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9 ABSTRACT: The new compound [Cu(cyclam)(H,0)]-
10 {[Cu(cyclam)],[HTiNbyO,3]}-26H,0 (1) (cyclam =
11 1,4,8,11-tetraazacyclotetradecane) was obtained under solvo-
12 thermal conditions. Its crystal structure contains a mono-
13 titano-nonaniobate anion in which one position is equally
14 occupied by Nb(V) and Ti(IV). The anions are expanded by
15 [Cu(cyclam)]*" cations via Nb—O—Cu bridges generating
16 {[Cu(cyclam)],[HTiNbyO,s]}*~ cluster units, which are
17 arranged into layers. Between these layers there are addition-
18 ally isolated [Cu(cyclam)(H,0),]*" cations as well as hydrate
19  water molecules. Storage of 1 at room temperature leads to

%ﬁ@
2

disorder

20 loss of ~13 water molecules, and a new crystalline phase (2) crystallizes that, with heating, transforms into the anhydrate. The
21 reversibility of this reaction was investigated by thermogravimetry and X-ray powder diffraction (XRPD). Temperature-
22 dependent in situ synchrotron XRPD investigations prove an abrupt phase transition, in which especially the a axis is
23 dramatically shortened and the {[Cu(cyclam)],[HTiNbyO,4]*"} cluster is rearranged. Single-crystal X-ray diffraction of 2
24 reveals that, despite the unusual large shrinking of the unit cell volume, the domains formed by water removal exhibit some
25 preferred orientation close to that expected for a topotactic reaction, which allowed the performance of a structure analysis. In
26  the structure of 2, the two water molecules of the isolated [Cu(cyclam)(H,0),]** cation in 1 are replaced by two terminal
27 cluster O atoms, leading to the formation of chains via Nb—O—Cu bonds, and this phase transition is accompanied by an

28 ordering of one of the two cyclam ligands.

20 ll INTRODUCTION

30 Solid compounds containing crystal water molecules are
31 potentially precursors or educts for the preparation of new,
32 water-deficient crystalline phases by, for example, directed
33 thermal decomposition reactions. A very prominent example is
34 CuSO,-5H,0, which can be thermally dehydrated in three
35 distinct steps including formation of the crystalline inter-
36 mediates CuSO,-3H,0, CuSO,-H,0, and CuSO,."* Another
37 example is CaSO,-2H,0, which can be thermally dehydrated
38 to the semihydrate and finally to anhydrite.” ® In this context,
39 it is noted that there are an increasing number of reports that
40 deal with reversible solvent removal.” "'

41 In most cases the intermediates obtained by water removal
42 from especially more complex hydrated structures were
43 normally not structurally characterized, because only poly-
44 crystalline powders are obtained. Because the composition
4s changes during dehydration such reactions do not proceed via
46 a second-order single crystal to single crystal phase transition,
47 for which a crystallographically group—subgroup relation is
48 required. Usually they are of first order and proceed via
49 nucleation and growth of a new crystalline phase, leading to

v ACS Publications  © xxxx American Chemical Society

the formation of domains, without changing the crystal so
morphology. In most cases there is no structural relationship si
between the hydrate and the intermediate phase, and therefore, s2
the domains show a random orientation, and the diffraction s3
pattern corresponds to that of a powder. However, in very few s4
cases there is a strong relationship between the structures of ss
the reactant and the product, and in this case the domains se
formed in a reaction exhibit a strong preferred orientation s7
simulating the diffraction pattern of a single crystal. The ss
presence of such a reaction, called topotactic, can only be s9
proven by single-crystal X-ray diffraction, and in ideal cases 6o
differences between the diffraction pattern of the pristine and 61
the product phase are only detected in the mosaic spread.*™"* &
For such reactions the question arises what will happen if 63
larger structural changes occur for which the orientation of the ¢4
domains are far from perfect and if structural information can ss
be retrieved in such cases. In the course of our ongoing 66
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Crystal Growth & Design

investigations on the synthesis and properties of new
polyoxometalates we found such an example.

