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The U(IV) fluorides (C;H,,N,),U,F,,-5H,0 (AU1-2) and
(NH,),U¢F;, have been prepared from the reaction of UO, with
HF and homopiperazine (C;H,,N,) at 180°C in aqueous media.
AUI1-2 contains dodecahedral UF; units that share two edges to
form ! [UF,F,,] one-dimensional chains. The fluoride ligands
form hydrogen bonds with the diprotonated homopiperazinium
cations to yield channels running down the a axis that contain
occluded water molecules. (NH,),UF;, is isostructural with
Na,ZrF;,, forming a three-dimensional network consisting of
edge- and corner-sharing UFg square antiprisms that create
cubooctahedral clusters and small intersecting channels. A dis-
ordered fluoride anion resides in the cubooctahedral cavities and
the ammonium cations partially fill the channels. AU1-2 and
(NH,),UF,, display similar magnetic behavior with
Her (300 K) = 3.05 and 3.03 u;/U(IV) and 6 =— 97 and — 126 K,
respectively. Crystallographic data: AU1-2, monoclinic, space
group P2,/n, a=6.5453) A, b=1990(1) A, ¢=19.07(1) A,
p=9889(4)°, Z=4, 4=0.71073 A, R(F)=0.0395 for 293
parameters with 3282 reflections with 7>20(I); (NH,),UgFy;,
rhombohedral, space group R3, a=153713)A, c=
10.791(3) A, Z=3, . =0.71073 A, R(F) = 0.0242 for 82 para-
meters with 841 reflections with 7>26(I) © 2001 Academic Press
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INTRODUCTION

Hydrothermal reactions of uranium oxides and uranyl
acetate with a wide variety of mineralizing agents in the
presence of structure-directing amines have afforded a large
series of low-dimensional and open-framework fluori-
des (1-7), oxyfluorides (5, 6,8-10), phosphates (11), and
molybdates (12). While some of these organically
templated uranium-containing compounds possess known
structures for the inorganic framework, as found in
(H3N(CH,),NH3)U,F{o (n =2, 3, 5, 6) (1, 2, 6), the use of
milder conditions (< 250°C) has led to new structure types
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such as those found in (C¢H{4N,),(U304F;,) (10) and
(CsH{4N,)(U,F((H,O)) (7). This structural diversity is
derived in part from the flexibility of coordination environ-
ments possible around uranium, in the form of pentagonal
bipyramids, dodecahedra, square antiprisms, and bicapped
and tricapped trigonal prisms.

The isolation of organically templated uranium fluorides
and oxyfluorides has revived interest in the magnetic prop-
erties of actinide-containing compounds. In two-dimen-
sional (C,H(N,)U,F;, (AU2-1), weak ferromagnetic
interactions have been observed, while one-dimensional
(CsH{4N,),U,F{,-2H,O (AUI1-1) displays a metamag-
netic-like transition (6). While the magnetic behavior of
U(IV) compounds has generally been interpreted on the
basis of a 5/ configuration with a *H, ground state (13),
there has been a lack of detailed magnetic analysis of low-
dimensional uranium-containing compounds owing to
complications arising from spin-orbit, crystal-field, and
zero-field splitting effects on the temperature dependence of
the susceptibility (14). Previous studies on monomeric
octacoordinated U(IV) complexes have revealed effective
moments ranging from 2.92 to 3.5 ug with Weiss constants
ranging from 0 = — 50 to — 200K (15). The effective mo-
ments for UCl, and UF, are 3.29 and 3.28 ug, respectively
(16). Significant variation in U-U distances, which affects
the magnetic behavior of these compounds, is often ob-
served. However, long-range magnetic ordering has not yet
been found for one-, two-, or three-dimensional U (IV) fluor-
ides. Herein we report the hydrothermal syntheses, struc-
tural characterization, and magnetic properties of two
U(IV) compounds containing UFg units, one-dimensional
(CsH4N,),U,F{,-5H,0 (AU1-2) and three-dimensional
(NH,4),UgF 3. The latter compound has been known since
at least 1963 from X-ray powder diffraction data (17, 18),
but no further structural characterization has ensued.

