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The new hybrid inorganic—organic solids [MogO,][H,bpe], (1), {{MogO,6(p-bpe)l[Hobpelz}, (2),
[MogO,(Hbpe),][Hobpe] (3), and {{[MogOq][Hobpel,}, (4) were synthesized under hydrothermal
conditions. The crystal structure of 1 contains the discrete octamolybdate B-isomer, whereas in 3
the inorganic building unit is a functionalized octamolybdate of general formula
[M03026X2](2”+4). A similar building unit is found in 2 and 4, but forming part of polymeric
1D-arrays. In 2 the polymer is constructed from [MogOag(pt-bpe)]*~, and the functionalization of
the anionic cluster in 4 occurs through Mo—O-Mo bonds. The sequential hydrothermal 2/3 — 1
and 1 — 4 transformations were observed at 145 and 180 °C, respectively. However, thermal
studies of 1 and 4 revealed that both materials do not suffer any phase transitions below 340 °C
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for 1 or <350 °C for 4, indicating that such transformations are possible only under the
hydrothermal conditions. An XRPD study as a function of the temperature of 1 also

demonstrated the negligible structural changes before 330 °C.

Introduction

Polyoxometalates (POMs) and their derivatives represent a
unique family of materials that combine chemical and struc-
tural diversity with the consequent possibility of modifying
their physicochemical properties extensively.!> In the past
years, the structural chemistry of these materials has experi-
enced an important growth, assisted by the implementation of
new synthetic routes.> One of the strategies involves reactions
under hydrothermal conditions in which the cooperative
assembly between POMs and organic species is allowed to
yield attractive hybrid organic-inorganic materials.* > In these
synthetic routes, it is possible to modify and/or to functiona-
lize the oxide surfaces of the POMs with a pre-selected organic
component.’ > Nowadays, some structural tendencies of these
materials have been resolved, but only very few studies are
known to deal with the mechanisms and/or the intermediate
phases responsible for the formation of the final solid during
the hydrothermal process.®® Such transformations represent a
fundamental aspect to reach a better understanding and
potential control of the factors that govern the assembly of
hybrid solids. In this report and in order to gain more insight
about these transformations, the utilization of the structurally
flexible organic component [1,2-bis(4-pyridyl)ethane, (bpe)]
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was combined with the study of intrinsic variables of the
hydrothermal methods (stoichiometry, time and temperature)
during the synthesis and structural characterization of the four
novel hybrid molybdenum oxide assemblies [MogOy6][H,bpe],
(1), {[MogOa(u-bpe)[Habpels}, (2). [MogOae(Hbpe)lHabpel
(3), and {[MogOq¢][H,bpel»},, (4). It is also shown that these
phases are involved in a sequential transformation process
under the hydrothermal conditions.

Results and discussion
Overview

Crystals of 1 were obtained as a highly pure single-phase by
heating a 1 : 1 molar ratio mixture of heptamolybdate and bpe
at 145 °C over two days. Its crystal structure purity was
demonstrated from comparison of the diffraction pattern
modelled from the single-crystal data and that measured from
the bulk (see supplementary material}). However, when the
reaction was carried out over the same time and temperature
but using a heptamolybdate : bpe molar ratio of 1 : 2, a
mixture of crystalline phases, 1 and 2, was clearly identified
from XRPD patterns. Additionally, a very small amount (non-
detectable from XRPD) of crystals of a third phase (3) was
easily picked up from the bulk under the optical microscope
and its crystal structure was determined from single-crystal
X-ray measurements (see below). Only phase 1 was detected by
XRPD after heating this mixture over five days. Furthermore,
both 1 and the last mixture containing 1-3 were transformed
to a highly pure phase when the temperature of the reaction
was augmented to 180 °C over three days. This phase was
further identified to be 4 by using powder and single-crystal
XRD experiments and elemental analysis of the bulk.
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Crystal structures

