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Reductive coordination replication of V,05 sacrificial
macrostructures into vanadium-based porous
coordination polymers

Julien Reboul,” Kenji Yoshida,” Shuhei Furukawa,”* and Susumu Kitagawa®”*

Vanadium-based porous coordination polymers (or metal-organic frameworks) possess both
porous and electronic properties, which make these new materials appealing for applications
in molecular separation, sensing and heterogeneous catalysis. Their integration into systems
that fully exploit their intrinsic properties requires versatile methods allowing assembly of
the PCP crystals into well-defined films, patterns, fibers or the formation of heterostructures.
In this contribution, polycrystalline macrostructures and heterostructures made of
[V(OH)ndc], (with ndc = 1,4-naphthalenedicarboxylate) PCP crystals were synthesized
through a dissolution-recrystallization process, so-called coordination replication, where a
pre-shaped V,Os sacrificial phase was replaced by well-intergrown PCP crystals in the
presence of Hondc as an organic linker and under reductive environment. In this process,
V,0;5 acts both as the metal source and as the template that provides the shape to the
resulting mesoscopic polycrystalline architecture. The ascorbic acid, acting as reductive
agent both promotes the dissolution of the sacrificial V,0s phase and provides the V'™
species required for the construction of the [V(OH)ndc], framework. Two-dimensional

patterns were successfully synthesized by applying this procedure.

Introduction

Porous coordination polymers (PCPs), also named metal
organic frameworks (MOFs) are crystalline, porous materials
built up from the assembly of metal ions with multifunctional
organic linkers." Beside their remarkable surface areas, one
interesting feature of PCPs is the possibility of designing their
pore size, shape and chemical properties by the judicious
selection of both the metal centers and the organic ligands. In
this regard, the choice of vanadium species as metal centers
results in series of PCPs that are of particular interest, owing to
their redox activity. Indeed, vanadium-based PCPs possess a
strong potential in adsorption-separation and heterogeneous
catalysis.” However, as any PCP frameworks, the application of
vanadium-based PCPs into systems that fully exploit their
inherent performances requires their integration into
hierarchical structures, patterns or composites.” Recently, we
reported an innovative procedure for the structuration of PCPs
based on the combination of sol-gel chemistry or solid state
chemistry and pseudomorphic replacement.* In this method, so-
called coordination replication, a pre-shaped sacrificial metal
oxide is replaced by a thermodynamically more stable PCP
framework in the presence of multitopic organic ligands.
Because the sol-gel process allows for the easy manufacture of
a large range of nano-/macroscale materials (particles, thin
films, coatings, membranes, patterns) based on a variety of
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metal oxides,’ coordination replication appears as a general and
powerful strategy for the processing of PCPs, whenever the
kinetics of the sacrificial metal oxide dissolution can be
coupled with the kinetics of PCP crystallization. This method
was recently applied for the synthesis of PCP-based
hierarchical structures and composites obtained from shaped
aluminum,*® zinc” and copper oxides.®

Herein, we report the extension of the coordination
replication process to the redox-rich vanadium chemistry and
demonstrate the synthesis of the first macroscopic structures
made of vanadium-based PCP crystals. Regarding the
coordination replication process, vanadium oxides are
particularly suitable candidates as sacrificial templates for two
main reasons. First, sol-gel chemistry of vanadium pentoxide
(V,0s) gels is well-established’ and a variety of vanadium
oxide morphologies, such as V,0s thin films, foam monoliths,
nanowires or nanorods and inverted opal structures are
nowadays accessible.'” Second, V,0s possesses fascinating
electrochemical properties, which might be exploited to
synthesize new porous composite materials. Indeed, the partial
replication of a sacrificial metal oxide template possessing
electrochemical properties might result in the formation of
heterostructures that combines the porous properties of PCPs
and the intrinsic properties of the remaining sacrificial phase.
Recently, this strategy was opportunely applied by Zhan et al.
who created new sensors with a selective photoelectrochemical