EXPERIMENTAL

Syntheses. UQO;3; (99.8%, Alfa-Aesar), HF (48 wt%,
Aldrich), and homopiperazine (98 %, Aldrich) were used as
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received. Distilled and millipore-filtered water was used in
all reactions. The resistance of the water was 18.2 MOhm.
While the UO5 contains depleted U, standard precautions for
handling radioactive materials should be followed. Elemental
(CHN) microanalyses were performed by Atlantic Microlab,
Inc. All reactions were run in Parr 4749 23-ml autoclaves
with PTFE liners. The naming system for these compounds
stands for Auburn University, the dimensionality of the
structure, and the compound number.

(CsH\4N,),U, Fi,- SH,0(AU1-2). UO; (0.572 g, 2 mmol)
and homopiperazine (301 mg, 3 mmol) were loaded in a
23-ml PTFE-lined autoclave. Water (1 ml) was then added
to the solids followed by the dropwise addition of HF
(0.54 ml, 15 mmol). The autoclave was sealed and placed in
a box furnace that had been preheated to 180°C. After 72h
the furnace was cooled at 9°C/h to 23°C. The product
consisted of a brown solution over a large bloom of elon-
gated turquoise prisms (AU1-2), clusters of pale green cyr-
stals with a rectangular tabular habit (AU2-3) (7), dark
green hexagonal tablets (AU2-2), and olive green truncated
hexagonal bipyramids (AU2-1) (6). The mother liquor was
decanted from the crystals, which were then washed with
methanol and allowed to dry; yield (AU1-2), 722 mg (72%
yield). Anal. caled for CsH,,N,F,U,: C, 12.03; H, 3.84; N,
5.61. Found: C, 12.15; H, 3.66; N, 5.50.

(NH,);UgF;;. UO5; (572mg, 2mmol) and homo-
piperazine (701 mg, 7 mmol) were loaded in a 23-ml PTFE-
lined autoclave. Water (1 ml) was then added to the solids
followed by the dropwise addition of HF (0.40 ml, 11 mmol).
The autoclave was sealed and placed in a box furnace that
had been preheated to 180°C. After 72h the furnace was
cooled at 9°C/h to 23°C. The product consisted of a viscous
green solution over a few massive, nearly perfect, emerald
green rhombohedral crystals. The mother liquor was de-
canted from the crystals, which were then washed with
methanol and allowed to dry. Additional crystals of AU1-2
grew from the mother liquor after several days. Yield of
(NH,),UgF3¢, 176 mg (25% yield) with one crystal making
up 50 mg of the product mass. Anal. calcd for H,gN,F3;Ug:
H, 1.32; N, 4.57. Found: H, 1.31; N, 4.58.

Crystallographic studies. Intensity data were collected
from single crystals of AU1-2 and (NH,);UgF3; with the
use of a Nicolet R3M X-ray diffractometer. Data for each
compound were processed and analytical absorption cor-
rections were applied. The structures were solved by direct
methods and refined using the SHELXTL-93 package (19).
In the refinements for AU1-2, hydrogen atom positions for
the homopiperazinium cations were calculated with iso-
tropic riding temperature factors. Because the uranium
atoms dominate the scattering, hydrogen positions for
water molecules and ammonium cations could not be reli-
ably determined in both structures and were not included in

TABLE 1
Crystallographic Data for (C;H,,N,),U,F,,-5H,0 (AU1-2)
and (NH,),U(F;,

Formula (CsH,4N,),U,F,,-5H,0 (NH,),UgFs;
Formula mass (amu) 998.50 2143.47

Color and habit Turquoise prism Green rhombohedron
Crystal system Monoclinic Rhombohedral
Space group P2, /n (No. 14) R3 (No. 148)
a(A) 6.545(3) 15.371(3)

b &) 19.90(1) 15.371(3)

¢ (A) 19.07(1) 10.791(3)

o (deg.) 90 90

B (deg.) 98.89(4) 90

7 (deg.) 90 120

Vv (A3) 2454(2) 2208.0(9)

z 4 3

T (°C) 2 2

2 (A) 0.710 73 0.710 73
Maximum 26 (deg.) 50 50

Observed data I>24(I)3282 (R, = 0.0280) 841 (R,,, = 0.1122)

