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Introduction

Water, the basis of life, plays an important role in many bio-
logical and chemical systems and also in atmospheric
chemistry.[1] Remarkably, it may self-assemble into nanoclus-
ters, which are discrete hydrogen-bonded assemblies of mol-
ecules of water, rather than as an isotropic collection. The
study of these individual clusters in confined spaces has re-
ceived increasing attention in recent years due to various
widespread improved techniques for treating hydrogen-
bonded systems. Indeed, the exploration of the structural
and binding properties of small water clusters provides a
key for understanding bulk water, either in its liquid or solid

phase, and also provides insight into the solvation phenom-
ena.[2]

Pores, channels, and cavities of microporous organic–inor-
ganic hybrid materials are ideal containers for studying the
nature and behaviour of water clusters. In particular, inter-
est in water clusters confined in metal–organic frameworks
(MOF), structures and related materials is very recent, and
emerged, for example, from the description by Barbour
et al. of an intermolecular decameric cluster encapsulated in
a supramolecular organic–inorganic matrix.[3] Many different
water clusters have been characterised in a variety of MOFs
and related materials:[4] dimers, tetramers, pentamers, hex-
amers, octamers, decamers, dodecamers, tetradecamers, hex-
adecamers, octadecamers, and others.

Here, we wish to describe a supramolecular salt,
[H2pip]3[Ge ACHTUNGTRENNUNG(hedp)2]·14H2O (1) [H2pip2+ = piperazine cation
C4H12N2

2+ ; hedp5�=deprotonated form of etidronic acid,
C2H3P2O7

5�), consisting of an organic–inorganic hybrid, hy-
drogen-bonded, nanoporous framework, embedding a rare
3D assembly of hydrogen-bonded water molecules. This
“ice” scaffold is constructed from three different water
nanoclusters, with distinct hydrogen-bonding strengths, tem-
plated by the hybrid framework. Above �0 8C, the water
molecules become increasingly mobile and disordered. In-ACHTUNGTRENNUNGtrigu ACHTUNGTRENNUNGingly, the “ice” framework is stable up to �22 8C
(TGA), and its deconstruction occurs in a stepwise fashion
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from 3D to 2D and discrete water aggregates (0D). In the
process, however, the long-range order of the hybrid host is
preserved.

Results and Discussion

Crystal structure : The crystal structures of the hydrated
hybrid salt 1, determined at 100, 200 and 295 K (see Experi-
mental Section), show that this compound is stable over a
wide range of temperatures, with no significant structural
changes being observed up to �295 K. Indeed, the low-tem-
perature structure differs from the room temperature one
by, mainly, positional disorder for some water molecules.
The structure of 1 is remarkable because it consists of two
independent hydrogen-bonded interwoven frameworks, in
which one is a hybrid and the other one is built up of water
molecules only (Figures 1–3, and Figures S1 and S2 in the
Supporting Information).

The hybrid framework is assembled by a centrosymmetric
[Ge ACHTUNGTRENNUNG(hedp)2]

6� ion and two crystallographically independent
(and centrosymmetric) H2pip2+ ions (Figure 1), which play
distinct roles: whereas the anion has an entourage of oxygen
atoms acting as acceptors in hydrogen-bonding networks,
the cations are the donors. One type of H2pip2+ ion encloses
the anion, with all the strong and highly directional N+�
H···O� bonds leading to the formation of a layer in the bc
plane. The second kind of H2pip2+ ion acts as a pillar be-
tween the layers (along [100]) through a single N+�H···O�

bond. The result is a porous framework with �36 % accessi-
ble volume, which is occupied by structurally organised
water molecules (Figures 2 and 3), seven of which are crys-
tallographically independent.