J. Name., 2013, 00, 1-3 | 1



CrystEngComm

response by transforming the surface of semiconducting ZnO
nanorods into a ZIF-8 shell layer acting as size selective filter.”
In the previous report, we demonstrated the replication of
alumina two-dimensional patterns, hierarchically porous
macrostructures® and nanofibers'' under microwave conditions
into analogous structures made of [Al(OH)ndc],, a three
dimensional framework containing one-dimensional channels
built of infinite chains of corner-sharing AlO4(1,-OH),
interconnected by naphthalene dicarboxylate ligand.* These
successful results prompted us to attempt the synthesis of the
vanadium-based isostructural compound, under similar
experimental conditions. Because the utilization of V,Os as
metal source for the synthesis of vanadium-based PCPs was
never demonstrated so far, we first determined the proper
synthesis conditions in order to obtain [V(OH)ndc], from
simple commercial V,0s5 powders. Notably, the addition of
ascorbic acid as reducing agent was found to be critical for the
successful conversion of V,05 into [V(OH)ndc],. The synthesis
conditions were then adjusted to successfully replicate
vanadium oxide two-dimensional patterns into the
corresponding [ V(OH)ndc],-based structures (Fig. 1).

Reducing agent

Fig. 1 Scheme of the replication of V,0s sacrificial template into
[V(OH)ndc], polycrystalline macrostructures.

Experimental Section

Materials
V,05 (Wako, 99.0%), VCl; (Sigma-Aldrich, 97.0%),
vanadium(V)  oxytriisopropoxide  (Sigma-Aldrich), 1,4-

naphthalenedicarboxylic acid (H,ndc, Wako, 95.0%), 1.4-
benezenedicarboxylic acid (H,bdc, Wako, 95.0%), polystyrene
beads (PS, Polysciences, suspension in water, concentration =
2.6wt%), polyethylene oxide (PEO, 1000000 M,, Sigma-
Aldrich). All chemicals and solvents were purchased from
commercial suppliers and used without further purification.

Syntheses of [V(OH)ndc], and [V(OH)bdc], from the V,05
powder

Synthesis of [V(OH)ndc],: 21.1 mg (0.116 mmol) of
commercial V,05 powders were mixed with 200 mg (0.925
mmol) of naphthalenedicarboxylic acid (Hndc) in 10 ml of
water followed by the addition of 40.9 mg (0.232 mmol) of
ascorbic acid to the mixture. The reaction mixture was then
submitted to a microwave treatment for 10 min at 180°C. The
green powder obtained at the end of the reaction was filtered
and washed with distilled water and dimethylformamide
(DMF).
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Synthesis of [V(OH)bdc],: 21.1 mg (0.11 mmol) of a
commercial V,0s powder was mixed with 154 mg (0.925
mmol) of Hybde in 5 ml of water. 40.9 mg (0.23 mmol) of
ascorbic acid was then added to the mixture and the reaction
mixture was submitted to a microwave treatment for 1 h at
180°C. The powder recovered after the thermal treatment was
filtered and washed with distilled water and DMF. After the
filtration and washing steps, the dried samples were treated at
250°C for 24h in air.

For comparison, [V(OH)ndc], and [V(OH)bdc], were also
synthesized by following reported procedures using more
conventional vanadium sources and hydrothermal treatments. ">
Synthesis of [V(OH)ndc], from VCl;: a mixture of VCl; (157
mg, 1.00 mmol), Hynde (108 mg, 0.50 mmol), and H,O (10
mL) was heated at 180 °C for 24 h under hydrothermal
conditions. The powder recovered after the hydrothermal
treatment was filtered and washed with distilled water.
Synthesis of [V(OH)bdc], from VCl;: a mixture of VCl; (841
mg, 5.35 mmol), H,bdc (222 mg, 1.34 mmol), and H,O (9.62
mL) was heated at 200 °C for 4 days under hydrothermal
conditions. The powder recovered after the microwave
treatment was filtered and washed with distilled water.