Peatea (g6m ™) 2675 4772

((MoKe) (cm™1) 133.00 330.89
R(F) for F2 > 26(F2)" 0.0395 0.0242
R, (F2) 0.0898 0.0557

“R(F) =ZHF0| - |FCH/Z‘FO|
"Ry(F3) = [Z[w(F3 — F2)* 1/ wF3]1".

the structural models. The final refinement included dis-
placement parameters for all nonhydrogen atoms and a sec-
ondary extinction parameter. The F(6) atom in
(NH,);U4F3; was disordered over six closely spaced posi-
tions near the center of a cubooctahedral cavity. As the
composition of this phase is known to be variable (18), the
occupancy of the F(6) site was refined, converging to 0.13(2).
As refinement on occupancy for determining chemical com-
position is questionable at best (20, 21), the occupancy of
this atom was set at 1/6, corresponding to the presence of
exactly one F atom inside the cubooctahedral cavity. This
results in the formulation of this compound as
(NH,4),UgF3, which is consistent with chemical analyses.
Some crystallographic details are listed in Table 1 for
AU1-2 and (NH,),UgF3;. The final positional parameters
for AU1-2 and (NH,),UgF5; are given in Tables 2 and 3.

Magnetic measurements. Magnetic data were measured
on powders in gelcap sample holders with a Quantum
Design PPMS 9 T magnetometer/susceptometer between
2 and 300K and under applied fields up to 9T. Magnetic
susceptibility measurements were made under zero-field-
cooled conditions with an applied field of 0.5 T. Susceptibil-
ity values were corrected for the sample diamagnetism
according to Pascal’s constants (22) (AU1-2, —437x1075;
(NH,),UgF3;, —642x10~%emu/f.u.) and for the sample
holder diamagnetism.
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TABLE 2
Atomic Coordinates and Equivalent Isotropic Displacement
Parameters for (C;H,,N,),U,F,,-5H,0 (AU1-2)

U (A2)

Atom x y z
u() 0.1139(1) 0.2491(1) 0.3166(1) 0.019(1)
u@) 0.5900(1) 0.1747(1) 0.2191(1) 0.019(1)
F(1) 0.1158(12) 0.1814(4) 0.4067(4) 0.050(2)
F(2) 0.0072(11) 0.3347(3) 0.2515(4) 0.039(2)
F(3) 0.4176(9) 0.3050(3) 0.3655(3) 0.030(2)
F(4) —0.0371(9) 0.1800(3) 0.2308(3) 0.030(2)
F(5) —0.2394(9) 0.2397(3) 0.3101(3) 0.029(2)
F(6) 0.0297(11) 0.3152(4) 0.4004(4) 0.044(2)
F(7) 0.3869(9) 0.1669(3) 0.3130(3) 0.027(2)
F(8) 0.3329(9) 0.2618(3) 0.2225(3) 0.027(2)
F©9) 0.6643(12) 0.0786(4) 0.2706(4) 0.045(2)
F(10) 0.6953(11) 0.1139(4) 0.1297(4) 0.045(2)
F(11) 0.3078(10) 0.1395(4) 0.1561(4) 0.039(2)
F(12) 0.6411(10) 0.2539(4) 0.1427(3) 0.034(2)
N(1) 1.0297(17) 0.0309(6) 0.1672(7) 0.050(3)
N(?2) 0.8398(16) —0.1119(5) 0.2103(6) 0.042(3)
N(3) —0.2684(15) 0.2380(6) 0.4564(5) 0.037(3)
N(4) —0.4876(15) 0.2330(6) 0.6013(5) 0.038(3)
c(1) 1.1168(24) 0.0211(7) 0.2425(9) 0.058(4)
C(2) 1.1535(25)  —0.0497(8) 0.2674(10) 0.067(5)
C(3) 0.9643(27)  —0.0886(8) 0.2759(7) 0.059(5)
C4) 0.7635(24)  —0.0586(8) 0.1596(10) 0.059(5)
C(5) 0.9271(31)  —0.0267(8) 0.1258(10) 0.073(5)
C(6) —0.3117(22) 0.1659(7) 0.4683(7) 0.042(3)
C(7) —0.2999(24) 0.1440(8) 0.5429(7) 0.051(4)
C(8) —0.4753(25) 0.1622(8) 0.5805(8) 0.054(4)
C(9) —0.4862(19) 0.2836(8 0.5433(7) 0.042(4)
C(10) —0.2851(21) 0.2868(7) 0.5143(7) 0.040(3)
o(1) 0.2158(26) 0.0513(7) 0.4344(11) 0.138(7)
0(2) 0.6666(28) 0.0897(6) —0.0086(6) 0.112(6)
0(@3) 0.3009(23) 0.0332(8) 0.0618(9) 0.119(6)
O4) 0.5659(21) 0.0106(6 ) 0.3852(7 ) 0.086(4)
O(5) 0.8977(40) —0.0303(14 0.4524(14 0.225(11)

