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The organically templated Zr(IV) fluorides, (C,H,,N,)
Zrsz- HzO (AU2'6) and (C4H12N2)ZrF6‘H20 (AU1'6) have
been prepared from the reaction of ZrO, with HF and
ethylenediamine or piperazine under mild hydrothermal condi-
tions. These compounds were characterized by single-crystal
X-ray diffraction, DSC, TGA, and elemental analysis. AU2-6
consists of dodecahedral ZrF; units that share three edges with
neighboring dodecahedra to form 2[Zr,F,,]>~ sheets that are
separated by diprotonated ethylenediamine cations. AU1-6 con-
tains edge-sharing ZrF; dodecahedra that form ! [ZrF]*~
chains that further hydrogen bond with diprotonated piperazin-
ium cations and water molecules. Application of dimensional
reduction theory demonstrates that ! [ZrF¢]*>~ chains can be
derived from the 2[Zr,F,]*~ parent structure through the addi-
tion of one equivalent of fluoride. Thermal analyses indicate that
the water molecules in AU2-6 are more tightly bound than those
in AU1-6 as endotherms corresponding to water loss occur at 226
and 117°C in AU2-6 and AU1-6, respectively. Crystallographic
data: AU2-6, monoclinic, space group P2,/n, a=6.164(1),
b=15.612(3), c=11.227Q2) A, p=95.31(3)°, Z=4, MoKua,
4-0.71073, R(F) = 2.94% for 155 parameters with 3294 reflec-
tions with 7 > 26(I); AU1-6, monoclinic, space group C2/m,
a=12.190(5), b=12.732(6), ¢c=6.356(2) A, p=107.64(3)°,
Z=4, MoKa, A=0.71073, R(F)=1.68% for 77 parameters
with 869 reflections with 7 > 20'(1)- © 2001 Academic Press

INTRODUCTION

High-valent early transition metals, lanthanides, and ac-
tinides display considerable variation in coordination num-
ber, geometry, and in some cases, oxidation state, making
them logical choices for building structural flexibility in
hydrothermal syntheses (1-12). Zirconium fluorides illus-
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trate this principle well with molecular, one-, two-, and
three-dimensional compounds being known where the co-
ordination number of the Zr(I'V) varies from six to eight (13).
Aside from fundamental interests, zirconium fluorides are
currently under investigation for applications ranging from
flame retardants to NLO materials (14, 15). However, the
preparative chemistry of these compounds is fraught with
a number of synthetic challenges, the most important of
which is that most solution-based routes lead to product
mixtures (16, 17), impeding both the understanding of basic
chemical processes and physical property measurements.
Our recent studies on the hydrothermal syntheses of
organically templated low-dimensional U(IV) fluorides (6, 8)
and aquofluorides (9) has prompted us to explore similar
chemistry with Zr(IV) as has been accomplished in high-
temperature solid-state reactions between UF4 or ZrF4 and
alkali metal fluorides (18). Abrahams and coworkers have
recently reported improved methods for isolating single-
phase materials for several zirconium fluorides with known
inorganic structural features (17). However, systematic in-
vestigation of materials synthesis via the combination of
compositional diagrams with mild hydrothermal reaction
conditions offers several advantages over conventional syn-
thetic methods, especially in regard to determination of
factors leading to the formation of multiple products from
a fixed set of reactants (5,9, 19-22). Furthermore, this meth-
odology often provides access to high yields of pure phases,
and most importantly, to superb conditions for the growth
of large single crystals (23, 24). The latter will play a key role
in the development of these compounds as NLO materials.
Herein we report the hydrothermal syntheses, structural
relationships, and thermal behavior of the Zr(IV) fluorides
(C2H10N2)Zr2F1o . HzO (AU2-6) and (C4H1 2N2)ZI'F6 .
H,O (AU1-6). These compounds bridge the gap between
hydrothermal actinide chemistry and the chemistry of early
transition metals. AU2-6 also provides the first example of
a layered zirconium fluoride with an organic structure-

directing amine.
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EXPERIMENTAL

Syntheses

ZrO; (99%, Alfa-Aesar), HF (48 wt%, Aldrich),
piperazine (99%, Aldrich), and ethylenediamine (99.5%, Al-
drich) were used as received. Distilled and millipore filtered
water was used in all reactions. The resistance of the water
was 18.2 MOhm. Elemental (CHN) microanalyses were
performed by Atlantic Microlab, Inc. 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 num-
ber (6, 8, 9).