Whereas the internal surface of this hybrid framework is
rich in hydrogen-bonding acceptors (O atoms of the anions),
the pillaring H2pip2+ ion has one free N+�H able to estab-
lish connections with water molecules. As a consequence,
the distribution of the water molecules within the voids is
not random: their anchoring sites determine the strength of
the water-to-water hydrogen bonds which, in general, are
strong (dACHTUNGTRENNUNG(D···A) <2.9 �) and highly directional
(a ACHTUNGTRENNUNG(DHA)>1508), as revealed by a metric study of the crys-
tal structure at 100 K (Table 1). The shorter connections in-
volve O(3W) and O(4W), and the disordered OACHTUNGTRENNUNG(6W/7W)
water molecules (range 2.732(11)–2.766(2) �) form a linear
hexamer (green “brick”, Figure 4); O(5W) and the disor-
dered O(8W)/O(9W) (range 2.764(3)–2.783(4) �) create hy-
drogen-bonded dimers (red “brick”, Figure 4), which are, in
turn, connected to the aforementioned hexamers through
weaker linking interactions (range 2.790(2)–3.276(10) �),
forming a water decamer. It is worth noting that the deca-
mers are cross-linked through O(5W)···O(5W) hydrogen
bonds (dACHTUNGTRENNUNG(D···A)=2.836(2) �) along the [010] direction of
the unit cell to form a water layer (Figure 4, top right). A
3D water network is ultimately achieved through O(1W)
water dimers (dACHTUNGTRENNUNG(D···A)=2.801(2) �) connected to the indi-
vidual decamers at the O(5W) binding site (Figure 4,
bottom left). The interpenetration of 3D water and hybrid
networks is a rare structural feature, as evidenced by an in-
depth search of the Cambridge Structural Database.

Above 200 K the structural integrity of the single crystals
under the X-ray beam is limited. Nevertheless, crystallo-
graphic studies clearly revealed that the overall structural
features described above are retained up to ambient temper-
ature (Tables 2 and 3), with only the disorder features of
OACHTUNGTRENNUNG(6W/7W) and OACHTUNGTRENNUNG(8W/9W) disappearing.

Figure 1. Mixed ellipsoid and ball-and-stick representation of the centro-
symmetric hybrid compound [H2pip]3[Ge ACHTUNGTRENNUNG(hedp)2]·14 H2O, showing the
atom labelling for non-hydrogen atoms composing the asymmetric unit,
which are represented with thermal ellipsoids drawn at the 80% proba-
bility level. Water molecules of crystallization and most of the hydrogen
atoms are omitted for clarity (only the protonating hydrogen atoms of
the pyperazinium cations are represented).

Figure 2. Representation of the interwoven nature of the water and
hybrid networks present in 1.
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Thermogravimetry : Thermogravimetric analysis reveals that
the water framework of deuterated 1 is disrupted in a com-
plex process, in three major steps, up to �120 8C. At a
2 8C min�1 (air) heating rate, these three thermal events take

place at: �22–50 8C �9.4 %; �51–88 8C �6.0 %; �89–120 8C
�11.1 % (Figure 5).

Considering the structural features described above, it is
feasible to assume that the first two weight losses corre-

Figure 3. Perspective views along the [010] direction of the unit cell of the 3D hydrogen-bonded interwoven frameworks: a) water framework; b) hybrid
framework; and c) interpenetration of the frameworks.

Figure 4. Construction of the 3D hydrogen-bonded water network through the self-assembly of three distinct hydrogen-bonded units based on the
strength of the interactions. For simplicity only one position of the disordered water molecules is represented.
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spond to the consecutive release of the more weakly bonded
water molecules, starting with the terminal O(2W) water
and the bridging O(1W) dimers, and finishing with the
dimer of the decamers. The water molecules that are more
strongly hydrogen bonded, that is, those of the hexameric
units, are assumed to be the last to be released. Hence, this
transformation is parallel to a 3D!2D!0D transformation
of the dimensionality of the network of hydrogen bonds
(Figure 4 in reverse order). A notable point to emphasise
concerns the fact that the crystallinity of the compound is
never disrupted, as shown by variable-temperature powder
X-ray diffraction studies (Figure 6). Additionally, at 150 8C

