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Abstract 

Magnetic susceptibilities of UI,hmpa,,, (m = 3, 4, 5) were measured from the b.p. of liquid helium to 
room temperature. On the basis of the ligand field theory, analysis of the results of magnetic susceptibility, 
along with IR and solid reflection spectra shows that UI.,hmpa,,, (m = 3, 4 or 5) has a six-coordinated 
structure as formula, [I&-,(hmpa),]I,-, (m =3, 4 or 5). [UI,(hmpa),]I has a fuc configuration with 
C3*, symmetry, and does not have an auto-ionized structure as in the case of [UCl,(dmso),]. [UI,(hmpa)& 
has a truns configuration with DM symmetry, while [UI(hmpa),]I with C.,, symmetry has no geometrical 
isomer. Taking into account the magnitude of magnetic susceptibility of Br and I complexes with the 
same configuration, the distortion from the octahedral symmetry in I complexes is larger than that in 
Br complexes. 

Introduction 

UX& complexes (X= a halogen or a pseudo 
halogen; L= a neutral oxygen-donor ligand) have 
been extensively studied from the view-point of spec- 
tral and structural chemistry. The configuration of 
all complexes of the U&L2 type has been assigned 
to trans configuration except for UCl,tppoz (tppo= 
triphenylphosphine oxide) [l]. Complexes of 
UX,hmpa* (X=Cl-, Br- or I-, hmpa= hexame- 
thylphosphoramide) also have tram configuration, 
where the ligand field around the central uranium 
ion has a tendency of tetragonal distortion from the 
regular octahedral symmetry, increasing from Cl- 
to I- [2]. This tendency may be due to the softer 
and/or bulkier iodine ion than the others. Therefore, 
the behavior of the ligand field distortion in U14 
complexes is an interesting problem. 

UX&,-type complexes (n =3-8) have been re- 
ported to take various structures. For example, 
UCl,dmso3 was elucidated to exist in an auto-ionized 
structure as [UClz(dmso)6]2+[UCl,]2- (dmso is di- 
methylsulfoxide) by X-ray diffraction [3] and magnetic 
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susceptibility [4] analyses. The structures of U14ureas 
and UCl&G& (MA = methylacetamide) have been 
reported to be eight-coordinated [5] and a dimer 
[6], respectively. The structure of complexes of the 
U&L,,-type with a bulky ligand would be of interest, 
but only a few studies have been carried out, in 
particular, for the W&-type. 

One of the present authors successfully isoiated 
U14(Mecn)4 [7] which is applicable as a new starting 
material for the preparation of U14 complexes and 
prepared UI,hmpa,,, (m = 3, 4, 5). The configuration 
of the tetraiodineuranium(IV)-hmpa complexes was 
assigned by analysis of IR, solid reflectance spectra, 
etc. [S]. 

In the present study, the magnetic susceptibility 
of UL,hmpa, (m =3, 4, 5) was measured from the 
b.p. of liquid helium to room temperature. These 
results were analysed on the basis of the ligand field 
theory. The structural configurations of these com- 
plexes are discussed along with the results of IR 
and solid reflection spectra. The bonding between 
uranium and iodine in the present complexes is 
compared to that between uranium and bromine in 
the Br complexes reported previously [9]. 
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TABLE 1. Elemental analyses and infrared spectra 

Complex Analysis (%)” v(P=O) Au(P=O) 
(cm’) (cm-‘) 

H C N 

FJMhmpaMI 4.30 16.59 9.51 988sh 219 
(4.24) (16.83) (9.82) 

Wr(hmpa)& 5.06 19.25 11.08 _s 
(4.96) (19.70) (11.49) 

PJWmpaMI~ 5.45 22.85 13.1 _b 
(5.52) (21.94) (12.79) 

“Calculated values are given in parentheses. %(P=O) is overlap with other bands. sh: shoulder. 

Experimental 

UI,hmpa, (m = 3,4,5) were prepared as described 
previously [8]. 

Hydrogen, carbon and nitrogen contents were de- 
termined with a Yanagimoto CHN Coder MT-2. 
Infrared spectra of the powdered samples were re- 
corded on a JASCO IR-2 spectrophotometer by the 
KBr disk method (4000-400 cm-‘). Results of el- 
emental analyses and infrared spectra are shown in 
Table 1. 

Measurements of magnetic susceptibility were car- 
ried out using a Faraday type torsion magnetometer 
from the b.p. of liquid helium to room temperature. 
HgCo(NCS), was used as a calibrant of susceptibility 
[lo]. In order to confirm that the sample was free 
from a ferromagnetic impurity, the dependence of 
magnetic susceptibility on the intensity of magnetic 
field was measured in the range 0.1-0.7 T. Dia- 
magnetic susceptibility corrections for all samples 
were made by using Pascal’s constants and the values 
were given as follows; UI,hmpa,, - 522.6; U14hmpa4, 
- 616.9; UI,hmpaS, -711.3; (X 10e6 in cgs emu 
units). 

