectral data for octahedral
compounds of the type (NEt4)2P3X6 (X = F, Cl and Br); The tren&s'in the
ligand field paraMeterS‘e and & were explained qualitatively'in terms of
molecular orbital theory with large variations ina’bondiﬁg dominating the
total ligand ‘field splitting as the halide was varied, a feature which was
also observed for certain hexahalogenouranates (V). Hexéiodo-complexes of

344 and the

tetravalent actinide elemernits have not been extensively étudied
single protactinium (IV) complex reportedu, (Ph3MeAs)2PaI , was only prepared

on a very small scale and its physical properties were not examined.
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We report nbw-the preparation of new hexaiodocompléxes, (NEtu)aMIVI6

‘™ = Tn, Pa ana U) and(NMeBPh)ZMIVI6i(MIV = Pa and U) together with
details of theirvi.r., Raman and (Pa #nd U only) so}id‘state electronic
spectra, and Xéray-powder diffréction results. Thé'ligand field and
Sﬁin-orbit coupling cozstantsiderived from the electréhié spectra of the
hexaiodoprotactinates (IV) aré compared with those avéilable for other
octahedral Sf':éompounds. |

EXPERIMENTAL

All reactions and sample preparation were performed in inert-atmosphere

dry boxes (oxygen < 20ppm; HéO < 20ppm) on account of the ready hydrolysis

and oxidation (Pa) of the complexes and to afford protection against
the radioactivity associated with 231Pa.

\

3 A

Reagents Thoriﬁm_, protactinum b

and uranium’ tetraiodide were prepared

according to fhe methods in the referénces cited. Commercially available
NEt, I and NMeBPhI‘(B.D.kL Ltd.) were vacuum dried at réom temperature (10-AT0rr5
.for several hours after which time no bands due to Water were pfesent-in'their
i.r. spectra.Methyl cyanide was purified as descfibed previouslys,‘flushed
with argon (99.999% purity) and stored in the inert-afmosﬁhefe glove boxes

over freshly dried molecular sieves. It was passed ddﬁnva column of new
sieves immediately prior.tovuse.  _
Iv

Hexaiodo-Complexes,R,MIVI6 (R = NEt, dr'NMe,Pni, M~' = Th, Pa and U).
L= : 7

The appropriatevtetraiodide (0.05 - 0.5g) was heated;with tﬁe stoichiometric
quantity (1:2 molé_ratio) of tetraalkyl/éryl-ammonium iodide in anhydrous,
‘oxygenhfree methyl cyanide (0.2 ;'1.0ml). The reactioﬁ mixture was cooled
in ice, the crystalline product isolated by centrifugaﬁion, washed with ice-
cold methyl cyanide and vacuum dried at room temperature. Yields were in

the range 70-90%.  Anal. Calc. for (NEfq)zThIG : Th; 18.51; I, 6of74%. .
Found: Th, 18.60 ; I 59.85%. Calc. for (NEt,), Uisfs U, 18.89; I,.60p43%._
Found: U 18.84; . I 60.24%. ‘Calc. for (NMeBPh)2U163~U.18?2; I.59.86 Found:
u, 18.75; I, 59.92%. The hexaiodoprotactinates (iV).which are isoétructural

'_2_.
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with their thorium and uranium analogues, were identified by X-r&y powder
diffraction analysis. |

Analysis -Thorium, uranium and iodide Qere determined as described
previnusiyj. |

Physical Measurement Solid state transmission spectra (0.2 to 2.2p) were

recorded usihg the technique described earliersf I.r. and Raman spectra
were recorded on.a Perkin-Elmer 180 instrument and a*Cag?& model 83 (488 nm
argon-ion laser excitatién)'instrument, reSpectively,:as described elsewhere7.
X~-ray powder diffraction saﬁples were mounted in 0;3¢m diameter Lindemann
glass capillariéé, which'were sealed and coated with Bostikot8 to prevent

accidental breakage. Films were recorded using a 19 cm Debye-Sherrer

camera with nickel-filtered CuK  radiation (lad-1.54183). :
. : ] -

RESULTS AND DISCUSSION

The hexaiodécomplexes crystallise when the appropriate tetraiodide and
alkyl/hryl-ammdnium iodide are mixed in anhydrous, oxygen~free methyl cyanide.
The products afe extremely sensitive towards moisture, and for small-scale
prepargtions (e.g. 50 mg of faIu) it is essential to pass previously.purified
methyl cyanide down a column of fresh molecular sieves in order té ensure
complete absence qf water. They are moderately soluble in methyl cyanide
and insoluble in isopentane. Thg addition of aqueous gmmonia'results in the
formation of hydrous oxides, the characteristic black protgctinium (IV) hydroxide
turning white within a few minutes in the presencé of oxygen.