Table 1. Hydrogen bonding geometry found in the crystal structure of
[H2pip]3[Ge ACHTUNGTRENNUNG(hedp)2]·14 H2O at 100 K.[a]

D�H···A d ACHTUNGTRENNUNG(H···A) [�] d ACHTUNGTRENNUNG(D···A) [�] a ACHTUNGTRENNUNG(DHA) [8]

N(1)�H(1A)···O(2) 1.808(4) 2.6923(17) 167.1(17)
N(1)�H(1B)···O(3)ii 1.7754(19) 2.6751(17) 178.3(14)
N(2)�H(2D)···O(6)i 1.749(2) 2.6440(17) 172.4(13)
N(2)�H(2E)···O(7)iii 1.890(3) 2.7796(17) 169.2(13)
N(3)�H(3C)···O(4)iv 1.751(8) 2.6053(17) 157.4(19)
N(3)�H(3D)···O(2W)i 1.838(6) 2.7140(19) 164(2)
O(1W)�H(1C)···O(3)i 2.472(17) 3.0684(17) 124.1(16)
O(1W)�H(1C)···O(7)i 2.045(11) 2.8439(16) 147.3(18)
O(1W)�H(1D)···O(5W)v 1.935(3) 2.8319(19) 175(2)
O(1W)�H(1E)···O(1W)vi 1.901(3) 2.801(2) 179(5)
O(2W)�H(2F)···O(7)i 1.783(3) 2.6763(17) 171.7(17)
O(2W)�H(2G)···O(3W) 1.920(2) 2.8194(18) 177.5(18)
O(3W)�H(3E)···O(6)iii 1.821(3) 2.7131(17) 170.8(18)
O(3W)�H(3F)···O(4W) 1.872(5) 2.765(2) 171(2)
O(3W)�H(3G)···O(3W)vii 1.877(4) 2.766(2) 169.1(18)
O(4W)�H(4C)···O(6W)viii 1.871(8) 2.748(4) 164(2)
O(4W)�H(4C)···O(7W)viii 1.843(12) 2.732(11) 169(3)
O(4W)�H(4D)···O(3W) 1.893(10) 2.765(2) 163(3)
O(4W)�H(4E)···O(5W) 1.910(14) 2.790(2) 165(5)
O(5W)�H(5C)···O(8W)ix 1.891(5) 2.783(4) 171(2)
O(5W)�H(5C)···O(9W)ix 1.898(8) 2.764(3) 160.6(19)
O(5W)�H(5D)···O(4W) 1.949(10) 2.790(2) 155(2)
O(5W)�H(5E)···O(5W)x 1.940(4) 2.836(2) 173(2)
O(5W)�H(5F)···O(1W)xi 1.942(5) 2.8319(19) 170(2)
O(6W)�H(6C)···O(3) 1.810(2) 2.702(3) 171.0(18)
O(6W)�H(6D)···O(8W)iv 1.906(6) 2.802(5) 173.1(19)
O(6W)�H(7D)···O(9W)iv 1.985(4) 2.871(4) 168.0(17)
O(7W)�H(7C)···O(3) 1.810(2) 2.664(9) 157.7(19)
O(7W)�H(7D)···O(8W)iv 1.906(6) 2.672(9) 141.8(19)
O(7W)�H(7D)···O(9W)iv 1.985(4) 2.840(9) 158.2(19)
O(8W)�H(8C)···O(2) 1.888(3) 2.783(4) 172.6(9)
O(8W)�H(8D)···O(5W)ix 1.890(8) 2.783(4) 171(4)
O(9W)�H(8C)···O(2) 1.888(3) 2.684(3) 146.5(7)
O(9W)�H(9B)···O(6W)ii 1.992(7) 2.807(3) 149.9(11)
O(9W)�H(9B)···O(7W)ii 2.464(11) 3.276(10) 150.2(9)

[a] Symmetry transformations used to generate equivalent atoms: i: �x+

1, �y +1, �z+ 1; ii : �x +1, �y +1, �z ; iii : x, y�1, z ; iv: x +1, y, z ; v: x,
y, z +1; vi: �x+1, �y, �z+2; vii: �x, �y, �z +1; viii : �x+1, y, z ; ix:
�x, �y+1, �z ; x: �x, �y, �z ; xi: x, y, z�1.