(C2H10N2)ZF2F10'H20 (AU2-6) ZI'OZ (370 mg, 3 mmol)
and ethylenediamine (0.07 mL, 1 mmol) were loaded in
a23-ml PTFE-lined autoclave. Water (2 ml) was then added
to the mixture followed by the drop-wise addition of HF
(0.58 ml, 16 mmol). The autoclave was sealed and placed in
a box furnace that had been preheated to 180°C. After 72 h
the furnace was cooled at 9°C/h to 23°C. The product
consisted of a clear and colorless liquid over a large rosette
of approximately hexagonal, colorless tablets. The mother
liquor was decanted from the crystals, which were then
washed with methanol and allowed to dry; yield, 540 mg,
78% (based on Zr). [Analysis, Calculated for
CzleNzFloozrzi C, 531, H, 267, N, 6.19. Found: C, 535,
H, 2.61; N, 6.02.]

(C4H12N2)ZFF5°H20 (AU1-6) ZTOZ (246 mg, 2 1’1'11'1’101)
and piperazine (345 mg, 4 mmol) were loaded in a 23-ml
PTFE-lined autoclave. Water (1-ml) was then added to the
solids followed by the drop-wise addition of HF (0.51 ml,
14mmol). The autoclave was sealed and placed in a box
furnace that had been preheated to 180°C. After 72 h the
furnace was cooled at 9°C/h to 23°C. The product consisted
of a clear and colorless liquid over very large colorless
prisms, one of which measured 3.5x1.5x13mm. The
mother liquor was decanted from the crystals, which were
then washed with methanol and allowed to dry; yield, 520
mg, 84% (based on Zr). [Analysis. Calculated for
C4H14N,F¢OZr: C, 15.43; H, 4.53; N, 9.00. Found: C, 15.46;
H, 4.35; N, 9.07.]

Crystallographic Studies

Intensity data were collected from single crystals of AU1-
6 with the use of a Nicolet R3M diffractometer. The data for
AU2-6 were collected with a Bruker SMART APEX CCD
system. Crystals of AU2-6 and AU1-6 are nonproblematic
and diffract remarkably well. Data for all compounds were
processed and analytical absorption corrections were ap-
plied. The structures were solved by direct methods and
refined using the SHELXTL-93 package (25). In these re-
finements, hydrogen atom positions were calculated with

TABLE 1
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Crystallographic Data for (C,H,,N,)Zr,F,,- H,O (AU2-6)
and (C4H12N2)ZTF6 . HzO (AU1'6)

Formula
Formula mass (amu)
Color and habit

(C2H 1 oN2)ZrF1o-H,O  (C4Hi2N2)ZrFe-Hy

452.57
Colorless, prism

311.39

Colorless, hexagonal

(0]

tablet

Space group P2y/n (No. 14) C2/m (No. 12)
a(A) 6.164(1) 12.190(5)
b(A) 15.612(3) 12.732(6)
c(A) 11.227(2) 6.356(2)
p(deg.) 95.31(3) 107.64(3)
V(A3) 1075.7(4) 940.1(7)
z 4 4
T(°C) 22 22
AA) 0.710 73 0.710 73
Maximum 20 (deg.) 68.90 50.10
Observed data [ > 20(I) 3294 869
Peatea (g cm ™) 2.782 2.200
w(MoKe) (em™ 1) 20.66 12.36
R(F) for F2 > 206(F2)° 0.0294 0.0168
R, (F% 0.0688 0.0454

“R(F) = Y |IFo| — |FCll/Y I Fol.