Results and discussion 

Figures 1, 2 and 3 show the dependence of the 
magnetic susceptibility on temperature for UI,hmpa,, 
UI,hmpa, and UI,hmpas, respectively. The magnetic 
susceptibilities of all complexes increase with de- 
creasing temperature from room temperature, and 
have a plateau below 80,100 and 150 K, for U14hmpa3, 
UI,hmpa, and UI,hmpa,, respectively. Slight in- 
creases in magnetic susceptibilities at temperatures 
below 10 K seem to be due to very small paramagnetic 
impurities which could be present in the complexes. 
Their contributions in the higher temperature region 
are negligibly small. 

For UI,hmpaX, the P=O stretching frequency, 
v(P=O), is observed at 988 cm-i, as a shoulder of 
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Fig. 1. Temperature dependence of magnetic susceptibility 
of UI,hmpa,: (0), observed; (-), calculated for CSv 
symmetry; (- - -), calculated for auto-ionized structure, 
)[U12(hmpa)6]2+[U16]2-. For UBrr(hmpa)s(&B): (A), ob- 
served; (-), calculated for Ch, symmetry. 

other strong bands, showing the shift to the lower 
energy side from that of free hmpa molecule (1207 
cm-‘). For ULhmpa, and ULhmpas, the P=O 
stretching band cannot be observed, and strong bands 
are observed at this region. If the hmpa does not 
coordinate to the uranium ion, the u(P=O) of hmpa 
in these complexes should be observed with the same 
frequency as that of the free hmpa molecule. Since 
the absorption band of free hmpa cannot be observed, 
v(P=O) for both complexes probably overlap with 
the other strong bands, i.e. 4P=O) for both com- 
plexes may shift to the low energy side. In UI,hmpa,,, 
(m = 3, 4 or 5), all hmpa ligands seem to coordinate 
to uranium ion through the oxygen atom. 

In general, the low energy absorption band around 
1800 nm is sensitive to the number and the type of 
ligands. This absorption band in solid reflectance 
spectra is observed for all present complexes as in 
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Fig. 2. Temperature dependence of magnetic susceptibility 
of UI,hmpa4: (O), observed; (-), calculated for Dti 
symmetry. For UBrz(hmpa),(dB),: (A), observed; (-), 
calculated for D, symmetry. 

Temperature / K 

Fig. 3. Temperature dependence of magnetic susceptibility 
of UI,hmpa+ (O), observed; (-), calculated for C, 
symmetry. 

the case of the Br complexes. The solid reflectance 
spectra around 1800 nm for UI,hmpa3 and UI,hmpa, 
are similar in shape to those of [UBr,hmpa,](+dB) 
and [UBr,hmpa,](&B),, respectively, suggesting that 
I complexes, [UI,_,(hmpa),]I,_, (m = 3,4, 5), may 
have the same configuration as Br complexes 
which have a six-coordinated structure, 
[UBr~-,hmpanl(~~B),-4 (a = 2, 3) [91. 

Structure of U14hmpa3 
According to the results of IR and solid reflectance 

spectra, this complex may be formulated as follows 

ULhmpa3 - [UI,hmpa,]I (1) 

where three iodine ions and three hmpa ligands 
coordinate to the uranium(N) ion, and the remaining 
iodine ion exists as a counter-ion. 

On the other hand, some complexes have been 
reported with the formula as II&L, (m stands for 
an integer or half integer of 3 to 8) having the auto- 
ionized structure. For example, UCl.+dmsos exists 
in the auto-ionized structure 
[UClz(dmso)6]2f[UCl~]2- [5, 61 and UC14depa2.s zi 
[UCl,depa]+[UCl,depaJ- [ll] (depa is diethylpro- 
pionamide). 

If U14hmpaJ exists as the auto-ionized structure, 
it is shown as follows. 