Figure 5. Thermogravimetric analysis and weight loss attribution of deu-
terated 1. Experimental conditions: Shimadzu TGA 50, with a heating
rate of 28C min�1 from room temperature to 200 8C, under a continuous
flow of air with a rate of 20 cm3 min�1.

Table 2. Hydrogen bonding geometry found in the crystal structure of
[H2pip]3[Ge ACHTUNGTRENNUNG(hedp)2]·14 H2O at 200 K.[a]

D�H···A d ACHTUNGTRENNUNG(H···A) [�] d ACHTUNGTRENNUNG(D···A) [�] a ACHTUNGTRENNUNG(DHA) [8]

N(1)�H(1A)···O(2)i 1.801(5) 2.692(2) 170(3)
N(1)�H(1B)···O(3)ii 1.799(5) 2.691(2) 170(3)
N(2)�H(2D)···O(6)iii 1.753(4) 2.645(2) 171(2)
N(2)�H(2E)···O(7) 1.893(5) 2.780(2) 168.1(19)
N(3)�H(3C)···O(4) 1.743(10) 2.617(2) 163(3)
N(3)�H(3D)···O(2W)iv 1.828(8) 2.713(3) 167(3)

[a] Symmetry transformations used to generate equivalent atoms: i: x,
y+ 1, z ; ii : �x+1, �y +1, �z ; iii : �x +1, �y+ 1, �z+1; iv: x�1, y, z.

Table 3. Hydrogen-bonding geometry found in the crystal structure of
[H2pip]3[Ge ACHTUNGTRENNUNG(hedp)2]·14 H2O at 295 K.[a]

D�H···A d ACHTUNGTRENNUNG(H···A) [�] d ACHTUNGTRENNUNG(D···A) [�] a ACHTUNGTRENNUNG(DHA) [8]

N(1)�H(1A)···O(2)i 1.790(6) 2.684(6) 172(3)
N(1)�H(1B)···O(3)ii 1.811(6) 2.707(6) 173(3)
N(2)�H(2D)···O(6)iii 1.748(6) 2.641(6) 171(3)
N(2)�H(2E)···O(7) 1.875(9) 2.761(8) 168(3)
N(3)�H(3C)···O(4)iv 1.767(16) 2.623(6) 158(4)
N(3)�H(3D)···O(2W) 1.829(8) 2.725(7) 174(4)

[a] Symmetry transformations used to generate equivalent atoms: i: x,
y+ 1, z ; ii : �x, �y+ 1, �z ; iii : �x, �y+1, �z +1; iv: x+1, y, z.

Figure 6. Variable-temperature powder X-ray diffraction data showing
the thermal stability of 1 up to �150 8C, and its transformation into the
respective dehydrated crystalline phase. Phase identification of the in situ
generated phase at 150 8C through a Le Bail whole-powder-diffraction-
pattern profile fitting is provided as Figure S3.
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the residue is crystalline, and was indexed with the related,
but smaller, unit cell parameters of 1@295 K (Figure S3 in
the Supporting Information), thus supporting a seamless re-
lease of water molecules with parallel ordering of the hybrid
network.

