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Introduction

Many inorganic–organic hybrid crystalline materials have
been reported to date. Most investigators have used relative-
ly routine (particularly 1H) NMR techniques to characterise
the structures of such solids. This is principally true for ma-
terials exhibiting relatively strong bonds between the inor-
ganic and organic components, such as coordination poly-
mers, and contrasts with the important chemical information

on organic and inorganic materials generated by high-reso-
lution NMR techniques. We thus aim at assessing the use of
multinuclear solid-state magic-angle spinning (MAS) NMR
spectroscopy to study inorganic–organic hybrid materials.
Although we have begun our studies with crystalline model
compounds with relatively simple structures, in the near
future we will extend this to coordination polymers and
amorphous or disordered inorganic–organic hybrids.

Abstract: A compound formulated as
(C4H12N2)[Ge2(pmida)2(OH)2]·4H2O
(where pmida4�=N-(phosphonometh-
yl)iminodiacetate and C4H12N2

2+ =pi-
perazinedium cation), containing the
anionic [Ge2(pmida)2(OH)2]

2� complex,
has been synthesised by the hydrother-
mal approach and its structure deter-
mined by single-crystal X-ray diffrac-
tion analysis. Several high-resolution
solid-state magic-angle spinning (MAS)
NMR techniques, in particular two-di-
mensional 1H–X(13C,31P) heteronuclear

correlation (HETCOR) and 1H–1H ho-
monuclear correlation (HOMCOR) ex-
periments incorporating a frequency-
switched Lee–Goldburg (FS-LG) de-
coupling scheme, have been employed
for the first time in such a material.
Using these tools in tandem affords an

excellent general approach to study the
structure of other inorganic–organic
hybrids. We assigned the NMR reso-
nances with the help of C···H and P···H
internuclear distances obtained through
systematic statistical analyses of the
crystallographic data. The compound
was further characterised by powder
X-ray diffraction techniques, IR and
Raman spectroscopy, and by elemental
and thermal analyses (thermogravimet-
ric analysis and differential scanning
calorimetry).
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. 1) Fast 1H MAS
spectrum of H4pmida (recorded at 30 kHz). 2)

31P{1H} RAMP-CP
spectra of H4pmida and I (recorded at 15 kHz). 3)

13C{1H} RAMP-CP
spectra of H4pmida and I recorded at different magnetic fields.
4) Two-dimensional 1H{FS-LG}–31P HETCOR spectra of H4pmida and
I (recorded at 12 kHz) with contact times of 50, 200, and 2000 ms.
5) Two-dimensional 1H{FS-LG}–13C HETCOR spectra of H4pmida re-
corded with contact times of 100 and 2000 ms. 6) Scheme showing the
spherical environment with a 5 L radius around the central P(1) atom.
7) Histogram of the C(1–5)···H distances (in L) in the 0–5 L range
and respective distances.
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N-(phosphonomethyl)iminodiacetic acid (H4pmida,
Scheme 1) was previously used in the synthesis of some in-
teresting and useful materials.[1–3] In particular, Clearfield
and co-workers[3] prepared a series of layered materials by

partially deprotonating H4pmida, leaving a carboxylic acid
group which, on the one hand, allows intercalation of
amines and, on the other, forms three-dimensional com-
pounds with diamines. Mixed derivatives containing HPO4

2�

moieties which led to the isolation of a family of mixed-
ligand layers were also reported by the same authors.[3]

More recently, we have isolated the first three-dimensional
mixed-metal frameworks incorporating H4pmida residues
and 4,4’-bipyridine.[4]

The model hybrid compound studied here is
(C4H12N2)[Ge2(pmida)2(OH)2]·4H2O, where pmida

4� is N-
(phosphonomethyl)iminodiacetate, which contains the
anionic unit Ge2(pmida)2(OH)2

2�, closely related to the
[V2O2(pmida)2]

4� unit. The former, is a particularly conven-
ient unit because it is amenable to NMR studies as it con-
tains no paramagnetic centres (such as V4+) and has the
spectroscopically useful nuclei 1H, 13C, and 31P available. As
with many hybrid compounds, the solid studied here con-
tains protons in the organic and inorganic components and,
thus, the attribution of the 1H NMR resonances is not trivial
and requires high-resolution spectra. For this purpose, we
have used an FS-LG homonuclear decoupling pulse se-
quence, inserted in the two-dimensional heteronuclear cor-
relation (HETCOR) and homonuclear correlation
(HOMCOR) experiments. Indeed, conventional solid-state
NMR techniques, such as MAS and Cross-Polarisation (CP)
MAS afford poorly resolved spectra, mainly due to the pres-
ence of strong 1H–1H dipolar interactions which broaden the
resonances.[5] Since the pioneering work of Lee and Gold-
burg[6] and Waugh and co-workers,[7] multipulse homonu-
clear decoupling has been applied to improve the decou-
pling performance.[5,7–10] Over the last fifteen years, new ho-
monuclear decoupling pulse sequences have been proposed,
particularly the frequency-switched Lee–Goldburg (FS-LG)
sequence[11] used here. In general, multipulse sequences fail
at high MAS rates due to the interference between the
sample spinning and radio frequency (rf) cycles. However,
with the recent windowless 1H–1H CRAMPS-MAS techni-
ques (for example, FS-LG-2,[5] PM-LG,[10] DUMBO-1[9])
based on off-resonance rf fields, it is possible to simultane-
ously manipulate the spin and spatial components of the di-
polar Hamiltonian, without decreasing the decoupling effi-
ciency. Sequences like FS-LG-2 have short cycle times and,
hence, may be combined successfully with moderately fast
MAS (up to 12–15 kHz).[12,13]

Experimental Section

General : Chemicals were readily available from commercial sources and
were used as received without further purification. Syntheses were car-
ried out in PTFE-lined stainless-steel reaction vessels (10 mL), under au-
togeneous pressure and static conditions. The final compound proved to
be air- and light-stable, and insoluble in water and common organic sol-
vents.