Polyoxometalates (POMs; M = V, Nb, Ta, Mo, and W) are
an important class of compounds that is characterized by a
large variety of high-nuclearity cluster anions exhibiting
different chemical compositions, properties, shapes, sizes, and
topologies."® " In most cases POMs contain an appreciable
amount of water, which in several cases is emitted already at
room temperature. Focusing on polyoxoniobates (POND),
examples include K;,[Ti,0,][SiNb,,04,]-16H,0,"
Na,,[H,Si,Nb,,O]-45.5H,0," Li,K[NbsO,,]-15H,0,*
Li13K[SiNb12(OH)ZO38]-17H20,32 (TMA)9[V3Nb12042]‘
18H,0 (TMA = tetramethylammonium),” Na,[HNbO,]-
15H20;34 [Cu(en)z(Hzo)z]5K10[K(_GeOH)zGeszwH3054]z'
38H,0 (en = ethylenediamine),33 [Cu(en),];{[Cu(en),]-
[HgSiNb,305,]}-22H,0,°  (TMA)[H,TeNb;0,,]-20H,0,”
(TMA)s[H3Nb6019]'20H20;38 H,;NagK;,Csy[H Nbs,0,50]-
63H,0,” Na,,[Pt(NbsO,,),]-52H,0.* We note that this
list of compounds is not complete, and we are also aware that
PONb compounds with a lower number of crystal water
molecules were also reported. In most cases the thermal
stability and water removal of the samples was investigated
with thermoanalytical methods, but no further efforts were
undertaken to characterize partially or fully dehydrated
decomposition products in more detail. In some reports the
authors mentioned that the samples tend to lose water already
at room temperature when removed from the mother liquor
like, for example, [N(CHj;),],[Na,Nb;,0,4]-8H,0-1/
2CH;0H,*" [N(CH,;),]s[Nb,;0,5]-6H,0*" or
Nag[NbgTi,0,4]-34H,0,* but even here no further inves-
tigations were performed. This means that the synthetic
potential of hydrated PONDs as starting materials for the
generation of new, water-deficient compounds was not
explored until now.

In this context we reported on the reversible dehydration
and rehydration of {[Cu(cyclam)(H,0)],[Cu(cyclam)],-
[Nb,(O,5]},-9nH,O (cyclam = 1,4,8,11-tetraazacyclotetrade-
cane), which is accompanied by a significant change of the
crystal structure,” but the pristine material could be
recrystallized upon water uptake. In further investigations we
synthesized a novel compound with the composition [Cu-
(cyclam)(H,0),]{[Cu(cyclam)],[HTiNbyO,]}-24H,0 (1),
which was obtained by solvothermal reaction. After the crystals
were removed from the mother liquor, cocrystallized H,O
molecules are partially emitted, leading to formation of a new
compound with composition {[Cu(cyclam)]3[HTiNbyO,4]},-
~ 13H,0 (2) as intermediate that does not transform back
into 1 in a humid atmosphere. This reaction was studied using
different methods, including temperature-dependent in situ
synchrotron radiation-based X-ray powder diffraction (XRPD)
and single-crystal X-ray diffraction to gain detailed information
on the structural changes that are accompanied by this
reaction.

B EXPERIMENTAL SECTION

General. All chemicals except K;HNbgO,o:13H,0 were purchased
and used without further purification: 1,4,8,11-tetraazacyclotetrade-
cane (98+%, Alfa Aesar), Cu(NO;),-3H,0 (>99%, Merck), Ti-
(O'Pr), (>98%, Merck). K,HNbO,,-13H,0 was synthesized by a
literature method.** All reactions were performed under hydrothermal
conditions in DURAN glass tubes with an inner volume of 11 mL at T
= 130 °C for 3 h under stirring. After the reaction products were
cooled in an ice bath, the reaction mixtures were filtered off, the
mother liquors were transferred into straight glass tubes, and the

solvent was left to evaporate at room temperature. The resulting
products were washed with very small amounts of demineralized
water and stored in air. Larger crystals are relatively stable over a
longer period of time, while smaller and/or ground crystallites
immediately lose crystal water molecules leading to an opaque solid.