[MogO,6l[Hzbpel, (1). The crystal packing of 1 is built up
from the assembly of discrete octamolybdate units and
H,bpe®* as a charge-compensating agent. The anionic cluster
corresponds to the well-known p-isomer,'? which is formed by
eight edge-sharing {MoOg} distorted octahedra. The cations
form an undulated organic sub-network sustained by n—n
interactions [average distance: 3.64(3) A] between the pyridine
rings (Fig. 1a). This sub-array allows a set of 3D-cavities
where P-(MogOx)*™ units remain encapsulated (Fig. 1b).
The cation—anion interactions occur via charge-assisted
N¥—H---O hydrogen bonds involving terminal oxo-ligands
[N1---022 = 2.74(2) A and N2---O12 = 2.86(2) A]. The final
framework architecture suggests that the cations act as an
organic scaffolding of the inorganic constituent. Similar ex-
amples have been reported previously.'"!? This feature may be
comparable with the scaffolding role that some metal-ligand
polymers play in polymolybdate species.*

{[MogOs¢(p-bpe)l[H,bpel,},, (2). The crystal packing consists
of an unprecedented one-dimensional hybrid coordination
polymer [MogOag(ut-bpe)], "~ built up from centrosymmetrical
(MogO»6)*~ units linked by bridging bpe molecules which are
also located on inversion centres (Fig. 2a). Therefore, the
building block of the polymer can be formulated as
[MogOa¢(p-bpe)]*~, and it is constructed by octahedral moi-
eties. There are six {MoOg¢} and two {MoOsN} units fused by
edge-sharing through bridging oxo-ligands. This octamolyb-
date maintains a topology which is comparable to that ob-
served for the y-(MogO»6)*~ isomer.!* However, this latter y-
isomer displays vacancies in two five-coordinated Mo-centres,
whereas in the building block of 2 these vacancies are occupied
by N-atoms from two bridging bpe ligands. Therefore, the
building unit of 2 represents a class of functionalized octamo-
lybdates that shows the general formula [Mo0gO,6X,] "%,
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Fig. 1 View of the crystal structure of [MogO,4][H,bpe], (1) show-
ing the organic sub-network (a) in which B-(MogOs)*™ units are
encapsulated (b).

Fig. 2 View of the crystal structure of {{MogO,4(1-bpe)][Habpels},
(2) showing (a) the coordination polymer and (b) the parallel arrange-
ment of polymers leaving cavities where H,bpe®" are hosted.

where 7 is the charge of X.'* Only a few examples of this
anionic moiety have been structurally characterized so far:
X = pyridine,'® imidazole,'¢ pyrazole,'” isothiocyanate'® and
dipyridylamine.'®

As mentioned before, in this crystal structure a molecule of
bpe acts as a spacer, coordinated via the nitrogen atoms
[Mol-N1 = 2.264(4) A]. The polymers display a zig-zag
configuration along the [020]-direction (Fig. 2b) and they are
accommodated parallel to one another, allowing cavities to
host two H,bpe?™ moieties, which are the charge-compensat-
ing agents. This 2-D arrangement is stacked parallel to the
(101)-plane, assisted by m—n interactions between the organic
cations and the bpe spacers [average distance: 3.71(5) A]. The
cations help to sustain the 2D-array by using extra
N*—H...O, hydrogen bonds, involving terminal oxo-ligands
of the clusters [N2---O21 = 2.667(7) A and N3...042 =
2.747(7) Al.

[MogO,6(Hbpe),]J[Hzbpe] (3). The asymmetric unit of the
crystal structure contains a half of one octamolybdate and one
Hbpe " directly N-coordinated to a Mo-centre [Mol-N1 =
2.269(6) A]. This centrosymmetrical discrete cluster
[MogOs(Hbpe),]*~ (Fig. 3a) shows similar structure to that
of the building block of the coordination polymer in the
crystal structure of 2. In 3, however, the N-substitution on
both {MoOsN} moieties corresponds to that of one mono-
protonated terminal Hbpe " ligand. There exists, therefore,
only one double protonated H,bpe’® entity acting as a
charge-compensating agent. The clusters are accommodated
in layers, which are stacked along the a-direction (Fig. 3b).
The self-assembly of the layers occurs via interdigitation of the
Hbpe " terminal ligands, which are maintained together by
NT-H...0; [N2.--021 = 2.73(2) A] interactions. The term-
inal organic ligands also interact to retain the clusters in the
same layer. Therefore, each uncoordinated pyridine ring forms
a m— interaction [3.96(2) A] with the coordinated pyridine
moiety of a neighbouring cluster (Fig. 3c). The final assembly
is assisted by the doubly protonated H,bpe® " entities located
on centrosymmetrical sites just in between the interdigitation
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Fig. 3 View of the crystal structure of [MogO,s(Hbpe),][H,bpe] (3).
(a) Molecular structure of the anion [MogO»¢(Hbpe),]*~; H-atoms on
the terminal ligand Hbpe ™ were omitted. (b) Stacking of the layers
showing the interdigitation of bipyridine entities in the oxidic inter-
planar region. (c) View along the a-axis of the anionic layer displaying
the pyridine rings m—n intermolecular interactions parallel to the
c-direction.

regions and is also sustained by m—m [3.98(2) A] and
N*—H...O,[N3---041 = 2.83(1) A] interactions.