Preparation and structural characterisation of (C4H12N2)[Ge2(pmi-
da)2(OH)2]·4H2O (I): A suspension containing N-(phosphonomethyl)imi-
nodiacetic acid hydrate (0.590 g, H4pmida, C5H10NO7P, 97%, Fluka),
amorphous germanium(iv) oxide (0.280 g, GeO2, 99.99+%, Aldrich),
and anhydrous piperazine (0.090 g, C4H10N2, �98%, Merck-Schuchardt)
in distilled water (approximately 4 g) was stirred thoroughly for 30 min at
ambient temperature. The resulting homogeneous suspension was trans-
ferred to the reaction vessel which was placed inside an oven. The tem-
perature was gradually increased to 140 8C and, after four days, was again
increased to 180 8C, where it remained for 24 h. The reaction vessel was
allowed to cool slowly to ambient temperature before opening. The resul-
tant colourless solution was carefully transferred to a glass container and
allowed to evaporate slowly. After one day, a large quantity of colourless
crystals were manually harvested, washed with distilled water, and air-
dried for single-crystal X-ray diffraction analysis. An alternative synthesis
method is to perform the reaction at a fixed temperature of 100 8C over a
period of four days, after which a phase-pure microcrystalline compound
can be directly obtained from the autoclave.

Based on single-crystal data: elemental analysis calcd (%) for
C14H34Ge2N4O20P2 (Mr=785.57): C 21.41, N 7.16, H 4.36; found: C 20.61,
N 6.98, H 4.40.

Thermogravimetric analysis (TGA) data (weight losses and increases)
and derivative thermogravimetric peaks (DTG; in italics inside the pa-
rentheses): in air: 50–140 8C �9.6% (77 and 97 8C); 330–420 8C �26.5%
(385 and 401 8C); 420–670 8C �10.5% (continuous weight-loss); 670–
800 8C �11.2% (690 8C); in nitrogen: 45–123 8C �9.4% (72 and 97 8C);
340–425 8C �28.4% (382 and 407 8C); 425–620 8C �6.7% (continuous
weight-loss); 620–700 8C �3.3% (630 8C); 700–800 8C �8.1% (730 8C);
DSC peaks (endothermic processes): 132, 381, and 393 8C.

Selected IR data (Raman in italics inside the parentheses): in) n(O�H,
lattice water) and n(GeO�H)=3509(vs) and 3409 (vs) cm�1, nasym
(�NH2+)=3314(vs) cm-1, nsym(�NH2+)=3214(vs) cm�1, nasym(C�H in
�CH2�)=3052 (s) and 3015(s); nsym(C�H in �CH2�)=2981(s) and
2963(s) (2988 and 2965); n(N+�H)=2740(m), 2600 (m), and 2460(m)
(various modes); n(C=O)=1724 (vs) (1727); nasym(�CO2�)=1675(vs)
(1677); d(�NH2+)=1611(m); t(�CH2)=1463(m) (1465); d(�CH2�)=
1429(m) (1434) cm�1; nsym(�CO2�)=1352(vs) (1351); d(O�H···O)=
1333(s) (1335); n(P=O)=1310 (m) (1314) cm�1; n(C�O)=1288(m) and
1270(m) (1286 and 1270); d(C�C�N, amines)=1177 (vs) (1181) cm�1;
n(N�C)=1093(m) and 1077 (s) (1092 and 1070); n (P�O)=1046(vs)
(1044); g(O�H···O)=916 (s) (919); n(P�C)=782 (vs) (788); g(C=O)=
754(s) and 747(s) (743); 1[(C=O)�O] 530(m) and 596(m) (535 and 599);
d(C�N�C, amines)=455(m) cm�1.

Characterisation : Elemental analyses for carbon and hydrogen were per-
formed with a FISONS EA1108 instrument.

FTIR spectra were measured from KBr discs (Aldrich, 99%+ , FTIR
grade) on a Matson 7000 FTIR spectrometer. FTRaman spectra were
measured on a Bruker RFS 100 spectrometer with a Nd:YAG coherent
laser (l=1064 nm).

TGA was carried out using a Shimadzu TGA-50, at a heating rate of
10 8Cmin�1, under a nitrogen atmosphere or air, and a flow rate of
20 cm3min�1. DSC analysis was performed by using a Shimadzu DSC-50,
at a heating rate of 10 8Cmin�1, under nitrogen atmosphere at a flow rate
of 20 cm3min�1.

Powder X-ray diffraction patterns were recorded at room temperature
using a Philips X’Pert diffractometer, operating with a monochromatic
CuKa radiation source at 40 kV and 50 mA. Simulated powder patterns
were based on single-crystal data, and calculated using the STOE Win
XPOW software package.[14]

Scheme 1. N-(phosphonomethyl)iminodiacetic acid (H4pmida).
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X-ray crystallography studies : A suitable single-crystal was mounted on a
glass fibre with Araldite Rapide,[15] and positioned at approximately
62.25 mm from a KM4CCD/Sapphire charge-coupled device (CCD) area
detector. Data were collected at 293(2) K on a KUMA4CCD diffractom-
eter with MoKa graphite-monochromated radiation (l=0.7107 L), in the
w scan mode, and controlled by the CrysAlis CCD software package.[16]

We measured 600 frames at 1.08 intervals with a counting time of 15 s
per frame. We monitored two further standard frames for each 150
frames collected and these showed no significant intensity decrease over
the data collection period. Data were corrected for the Lorentz and po-
larisation effects, and were reduced by using the CrysAlis RED software
routines.[17] The structure was solved by the direct methods of SHELXS-
97,[18] and refined by full-matrix least-squares on F2 using SHELXL-97.[19]