"Ry (F3) = [ [W(F3 — F)* 1/ wF31'>.

isotropic riding temperature factors. While many of the
hydrogen positions in AU1-6 could be located from differ-
ence maps, calculated positions were used for uniformity in
the piperazinium dication. The hydrogen position(s) for the
water molecule in AU1-6 were located from the difference
map. Some crystallographic details are listed in Table 1 for
AU2-6 and AU1-6. The final positional parameters for
AU2-6 and AU1-6 are given in Tables 2 and 3. Additional

TABLE 2

Atomic Coordinates and Equivalent Isotropic Displacement
Parameters for (C,H,;,N,)Zr,F,- H,O (AU2-6)

Atom X y z U, (A2
Zx(1) —00644(1)  0.7426(1) 02526(1)  0.011(1)
) —0.5324(1) 0.7464(1) 0.4301(1)  0.011(1)
F(1) 0.14102)  0.7488(1) 0.1164(1)  0.019(1)
FQ) 020202)  0.6697(1) 0.3436(1)  0.018(1)
FG3) ~0.1485(2) 0.6231(1) 02224(1)  0.024(1)
F(4) 02028(2)  0.8184(1) 03371(1)  0.018(1)
F(5) —0.15832)  0.8659(1) 02308(1)  0.022(1)
F(6) —0.1618(2) 0.7416(1) 0.4254(1)  0.018(1)
F(7) —043482)  0.7421(1) 0.2580(1)  0.018(1)
F(8) —0.4427(2) 0.8681(1) 0.4490(1) 0.024(1)
FO) — 0.4500(2) 0.6233(1) 04638(1)  0.022(1)
F(10) —0.7428(2) 0.7522(1) 0.5647(1)  0.019(1)
N(1) —00472(4)  05914(1)  —03947(2)  0.029(1)
NQ2) —006234)  —0.0980(1) 058732)  0.029(1)
() 00721(4)  0.5211(2)  —04498(2)  0.024(1)
Q) 00707(4)  — 0.0371(2) 0.52302)  0.029(1)
o(1) 039413)  0.4997(1) 0.2986(2)  0.032(1)

“ U,q is defined as one-third of the trace of the orthogonalized U;; tensor.
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TABLE 3
Atomic Coordinates and Equivalent Isotropic Displacement
Parameters for (C4H;,N,)ZrF¢- H,O (AU1-6)

Atom x y z U, (A2
Zx(1) 0.0917(1) 0 —02035(1)  0.015(1)
(1) 0 00933(1)  —3 0.023(1)
FQ) 0.2051(1) 0 —037792)  0.025(1)
FQ3) 0.0717(1) 0 0.17542)  0.022(1)
F4) 0.1126(1) 0.1509(1)  —0.1087(2)  0.030(1)
F(5) 0.2509(1) 0 004533)  0.037(1)
N(1) 0.2142(2) 0.1701(1) 033883)  0.033(1)
(1) 0.1493(2) 0.2701(2) 031583)  0.036(1)
Q) 0.3380(2) 0.1837(2) 046154)  0.036(1)
o(l) 0.4694(4) 0 020168)  0.106(2)

“Ulq is defined as one-third of the trace of the orthogonalized Uj; tensor.

crystallographic details are available as auxiliary material.
(see footnote 1).

Thermal Analysis

Thermal data for AU2-6 and AU1-6 were collected using
a TA Instruments, Model 2920 Differential Scanning Cal-
orimeter (DSC) and a Perkin—-Elmer Pyris 1 Thermog-
ravimetric Analyzer (TGA). 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 hydrolysis of ZrO, through reaction with HF in the
presence of the structure-directing amines, ethylenediamine,
or piperazine under mild hydrothermal conditions results in
the formation of (C,H;oN,)Zr,Fi0-H,O (AU2-6) and
(C4H12N,)ZrF6-H,0 (AU1-6). These compounds are the
result of investigations of compositional diagrams bordered
by 50% ZrO;, 50% amine, and 100% HF. In both cases
only single products were isolated in these regions. The
vastly reduced complexity of the compositional diagrams
for the zirconium systems versus those of uranium is ex-
plained by both the redox character of uranium, which
allows for U(IV) and U(VI), and uranium’s increased size,
making UFg units common. Coordination numbers beyond
eight are rare for zirconium fluorides (excluding cluster
compounds with interstitial fluoride) (18). Redox processes
are essentially absent from zirconium fluorides, which ac-
tually abridges the chemistry in a fortuitous manner and
provides a high yield route to pure phases in the form of
large single crystals. The product composition was not
significantly affected by changes in the amount of water
employed or by increasing the reaction temperature to
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200°C. However, larger crystals of AU2-6 (up to
0.5x 7 x 7 mm) were isolated when the water content was
increased from 1 ml to 3 ml.