U.q is defined as one-third of the trace of the orthogonalized Uj; tensor.

Thermal analysis. Thermal data for AUI1-2 and
(NH,),U¢F5 were collected using a TA Instruments Model
2920 differential scanning calorimeter. Samples (10-20 mg)
were encapsulated in aluminum pans and heated at
10°C/min from 25 to 600°C under a nitrogen atmosphere.

RESULTS AND DISCUSSION

Syntheses. The reaction of UO5; with HF and homo-
piperazine in aqueous media at 180°C for 72 h results in the
formation of (CsH{4N,),U,F,,-5H,O0 (AU1-2) and
(NH,),U¢F3;. The former compound also slowly crystal-
lizes from solutions from which (NH,),UgF3; was derived.
After crystallization, AU1-2 does not redissolve in water.
We have performed similar reactions at 150, 160, 180, and
200°C and observed that each of these temperature regimes
results in the formation of different uranium-containing

products (6-9). Our expectation was that the decomposition
of homopiperazine to ethylenediamine (6) and ammonium
would be driven in part by increased temperature; however,
no such correlation could be made. Therefore, we completed
the compositional space diagram (23-26) for the
UO;/HF/homopiperazine system and found that template
decomposition is instead driven by high ratios of
homopiperazine relative to UO; and HF, which indicates
that homopiperazine is a reducing agent under hydrother-
mal conditions. Hence, at low homopiperazine concentra-
tions the U(VI) product, (CsH;4N,)U,O,F, is isolated (8).
The oxidation of homopiperazine to diprotonated
ethylenediamine and ammonium (and other unincor-
porated decomposition products) results in the formation of
(C,HoN,)U,F,( (6) and (NH,),UgF3,. Both of these com-
pounds are insoluble in aqueous media and can be prepared
independently of homopiperazine; it is important to note
that the room temperature reaction of uranium compounds
with fluoride in the presence of ammonium typically results
in mixtures of (NH,);UgF3; and f-NH,UF5 (18, 27).

Structures. The structure of AU1-2 consists of infinite
one-dimensional ;[UF4F4/2] chains running down the
a axis that are formed from edge-sharing dodecahedral UFg
units (Fig. 1). The chains create an extensive hydrogen-
bonding network with the diprotonated homopiperazinium
cations imparting stability to the structure. This network
creates two parallel channels measuring 37x74A and
6.5x 13 A that run down the a axis. The occluded water
molecules reside in these channels and form a hydrogen-
bonding network as shown in Fig. 2. U-F bridging and
terminal bond distances range from 2.292(6) to 2.434(6) A
and 2.194(7) to 2.282(7) A, respectively, and are within
normal ranges. The distance between U(1) and U(2) is
4.034(2) A andis longer than the U-U distances of 3.739(2)
and 3.744(1) A found in (CsH,4N,),U,F;,-2H,0 (AU1-1)

TABLE 3
Atomic Coordinates and Equivalent Isotropic Displacement
Parameters for (NH,),U(F;,

Atom X y z Ueq (A2
u(l) 0.6101(1) 0.1455(1) 0.4997(1) 0.016(1)
F(1) 0.7540(3) 0.2968(4) 0.5380(5) 0.036(1)
F(2) 0.6110(3) 0.1567(4) 0.7044(6) 0.026(1)
F(3) 0.4502(3) 0.0220(3) 0.5706(5) 0.019(1)
F(4) 0.7148(3) 0.0984(3) 0.5657(5) 0.025(1)
F(5) 0.7110(3) 0.1691(4) 0.3295(5) 0.031(1)
F(6) 0.6960(34)  0.3092(36)  0.3618(28) 0.048(9)
N(1) 0.9150(7) 0.2231(6) 0.5109(9) 0.042(3)
N(2) 3 3 3 0.048(6)

“Uq is defined as one-third of the trace of the orthogonalized Uj; tensor.
*Occupancy of 1/6.
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FIG. 1.