{[MogO5¢|[H;bpe],}, (4). The asymmetric unit of the crystal
structure contains the same components as those found in 1
(one half of an octamolybdate MogO»s*~ and one H,bpe® ™
unit). However, in 4 the inorganic cluster is assembled through
translational  repetitions  of the corner  sharing
(Mo1-022-Mo2, i = 1 — x, —1 — p, 1 — z) to generate a
one-dimensional polymer along the a-direction (Fig. 4a). The
building block [MogO,6]*~ of the polymer is constituted from
{MoOg} octahedra fused by edge-sharing and its structure
corresponds to that of the functionalized y-octamolybdate,
similar to that observed in 2 and 3. In this case, however, the
functionalization is carried out by the formation of two

(b)

Fig. 4 View of the crystal structure of {{[MogOxs][H,bpels}, (4). (a)
Ball and stick model of the anionic polymer. (b) These polymers are
linked together by cations vie N™—H.-.O interactions, allowing a
parallel orientation of the oxidic polymers.

Mo-O-Mo bonds that leads to the polymeric array. The
szpezJr units act as counterions, which are located between
two parallel polymers and oriented roughly perpendicular to
the direction of the polymers. The positions of the cations
allow a final 2D-array sustained via charge-assisted
N*-H.--O hydrogen bonds (Fig. 4b). In contrast to the
hydrogen bonding observed in 1, 2 and 3, which occurs with
terminal oxygen atoms, the N*—H...O interactions in 4
involve bridging oxygen atoms of the polymer [N1---024 =
2.833(7) A; N1---021 = 2.955(7) A; N2---031 = 2.740(6) Al.
This hydrogen bonding facilitates the cations to lie parallel to
each other, rendering additional m—r interactions among
pyridine rings [average distance: 3.54(1) A]. The topology of
the inorganic polymer observed in 4 is very unusual and has
only been reported in the crystal structures of the compounds
{[H3N(CH2)6NH3]2[MO8O26]}n20 and {[(Me-NCsHs)l4
[M08026]}n~21

As a general features of all crystal structures 1-4, the Mo—O
bond distances and O-Mo-O angles lie in the expected ranges
[Mo=0, = 1.687(4)-1.7104) A; for p»-0: Mo-O =
1.748(4)-2.257(4) A; p3-O: Mo-O = 1.976(4)-2.379(4) A;
n-0: Mo-O = 1.968(3)-2.477(4) A; bond angles
71.2(1)-105.8(2)°]. These values are in agreement with those
reported in the literature for octamolybdate systems.> All the
entities, bpe, Hbpe ™ and H,bpe®*, display an anti conforma-
tion, but show a wide range of dihedral angles between
pyridine rings [2.72(5)-99.40(4)°]. Additionally, C-H---O in-
teractions are also observed [range = 2.947(8)-3.277(8) A],
which contribute to stabilize the different frameworks.

Phase transformations under hydrothermal conditions

The presence of the phases 1, 2 and 3, observed when the
reaction was carried out at 145 °C and using a heptamolybdate
: bpe molar ratio of 1 : 2, prompted us to evaluate the influence
of the reaction time. A set of reactions was prepared, varying
the time of reaction between 1, 2, 3, 4, and 6 days. After
heating, the reactors were allowed to cool slowly to room
temperature and XRPD patterns were recorded from the
resulting solids. The diffractograms (Fig. 5) show that the
appearance of 1 and 2 occurs during shorter periods (from one
to two days). Only a few crystals of 3 were put on view.
However, after longer reaction times solely 1 persists. It is also
observed that a non-identified phase appears at three days, but
it tends to disappear rapidly when the reaction time is