All non-hydrogen atoms were directly located from difference Fourier
maps and refined with anisotropic displacement parameters. Hydrogen
atoms bound to the nitrogen atom of the crystallographically unique pi-
perazinedium cation were directly located from difference Fourier maps,
and refined with a common N�H length restrained to 0.90(1) L (the
H···H distance was further restrained to 1.47(1) L to ensure a chemically
reasonable geometry for this moiety), and an isotropic displacement pa-
rameter fixed at 1.5 times Ueq of the nitrogen atom to which they are at-
tached. Hydrogen atoms from water molecules were directly located
from successive difference Fourier maps, and refined with the O�H
length and H···H distance restrained to 0.86(1) L and 1.40(1) L, respec-
tively (to ensure a chemically reasonable geometry for these molecules),
and using a riding model with an isotropic displacement parameter fixed
at 1.5 times Ueq of the atom to which they are attached. The hydrogen
atom associated with the coordinated �OH group to Ge(1) could also be
directly located from successive difference Fourier maps, but instead its
position was geometrically restrained by using the HFIX 83 instruction in
SHELXL.[19] Hydrogen atoms attached to carbon were located at their
idealised positions by using the HFIX 23 instruction in SHELXL,[19] and
were included the refinement in the riding-motion approximation with an
isotropic thermal displacement parameter fixed at 1.2 times Ueq of the
carbon atom to which they are attached. It is important to emphasise
that the positions for the hydrogen atoms do not reflect the true position
of the hydrogen nuclei. The last difference Fourier map synthesis showed
the highest peak (0.490 eL�3) located at 1.37 L from O(7), and the deep-
est hole (�0.455 eL�3) at 0.82 L from Ge(1).

Information concerning crystallographic data collection and structure re-
finement details are summarised in Table 1. Selected bond lengths and
angles for the binuclear anionic [Ge2(pmida)2(OH)2]

2� complex are given
in Table 3. Hydrogen bonding geometry is described in Table 4.

CCDC-249364 contains the supplementary crystallographic data (exclud-
ing structure factors) 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.

NMR spectroscopy : Solid-state MAS NMR measurements were per-
formed at 9.4 T on a Bruker Avance 400 spectrometer operating at
Larmor frequencies of 400.11, 100.62, and 161.97 MHz for 1H, 13C, and
31P nuclei, respectively. Additional 13C data was recorded at 11.4 T on a
Bruker Ultrashield 500 Avance spectrometer operating at a 1H Larmor
frequency of 500.13 MHz. A 4-mm double-resonance CP/MAS probe was
used for the one-dimensional (1D) experiments. The sample was restrict-
ed to the middle of a 4-mm ZrO2 rotor with the help of two plastic in-
serts (upper and lower insert) in two-dimensional (2D) 1H{FS-LG}–31P
HETCOR experiments. Such a procedure is necessary because the FS-
LG decoupling step is sensitive to rf inhomogeneities, and leads to an im-
provement of the rf field homogeneity over the whole volume of the
sample. 2D 1H{FS-LG}–1H HOMCOR and 1H{FS-LG}–13C HETCOR
were performed on a nonrestricted 4-mm rotor.

Efficient heteronuclear decoupling between 13C/31P and 1H nuclei was
achieved by using the two-pulse phase-modulated (TPPM)[20] decoupling
scheme during 13C and 31P spectral acquisition, with pulse lengths of
4.2 ms (approximately 1658 pulses), a phase modulation angle of 158, and
a 1H rf field strength of w1/2p (nutation frequency)=100 kHz.

Ramped-amplitude cross-polarisation (RAMP-CP)[21] was used to trans-
fer magnetisation from 1H to 13C/31P. RAMP-CP improves the Hart-

mann–Hahn matching condition and the efficiency of the CP step which
are known to be very sensitive to rf power instabilities at high MAS
rates. With this technique the CP matching profile is less dependent on
the MAS rate and thus more easily adjustable and maintainable at opti-
mum Hartmann–Hahn matching for magnetisation transfer. Spectra were
referenced against TMS or H3PO4 (85%) at 0 ppm for

1H, 13C, or 31P, re-
spectively.
1H MAS NMR spectroscopy : 1H MAS NMR spectra were collected with
a spinning rate of 30 kHz using a 908 pulse-length of 1.6 ms and a 2 s recy-
cle delay.
13C and 31P CP/MAS NMR spectroscopy: A RAMP-CP step with a spin-
ning rate of 12 kHz and 15 kHz for 13C and 31P respectively, was em-
ployed with standard phase cycling with a 908 pulse length of 3 ms for 1H.
Contact times were varied between 50 ms and 2 ms. Recycle delays em-
ployed were of 5 s and 6 s for 13C and 31P, respectively. A 13C{1H} RAMP-
CP spectrum was also recorded at a static magnetic field of 500 MHz
using a 908 pulse length of 3.75 ms and a 1H nutation frequency (w1/2p) of
66 kHz.

2D 1H–X(13P,13C) HETCOR and 2D 1H{FS-LG}–1H HOMCOR experi-
ments were performed by using the pulse sequence (and phase cycling
scheme) described in Figure 1a and 1b, respectively. The former pulse
scheme was adapted from the sequence described by van Rossum and
co-workers.[13] Quadrature detection in t1 was achieved by using the
States-TPPI method.[22] In theory, under FS-LG decoupling, the proton
chemical shift is scaled by 1/

ffiffiffi

3
p

(0.57). For the FS-LG HOMCOR/
HETCOR schemes, the 1H chemical shift scale and the scaling factors l
were determined by comparing the 1D 1H spectra recorded under fast
MAS (30 kHz) and under the FS-LG homonuclear decoupling sequence
determined by direct comparison with the scaled 1H{FS-LG}–1H
HOMCOR spectra (See Supporting Information, Figure S1).[23] Scaling
factors within the 0.56–0.58 range were obtained for all spectra, which is
well within the range of the theoretical value. Experimental parameters
are summarised in Table 2.

During tLG (LG period) the homonuclear proton dipolar coupling is aver-
aged to zero (in a first-order approximation) by applying a rf pulse which
initially places the effective field (Beff) at the magic-angle with respect to
the static field (B0).