Solid-state NMR spectroscopy : To gain insight into the
nature of the molecular dynamics of the water framework,
wide-line (static) 2H NMR spectra of deuterated samples
were recorded at 192–363 K. The static quadrupole-powder
patterns are sensitive to motions with frequency 104–107 Hz,
making 2H NMR an ideal tool for studying molecular dy-
namics in solids. Figures 7 and S4 (Supporting Information)

show selected 2H quadrupole-echo NMR spectra of 1 re-
corded at different temperatures. Up to �270 K the spectra
consist of a broad Pake pattern, attributed to ND2 sites of
the piperazine rings of the hybrid framework, and a relative-
ly sharp peak assigned to the more mobile water molecules.
This attribution is in accord with the assignment proposed in
a previous study on a pharmaceutical crystalline hydrate.[5]

To further pursue this assignment, 2H MAS NMR spectra
(Figure 8) were recorded (at room temperature), and they

clearly show the presence of two main 2H chemical environ-
ments: 1) a peak at 4.7 ppm, superimposed on a broader res-
onance centred at 5–6 ppm, attributed to water, and 2) a
second peak at 9.8 ppm, assigned to the ND2 species of the
piperazine rings. This is in excellent agreement with the as-
signment proposed in reference [2]. The sharp peak at
4.7 ppm is probably due to some free water liberated upon
MAS, and the concomitant temperature rise (note that deu-
terated water resonates at 4.7 ppm).

At 280 K, and up to 353 K, the broad doublet is still pres-
ent, but the sharp peak is replaced by a narrow Pake dou-
blet with an effective quadrupolar splitting dQ,eff =18 kHz
(�11 % of the unaveraged dQ value, 165 kHz, fast motion
limit tC !dQ

�1 (tC is the motion correlation time)).
We now discuss in detail the 280–354 K spectra, focusing

our attention on the narrow Pake doublet attributed to the
water molecule framework. Although the full picture is
likely to be more complex (e.g., the resolution of the dou-
blet singularities improves with temperature, but this is not
considered here), essentially, these molecules undergo a
complex jump between two sites with non-equal popula-
tions. Figure 9 shows four possible models for a two-site
1808 jump process on a cone. An acceptable simulation of
the water Pake doublet requires a Gaussian distribution of
jump angles between the two deuteron sites (Figure 9 c and
9 d). Assuming such a distribution, the line shape is nar-
rowed by a factor of approximately five (relative to the un-
distributed case, Figure 9 a and 9 b), resulting in dQ,eff =

18 kHz (Figure 9 d and 9 e). The very large jump-angle dis-
tribution (2s= 1108) required to simulate the Pake doublet
indicates that the water molecules are disordered in the
structure. Simulation of the water Pake doublet also affords
a non-zero effective asymmetry parameter (hQ,eff�0.3), indi-
cating some departure from the axial symmetry. Among the

Figure 7. Selected 2H NMR spectra of 1 recorded at 210–363 K. Dashed
lines depict the main features of the quadrupolar splitting (Pake doublet)
attributed to deuterons in the rigid organic matrix of the framework. The
relatively sharp, inner, Pake doublet is assigned to the water molecules in
the octameric units.

Figure 8. 2H MAS NMR spectrum recorded at room temperature, 296 K
(uR =8 kHz).
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various possible reasons for this, a two-site non-equal popu-
lation jump on a cone is the most likely one.

Below 280 K, the water peak loses intensity relative to the
broad Pake doublet (Figure 7). This may be due to destruc-
tive interference during refocusing, which occurs when the
rate of the re-orientation dynamics is comparable to dQ

�105 Hz (intermediate motion regime). Moreover, in 2H
quadrupolar-echo experiments, the signal is lost during the
echo delays in different amounts for the two components,
due to differences in transverse relaxation. At 363 K and
above, the extreme narrowing of the central line reveals that
the water molecules are undergoing isotropic re-orientation
with a rate >106 Hz. Heating the sample for a few minutes
at 363 K leads to the complete removal of water, and the
disappearance of the sharp Pake doublet (not shown).