UI,hmpa, - t[U12(hmp&12+ [UI,]‘- (2) 

In this structure, the six-coordinated anion complex 
and the absence of uncoordinated hmpa ligand have 
very similar results for IR and solid reflectance spectra 
as that of the octahedral structure as shown eqn. 
(1). One of the differences of both structures, how- 
ever, is the coordination number of the cation com- 
plexes, i.e. [U13hmpaJ]+ and [U12(hmpa)6]2f are six- 
coordinated and eight-coordinated, respectively, giv- 
ing rise to the difference in the symmetry around 
the uranium ion in these complexes. The symmetry 
around the uranium ion is a key factor in determining 
the structure of the complexes by magnetic suscep- 
tibility measurements. In the case of the auto-ionized 
structure of eqn. (2), the complex cation, 
[U12(hmpa),J2+, probably has an eight-coordinated 
configuration with a distorted C2, symmetry, and the 
complex anion, [UI,12-, has a regular octahedral 
configuration. The configuration and the symmetry 
of cation and anion complexes are shown in Fig. 4. 
Assuming eqn. (2), the observed magnetic suscep- 
tibility should be the sum of the contribution from 
the cation, [U12(hmpa)6]2+ and that from the anion, 
[VI,]“-, that is, 

Xobsewcd = fx([U12(hmpa)d2f) + Ix@JL12- ) 
The anion, [UI,12-, has a temperature-independent 
paramagnetic susceptibility of approximately 
2.1~ iOa3 cgs emu [12]. On the other hand, the 
splitting of the 31& ground term of uranium(IV) (SC 
configuration) caused by eight-coordinated ligands 

wlMa,,b21 fat-IMa3b$ mer_(Ma3b$ 

‘2” C3” c2 

Fig. 4. Geometrical isomers and their point groups of six- 
coordinated structures and the dodecahedron structure. 
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TABLE 2 Elgenvalues and elgenvectors for the 3& term 
m the hgand field of pomt group CJu 

Elgenvalue Elgenvector 
(cm-‘) 

669 63 0 89801 f 4) + 0 42731 f 1) + 0 10441 T 2) 

399 32 04603/-3)+07591)0)+046031+3) 
-8906 03559/+4)-056641&l)-074331+2) 

- 264 60 070711-3)-070711+3) 
- 337 42 025851+4)-07047~~1)+06607~f2) 
-62106 0 53671- 3) - 0 6510/O) + 0 53681+3) 

Condltlons Zo=20au,Z,=085au,R(U-0)=216a, 
R(U-I)=301 ii, &,=55”, &?=62” 

which form a dodecahedron (dlstorted CzLv symmetry) 
was reported by H Sakural et al [4] According to 
the well known van Vleck equation, the magnetic 
su.sceptlbMy of [UIZ(hmpa)6]2+ IS calculated with 
a parameter of an energy difference, AEdodr between 
the ground state and the first excited state Although 
the parameters for the calculation of the magnetic 
susceptlblhty, x([UI,(hmpa)6]2f), were over a wide 
range, the calculated values did not agree with the 
observed values A typlcal example of the calculated 
magnetic susceptlblhty 1s plotted as a broken hne 
m Fig 1, taking the A,?&, of 190 cm-’ for the 
complex with a dodecahedral structure Since the 
calculated values are qmte different from the ob- 
served, the auto-ionized structure correspondmg to 
eqn (2) 1s not reasonable 

Concermng eqn (l), there are two possible geo- 
metrical isomers for [UI,(hmpa),]I, one 1s facial @c) 
and the other IS merldlonal (mer) These Isomers 
have C3, and C2 symmetry around the uramum ion, 
respectively (Fig 4) When the [UX3L3]-type complex 
has a mer configuration with C2 symmetry, the elec- 
tronic levels of the 3H, ground term spht m the 
same manner as that of cu-[UX,L,]- or CLS-[UX,L,]- 
type complexes with Czo symmetry [13] In this 
symmetry, the contrlbutlon from the first-order Zee- 
man term vamshes, and only the high-frequency term 
gives rise to the temperature-independent para- 
magnetic susceptlblhty Thus, the merldlonal con- 
figuration leads to the temperature independent 
paramagnetlc susceptlbrhty However, the observed 
magnetic susceptlblhty depends on temperature 
above 80 K, excluding the mer configuration for this 
complex 

In order to further examme the symmetry around 
the uranium ion, the magnetic susceptlblhty of the 
complex was calculated assuming Csv symmetry which 
corresponds to the fuc configuration The electronic 
levels split from the 3H4 ground term of the ura- 
nmm(IV) ion m this symmetry are gtven m Table 
2, where it can be seen that the 3H4 term 1s spht 

mto three singlets and three doublets Taking the 
lowest two states mto account, the calculated mag- 
netic susceptlb&y using the van Vleck equation with 
the energy difference, A,??, = 330 cm-‘, IS shown 
m Fig 1 (solid hne), and closely agrees with the 
observed value Then, this complex may have a facial 
configuration with &, symmetry formulated as fuc- 
FJWmpW 

Structure of Ul,hmpa, 
Since there 1s no evidence for the free hmpa hgand 

m the IR spectrum and the characterlstlc peak for 
the octahedral U4+ Ion 1s at 1800 nm m the solid 
reflectance spectrum, U14hmpa4 1s consldered to have 
a six-coordinated structure as follows 