Synthesis. K;HNb;O,,-13H,0 (0.2 mmol), 0.4 mmol of
Cu(NO;),-3H,0, and 0.4 mmol of 1,4,8,11-tetraazacyclotetradecane
(cyclam) were placed in a DURAN glass tube, and after addition of 3
mL of H,0 and 0.034 mmol of Ti(O'Pr),, the pH value was adjusted
with 0.2 mL of 1 M KOH to ~11. After slow evaporation of the
solvent, violet block-shaped crystals were obtained and were washed
with minute amounts of distilled water. Yield: 137.0 mg (46% based
on Nb).

Single-Crystal Structure Analysis. Single-crystal X-ray intensity
data were collected with an STOE Imaging Plate Diffraction System
(IPDS-1) with Mo Ka radiation (4 = 0.71073 A) at 170 K. A
numerical absorption correction was performed. The crystal structures
were solved with SHELXS-97" and refined against F* using
SHELXL-2014.*° All non-H atoms except some of the disordered
water O atoms of lower occupancy were refined anisotropically. The
C—H and N—H H atoms were positioned with idealized geometry
and refined isotropically with U,(H) = 1.2 U,(C) using a riding
model. The O—H H atoms were not located but considered in the
calculation of the molecular formula and the molecular weight. One
cyclam ligand in compound 1 was disordered in two orientations and
was refined with restraints using a split model. The water O atoms are
also disordered, and some positions were not fully occupied. For
compound 2 internal R-value as well as all other reliability factors
including the residual electron density are high, because the intensities
could not be integrated with high accuracy. Selected crystal data and
details of the structure refinement are listed in Table 1.

CCDC-1919265 (1) and CCDC-1919264 (2) contain the
supplementary crystallographic data, which can be obtained free of
charge via www.ccdc.cam.ac.uk/data_request/cif.

Table 1. Selected Crystal Data and Details of the Structure
Refinement for 1 and after Storing This Crystal for 3 d at
Room Temperature

compound 1 2
formula C30H25CusN p)Nbg Oy Ti Cy0H 55CusN,NbyO,, Ti
molecular weight/  2593.12 2361.94

g mol™
crystal system monoclinic monoclinic
space group P2,/c P2,/c
a/A 16.7690(4) 14.5725(10)
b/A 17.5766(3) 17.6063(7)
/A 15.6167(4) 15.1513(10)
a/deg 90 90
f/deg 113.746(2) 108.702(5)
y/deg 90 90
V/A3 421321(17) 3682.1(4)
T/K 170(2) 200(2)
V4 2 2
Dy /g cm™ 2.044 2.130
u/mm™* 2.107 2.387
O,/ deg 26.005 26.005
measured refl 38 866 27325
unique refl 8257 7164
refl Fy > 46(F,) 7303 5598
parameter 639 448
Ry 0.0270 0.1553
R, [F, > 40F,)]  0.0370 0.1069
wR, [all data] 0.1100 0.2954
GOF 1.054 1.082
AP pag/min/ € A7 1.019/-0.644 3.686/—1.350
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164 In-House X-ray Powder Diffraction. Laboratory X-ray powder
165 patterns were recorded with Cu Kal radiation (4 = 1.5406 A) in
166 transmission geometry on an STOE Stadi-P powder diffractometer
167 with a Ge monochromator and a Mythen 1K detector.

168 Synchrotron X-ray Diffraction. Synchrotron XRPD was
169 performed at the PETRA III, P02.1 beamline (DESY, Hamburg),
170 between room temperature and 65 °C using a nitrogen gas blower
171 and 60 keV radiation (4 = 0.20717 A). To determine the detector
172 characteristics, the sample-to-detector distance (SDD), LaB4 was used
173 as calibration standard. For XRPD, the SDD was 1012.18 mm. The
174 samples were measured in Kapton capillaries. To obtain the water-rich
175 compound, the solid sample of the water-poor material was
176 suspended in water, and the suspension was transferred via syringe
177 into the capillaries. The integration of the scattering data was
178 performed using Fit2D."” Desy data helper and Multi power X-ray
179 diffraction data tool for data integration and plotting were applied.
180  Spectroscopic Investigations. A Bruker Alpha-P ATR IR
181 spectrometer was used to record mid-infrared (MIR) spectra in a
182 range of 400—4000 ecm™. UV—Vis diffuse reflectance spectra were
183 collected on a UV—vis—NIR (NIR = near-infrared) two-channel
184 spectrometer Cary S from Carian Techtron Pty using BaSO, as
185 reference. The IR spectrum and the band assignment are displayed in
186 the Supporting Information.