[6] Here DLG with phase +x refers to an rf pulse,

Table 1. Crystal data and structure refinement information.

formula C14H34Ge2N4O20P2
formula weight 785.57
crystal system monoclinic
space group C2/c
a [L] 12.417(3)
b [L] 10.091(2)
c [L] 21.160(4)
b [8] 90.93(3)
volume[L] 2651.0(10)
Z 4
1calcd [gcm

�3] 1.968
m(MoKa) [mm

�1] 2.488
F(000) 1600
crystal size [mm] 0.26S0.21S0.21
crystal type colourless prisms
q range 3.78 to 26.02
index ranges �15�h�15

�12�k�12
�25� l�26

reflections collected 12072
independent reflections 2603 (Rint=0.0360)
final R indices [I>2s(I)] R1=0.0271

wR2=0.0678
final R indices (all data) R1=0.0323

wR2=0.0699
largest diff. peak and hole [eL�3] 0.490 and �0.455
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with an amplitude w1H applied to the +x direction with a positive offset
of Dw from the 1H on-resonance frequency fulfilling the condition of
w1H=

ffiffiffi

2
p

Dw. For FS-LG, each cycle time consists of two LG blocks. The
effective fields created by the two LG units have opposite phases and
offset frequencies along the magic-angle.

The pulse sequences employed in
these studies (Figure 1) start with a (p/
2 + qm)y pulse on the proton channel,
immediately followed by a train of fre-
quency- and phase-switched symmetric
LG pulses in the xz plane. After the
evolution period, whereas for
HETCOR, proton magnetisation is
transferred to the xy plane (detecting
plane) followed by TPPM decoupling
during acquisition (Figure 1a), for
HOMCOR, proton magnetisation is
flipped back to the z axis by a single
908�(qm)�y pulse (Figure 1b). We have
further incorporated a z-filter which
ensures that pure absorption-mode
line shapes are obtained (Figure 1b).[24]

Results and Discussion

Crystal description : The reac-
tion between H4pmida, germa-
nium(iv) oxide and piperazine
in aqueous media led to the for-
mation of a highly crystalline
product which was formulated
as (C4H12N2)[Ge2(pmi-
da)2(OH)2]·4H2O (I, where
pmida4�=N-(phosphonomethy-
l)iminodiacetate) on the basis
of single-crystal X-ray diffrac-
tion (Table 1) and elemental
analysis. The phase-purity and
homogeneity of the bulk
sample were further confirmed
by direct comparison of the ex-
perimental powder X-ray dif-
fraction pattern and a simula-
tion based on single-crystal

data (Figure 2). As predicted, the compound contains an
anionic binuclear complex, [Ge2(pmida)2(OH)2]

2�, sharing
similarities with the typical anionic [V2O2(pmida)2]

4� units
containing V4+ centres previously reported (Figure 3).[2,4]

The pmida4� ion appears as a
polydentate organic ligand
which, in a very similar way to
that observed for the V4+ cen-
tres in [V2O2(pmida)2]

4�, com-
pletely traps the Ge4+ inside
three distinct five-membered
chelate rings formed by the two
carboxylate and the phospho-
nate groups connected in a typi-
cal anti-unidentate coordinative
fashion. The average bite angle
is approximately 84.28
(Table 3), a value significantly
higher than those registered for
the [V2O2(pmida)2]

4� units (ap-

Figure 1. Pulse sequences used to perform 2D: a) 1H{FS-LG}–31P HETCOR with RAMP-CP experiments;
b) 1H{FS-LG}–1H HOMCOR. The pulse angle qm represents the angle between the static magnetic field (B0)
and the effective field (Beff) direction of the homonuclear sequence used, and denotes the magic-angle. qc is
the complementary angle, qc=p/2�qm.

Table 2. 2D 1H{FS-LG}–31P/13C HETCOR and 1H{FS-LG}–1H HOMCOR experimental parameters for
H4pmida and compound I.

1H–31P HETCOR 1H–13C HETCOR 1H–1H HOMCOR
H4pmida I H4pmida I

number of t1 points 200 200 128 80 172
dwell times (t1S t2) [ms] 8tLGS24.8 8tLGS24.8 6tLGS24.8 6tLGS24.8 6tLGS12.4
recycle delay [s] 4 4 5 5 3
MAS rate [kHz] 12 12 12 12 10
1H offset frequency [kHz] +2.5 +2.5 +2.5 +2.5 +4
FS-LG decoupling power [kHz] 100 83.3 83.3 83.3 83.3
contact time [ms] 50–2000 50–2000 50–2000 50–2000 –
FS-LG period �tLG [ms] 9.8 8.2 9.8 9.8 9.8
frequency switching time [ms] 0.6 0.6 0.6 0.6 0.6
positive offset frequency (+DLG)[a] [Hz] 73710 65925 61925 61925 63925
negative offset frequency (�DLG)[a] [Hz] �67710 �52925 �55925 �55925 �54925

[a] These parameters refer to the frequency jumps of �n1/
ffiffiffi

2
p

(�DLG) between each LG period (see
Figure 1)
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proximateley 76–778).[2,4] Such an occurrence can be ex-
plained by taking the distorted octahedral coordination en-
vironment of the single Ge4+ centre (GeNO5) into account
(octahedral angles within the 82.28(7)–100.28(8)8 and
167.77(7)–172.61(8)8 ranges; Table 3 and Figure 4). In fact,
although the V4+ and Ge4+ centres in the anionic [V2O2-
(pmida)2]