Relative Intensity
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w
w
*
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3
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Fig. 5 XRPD patterns of the solids obtained under hydrothermal
conditions at 145 °C as a function of the reaction time. Peaks with
asterisks correspond to a non-identified phase.
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augmented. Additionally, and taking into account the inten-
sity of the peaks in the XRPD patterns, it is noted that at one
day the amount of 2 seems to represent an important propor-
tion in comparison to phase 1. But, this relative presence
decreases until phase 2 disappears completely at three days.
Intrinsically attached to this observation is the fact that,
although the amount of the starting chemicals was always
the same, the total weight of each final solid remains compar-
able (average: 0.114 + 0.005 g). These results, therefore,
suggest that all the phases are involved in transformations
between them. In fact, when the mixture of the crystalline
phases obtained after one day was used as the starting material
and the reaction was carried out over five days, the diffracto-
gram of the resulting solid corresponds to that of the pattern
of 1. It is very interesting to note that such transformations
appear to be reached more rapidly when the temperature is
increased to 160 °C, in which both phases 2/3 are hardly
detected in the XRPD patterns from the solid obtained after
two days (see supplementary materialf). This behaviour points
towards the possibility that at least the formation of 1 and 2 is
conditioned by thermodynamic and kinetic control, respec-
tively.

From the crystal structures of 1-3 it is possible to offer some
insights about the transformations observed from 2 or 3 to 1
(2/3 - 1). They would imply (a) one y — B isomerization of
octamolybdate clusters, which is commonly observed in solu-
tion and its energetic barrier has been claimed to be very
low,??* and (b) the partial or total protonation of the
coordinated bipyridine moieties (p-bpe and Hbpe™). It is
worth mentioning that the existence of 2 as a polymeric species
only occurs in the solid state. In addition, the empirical
formulae of 2 and 3 show a different “bpe” : Mo ratio
(3 :8) in comparison to 1 (2 : 8). The last two observations suggest
that such 2/3 — 1 transformations involve solid—solution dis-
proportionation processes.>> Such a mechanistic route would
go together with the dissociation of the bipyridine moieties due
to the relative weakness of the Mo-N bond, which has
previously been observed for the analogous cluster functiona-
lized with coordinated pyridine [MogOs(CsHsN),J*~. In this
case, the compound is unstable in the presence of water,
leading to the loss of pyridine which is accompanied by the
formation of the B-MogO,s isomer.'>

On the other hand, the direct 1 — 4 transformation ob-
served at 180 °C involves an augment of the dimensionality
from discrete {Mo}g clusters to a 1D-polymer. A plausible
explanation could be given in terms of the polymerization of
octamolybdate clusters via corner sharing (Fig. 6). Supported
by the close geometric features observed in both crystal
structures (1 and 4), it is possible to expect that such a
polymerization could occur via solid-to-solid topochemical
transformation. This process, thus, needs to be accompanied
by the low energetic barrier f — y isomerization. In 1, for
example, the relative orientation of octamolybdate clusters
allows intermolecular Mo2---Mo4’ (i = —1.5 — x, —0.5 — y,
—z) distances of 4.42(1) /o\, whereas in the polymer of 4 these
distances are reduced (Mol --Mo2'" = 3.72(2) A (i=1-x,
—1 — y, 1 — z). This possibility was suggested by Zubieta
and Rarig?® in the assembly of the polymeric structure
[CuMo040;3(H>bpe)] which is built up from y-octamolybdate

Fig. 6 View of the close geometric features of the inorganic fragments
in the crystal structures 1 and 4 [Mo2---Mo4 = 4.42(1) A for 1, and
Mol---Mo2" = 3.72(2) A for 4]. A possible route of the 1 — 4
transformation observed at 180 °C.

building blocks. Additionally, similar processes were observed
by Miiller et al. in the spectacular transformations of giant
spherical and giant wheel clusters of molybdenum of discrete
nature in the solid state at room temperature?’ to produce
polymeric arrays in 1- and 2-D. In order to demonstrate this
expectation, however, additional information from other tech-
niques concerning in situ studies would be required.®