187 Elemental Analysis. CHN analyses were done with an EURO EA
188 elemental analyzer (EURO VEKTOR).

189 Thermal Analysis. Thermogravimetric data were recorded on a
190 Netzsch STA 4096 CD in air with a heating rate of 4 °C/min.

—

—_

—

Bl RESULTS AND DISCUSSION

192 Synthetic Aspects. Because alkaline pH values are
193 required for the synthesis of PONDbs, one strategy to obtain
194 new compounds with transition-metal (TM) complexes is to
195 prevent the formation of hydroxides by in situ complex
196 formation applying amine molecules.** [Co(en)]** and
197 [Cr(en)]*" cations were the first complexes that were used
198 as counterions in PONbs.*’ In the meantime, a relatively large
199 number of PONbs containing Cu*'-centered complexes were
200 reported, which may be due to the high stability constants of
201 Cu?* amine complexes and the Jahn—Teller distortion of Cu",
202 which results in flexible coordination geometries.>’

203 The title compound was obtained at 130 °C after a reaction
204 time of 3 h. The slurry was stirred during the reaction, and the
205 product crystallized as a violet microcrystalline powder and
206 could be recovered by filtration immediately after solvothermal
207 treatment. Single crystals were grown either by keeping the

19

208 filtrate at room temperature for several days, allowing the
209 solvent to evaporate slowly, or by heating the mixture of the
210 starting materials hydrothermally without stirring.

211 Crystal Structure of 1. [Cu(cyclam)(H,0),]{[Cu-
212 (cyclam) ],[HTiNbyO,4]}-24H,0 (1) crystallizes in the
213 monoclinic space group P2,/c with two formula units in the
214 unit cell (Table 1). All atoms, except Cu2, are located on
215 general positions. The structure consists of the monotitano-
216 nonaniobate [HTiNbyO,5]®™ anion and two crystallographi-
217 cally independent [Cu(cyclam)(H,0),]*" (x = 0,1) cations
218 (Figure 1).

219 The anion is composed of 10 Ti/NbOg octahedra sharing
220 common edges, with the central positions occupied with 50%
221 NbY and Ti'V. Bond valence sum (BVS) calculations reveal
222 oxidations states of +5 for Nb and +4 for Ti and indicate that
223 the cluster is monoprotonated; a BVS analysis provides an
224 average value of 1.6 for the terminal O atoms (Table S1), and
225 therefore it is highly likely that the proton is spread over these
226 atoms, which is not unusual in polyoxometalate chemistry.

—_

©Nb
@NbTi

@0

N1 Cut/ N4

N2 ON

N11

Figure 1. View of the structural units in 1. The disorder of the cyclam
molecule is not displayed, H atoms are omitted, and only selected
atoms are labeled.

The geometric parameters, Ti/Nb—O bonds, and O-Ti/
Nb-O angles are in the range reported in literature (Table
§2).*9°175% The [HTiNbyO,4]®™ anion is decorated by two
symmetry-equivalent [Cu(cyclam)]** complexes via Nb—O—
Cu bridges (Cul—0S: 2.342(3) A), thus forming {[Cu-
(cyclam)],[HTiNbyO,5]*"} cluster anions. The CulN,O
square pyramid is slightly distorted as evidenced by the angles
around the Cu®* cation (Table S3). The corresponding cyclam
molecule is disordered and was refined using a split model.
The second crystallographically independent Cu®* cation is in
a distorted octahedral coordination of the four N atoms of the
cyclam ligand and two H,0 molecules (Table S3). The
{[Cu(cyclam)],[HTiNbyO,4]} clusters are arranged in layers
parallel to the b/c-plane, which are separated by crystal water
molecules and [Cu(cyclam)(H,0),]*" cations (Figure 2).

Figure 2. Crystal structure of 1 with view along the c-axis. The
disorder of the cyclam ligand and the O atoms of H,O molecules are
not shown.