4� and [Ge2(pmida)2(OH)2]
2� complexes, respec-

tively, are almost identically coordinated to two pmida4� li-
gands, in the former case the apical position is occupied by
an oxo ligand (V=O) which has a significant trans effect in
the V�N length;[25] in I, the Ge4+ centre is instead coordi-
nated to a hydroxo group (Ge�OH, 1.767(2) L; Figure 4)
having a smaller trans effect than the oxo ligand, leading to
a Ge�N distance (2.089(2) L) which is comparable to those
observed for the equatorial Ge�O bonds (within the
1.868(2)–1.930(2) L range). Ultimately, the distance-shift of
the Ge4+ centre from the equatorial plane, approximately
0.18 L, is smaller than that usually observed for the V4+

metal centre, approximately 0.35–0.39 L.[2,4] All Ge�O, Ge�
OH and Ge�N bond distances are well within the expected
ranges found in related compounds.[26]

As previously mentioned, and in a very similar way to
that observed in the [V2O2(pmida)2]

4� binuclear moieties,
the two crystallographically independent carboxylate groups
appear both coordinated to the Ge4+ centre in a typical
anti-unidentate coordination fashion but, in this case, the C�
O bonds do not remain equivalent upon coordination. In
fact there is clear crystallographic evidence for distinct C�O
bond lengths for the two carboxylate groups (C(3)�O(4)
1.309(3), C(3)�O(5) 1.214(3), C(5)�O(6) 1.317(3), C(5)�
O(7) 1.202(3) L). Furthermore, the uncoordinated C�O

Figure 2. Comparison between the simulated (bottom) and the experi-
mental (top) powder X-ray diffraction patterns.

Figure 3. Schematic representations of the binuclear anionic: a) [Ge2-
(pmida)2(OH)2]

2� ; b) [V2O2(pmida)2]
4� complexes.

Table 3. Selected bond lengths [L] and angles [8] for the binuclear anion-
ic [Ge2(pmida)2(OH)2]

2� complex.[a]

Ge(1)�O(1) 1.868(2) Ge(1)�O(6) 1.897(2)
Ge(1)�O(3)i 1.877(2) Ge(1)�O(8) 1.767(2)
Ge(1)�O(4) 1.930(2) Ge(1)�N(1) 2.089(2)
O(1)-Ge(1)-O(3)i 92.42(7) O(6)-Ge(1)-O(4) 89.57(8)
O(1)-Ge(1)-O(4) 86.93(8) O(6)-Ge(1)-N(1) 82.28(7)
O(1)-Ge(1)-O(6) 167.77(7) O(8)-Ge(1)-O(1) 100.28(8)
O(1)-Ge(1)-N(1) 85.73(7) O(8)-Ge(1)-O(4) 91.47(8)
O(3)i-Ge(1)-O(4) 170.58(7) O(8)-Ge(1)-O(3)i 97.89(8)
O(3)i-Ge(1)-O(6) 89.13(8) O(8)-Ge(1)-O(6) 91.51(8)
O(3)i-Ge(1)-N(1) 86.07(7) O(8)-Ge(1)-N(1) 172.61(8)
O(4)-Ge(1)-N(1) 84.52(7)

[a] Symmetry transformations used to generate equivalent atoms: i: 2�x,
y, 1=2�z.

Figure 4. Ball-and-stick representation of the binuclear anionic [Ge2-
(pmida)2(OH)2]

2� complex showing the labelling scheme for all non-hy-
drogen atoms belonging to the asymmetric unit. Displacement ellipsoids
are drawn at the 50% probability level and hydrogen atoms are shown as
small spheres. For bond lengths and angles see Table 3.

www.chemeurj.org � 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 363 – 375368

J. Rocha et al.

www.chemeurj.org


bonds are also significantly affected by thermal disorder as
seen in Figure 3: for a 50% probability level the elliptical vi-
bration of the oxygen atoms is much larger than that ob-
served for the neighbouring atoms. In fact, although the hy-
drogen bonding network present in compound I involves
several very strong and highly directional interactions (see
below), these are predominantly orientated towards the co-
ordinated C�O bond. With one uncoordinated C�O bond
(belonging to the C(3) carboxylate group) there is a single
homonuclear O�H···O interaction, and the C�O bond from
the C(5) carboxylate group is not engaged in any type of hy-
drogen bonding interaction.
As observed for the anionic [V2O2(pmida)2]

4� complexes,
the phosphonate group from the crystallographically unique
pmida4� ligand establishes physical bridges between adjacent
germanium centres (through the O(1) and O(3) atoms), ulti-
mately leading to the formation of the binuclear [Ge2-
(pmida)2(OH)2]

2� unit and imposing a Ge(1)···Ge(1)i separa-

tion of 4.612(2) L (symmetry
code: i: 2�x, y, 1=2�z). Howev-
er, there is a striking crystallo-
graphic difference between the
two complexes concerning local
symmetry: while [V2O2-
(pmida)2]

4� is generated by a
centre-of-inversion positioned
at its centre of gravity (Fig-
ure 3a), [Ge2(pmida)2(OH)2]

2�

is formed by a two-fold axis op-
eration symmetry (Figure 3b
and Figure 4). As a direct con-
sequence, in this complex the
two Ge�OH bonds are pointing
in the same direction with re-
spect to the plane containing
the two neighbouring Ge4+ cen-
tres (torsion angle of about 688 ;
Figure 3a and Figure 4). Fur-
thermore, in the [Ge2-
(pmida)2(OH)2]

2� complex the
two pmida4� anionic ligands are
also closer to each other with
an N(1)···N(1)i separation of
5.574(4) L (symmetry code: i:
2�x, y, 1=2�z) as compared to
the smaller values (approxi-
mately 5.9 L) usually observed
for the [V2O2(pmida)2]

4�

moiety.[2,4]

The charge of the anionic
complex is compensated by the
presence of piperazinedium cat-
ions, C4H12N2

2+ , which, along
with the two water-of-crystalli-
sation molecules, exhibit strong
and highly directional hydrogen
bonds with the anionic [Ge2-

(pmida)2(OH)2]
2� complexes (Figures 5 and 6, Table 4). On

the one hand, each water molecule acts as a bifurcated
donor establishing links between adjacent germanium com-
plexes (Figure 5); on the other hand, while O(1W) accepts
the hydrogen atom from the coordinated hydroxo group
(Figure 5a), O(2W) is involved in a very strong heteronu-
clear N+�H···O interaction with the neighbouring piperazi-
nedium cation (Figure 5b). It is also interesting to note that
the other strong N+�H···O hydrogen bond is with the [Ge2-
(pmida)2(OH)2]

2� complex, leading to the formation of a
R3

3(8) graph set motif (Figure 5b)[27] which further increases
the robustness of the crystal structure.