Partial X-ray powder diffraction data for (NEth)éPaIs are listed in Table 1
together with visually estimated intensities : the thorium and uranium analogues
are. isostructural. The co@plexes appear ‘to possess lbw'symmetryvand unit

cells dimensions have not been obtained.

I.R. and Raman Spectra. Two infrared-active fundémenfais, V} (tﬁl) and v, (Hu.)

and three Raman-active fundamentals, v, (qu). v, (ek) and'5 (tz ) are predicted

_ g
by group theory for regular octahedral molecules of th§ typre MX6 belonging to

{
3.



the point group.Oh. The tzu nd&é. Vg is tofally forbidden. Comparison

of our spectra fo;.the hexéiodo-complexee‘with those;for hexafluoro-,
hexachloro- and hexabromo-complexes of a variety of tetravalent actlnlde
elements7vresu1ts in the assignments shown in Table 2. As 1nd1cated ‘Raman
data ‘could not be.oblzined for either'(NEtA)aPaI . which exhibited strong'
fluorescence, or (NEtu) U16, which decomposed in fhe.leser beam. A:definite-
assignment of Vh was not possible : a relatively weak, splitrabsorption was
observed around 60 cm‘1 but this coincided with the ﬁrobable position of the
lattice mode ahd_with a band obserred in the spectra of thick mulls of NEtuI.

However, there is probably a contribution to this absorption from vy since, on

a mass basis (e.ge vh(I) =!M§Clz; V#(Cl) and vh(I) =’M(Br5. v(Br) with’
. RT6: : M(T)

v, (C1) = ca 110 cm™ " and V,(Br)= ca 81 en™ 1) this mode would be expected

between 55 and 65 cm™ 1. The v, mode was not observed in the Raman spectrum

of (NEth)ZThI6' Although this mode was recently re'ported9 as a medium intensity

band at 230 cmf1'for solid hexachlorouranates (IV) we have been unable to
7

reproduce‘this and believe’ that the observation was ihcorreét. 'Qur results
confirmed those of Berringer gg_ggjo who observed only Vv, and Vg in the
spectra of hexachloroneptunates (V). | | |

A band obserred at 100'cﬁ-1 in the Raman spectra of cerfain sahples of
(NEt#)zThI6 is believed to be due to hydrolysxs products since it 1ncreases
relatlve to other bands on exposure of the compound to moisture and is the only
band present in the spectrum of an aqueous solution of (NEth) ThI,. This band |
is therefore valuable in assessing' the purity of a sample of this material.

It is not p0581blea¢ present to dec1de which of the two remaining bands (Table 2)

should be a551gned to Vs, and which to a lattice mode.

Electronlc.Spectra The solid-state spectra obtained for‘(NEtu)zPaIs are shown
in Figures 1 and 2 and that for'(NEtu)2UI6 at 85K in Figure 3. The last has not
been inferpreted and will not be discussed in detail.

The oeasured bend positions for (NEih)aPaI6 and (Néh:Mes)z PaIG_are
provided in Table 5rtogether with assignments.‘ The eeoimated accuracy of

ol -
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moasurement is + 1OR » Bands present in the spectra (Flgures 1 and 2) at

ca 1.68u are associated with transitions within the tetraethylammonium cation.
No other bands were observed at higher wavenumbers. The_épectra are similar

1,2

to those we reported earlier for the octahedral hexahaldgendprotactinates (Iv)

-~

[(NEt ) PaX ; X =-F,,C1 and Br] and the optical absorption bands are similarly

assigned to tran51t10ns from the T and r8f states

” ground level to the F6,.F '

‘7
| as indicated in Table 3. |
The spectra are:domlnated'by vibronic transitions which arise from the
coupling of the vib;étional modes with the pure electronic transitions. The
strongest vibronic ban&s are those.which are caused by mOtions which destroy
the centre of_symmétry_of the complex during vibration [i°é"v3(T1u)’ Vu(T1u)
and v6(Téﬁ)]. In‘ﬁhé PaI62-'electronic spectra it aﬁpeafsvposéible to
correlate»the vibronic band occurring at gg;ibﬁhs cm‘1 from the F7 - F7'
transition with the.v3(T1u) normal mode (Table 2). Othgf‘vibronic bands are
probably due to othér norma1 modes or combinations of norﬁal_modés including
those of the cation11,%: Higherﬁreéolutién épectra are nedéséary to further
resolve these bands. ;Theffg ‘level ‘is égain observed to be split as in the

spectra of other octahedral protactlnlum (IV) complexes“_2

12,13

ﬁnd a range of

uranium (V) ‘complexes |
The assignments af”85K shown in Table 3 were used to fit the ligard field

splittings, ©® and A,véhd‘the spin-orbit coupling constant 3 and in order to have

a check on these par;meters the g value for Paléa‘ was estima#ed at -1.15

(g£ refs. 1 and 2).. .ihe experimental and calculated values are compared in

Table 4, and the Gjaﬁq 8 values are compéred with those f6f §ther hexahalogeno-

protactinate (IV) iﬁ ?igure’h;. The apparent incrgase.initSe'spin-oibit counling

constant through:théusériés from the fluqride to the iédidevcomplex should

bé treated with cautighfsince the Qalues obtained are strbhgiy dependent on

the g values estimaféd}: Magnetlc measurenents are necessarv on . these

;

compounds in order to determlne accurate values of .