Raman spectroscopy study of H/D isotopic substitution : The
dynamics of the water structure is also revealed by monitor-
ing the H/D isotopic substitution (promoted by exposure of
the sample crystalline powder to conditions of 100 % D2O
relative humidity[6]) through the nOH/nOD Raman stretch-
ing band. The H/D exchange (deuteration) in 1 is about
twice as fast as the reverse process (D/H), indicating that
the rate-determining step for the H/D substitution mecha-
nism is not the cleavage of the O�H and O�D bonds (in
such a case the observed ratio would be �10). The mecha-
nism is most probably controlled by the diffusion of D2O/
H2O molecules within the crystal.[6]

The analysis of the spectra as a function of the time of ex-
posure to the D2O atmosphere reveals OH/D oscillators
with different exchange rates.

The presence of a low-intensity nOD band is observed
within the first half hour of exposure (Figure 10, lower
trace). Because the band profile closely resembles that of

bulk heavy water, it is ascribed to “unstructured” D2O mole-
cules adsorbed in the sample. After this initiation period,
three main steps (corresponding to different types of “struc-
tured” D2O molecules) are identified.

The first step is observed within the first 6 h, and corre-
sponds to the definition of a nOD band profile with its max-
imum intensity at �2520 cm�1 and lower intensity compo-
nents at �2442 and 2378 cm�1. The second step occurs be-
tween 6–10 h, leading to the intensification of the peak at
�2378 cm�1. In this period a shoulder appears at
�2572 cm�1. The third step leads to the final nOD profile
(Figure 10, top trace), in which the shoulder at �2572 cm�1

is clearly defined and the band at �2378 cm�1 becomes the
most intense one. This behaviour is compatible with the
presence of three different water sites with different ex-
change dynamics.

Figure 9. Simulated (a–d) and experimental (e) quadrupole-echo
2H NMR spectra. a,b) spectra simulated assuming discrete jumps (angle
f=1808) between two sites with equal (p1=p2 =0.5) and non-equal
(p1=0.43, p2=0.57) populations. c,d) spectra simulated using a two-site
jump (f=1808) with populations, respectively, p1 =p2=0.5 and p1 =0.43,
p2=0.57, with a Gaussian jump-angle distribution full width 2s=1108. A
half-cone angle q= 54.78 and a 2 kHz Lorentzian broadening were used
in all simulations. Simulated line shapes are for the fast motion limit. The
motional unaveraged anisotropy parameter dQ =3/4 � CQ (kHz) and the
asymmetry parameter, hQ, of the electric field gradient tensor were set to
165 kHz (equivalent to CQ =220 kHz in rigid water) and 0 (axial symme-
try), respectively.

Figure 10. Raman spectra of deuterated 1 in the region of the nOD
stretching modes, after exposure to a D2O atmosphere. Times of expo-
sure from bottom to top: 30 min, 6 h, 22 h, and 7 days.
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Conclusion

In conclusion, the supramolecular salt [H2pip]3[Ge-ACHTUNGTRENNUNG(hedp)2]·14H2O features a rare 3D assembly of hydrogen-
bonded water molecules embedded in a hybrid matrix. The
deconstruction of the “ice” framework begins at �22 8C, oc-
curring in a stepwise fashion from 3D to 2D to 0D, while
the long-range order of the hybrid host is preserved.

Experimental Section

Synthesis of [H2pip]3[Ge ACHTUNGTRENNUNG(hedp)2]·14 H2O (1): A suspension containing 1-
hydroxyethylidenediphosphonic acid (0.20 g) (H5hedp, C2H8O7P2, �97%,
Fluka), germanium(IV) oxide amorphous (0.10 g) (GeO2, 99.99 %, Al-
drich), and piperazine anhydrous (0.140 g) (pip, C4H10N2, 98 %, Merck)
in distilled water (�15 g or 15 g of deuterium oxide, D2O, 99.996 %, Al-
drich, for the synthesis of the deuterated analogue) was stirred for 30 min
at ambient temperature. The reactive mixture was transferred to a
PTFE-lined stainless steel reaction vessel (�40 cm3) and placed inside an
oven. The temperature was gradually increased from ambient tempera-
ture to 393 K and kept constant for three days, after which the vessel was
allowed to cool slowly to ambient temperature before opening. The re-
sulting block colourless crystals were obtained by evaporation of the
clear colourless mother liquid for three days, washed with a small
amount of distilled water (or D2O), filtered and air-dried at ambient tem-
perature, yielding �21.1 % or 19.8 %, based on H5hedp, for 1 or its deu-
terated analogue, respectively. Elemental analysis calcd (%) (based on
single-crystal data): C 19.37, N 8.47, H 7.06; found: C 19.03, N 7.97, H
6.21.