DOI: 10.1021/acs.cgd.9b00727
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242 Within the layers, each {HTiNbyO,} cluster is surrounded
243 by four Cu®" cations in a square-planar manner (Figure 3) with

Figure 3. View of the crystal structure of 1 along the crystallographic
a-axis. The disorder of the cyclam ligand and the water molecules are
omitted.

244 the nearest possible distance being too long for bonding
245 interactions (Cul—09: 3.70 A). A more detailed structure
246 description with additional drawings is provided in the
247 Supporting Information and Figures S1—S4.

s Investigations on the Stability and Water Removal of
249 1. To investigate the stability of 1 a sample of this compound
250 was placed on a balance leading immediately to a continuous
251 decrease of the sample mass. Therefore, pure samples of 1 can
252 only be obtained if the samples are immersed in a tiny amount
253 of water as shown by XRPD (Figure SS). If the residue
254 obtained after storing compound 1 at ambient conditions is
255 investigated by XRPD, obviously significant changes took
256 place, indicative from the formation of a new crystalline phase
(2) (Figure S6), also confirmed by time-dependent in-house
258 XRPD measurements (Figure 4).

259 If 2 residue is stored in a humid atmosphere no
260 transformation into 1 is observed, indicating that this process
261 is not reversible under these conditions (Figure S7). However,
262 compound 2 can be transformed back into 1 by submersing
263 the sample in a water-filled glass tube overnight, protecting the
264 sample by adhesive tape and immediately measured or by
265 suspending the compound in a small amount of water and
266 transferring it into Kapton capillaries. Note that only minute
267 amounts of water were used, because the compound is soluble
268 in water. Both approaches yielded samples showing XRPD
269 patterns similar to that calculated from single-crystal data for 1
270 (Figure 4 and Figure S7).

271 Thermogravimetric (TG) measurements of the new phase 2
272 to 975 °C show three reasonable resolved mass loss steps of
273 ~10.2, 23.0, and 2% (Figure S8). From the derivative
274 thermogravimetry (DTG) curve it is indicated that the first
275 reaction consists of several steps that cannot be successfully
276 resolved. The mass loss in the first step corresponds to that

[
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S

[

)
n
N

—_

A

- O 0

N

after 30 min (1)

after 60 min (2)

Intensity / arbitrary units

20/°

Figure 4. Time-dependent XRPD patterns of 1.

calculated for the endothermic removal of ~13 water 277
molecules (Am y.(— 13 H,0) = 9.9%). Therefore, compound 278
2 should represent a trideca hydrate, which is in reasonable 279
agreement with the results of an elemental analyses (calcd: C 280
15.3, H 4.2, N 7.1; found: C 15.0, H 4.0, N 7.0%). 281

To investigate the anhydrate formed by the water removal a 282
second TG run was performed and stopped at ~150 °C, where 283
all the water is removed. XRPD investigations reveal that the 284
powder pattern is completely different from those of 1 and 2, 285
indicating enormous structural changes (Figure S9). However, 256
stirring the anhydrate in H,O results in formation of 1; that is, 287
this structural change is reversible (Figure S10). 288

In Situ Temperature-Resolved Synchrotron XRPD 2s9
Investigations. To investigate the transition of 1 into 2 in 290
more detail, experiments using in situ temperature-dependent 291
X-ray diffraction were performed. Therefore, a sample of 1 292
immersed in tiny amounts of water (see Experimental Section 293
for details) were heated to 40 °C, and the temperature was 204
increased in steps of 2 °C (Figure S). The XRPD patterns 295 fs
collected at room temperature and at 40 °C prove the presence 296
of compound 1. Up to ~50 °C the reflections do not exhibit 297
significant shifts, but the 100 reflection shows an intensity 298
fading. Between 52 and 54 °C reflections of 1 disappear, and 299
new reflections occur. Further heating of the sample to 60 °C 300
induces no further changes of the XRPD pattern. The abrupt 301
change of the powder patterns during the transformation of 1 302
into 2 is surprising, because as mentioned above such 303
transitions usually proceed via nucleation and growth of a 304
new phase for which some nucleation energy is needed, and 30s
because each nuclei has its own predetermined transition 306
temperature, usually both phases coexist over a larger 307
temperature range. 308