“5m



The very marked décrease‘ih © and the relativelj‘constﬁnt value of A
across the series PaF62- + PaI62- (Figufe 4) reflects the progressive lowering
in energy of.théfPs state reiative to the‘ra' and.P7' states shown in Table 5.
The T,' state in fact increases vefy-slightly in ¢nérgy from PgClég— to'PaI62f.

As discussed préviously, it can be shown for 5f' compounds in octahedral symmetry

r
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thatl g
0 = (af +o5-a's) (B~ E)

and | - - | SN
A~ (d.,.:z)' (E.-E ) |

where o, and a, are. ligand admixture‘coefficients for the tlu state,

‘qn' is that for theft state, and E, and Ep are the blndlng energies of the

2u f

outer f metal ion electrons and the outer P shell llgand electrons, respectively.

Thus, since © changes much more rapldly than 8 for the’hexahalogenoprotact1natesOV)

.

(Figure 4) and aq.and o' involve the same ligand orbitél,vehanges in n'bonding
will have relatively little effect on © but (Eq.1) will directly effect A.

It appears therefqne‘that as the halide ion is changedlffoﬁ fluoride to iodide

in . the hexahalogéhoprotactinates (IV); (Nth) (X = F to 1), large changes

1n¢'bond1ng occur whllst the 1 bonding is relatlvely unaffected.

Summary
' lMIV i
The preparatlon of actinide (IV) hexalodo—complexes, R (R = NEt, ,

NMe_Ph; MIV. Th, Pa, U) is descrlbed. I.r., Raman and electronlc spectral

3

data are reported for the protactlnlum (IV) and uranium (IV) complexes.

[

ligand field paramete;s and spin-orbit coupling constants derived for the
hexaiodOprotactinatesf(IV) are discussed in rélationshiéetd‘eerlier values
obtained'for‘othef_eeiehedral hexahalogeheprotactinates (iV); (NEt4)2PaX6

(X = F, Cl and Br)véﬁd_shown'to fit the trends preViously'identified for these

compounds.
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T&ble 1

. Partial X-ray Powder Diffraction Data for NEt,) ..

{ e i . .
Sln?eobs : Iest Slnaeobs : Iest »

0.0108 M+ ‘ 0.0716 o s
.0115 . M- 0772 M-
0293 W- ‘ .0788 M-
«0331 . Wee 0826 : M
-0l26 M - .0853 M
0451 M ' «0959 . M+
eI W= - 0974 , W-
.0501 W ) .0996 W
0511 W <1045 - M+
0521 C o W- ' . 1080 LW
0545 W- , e1122 W+ -
0563 W- <1143 W-
«0571 W= - «1171 . W=
0604 W - <1261 - M+
0622 W- 1327 M+
0644 . W .1386 W
.0666 : W- 421 w , ‘

¢ .0689 W- <1471 ' w : : .
' <1542 - - Ww-

* S, strong; M, medium; W, weak.

Table 2.

I.r. and Raman Data For Hexaiodo-complexes.

Compound Colour - Observed Vibrational Modes (cm—1)
vy V3 vy Vg
(NEt,),ThI,  VWhite 131 43 ¢ 68,50%
(NEt, ) Pal, Blue a3 c a )
(NEt,, ), UT, " Red b 143 < b

not observea ow1ng to fluorescence
not observed owing to rapid decompos1tlon of compound in laser beam
discussed in the text. .

o]o|p
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At 85K

Band Position Int.
-1

(em )
7262 : w
- 7138 s
7102 sh
r_-r 6964 m
76 6868 m
6770 m
6729 sh
. 6601 s
r7-r8 6502 s
553“ . w
Skz2 W
r_-r_: 5382 sh
77 5359 m
5241 wyb

br -

Table 3. Spectral Results For The Hexaiédoprotactinates (V)2
(NEt, ) Pal, _ . o (NMeBPh)ZPaI6_ ‘
At 00K At 85k At 300K
Freq. Band Position Int. Freq. Band Position Int. Freq. ) Band Position Int.
(en™) (em™ ™) (em™ (em™ M) (em™ ) (cm™"
* 7413 w ++20
+298 7262 sh +298 7315 m +322
+174 7143 s +179 7143 s +150 7143 8,
+138
[¢] 6964 w 0 6993 m 0] 6998 v
~96 6859 8 =105 . 6887 ’ sh =106
-194 6780 s -184 ‘ 6840 ‘s =153 . 6840 s, br
=235 6752 w -241
6605 5 6627 8 6614 s; br
6431 s 6494 5 - 6398 -8, br
5152 5525 Nm +140 5540 w +155 5540 m
+« 50 5429 m +4l 542% ) W + 38 5429 m
"0 5385 m 0 5385 m 0 5391 m
- 23 5362 m =25 5362 : m =23 5371 m
. 5350 sh =35 ) 5333 " sh -107 5330 sh
141 52k w 5241

=11 5236 w, br

2 s, strong; m, medium; w, weak; br, broad; sh, shoulder.