[U,F;,]*" one-dimensional chains of edge-sharing UFg dodecahedra that extend down the a axis in AU1-2, shown as ball-and-stick (top)

and polyhedral representations (bottom). The thermal ellipsoids are drawn at the 50% probability level.

°o=C o=N =0 (H,0)

FIG. 2. A view of the hydrogen-bonding network in AU1-2 showing
parallel channels running down the a axis and occluded water molecules.
The [U,F;,]* chains are illustrated using polyhedra and most of the
hydrogen bonds have been omitted for clarity.

(6). The latter compound contains one-dimensional chains
built from face-sharing UF, tricapped trigonal prisms (6).
Selected bond distances for AU1-2 are given in Table 4.
Similar one-dimensional chains of UFg polyhedra have
been previously observed in other U(IV) fluorides including
a-(NH,4),UF¢ (28), y-(NH,4 ), UF¢ (29), Rb,UF¢ (30, 31), and
(CsH4N,),U,F{,-H,O0 (3). The geometry about the U(IV)
centers varies between square antiprisms, dodecahedra, and
bicapped trigonal prisms. Because minor distortions are
sufficient to interconvert these CN8 geometries and the
observed geometries do not frequently conform to the ideal
symmetry, the qualitative description of these coordination
polyhedra is inexact at best (29). The bond valence sums for
U(1) and U(2) are 4.07 and 4.10, respectively, which are
consistent with the structure and formula assignments
(32, 33).

(NH,);UsF;; is well known from powder data to be
isostructural with Na,ZrsF3; (17, 29, 34, 35). The structure
is composed of UFg square antiprisms that edge- and
corner-share to form a three-dimensional open-framework
network. Each UFg unit shares four corners to form
a cubooctahedral (UFg)e cluster as shown in Fig. 3. A fluor-
ide anion is contained within this cluster. In Na,ZrsF5;,
this fluoride anion resides in the center of the cluster.
Whereas in (NH,),UgF31, this anion is disordered over six
sites and forms long contacts with the surrounding uranium
atoms. These differences are most likely a result of the
larger size of uranium, which enhances its ability to attain
higher coordination numbers. Each UFg square antiprism
also shares one edge with a neighboring (UFjg)s cluster.
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TABLE 4
Selected Bond Distances (A) for (C;H,,N,),U,F,,:-5H,0
(AU1-2) and (NH,),UF;,

(CsH14N3),U,F 4, 5H,0 (AUL-2)

U(1)-F(1) 2.201(7) UQ)-F(5) 2.309(6)
U(1)-F(2) 2.194(7) UQ)-F(7) 2.396(6)
U(1)-F(3) 2.241(6) U(Q2)-F(8) 2.424(6)
U(1)-F(4) 2.292(6) U(2)-F(9) 2.170(7)
U(1)-F(5) 2.434(6) U(2)-F(10) 2.282(7)
U(1)-F(6) 2.255(7) UQ2)-F(11) 2.158(7)
U(1)-F(7) 2.336(6) U(2)-F(12) 2.206(6)
U(1)-F(8) 2.388(6) U(1)-U(2) 4.034(2)
U(2)-F 4y 2.419(6)
(NH,4),UgF34

U(1)-F(1) 2.307(4) U(1)-F(6) 2.64(4)
U(1)-F(2) 2.215(6) U(1)-F(1) 2.286(5)
U(1)-F(3) 2.359(4) U(1)-F(3) 2.383(4)
U(1)-F(4) 2.188(4) U(1)-F(5) 2.322(5)
U(1)-F(5) 2312(5) U(1)-F(1y 4.041(1)