Solid-state MAS NMR spectroscopy: 13C RAMP-CP/MAS
NMR : The 13C{1H} CP/MAS spectra of H4pmida and
(C4H12N2)[Ge2(pmida)2(OH)2]·4H2O (I) are shown in
Figure 7. We attributed the peak centred at approximately
d=41 ppm to the piperazinedium cations. The C(1)–C(5)

Figure 5. Hydrogen-bonding environment of the crystallisation water molecules: a) O(1W) and b) O(2W) (for
hydrogen-bonding geometry see Table 4). Each binuclear anionic [Ge2(pmida)2(OH)2]

2� complex is represent-
ed by polyhedra for the germanium and phosphorous centres (octahedron and tetrahedron, respectively). Sym-
metry transformations used to generate equivalent atoms have been omitted for clarity.
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resonances of compound I are shifted to high frequency rel-
ative to those of the H4pmida ligand (Figure 7), and this is
attributed to the coordination of the H4pmida ligand to the
Ge4+ centres, which decreases the electron density of the
13C atoms. The combined effect of Ge4+ coordination and
hydrogen bonding to the piperazinedium cations and water
molecules is reflected in the 13C chemical shifts which results
in a larger separation of the �CH2�CO2� resonances

(Figure 7 and Figure 8): d=0.7 and 0.2 ppm for CH2 groups
(C(2), C(4)) and �CO2� groups (C(3), C(5)) in the free
ligand, and d=2.9 and 3.2 ppm for the complex (Figure 7).
Although the crystal structure of compound I calls for a

single C(1) site, the 13C{1H} CP/MAS spectrum displays two
resonances (Figure 7b). This splitting (approximately
140 Hz) is attributed to J-coupling interaction, 1JC(1),P(1), an

Table 4. Hydrogen-bonding geometry: distances [L] and angles [8].[a,b]

D�H···A d(D�H) d(H···A) d(D···A) < (DHA)

O(8)�H(8)···O(1W)ii 0.82 1.88 2.685(3) 164.8
O(1W)�H(1C)···O(2) 0.86(3) 1.83(3) 2.679(3) 169(3)
O(1W)�H(1D)···O(5)iii 0.86(3) 1.96(3) 2.816(3) 177(4)
O(2W)�H(2C)···O(8)iv 0.86(3) 1.89(3) 2.742(3) 173(3)
O(2W)�H(2D)···O(6)v 0.85(3) 2.06(3) 2.872(3) 159(3)
N(2)�H(2E)···O(4)vi 0.87(4) 2.16(4) 2.870(3) 138(3)
N(2)�H(2F)···O(2W)vii 0.87(4) 1.89(4) 2.761(3) 172(4)

[a] The O�H and N�H distances were restrained to 0.86(1) and
0.90(1) L, respectively. [b] Symmetry transformations used to generate
equivalent atoms: ii : 1.5�x, �1=2+y, 1=2�z ; iii : 1�x, y, 1=2�z ; iv: x�1, 1+
y, z ; v: 1�x, 1�y, 1�z ; vi: x, 1+y, z ; vii : 1�x, 2�y, 1�z.

Figure 6. Perspective view of the unit cell contents. Hydrogen bonds are
represented as green dashed lines (for hydrogen-bonding geometry see
Table 4).

Figure 7. 13C{1H} RAMP-CP spectra of: a) H4pmida ligand with a contact time (CT) of 1500 ms; b) compound I with a CT of 2000 ms. Asterisks depict the
spinning sidebands of the isolated C=O groups.

Figure 8. Assignment of the 13C{1H} CP/MAS resonances of compound I.
Chemical shifts are quoted in ppm (spectra in Figure 7b).

www.chemeurj.org � 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 363 – 375370

J. Rocha et al.

www.chemeurj.org


assumption supported by: 1) the 13C NMR spectrum of the
free ligand in DMSO (not shown), which shows a splitting
of approximately 150 Hz, and 2) the 13C{1H} CP/MAS spec-
trum recorded at the higher field of 500 MHz (see Support-
ing Information, Figure S2), which reveals a splitting of
about 140 Hz (within experimental error). Typical 1JC,P cou-
plings are in the 5 to 90 Hz range,[28] and spin multiplets are
usually not observed in the solid state. A possible reason for
observing J-coupling for the H4pmida ligand and compound
I is the close proximity of both the electronegative atom
N(1) and an electron-withdrawing phosphonate group, lead-
ing to a substantial increase of the 1J coupling magnitude.

31P RAMP-CP/MAS NMR : A comparison of the 31P{1H}
CP/MAS spectra of H4pmida and compound I shows that

upon Ge4+ coordination the 31P resonance shifts approxi-
mately 6 ppm to lower frequency and broadens (full-width-
at-half-maximum, FWHM) from 87 (H4pmida) to 152 Hz
(see Supporting Information, Figure S3). We note that the
H4pmida chemical shift measured here (d=13.1 ppm) differs
from the value d=14.8 ppm reported by Khizbullin and co-
workers.[29]

Two-dimensional FS-LG experiments : Strong homonuclear
dipolar couplings do not usually allow resolution of different
resonances using the conventional MAS technique. To im-
prove 1H spectral resolution we have used FS-LG
HOMCOR/HETCOR dipolar correlation techniques. The
1H{FS-LG}–1H HOMCOR spectra of H4pmida and com-
pound I display five and three resolved resonances (Fig-