Thermal stability analysis of 1 and 4

The thermal studies are consistent with the crystal structures
of these compounds. Both TG curves (see supplementary
material) show a similar behaviour, in which the samples
are stable until 350 and 340 °C for 1 and 4, respectively. A
rapid first weight loss step of ~11.7% between 340-380 °C for
1 (~10.7%, 350-400 °C for 4) is attributed to one released
bipyridine molecule (caled: 11.97%). After that, a continued
weight loss occurs until 900 °C (found: ~24.5% for both
compounds), which could correspond to sublimation of a
Mo,0O, phase and an intricate decomposition of the second
bipyridine along with oxygen atoms of the inorganic oxide
released in the form of water molecules (calcd: 14.3%). In both
cases, the DSC analysis clearly reveals that two endothermic
processes take place below 520 °C under the measurement
conditions just associated with the decomposition stage. A
striking feature is that these materials do not suffer any phase
transitions below 340 °C for 1 (<350 °C for 4). Therefore, the
transformations previously described are possible only under
hydrothermal conditions.

In accordance with the thermal analysis, an XRPD study as
a function of the temperature of 1 indicates negligible struc-
tural changes before 330 °C (see supplementary material}),
except for small displacements from some peak maxima due to
the effect induced by the thermal expansion of the crystal
packing. After that temperature (>330 °C), the study also
shows partial loss of the crystallinity and the appearance of an
unknown phase, which further disappears (at ~395 °C) until
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the stabilization and growth of the MoOj; at 480 °C. This latter
phase was identified using the powder diffraction files.

Conclusion

In summary, four novel compounds have been successfully
isolated and structurally characterized. Starting from the same
precursors, but controlling the composition and temperature,
it was possible to prepare unprecedented examples of meta-
stable phases. Only compounds 1-3 were observed at tem-
peratures below 160 °C and in short periods of time (1-2 days).
However, at 180 °C, such phases correspond to transient
phases prior to the formation of a thermodynamically stable
compound 4. These results, together with additional studies
carried out by us involving other nitrogen heterocycles,*
indicate that the formation of metastable phases and the
transformation processes are quite concurrent in the synthesis
of POMs. Likewise, the compounds 1-4 provide an unusual
example of solids that are involved in transformations with
preservation of the inorganic building block composition. The
rational evaluation of such behaviour, in which a pre-as-
sembled building block is transformed to a related phase,
opens a window for the study of the widely recognised
intricate mechanisms of formation and/or transformations
commonly observed in this important class of solids under
hydrothermal conditions.

Experimental
Methods and materials

All reagents were obtained from commercial sources and used
without further purification. The syntheses were carried out in
23 mL Teflon-lined autoclaves under autogenous pressure.
The elemental analyses were performed (C, H, N) on a model
EA1108 Fisons elemental analyzer. The FT-IR spectra were
recorded from KBr discs, using a Nicolet Magna-IR 560
spectrophotometer. Thermal analyses (TGA/DSC) were per-
formed in a Dupont 951 thermal analyzer and a Dupont 990
cell, under a dynamic nitrogen atmosphere. For all thermal
measurements the heating rate was 10 °C min~' from room
temperature until 900 °C (DSC: 530 °C). XRD data were
collected in a Siemens D5005 diffractometer with Cu Ko
radiation (A = 1.5418 A). Time-resolved XRD data were
carried out on a MAR diffractometer at the beam line X7B
at NSLS, Brookhaven National Laboratory. The wavelength
used was 0.9200 A. Diffraction frames were recorded in 60 S,
and the temperature ramp was set from 25 to 480 °C, with a
speed of 3 °C min~"'.

Syntheses

[MogO,¢l[Hzbpel, (1). A mixture of (NHy)sMo070,4 - 4H,O
(Hma; 0.40 mg, 0.33 mmol) and 1,2-bis(4-pyridyl)ethane (bpe;
0.60 mg, 0.33 mmol) in a molar ratio of 1 : 1 in 9 mL of H,0,
was heated at 145 °C for 2 days. After slow cooling to room
temperature, pale yellow prism crystals of 1 (77.8 mg) were
isolated in a yield of 70% based on Mo. XRD pattern showed
that 1 was obtained as pure single-phase (see supplementary
materiali). Anal. caled for CysH,sMogN4Osg: C, 18.53; H,

1.81; N, 3.60%. Found: C, 18.73; H, 1.76; N, 3.72%. IR (KBr,
em™1): 3600-3200 (br, N"—H), 1654-1610 and 1485 (s, C=C;
s, C=N), 970-900 (s, Mo=—0), 850 (s, Mo—O-Mo).