Single-crystal X-ray diffraction studies : Suitable single crystals of
[H2pip]3[Ge ACHTUNGTRENNUNG(hedp)2]·14 H2O (1) were manually harvested from the crys-
tallization vials and mounted on Hampton Research CryoLoops or thin
glass fibres using FOMBLIN Y perfluoropolyether vacuum oil (LVAC
25/6, purchased from Aldrich) with the help of a Stemi 2000 stereomicro-
scope equipped with Carl Zeiss lenses.[7] Complete single-crystal data sets
were collected at 100(2) (1@100 K), 200(2) (1@200 K) and 295(2) K
(1@295 K), on a Bruker X8 Kappa APEX II charge-coupled device
(CCD) area-detector diffractometer (MoKa graphite-monochromated ra-
diation, l=0.71073 �), controlled by the APEX-2 software package,[8]

and equipped with an Oxford Cryosystems Series 700 cryostream moni-
tored remotely using the software interface Cryopad. Additional short
data sets (3 runs of 12 images each) were performed at several tempera-
tures ranging between 90(2) and 240(2) K with steps of �10 K, in order
to establish the unit cell parameter trends in this temperature range
(data not shown). Images were processed using the software package
SAINT+ ,[9] and data were corrected for absorption by the multi-scan
semi-empirical method implemented in SADABS.[10] Structures were
solved using the direct methods implemented in SHELXS-97,[11] which al-
lowed the immediate location of the majority of the heaviest atoms. All
the remaining non-hydrogen atoms were directly located from difference
Fourier maps calculated from successive full-matrix least-squares refine-
ment cycles on F2 using SHELXL-97.[11a,12] Non-hydrogen atoms of all
materials were successfully refined using anisotropic displacement param-
eters.

In all three structures the hydrogen atoms bound to carbon were located
at their idealized positions using appropriate HFIX instructions in
SHELXL (137 for the �CH3 group of the hedp5� ligand and 23 for the
�CH2� moieties of the diprotonated piperazine cations), and included in
subsequent refinement cycles in riding-motion approximation with iso-
tropic thermal displacement parameters (Uiso) fixed at 1.5 and 1.2 times
Ueq of the carbon atom to which they are attached for the �CH3 and
�CH2� groups, respectively. Hydrogen atoms associated with the nitro-
gen atoms of the diprotonated piperazine cations (NH2) were markedly
visible in difference Fourier maps, and were included in the structure
with the N�H and H···H distances restrained to 0.90(1) and 1.47(1) �, re-

spectively (in order to ensure a chemically reasonable geometry for these
molecules), and with Uiso =1.5� Ueq(N). In the 1@100 K structure, the hy-
drogen atoms associated with the crystallization water molecules (uncoor-
dinated molecules) were directly located from difference Fourier maps.
These hydrogen atoms were included in the final structural models with
the O�H and H···H distances restrained to 0.90(1) and 1.47(1) �, respec-
tively (ensuring a chemically reasonable geometry for these molecules),
and by assuming a riding-motion approximation with an isotropic thermal
displacement parameter fixed at 1.5� Ueq of the oxygen atom to which
they are attached. In the remaining 1@200 K and 1@295 K structures the
hydrogen atoms associated with the crystallization water molecules were
not included in the structure, but were considered for the final molecular
formulae.