After it was heated to 65 °C, the sample was cooled to room 309
temperature leading to no changes in the XRPD pattern, which 310
indicates that this reaction is irreversible (Figure S11). 311

However, the changes of the lattice parameters XRPD 312
patterns were evaluated by Pawley refinements (Figure 6). 3136
When heated to 44 °C, especially the b- and c-axes as well as 314
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Figure S. Evolution of the reflection intensities with increasing
temperature recorded on a sample of compound 1 suspended in water
when heated from 40 to 60 °C. Note that the pattern at T = 52 °C
was measured for a longer time.
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Figure 6. Changes of the a-axis, the angle 3, and the unit cell volume
as a function of temperature for 1. Given is the change (in %). For the
other parameters see Figure S12.

the unit cell volume slightly increase because of thermal
expansion (Figure 6 and Figure S12). At ~46 °C there is a
small anomaly, which can be seen especially in the changes of
the c-axis and which is accompanied by a very small decrease of
the unit cell volume. It is difficult to decide whether these
changes are within the experimental error or if a further
transition is involved. At ~51 °C the structure changes
abruptly, obviously because of the water removal leading to
discontinuous change of the unit cell volume typical for a first-
order phase transition. During this reaction especially the a-

axis and the angle  decreases dramatically, whereas the lengths
of the b-axis increases (Figure 6).

X-ray Single-Crystal Investigations. The in situ XRPD
investigations reveal that the water removal leads to a dramatic
change of the unit cell parameters, which indicates enormous
structural changes during the phase transition. Therefore, one
would assume that there is no strong relationship between the
crystal structures of 1 and 2, which means that this reaction
should not be topotactic. However, a closer look reveals that
especially the interlayer distance decreases as indicated by the
abrupt shortening of the a-axis and that the cations within

333
334
33$

these layers are rearranged, which can be seen by the change of 336

the angle 3. Therefore, the overall structural changes might be
much smaller than expected, which means that both structures
might be related and that also no change of the space group
might be required. To investigate this question in more detail,
data collection of a crystal of 1 was performed, and after this
crystal was stored at room temperature for 3 d, the
measurement was repeated again. Surprisingly, this crystal
still diffracted, but the overall crystallinity was very poor, and
all reflections were extremely broadened. This is especially
obvious by comparison of reciprocal space plots before and
after storage, but it is indicated that after water removal some

£
&

order is still present (Figure 7 and Figures S13—S15).
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Figure 7. Reciprocal space plot along [100] for a crystal before (top)
and after (bottom) storage in air for 3 d. Please note that each dot

corresponds to one reflection with I > 26(I). For reciprocal space
plots in the other directions see Figures S13—S15.

Gind

DOI: 10.1021/acs.cgd.9b00727
Cryst. Growth Des. XXXX, XXX, XXX—XXX

337
338
339

343
344
34$
346
347
348 f7


http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b00727/suppl_file/cg9b00727_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b00727/suppl_file/cg9b00727_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b00727/suppl_file/cg9b00727_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b00727/suppl_file/cg9b00727_si_001.pdf
http://dx.doi.org/10.1021/acs.cgd.9b00727

£8

Crystal Growth & Design

349 This pattern is far from that of a single crystal, which would
350 be expected in the case of a topotactic reaction, and therefore,
351 we call this a pseudotopotactic reaction. Indexing of this
352 pattern leads to a unit cell that is very similar to that obtained
353 by XRPD, which indicates that compound 2 has formed
354 (Table 1). The change in the unit cell volume is significantly
355 larger than that obtained from the powder measurements, but
356 it should be kept in mind that the XRPD measurements were
357 performed at slightly elevated temperatures, where some
358 thermal expansion already took place and that, in the geometry
359 used for the synchrotron measurements, some deviations in the
360 unit cell parameters can occur. However, it is obvious that
361 correct integration of the intensities is difficult to achieve, and
362 therefore, several different data sets were generated using
363 different sizes of the integration box and different values for the
364 mosaic spread, until the best reliability factors were obtained.
36s The structure cannot be refined using the atomic
366 coordinates of 1 as starting model, but the structure could
367 be easily solved in space group P2,/c, and data refinement
368 leads to a very similar structure model as that observed for 1.
369 The water content determined by single-crystal X-ray structure
370 analysis is in good agreement with that determined by
371 thermogravimetry. Surprisingly, the cyclam ligand, which is
372 significantly disordered in 1, is fully ordered in 2. Moreover,
373 not only some of the hydrate water molecules located between
374 the layers are removed but also the two axial H,O ligands of
375 the [Cu(cyclam)(H,0),]** cations have been emitted, and the
376 octahedral coordination is retained by bond formation
377 between this Cu®" cation and two terminal O atoms of two
378 neighbored {[Cu(cyclam)],[HTiNbyO,3]*"} anions, trans-
379 forming the molecular structure into a one-dimensional
330 network (Figure 8). The basicity of cluster O atoms is