UI4hmpa4 - [UUhmpaML (3) 

[U12(hmpa),]12 has either a truns or CIS configu- 
ration, with symmetry around the uranium Ion of 
De or Czv, respectively (Fig 4) As described pre- 
vlously [2], the magnetic susceptlblhty behavior 1s 
qmte different accordmg to the symmetry around 
the uramum Ion If the complex has a truns config- 
uratlon (D4h symmetry), the magnetic susceptlblhty 
Increases with decreasing temperature and has a 
plateau at lower temperature, while the complex 
with CLF configuratlon (C,, symmetry) 1s temperature- 
mdependent paramagnetlc at all temperature regions 
The observed magnetic susceptlblhty for 
[UIz(hmpa)4]Iz depends on the temperature above 
100 K The values of magnetic susceptlblhty calculated 
by the van Vleck equation with wavefunctlons re- 
ported by J W Gonsalves et al [14] and a parameter, 
AEDu, = 485 cm-‘, agree with observed values (solid 
hne m Fig 2) Therefore, the symmetry around the 
uramum Ion IS Dti and the complex has a truns 
configuration 

Furthermore, the IR and solid reflectance spectra 
of U14hmpa4 are very slmllar to those of trans- 
[UBrz(hmpa)4](44B)2 except for the absorption bands 
due to the 44B- Ion The slmllarlty of the IR spectrum 
as well as the results of magnetic susceptlblhty and 
the solid reflectance spectrum suggests a trans con- 
figuration for [U12(hmpa)4]12 

Structure of U14hmpa5 
The proposed structure for this complex IS the 

six-coordmated structure as follows 

U14hmpa5 - [UI(hmpa),]I, (4) 

The symmetry of the hgand field around the 
uranmm(IV) ion in a [UXL+ype complex IS te- 
trahedral wth pomt group C,, The spit of the 
ground term, 3&, m the hgand field of C,, 1s the 
same as that of Da which belongs to tetrahedral 
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symmetry The magnettc suscepttbthty of the [UXL,]- 
type complex can be calculated by usmg the stmtlar 
wavefunctions of the complex with Dti symmetry 
Taking the lowest two states mto account, the cal- 
culated magnetic suscepttbtluy using the van Vleck 
equation wtth LIEcat =.595 cm-’ 1s shown m Ftg 3 
It 1s very close to the observed values, mdtcatmg 
tetragonal symmetry around uranmm m ULhmpas 
The results of the IR and solid reflectance spectra 
also correspond to the stx-coordmated structure wtth 
a formula of [UI(hmpa)S]13 Therefore an octahedral 
structure 1s reasonable for this complex 

Comparison of I complexes and Br complexes 
The magnetic suscepttbthty of trans-[UIz(hmpa)& 

IS larger than that of tians-[UBr,(hmpa),](+~B)2 m 
the measured temperature range (Fig 2) The mag- 
nettc suscepttbtluy offac-[UI,(hmpa)JI 1s also larger 
than that of fac-[UBr,(hmpa),](+dB), of whtch the 
symmetry IS C,, (Fig 1) Thts tendency ts explained 
m the same manner as m the case of the order of 
magnetic suscepttbthty of nans-[U&(hmpa),] 
(X = Cl, Br and I) [2] In the Da and CJ, symmetry, 
the energy difference between the ground state and 
the first excited states, AE, decreases with increasing 
the tetragonal and trtgonal dtstortton from the regular 
octahedral symmetry, respecttvely The dtstortton 1s 
a measure of the difference between the hgand field 
strength of the hmpa hgand and that of the halogen 
hgand [9, 141 Smce the order of the hgand field 
strength IS O(hmpa) zz=- Cl > Br > I, the order of the 
dtstortton from the octahedral symmetry 1s Br com- 
plex < I complex As the contrtbuttons from the first- 
and the second-order Zeeman effects to the magnetic 
suscepttbthty increase wtth increasing the distortion 
of the complex, the order of magnetic suscepttbthty 
1s given as x(Br complex) <x(1 complex) Thts ten- 
dency 1s consistent with the order of the magnettc 
suscepttbthty reported prevtously [2] 

Conclusions 

In conclusion, It 1s shown that U14hmpam (m =3, 
4 or 5) complexes have a six-coordinated structure 

with the formula, [U16_,(hmpa),,,JI,,,_z (m = 3, 4 or 
5) [UI,(hmpa),]I has a fat configuration, and does 
not have the auto-tontzed structure as observed for 
WCL(dmso)al [UL(hmpa)& and [UI(hmpa)& 
have a trans configuratton and octahedral structure, 
respectively 
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