{IMo3O,6(n-bpe)l[Hzbpel,}, (2) and [MogO,6(Hbpe),][Hbpe]
(3). Both compounds were obtained from a combination
of Hma (0.20 mg, 0.16 mmol) and bpe (0.60 mg, 0.33 mmol)
in a molar ratio of 1 : 2 under the same conditions used for 1.
The solid isolated consists of a mixture of crystals of different
colours, from which compounds 1, 2 and 3 were identified
by XRD.

{IMogOy¢l[H,bpel,}, (4). Compound 4 can be obtained from
direct heating of the components in the same molar ratio used
for 1 at 180 °C over 3 days or starting from 1 or from the
mixture that contains 1, 2 and 3. In all attempts, XRD
patterns showed that the resultant solids were obtained as a
unique product corresponding to 4 (see supplementary mate-
rialf). Anal. caled Cy4HsMogN4Oo6: C, 18.53; H, 1.81; N,
3.60%. Found: C, 19.17; H, 1.47; N, 3.83%. IR (KBr, cmfl):
3600-3300 (br, N"—H), 1626 and 1506 (m, C=C; m, C=N),
956-900 (s, Mo=0), 850 (s, Mo—O-Mo).

Crystal structure determinations

All intensity data were recorded on a Rigaku AFC-7S dif-
fractometer equipped with a graphite monochromator and
Mo Ka radiation (4 = 0.71073 1&) at room temperature. For
all crystals three reflections were re-measured every 150 reflec-
tions to monitor instrument and crystal stability. Data were
corrected for Lp effects and absorption. The first models were
solved by direct methods and Fourier techniques. Each refine-
ment was carried out by full-matrix least-squares on |F|> with
anisotropic displacement parameters for non-H atoms. H-
atoms on nitrogen were included in their found positions,
whereas those on carbon were calculated in ideal positions.
Both were refined with isotropic displacement parameters set
to 1.2 x Ugq of the attached atom. Data reductions were
performed using teXsan?® crystallographic software package,
whereas refinement calculations were made using SHELXTL-
PLUS.”

Crystal data for 1. CoyH,3sN4O26Mog, M = 1556.02, mono-
clinic, @ = 1633(6), b = 11.47(7), ¢ = 21.456) A,
B = 103.8(2)°, U = 3902(30) A*>, T = 298 K, space group
C2/e, Z = 4, y(Mo Ko) = 2.584 mm™ !, Ry, = 0.0286, Rl =
0.0452 and wR2 = 0.1153 for 2809 independent reflections
with I > 2a(0).

Crystal data for 2. C;gH>(N303Moy4, M = 870.13, triclinic,
a = 10.716(2), b = 11.128(2), ¢ = 11.666(2) A o= 68.08(3),
p = 85.50(3), y = 76.19(3)°, U = 1253.2(4) A, T = 298 K,
space group P1, Z = 2, u(Mo Ka) = 2.027 mm~ !, Ry =
0.0296, R1 = 0.0351 and wR2 = 0.0867 for 3766 independent
reflections with 7 > 2a(1).

Crystal data for 3. C3¢H4oNgO2sMog, M = 1740.26, mono-
clinic, a = 11.581(3), b = 17.146(7), ¢ = 12.875(3) A, p =
101.45(2)°, U = 2505.7(13) A3, T =298K, space group P2,/c,
Z =2, u(Mo Ka) = 2.028 mm™", Ri,= 0.1000, R1 = 0.0426
and wR2 = 0.0880 for 2960 independent reflections with
I > 20(I). The terminal Hbpe™ was found disordered in the
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uncoordinated pyridine ring. This disorder was modelled by
two sets of positions of the involved atoms.

Crystal data for 4. C;,H4N,O3Moy4, M = 778.01, mono-
clinic, @ = 9.689(2), b = 13.447(3), ¢ = 15.341(2) A, p =
100.61(1)°, U = 1964.7(7) A3, T = 298 K, space group P2,/n,
Z =2, u(Mo Ka) = 2.567 mm ™", Rine= 0.0168, R1 = 0.0382
and wR2 = 0.0939 for 2821 independent reflections with
I > 20(1).

CCDC reference numbers 272480 (1), 272481 (2), 272482 (3)
and 272483 (4). For crystallographic data in CIF or other
electronic format see DOI: 10.1039/b603996k
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