-149

%

Freq.
-1
(cm

+145

-158

+149
+38

=20
~61
=150

XBL 758-1892
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%



Table l"o

Calculated and Experimental Transition Energies, Ligand Field Parameters

"and Spin-Orbit Coupling Constants For Hexaiodoprotactinates (IV);

Cdmgound_ o Energy (em™ ") ' Parameters (cm™ ') |
o | F,Tg T,Tg' T,T,' | g © O 4
(NEtu)zPaIs Calc. 7002 6497 5397 -1.142 83e. 1546 1542
- CExp. . 6998 6506 5391 -1.150>
(NMeBPh)ZPaIs Calc. | 6973 6497 5399 —1.130 | 782 1592 1540

Exp. 6964 6518 5385 -1.150%

2 Estimated value.

-10-
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Table 5.

Comparison of Experimental Transition Energies for Hexahalogenoprotactinates (IV).

Compound : " Energy (em™)
r,Tg T,fg' [T,
a.‘-(NElt[*)ZPaF.‘6‘ 2 . . 11,446 9,708 5,698
(NEtL})ZPaclé L} 8,011 7,022 5,330
OBt,)PaBr, 2 7480 6,828 5,35
(NEt,,) ,Pal, < 6,998 6,506 5,391
,(NMeBPh)ZPaIG £ 6,964 6;518 5,385

8 Ref 2; Lref 1; SThis work.
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Figure 1

Figure 2

Figure 3

Figure &

Fipgure Captions.

The Spectrum of (NEtu)zPaIé at:3ooxﬂ
The Spectrum of (NEtQ)ZPals at 85K
The Spectrum of (NEt4)2UI6 at 85K .
Ligand Fiéld Splittings © and A& for octahedral

Complexes of the type (NEtu)aPan'(X=F, Cl1, Br

_12-
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STATISTICAL DECAY OF GAMMA RAYS IN (n4,y) REACTIONS

E. NARDIt, L. G. MORETTO aund S. G. THOMPSON

Lawrence Berkeley Laboratory, University of California,
Berkeley, California 94720, USA ’

Reccived.25 April 1974
(Revised 3 September 1974)

“Abstract: Isomer ratios obtained in doubly even targets in the (ny,, ) reaction are calculated using )
realistic level densities and spin cut-off parameters. The calculations were petformed using the = -+~ -~
Monte Carlo method and the general agreement betwecn the present calculations and experi-
mental data is satisfactory. In one case the shape of the y-ray spectrum was calculated and
good agreement with experimental data was obtained.

1. Introduction ‘

The relallve formation probability of a spin isomer and of the ground state following
a nuclear reaction has been studied extensively in many types of nuclear reactions.
The isomer ratio which is obtained from these reactions is defined as the ratio of the
yield of the high spin isomer to the total yield of the ground and isomer state. In the
present paper we calculate isomer rations in (n,,, ) reactions for a large number of
-doubly even target nuclei on the basis of the statistical model of the nucleus. We shall
- also calculate in one case the shape of the statistical portion of the gamma ray
- spectrum using the same theoretical model. :

The first quantitative calculation of spin isomer formation was carried out by

‘Vandenbosch and Huizenga ™ 2) and later by Vonach, Vandenbosch and Huizenga *)

-.and Bishop et al. *). These authors assumed that the gamma cascade in the (n, y)
‘reaction is composed of El transitions only, the number and energy of which were

--obtained on the basis of the excitation energy and the value of a, the level density
parameter > 4),

The isomer ratio calculations were considerably improved by Sperber and co-
workers > ). In particular the number of transitions in the y-cascade was allowed to
vary and the isomeric and ground states were also fed during the gamma cascade and
not only in the last step of the deexcitation process. The level density and spin cut-off
parameters were taken from Gilbert and Cameron 7) while the degree of quadrupole
admixture was a frec parameter.

Recently, Watson et al. ®) and Clarke and Gill ®) used the shell-model based .

:
bd

't Present address: Isract Atomic Energy Commission, Soreq Research Center, Yavne, Israel and
‘Weizmann Institute of Science, Rehovot, Israel.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.
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