Structures

(CyHoN2)ZryF 1o+ H,0 (AU2-6). AU2-61s a layered com-
pound containing 2[Zr,Fi0]?~ slabs separated by dip-
rotonated ethylenediamine and water molecules. Each layer
consists of two independent ZrFg dodecahedra that share
three edges with neighboring polyhedra. These polyhedra
are depicted in Fig. la. This is a new structural motif for
layered zirconium fluorides not observed before with other
organic or inorganic cations. Previously reported two-di-
mensional zirconium fluorides typically contain polyhedra
that share both corners and edges (26-29). The uniqueness
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FIG. 1. AU2-6 (a) Edge-sharing of [ZrFg] dodecahedra with atom
labeling scheme. Fifty-percent probability ellipsoids are shown. (b) A view
along the a axis showing the layered structure with hydrogen bonding
network containing ethylenediamine dications and water molecules that
separate the layers. (c) A polyhedral representation of a 2[Zr,Fo]? "~ layer
showing edge-sharing ZrFg dodecahedra.
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TABLE 4
Selected Bond Distances (&) for (C,H;(N,)Zr,F,, - H,O
(AU2-6)
Zr(1)-F(1) 2.076(1) Zr(2)-F(1Y 2.260(2)
Zi(1)-F(2) 2.173(1) Zr(2)-F(2Y 2.182(1)
Z(1)-F(3) 1.958(1) Z1(2)-F(4y 2.168(1)
Zi(1)-F(4) 2.174(1) Zr(2)-F(6) 2.291(1)
Zr(1)-F(5) 2.018(1) Z(2)-F(7) 2.077(1)
Zr(1)-F(6) 2.083(1) Zr(2)-F(8) 1.985(1)
Zr(1)-F(7) 2.290(1) Z1(2)-F(9) 2.015(1)
Zr(1)-F(10y 2.288(2) Zr(2)-F(10) 2.082(1)
Hydrogen bonding distances
N() -+ F(5) 2.748(5) o(1)--- N(1) 2.862(5)
N(1)---F©9) 2.864(5) O(1)---N(2) 2.859(5)
NQ)---F(3) 2.871(5) o(l) - F(5) 2.689(5)
N(2)--- F(8) 2.741(5) Oo(1)---F(9) 2.785(5)

of this inorganic architecture is indicative of the structure-
directing nature of the ethylenediamine dications.

In AU2-6, there are two crystallographically unique Zr
sites. Polyhedra containing Zr(1) are surrounded solely by
Zr(2) and vice versa. Each polyhedra contains two terminal
fluorides, F(3) and F(5) for Zr(1), and F(8) and F(9) for Zr(2).
These nonbridging ligands point between layers and partici-
pate in strong hydrogen bonding with the diprotonated
ethylenediamine. A view along the a axis, showing the
layered structure with the diprotonated ethylenediamine
separating the layers, is depicted in Fig. 1b. A polyhedral
representation of a Z[Zr,F10]*~ layer showing edge-shar-
ing ZrFg dodecahedra is depicted in Fig. lc. Zr-F bond
distances range from 1.958(1) to 2.018(1) A for terminal
fluorides, and from 2.076(1) to 2.291(1) A for bridging fluor-
ides. The O(1) atom from the water molecule forms four
hydrogen bonds in an approximately tetrahedral arrange-
ment. Selected bond distances are given in Table 4.