Figure 9. 2D 1H{FS-LG}–1H HOMCOR spectra of H4pmida and compound I.
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ure 9a,b), respectively. The peak at approximately 8.7 ppm
in the spectrum of compound I is attributed to the protonat-
ed amines of C4H12N2

2+ (Figure 9b).[30]

The 2D 1H{FS-LG}–1H HOMCOR spectra of compound I
and H4pmida show some similarity in the d=3.0–5.5 ppm
range (Figure 9), although the intensities of the two reso-
nances (a, b) in this region differ. This is due to the presence
of an additional organic molecule in I (piperazinedium cati-
ons) containing CH2 groups [C=C(6,7)], which also contrib-
ute to the intensity of the H(6A), H(6B), H(7A), and H(7B)
proton resonances in this spectral region. Because H4pmida
and I are hydrated, and the 1H chemical shift of water mole-
cules is usually in the range d=4.9–5.2 ppm, the assignment
of 1H resonances in the CH2 region becomes even more dif-
ficult.
For compound I the attribution of the +N�H bond reso-

nance was straightforward, whereas this was not the case for
H4pmida, which crystallises in its zwitterionic form, with in-
dividual molecular units being involved in several hydrogen-
bonding patterns (P�O�H···O�P, C�O�H···O�P, and N+�
H···O�P, with the latter not represented in Figure 9a).[31]
Neighbouring molecular units are strongly interconnected
by a stable dimer involving two P�O�H···O�P interactions
(a typical R2

2(8) graph set motif).[27] Since hydrogen atoms
involved in the P�O�H···O interactions are generally less
shielded than those in C�O�H···O or N+�H···O units, the
resonances are shifted to higher frequencies.[32] Hence, the
peaks at approximately d=13.8 and 11 ppm are assigned to
P�O�H and CO�H/N+�H, respectively (Figure 9a). The
presence of a resonance at d=7.5 ppm (Figure 9a, peak c)
supports the assumption that H4pmida is in the zwitterionic
form because it appears in the typical range for protonated
amines.
It was difficult to assign the resonances given by the

chemically similar CH2 groups (d=3.0–5.5 ppm region)
present in compound I and H4pmida. To help solve this
problem, we recorded 1H{FS-LG}–13C/31P HETCOR spectra.
By manipulating the mixing time and monitoring the inten-
sity of the cross-peaks in a 1H{FS-LG}–13C HETCOR ex-
periment it is, in principle, possible to differentiate between
1H atoms directly bonded (at a short distance) to a given 13C
atom from those which are at longer distances. Although
FS-LG homonuclear decoupling greatly reduces the spin dif-
fusion, during the CP step the homogeneous broadening
(the flip-flop terms) is partially reintroduced, and degrades
the spectral resolution.[33] If relaxation effects are neglected,
there are two main ways to minimise spin–diffusion effects
during the CP step: 1) 1H magnetisation transfer using Lee–
Goldburg cross polarisation (LG-CP);[34] and 2) the more
classical approach in which very short mixing times are em-
ployed. The latter method (mixing times of 50–200 ms) is
used here due to its easy implementation.
At long contact times (2000 ms), cross-peaks are observed

between all 1H and 13C resonances in the H4pmida spectrum
(see Supporting Information, Figure S4). The shoulder at ap-
proximately 3.5 ppm F1 (Figure S4, peak a) is assigned to
the 1H atoms bonded to C(1) [H(1A), H(1B)] because they

are more shielded than the aCH2. By employing a contact
time of 100 ms, cross-peaks of 1H involved in hydrogen
bonds disappear. In addition, the cross-peaks with carboxyl-
ic 13C (closest protons at approximately 2.5 L) are also
absent. At present, we can not explain why C(1) cross-peaks
disappear almost completely. At short contact times it is
possible to distinguish the H(2A), H(2B), and the H(4A),
H(4B) 1H resonances, at d�4.8 and 5.1 ppm, given by the
aCH2 groups. The same is observed in the

1H{FS-LG}–31P
HETCOR spectra (see Supporting Information, Figure S5).
In the d=3.0–5.5 ppm region, the F1 projection of the

1H{FS-LG}–13C HETCOR of I (Figure 10) is slightly less re-
solved than that of the 1H{FS-LG}–1H HOMCOR spectrum
(Figure 9b), probably due to spin–diffusion occurring during
CP. For a contact time of 2000 ms the cross-peaks between
C(1) and H(2E) and H(2F) are not very intense. A statisti-
cal analysis based on crystallographic data for the C(1–
5)···H distances within a 5 L radius, reveals that C(1) is: 1)
the farthest 13C nucleus from the neighbouring 1H (median
4.17 L, Figure 11), and 2) it only has a single 1H from a pi-
perazinedium cation within this 5 L radius sphere (H(2E) at
4.11 L). This analysis can be further used to assign the
C(2)–C(5) resonances. As far as the two carboxylic 13C reso-
nances are concerned, the 171.2 ppm cross-peak is stronger
and, thus, the nuclei giving this resonance are likely to be
closer to the 1H reservoir. The box plots (Figure 11) and the
C···H distances (see Supporting Information, Figure S10) in-
dicate that the C(3) is closer than C(5) to 1H (median value
of 4.05 L versus 4.10 L). Furthermore, since C(3) is also
closer than C(5) to H(2E) and/or H(2F), with distances
3.21–3.98 L and 4.22–4.64 L, respectively, we believe that
C(3) gives the resonance at 171.2 ppm (Figure 10). The reso-
nance at 62.3 ppm is tentatively assigned to C(4) because
this 13C nucleus is closer than C(2) to H(2E) and H(2F) (see
Supporting Information, Figure S11), and also closer to the
1H reservoir within a 5 L radius sphere (median 3.91 L,
75% of distances <4.13 L, Figure 11). Using the same ra-
tionale, the peak at 65.2 ppm is attributed to C(4) (median
of 3.95 L and 75% of distances <4.47 L).
The 1H{FS-LG}–13C HETCOR spectrum of I recorded