The last difference Fourier map synthesis showed (Table 4): for 1@100 K,
the highest peak (0.50 e��3) and deepest hole (�0.37 e��3) located at
0.74 � from C(6) and 0.41 � from P(2), respectively; for 1@200 K, the
highest peak (0.86 e��3) and deepest hole (�0.59 e ��3) located at
0.79 � and 0.78 � from O(7W), respectively; for 1@295 K, the highest
peak (0.78 e��3) and deepest hole (�0.85 e��3) located at 1.21 � and
0.41 � from O(2W), respectively.

Variable-temperature powder X-ray diffraction : Variable-temperature
powder X-ray diffraction data were collected on an X’Pert MPD Philips
diffractometer (CuKa X-radiation, l= 1.54060 �), equipped with an
X’Celerator detector, curved graphite-monochromated radiation, a flat-
plate sample holder in a Bragg–Brentano para-focusing optics configura-
tion (40 kV, 50 mA), and a high-temperature Antoon Parr HKL 16 cham-
ber controlled by an Antoon Parr 100 TCU unit. Intensity data were col-
lected in step mode (0.038, 2 s per step) in the range �5�2q�358. Data
were collected between 30 8C and 150 8C at intervals of 10 8C.

CCDC-720123 (1@100 K), 720124 (1@200 K) and 720125 (1@295 K) con-
tain the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Le Bail whole-powder-diffraction-pattern profile fitting of the phase at
150 8C : Conventional powder X-ray diffraction data were collected at
ambient temperature on an X’Pert MPD Philips diffractometer (CuKa1,2

X-radiation, l1 =1.540598 �, and l2 =1.544426 �), equipped with an
X’Celerator detector, curved graphite-monochromated radiation, and a
flat-plate sample holder in a Bragg–Brentano para-focusing optics config-
uration (40 kV, 50 mA). Intensity data were collected by the step-count-
ing method (step 0.038), in continuous mode, in the 5�2q�508 range.

The experimental powder X-ray diffraction pattern of the compound ob-
tained from calcination at 150 8C was indexed with DICVOL04,[13] and by
employing the first 18 well-resolved reflections (located using the deriva-
tive-based peak search algorithm provided with Fullprof.2k)[14] and a
fixed absolute error on each line of 0.038 2q. Initial unit cell metrics were
obtained with reasonable figures-of-merit. Analysis of the systematic ab-
sences was performed using CHECKCELL.[15]

A Le Bail whole-powder-diffraction-pattern profile fitting was performed
with FullProf.2k[14] by applying fixed background points throughout the
entire angular range determined by the linear interpolation between con-
secutive (and manually selected) breakpoints in the powder pattern.
Pseudo-Voigt profile functions were selected to generate the line shapes
of the simulated diffraction peaks. The angular dependence of the full-
width-at-half-maximum (FWHM) of individual reflections was also taken
into account by employing a Caglioti function correction.[16] Zero shift,
scale factor, parameters related to peak shape, and unit cell parameters
were consecutively added as fully refinable variables upon previous full
convergence of the remaining parameters to their optimal values. The
corresponding final plot is supplied in Figure S3 (Supporting Informa-
tion).

Solid-state NMR : 2H NMR spectra were recorded at 61.4 MHz (9.4 T)
on a Bruker Avance spectrometer, using a standard 5 mm high-power
static probe and a quadrupole-echo pulse sequence, (p/2)x�t1� ACHTUNGTRENNUNG(p/
2)y�t2�acq, with p/2 =5 ms, t1 =t2 = 20 ms, and a 2 s recycle delay. The
temperature range studied was 191–363 K. At each temperature, 30 mi-
nutes were allowed for thermal equilibration prior to NMR measure-
ments. The programme Weblab (v4.1.2),[17] was used for 2H line shape
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analysis, assuming a two-site exchange cone model. The input parameters
used in the simulation are given in the figure captions. 2H MAS NMR
spectra were recorded at room temperature, with an MAS rate of 8 kHz
and a single excitation pulse length of 2 ms. 2H chemical shifts are quoted
in ppm from D2O.
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