(C4H2N2)ZrFs- HO (AU1-6). AU1-6 is composed of
£[ZrF¢]?~ chains constructed from dodecahedral [ZrFg]
units (Fig. 2a) that share opposite edges with neighboring
polyhedra. These chains extend along the ¢ axis and are
separated by piperazinium dications and water molecules,
all of which form a hydrogen bonding network as depicted
in Fig. 2b. A polyhedral representation of this chain is
depicted in Fig. 2c. As each polyhedron has two such edge-
sharing arrangements, the coordination environment
around each Zr(IV) center can be described as
[ZrF4/2F4]?>~. The Zr-F bridging and terminal distances
range from 2.053(2) to 2.493(2) A and 2.007(1) to 2.099(2) A,
respectively. Selected bond distances are given in Table 5.

Structural Relationships

Rationalizing and predicting changes in the architecture
of crystalline solids can be accomplished in many cases
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FIG. 2. AUI1-6 (a) Edge-sharing [ZrFg] dodecahedra with atom label-

ing scheme. Fifty-percent probability ellipsoids are shown. (b)
+[ZrF,,F,]*" chains separated by piperazine dications, water molecules,
and the resulting hydrogen bonding network. (c) A polyhedral representa-
tion of a L[ZrF,,F,]*~ chain.

through the application of the dimensional reduction for-
malism (30-34), which was originally termed depolymeri-
zation by Penneman et al. in reference to the reactions of
alkali metal fluorides with thorium and uranium fluorides
(18). Long and Tulsky have compiled a searchable
database demonstrating that the structures of numerous

TABLE 5
Selected Bond Distances (A) for (C;H,;,N,)ZrF,- H,O (AU1-6)

Zr(1)-F(1) (x 2) 2.221(1) Zi(1)-F3Y 2.053(2)
Zi(1)-F(2) 2.017(2) Zr(1)-F(@) (x2)  2.007(1)
Z1(1)-F(3) 2.493(2) Z1(1)-F(5) 2.099(2)

Hydrogen bonding distances

N(1) - F(Q2) 2.840(3) N(1) - F(5) 2.979(3)
N(1)---F(3) 2.773(3) o(l)--- F(5) 2.545(3)
N(1) - F(4) 2.747(3)
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FIG. 3. Dimensional reduction of a 2[Zr,F;,]*>~ layer to L[ZrF¢]*~
chains through the addition of one equivalent of fluoride.

low-dimensional transition metal halides can be intercon-
nected through this theory (35). We recently reported the
successful application of dimensional reduction to the syn-
theses of one-dimensional (CsHsN)UO,F; from two-di-
mensional (CsHeN)U,O4F5 (7, 8).

In the case of eight-coordinate uranium and zirconium
fluorides, one-dimensional chains formed from edge-sharing
dodecahedra are quite common, and have been observed
with both inorganic and organic cations (16, 17, 36-38). The
structures of (C5H14N2)2U2F12 . SHzo (AUI-Z) and AU1-6
contain such chains (39). While in many cases dimensional
reduction is accompanied by structural rearrangement,
which complicates the prediction of new compounds from
parent structures; a comparison of the structures of AU2-6
with AU1-6 demonstrates that these one-dimensional
chains can be derived directly from the addition of one
equivalent of fluoride to the two-dimensional parent struc-
ture as shown in Fig. 3. Dimensional reduction analyses of
these structures may in fact provide some indication of the
mechanism of formation of low-dimensional fluorides from
those of higher dimensionality in hydrothermal reactions.
Unfortunately, direct dimensional reduction in these sys-
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tems was not observed as we did not isolate compounds
containing 1[ZrF¢]?~ chains with ethylenediamine, or
2[Zr,F10]? " sheets with piperazine.

Thermal Behavior

The thermal behavior of zirconium fluorides has been
previously investigated to determine both the stability of
these compounds and decomposition products (15). The
thermal behavior of AU1-6 and AU2-6 were evaluated
using differential scanning calorimetry (DSC) and thermog-
ravimetric analysis (TGA). For our studies, we were prim-
arily interested in differences in the dehydration
temperatures that might result from the substantial differ-
ences in the structures of AU1-6 and AU2-6. In fact, these
thermal analyses indicate that the water molecules in AU2-6
are more tightly bound than those in AU1-6 as endotherms
corresponding to water loss occur at 226 and 117°C in
AU2-6 and AU1-6, respectively.
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