with a contact time of 50 ms (Figure 8), reveals that the
aCH2 protons resonate at d�5.1 ppm; these are the most
acidic protons, expected to be more deshielded than the
other CH2 protons in the structure. Furthermore, spectral
analysis shows that the protons of the piperazinedium cati-
ons and C(1) are chemically similar, giving overlapping reso-
nances at d�4.5 ppm (Figure 7). However, there is a notice-
able shoulder at d�3.5 ppm in the 1H{FS-LG}–1H
HOMCOR (Figure 9B), also observed in the F1 projection
of the 1H{FS-LG}–13C HETCOR spectrum (Figure 10),
which contributes to the cross-peak at d�41 ppm of F2.
The phosphorus atom, P(1), is structurally positioned in

what can be considered as the interface between the organic
and the inorganic components of I. Because there are no
protons directly connected to P(1), 31P is a good nucleus to
probe the neighbouring 1H environments. At short contact
times (50 ms), the 1H{FS-LG}–31P HETCOR spectrum of I

www.chemeurj.org � 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 363 – 375372

J. Rocha et al.

www.chemeurj.org


shows the resonance at d�3.5 ppm resolved from that at d
�4.3 ppm (See Supporting Information, Figure S6). Taking
into account the P···H distances (See Supporting Informa-
tion, Figure S7) and the 1H{FS-LG}–13C HETCOR spectra
(Figure 10), the former resonance is assigned to protons
from C(7), the latter to those from C(1), C(6), and possibly
water, in good agreement with the crystallographic non-
equivalence of the piperazinedium 13C atoms. Moreover, for
a contact time of 2000 ms the 1H{FS-LG}–31P HETCOR
spectrum (see Supporting Information, Figure S6) exhibits
two additional resonances at d�5.1 and 8.7 ppm, attributed
to aCH2 and

+NH2, respectively (see Supporting Informa-
tion, Figure S7).

Thermal analysis : Thermal treatment of (C4H12N2)[Ge2(pmi-
da)2(OH)2]·4H2O in air and nitrogen result in very similar
decomposition processes (see Experimental Section). Below
140 8C the compound releases all the water-of-crystallisation
molecules with registered weight losses of 9.6% and 9.4%

Figure 10. 2D 1H{FS-LG}–13C HETCOR spectra of compound I recorded with contact times of 50 and 2000 ms.

Figure 11. Observed C···H distances (in L) for C(1)–C(5) represented as
box plots giving median (also inside the boxes), upper (75%), and lower
(25%) quartiles, and maximum and minimum values. Detailed C···H dis-
tances are given in the Supporting Information, Figures S8–S12.
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(for air and nitrogen atmosphere, respectively) which is in
good agreement with the theoretical value for the four mol-
ecules (9.2%). The “dehydrated” material is then thermally
stable up to approximately 330 8C, when decomposition
starts, involving several consecutive weight losses, strongly
indicating a multi-step and complex decomposition. The
overlapping decomposition steps led to difficulties in identi-
fying the components that are released at a given tempera-
ture. However, between ambient temperature and 800 8C a
combined weight loss of 42.2% and 44.1% (for air and ni-
trogen atmosphere, respectively) agrees well with the calcu-
lated value of 44.7% for the formation of the stoichiometric
amount of Ge2O(PO4)2.

Vibrational spectroscopy : FT-IR and FT-Raman spectrosco-
py confirm the presence of the primary building blocks of
(C4H12N2)[Ge2(pmida)2(OH)2]·4H2O, through the typical vi-
brations of phosphonate groups and tertiary/secondary
amines, and the vibrational modes for carboxylic acid
groups. The spectra are also particularly informative con-
cerning the extensive hydrogen-bonding sub-network which
involves the water-of-crystallisation molecules (n(O�H), d-
(O�H···O) and g(O�H···O) vibrational modes), the carbox-
ylate, Ge�OH and �NH2+ groups. The measured value of
D[asym(�CO2�)�nsym(�CO2�)] gives further structural infor-
mation concerning the coordination mode of the carboxylate
groups:[35] the calculated value of 323 cm�1 is typical of the
unidentate coordination mode, as revealed by the X-ray dif-
fraction analysis.

Conclusion

We have successfully isolated the binuclear Ge4+ complex
[Ge2(pmida)2(OH)2]

2�, closely related to the [V2O2-
(pmida)2]

4� unit, previously used to construct three-dimen-
sional coordination frameworks through a hydrothermal ap-
proach. By replacing the paramagnetic V4+ centres by Ge4+

we were able to explore the use of high-resolution solid-
state NMR techniques to study a model inorganic–organic
compound. This is part of a systematic effort to evaluate the
potential use of these tools to elucidate the structure inor-
ganic–organic hybrid materials, including those which are
amorphous or disordered.
The local 13C and 31P environments of H4pmida and

(C4H12N2)[Ge2(pmida)2(OH)2]·4H2O were probed by using
the 13C/31P{1H} RAMP-CP method, showing that the coordi-
nation to the Ge4+ centres shifts all pmida4� carbon reso-
nances to high frequency, thus clearly resolving the �CH2�
CO2

� resonances. The resolution of the 1H spectra was
much improved (relative to “conventional” MAS) by using
the frequency-switched Lee–Goldburg (FS-LG) decoupling
scheme in HOMCOR/HETCOR dipolar correlation techni-
ques. Comparison between 2D 1H{FS-LG}–1H HOMCOR
spectra allowed the systematic study of the hydrogen bond-
ing interactions in H4pmida and (C4H12N2)[Ge2(pmi-
da)2(OH)2]·4H2O, particularly in the region above d=

5 ppm. As the structures contain several CH2 groups, which
give overlapping resonances in the d=3.0–5.5 ppm range,
2D 1H{FS-LG}–13C/31P HETCOR experiments with variable
mixing times were performed. This work, combined with the
analysis of the crystallographic C···H and P···H internuclear
distances, allowed the assignment of the CH2 resonances.
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