Therefore, each cluster is bound to six others. The linking of
these clusters into a network creates small intersecting chan-
nels that contain the ammonium cations, one view of which
is shown in Fig. 4. Selected bond distances are given in
Table 4. U-F terminal bond distances are 2.188(4) and
2.215(6) A. U-F bridging distances range from 2.286(5) to
2.383(4) A. The shortest U-U distance is 4.041(1) A and is

FIG. 3. (UFjg)s cubooctahedron built from corner-sharing UFg square
antiprisms in (NH,),U¢F 3. The thermal ellipsoids are drawn at the 50%
probability level. The disordered F(6) atom residing near the center of the
cavity has been omitted for clarity.

very close to the U-U distance of 4.034(2) A found in
AU1-2. The bond valence sum for U(1) is 4.19, which is
consistent with the structure and formula assignment
(32, 33).

Magnetic properties. AU1-2 and (NH,),UgF3; exhibit
very similar temperature dependence of the effective mo-
ments (Figs. 5a and 5b). The effective moments of
Uere (300K) = 3.05 and 3.03 ug/UIV) for AUIL-2 and
(NH,4),UgF 34, respectively, fall within the range observed
for other organic/inorganic uranium(I'V) fluorides (1, 6, 7,
10). The effective moment continues to rise at high temper-
atures, which is reflected in the large 6 values of —97 and
—126K for AU1-2 and (NH,),U¢F3;, respectively. This
rise is attributed to the presence of thermally populated
excited states, although the presence of antiferromagnetic
interactions between spin centers may also be contributing

Aih
AN

©=U

FIG. 4. Network of edge-sharing (UFg)s cubooctahedral clusters
forming small interconnecting channels in (NH,);UgF3;. Nitrogen atoms
(from ammonium cations) have been omitted for clarity.

o=F
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FIG. 5. Effective moment and inverse magnetic susceptibility
with H = 0.5T of AU1-2 (top) and (NH,),U¢F 3, (bottom). Insets: isother-
mal magnetization at T = 2 K.

to the negative 0 values. AU1-2 and (NH,),UgF3, possess
very similar U(IV) coordination environments and U-U
distances. However, (CsH{4N,),U,F;,-H,O (UFO-6;
Uerr(300K) = 3.59 u/U(IV)) contains a one-dimensional
chain with U(IV) coordination and U-U distances similar
to those of AU1-2 and yet shows substantially different
magnetic susceptibility behavior (10). The determination of
crystalline electric field, spin-orbit, and exchange effects on
the temperature dependence of the magnetic susceptibility
are then required for a further understanding of the magnet-
ism of these low-dimensional U(IV) fluorides. The isother-
mal magnetization curves for AU1-2 and (NH,),UgF3; at
T = 2K are essentially linear with fields up to H = 9T with
Mgyr =0.22 and 0.38 ug/U(IV), respectively. At very low
temperatures, AU1-2 and (NH,),U¢F3; do not show evid-
ence of magnetic ordering. However AU1-2 displays a level-
ing off of the magnetic susceptibility below 15K to

ALMOND ET AL.

0.013 emu/U(IV), indicative of a nonmagnetic ground state
for this compound.

Thermal behavior. The thermal behavior of AU1-2 and
(NH,4),UgF3; was evaluated using differential scanning
calorimetry from 25 to 600°C. For AU1-2, these measure-
ments indicate two well-defined endotherms at 118 and
319°C most likely corresponding to the loss of water and
decomposition of the homopiperazinium cations, respec-
tively. These measurements are consistent with thermo-
gravimetric analysis and differential scanning calorimetry
measurements for (C4H{,N,)ZrF4-H,O (AU1-6), which
has a structure similar to that of AU1-2 (36). In contrast, we
have found that two-dimensional uranium and zirconium
compounds typically loose water at temperatures closer to
200°C (36). Thermal analysis of (NH,);U¢F3; indicates that
the onset of decomposition begins at 290°C and peaks at
380°C.

Auxiliary material. Tables of anisotropic displacement
parameters and structure factors for AUI1-2 and
(NH,);UgF3; (14 pages) are available from the correspond-
ing author upon request.
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