Cu-021:2.532A
Cu-02:5.718A
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Cu-02: 2.458A
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T compound2 .
Figure 8. View of the structural changes during the transformation of
1 into 2.

381 estimated from oxygen exchange rates accessible from '"O
382 NMR studies. Such studies were conducted on mono-,
383 dititanoniobate, and decaniobate anions™*™>° demonstrating
384 that terminal O atoms are the most basic ones. In agreement

with this result the coordination of Cu** cations occurs to
terminal O atoms of the cluster anion.

In 2 also a typical Jahn—Teller distortion is observed, but it
is less pronounced than in compound 1. The Cu—O bond
length is reduced from 2.532 A in 1 to 2.349(8) A in 2,
indicating a much stronger interaction (Figure 8). Bond
valence sum calculations revealed similar results as for 1 (Table
S4), and the bond lengths and all geometrical parameters are
also comparable to those obtained for 1 (Tables SS and S6). It
is noted that in 2 the distance between the Cu(II) cation and
the terminal O atom that is involved in bond formation
amounts to 2.349(8) A, which rationalizes the enormous
structural changes accompanied by the water removal (Figure
8). The dramatic decrease of the interlayer distance, the much
stronger Cu—O interaction, and the ordering of the cyclam
ligand strongly indicate that compound 2 is much more stable
than compound 1, and this might be the reason why no
retransformation of 2 into 1 is observed if the sample is stored
in a humid atmosphere. However, the structural reorganization
generates chains with composition {[Cu(cyclam)];-
[HTiNbyO,4]},, which are directed along [100] (Figure 9).

3188
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Figure 9. View of chains in 2 (top) and of the crystal structure of 2
along the crystallographic c-axis. H atoms as well as O atoms of H,O
molecules are omitted.

B CONCLUSIONS

A new monotitano-nonaniobate compound (1) is reported
consisting of {Cu(cyclam)],[HTiNbyO,3]>"} anions that are
arranged in layers, which are charge balanced by [Cu(cyclam)-
(H,0),]** cations that are located between the layers together
with additional hydrate water molecules. The water can be
removed, and this process occurs via a water-deficient phase as
intermediate (2). XRPD investigations show a dramatic change
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414 of the unit cell parameters indicating enormous structural
415 changes, additionally indicating that predominantly the
416 interlayer distance is shortened and that the anions within
417 the layers rearrange and that therefore some structural relation
418 should be present. Therefore, the water removal was
419 investigated by single-crystal X-ray diffraction and, even if
420 the diffraction pattern is far from that expected for a topotactic
421 reaction, some order is present. A reasonable structure model
422 was found for the intermediate phase, which especially shows
43 that the coordinated water molecules of the isolated Cu®*
424 cation are replaced by terminal O atoms of the cluster, leading
425 to the formation of chains and that the cyclam ligand that is
426 disordered in 1 is fully ordered in 2. Concerning the reaction
427 mechanism occurring during the transformation of 2 into 1 in
428 the presence of tiny amounts of water we cannot definitely
429 exclude that crystals of 2 are partially dissolved and 1
430 recrystallizes from solution.

431 The present results suggest that new polyoxometalate
432 compounds may be accessible by removal of solvent molecules
433 that cannot be prepared applying other synthetic approaches.
434 Moreover, we also presented a rare example that, even in those
435 cases where, for example, XRPD indicates large structural
436 changes, some structural relations and a smooth reaction
437 pathway might be present, which in such a case should
438 preferably be investigated by single-crystal X-ray diffraction.
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