Syntheses of the vanadium oxide two-dimensional pattern

Two-dimensional pattern: an isopropanol solution of vanadium
oxytriisopropoxide (0.22 mM) was drop-casted onto a two-
dimensional assembly of polystyrene (PS) beads (diameter = 10
um). The coating was then left in air and the partial hydrolysis
takes place spontaneously due to ambient humidity. The
negative structure of the PS bead assembly made of vanadium
oxide was obtained after calcination of the PS beads at 250°C
for 10h.

Replication of the patterns into the [V(OH)ndc],-based
corresponding structure

Synthesis of the [V(OH)ndc],-based two-dimensional pattern:
an ethanol solution of polyethylene oxide (PEO) (0.03 mM)
was first spread onto the V,0s5 pattern. After drying, the V,O;
pattern coated with PEO was placed into a water mixture (5
mL) of 1,4-naphthalenedicarboxylic acid (0.20 g ; 0.92 mmol)
and ascorbic acid (0,08 g ; 0.45 mmol) and submitted to a
microwave treatment at 180°C for 1 s (it necessarily takes one
minute to reach 180 °C from room temperature). The sample
recovered after the treatment was thoroughly washed with DMF
and water.

Characterization

Field-emission scanning electron microscopy (FE-SEM)
observations were performed with a JEOL Model JSM-75FCT
FE-SEM system operating at 15 kV/20 uA. Dried samples were
deposited on silicon wafer and coated with osmium prior to
measurement. The CO, sorption isotherms of [V(O)(ndc)],
synthesized from V,05 powder and VCl; were recorded at 195
K on a BELSORP-max volumetric-adsorption instrument from
BEL Japan, Inc. All measurements were performed using the
samples after pretreatment at 120 °C under vacuum conditions
for 12 h. Powder X-ray Diffraction (XRD) data were collected
on a Rigaku Model SmartLab equipped with a X-ray generator
producing Cu Ka radiation. Thermogravimetric (TG) analysis
were performed using Rigaku Model Thermo Plus Evo II
apparatus in the temperature range of 298-1023 K wunder
nitrogen atmosphere, at a heating rate of 5 K min™'. Fourier
transform infrared (FT-IR) spectra were recorded either in
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transmission mode (KBr pellets) or in the attenuated total
reflectance mode (ATR) on a JASCO FT/IR-6100 spectrometer
equipped with a TGS detector.

Results and discussion

[V(OH)ndc], synthesis from V,05 powder

Prior to replication of V,0s sacrificial templates into vanadium-
based PCP macrostructures, we first established the
experimental procedure to synthesize [V(OH)ndc], from a
simple V,05 powder under microwave conditions. Indeed, we
previously demonstrated that microwave as heating source is
necessary to efficiently replicate the details of the metal oxide
sacrificial template. The integrity of the obtained product was
verified by systematically comparing our results to that of the
[V(OH)ndc], synthesized from VCIl; under a more conventional
solvothermal procedure. Synthesis from the V,05 powder, in
the presence of ascorbic acid as a reductant, results in a
greenish powder that displays a similar X-ray diffraction
(XRD) pattern to that made from VCl; after activation (250°C
for 24h in air) (Fig. 2). The XRD patterns of these two activated
materials match the calculated XRD pattern of [Al(OH)ndc],,
hence verifying the structural analogy of these vanadium-based
compounds with the aluminium-based framework first reported
by Comotti et al.”’ Compared to the XRD pattern of
[AI(OH)ndc],, slight peak shifts towards lower values of 26
were observed on the XRD pattern of the vanadium
isostructural compounds. These shifts, also observed by
Kozachuk et al., are supposedly due to the slight distortion of
the [AI(OH)ndc], tetragonal symmetry when (AI"MOH)*" sites
are replaced by (V'VO)*" ones.

From V,0; activated

A

From VCl;; activated

[AI(OH)ndc], (calculated pattern)

I R

? Ve

V,05 powder
A J_.J\ l
| — L T . I . P T L . P R . |
5 10 15 20 25 30

20/°
Fig. 2 XRD pattern of the activated [V(O)ndc], obtained from V,0Os and from
VCls, calculated pattern of [Al(OH)ndc], and XRD pattern of the commercial
V,0s powder.

As-synthesized products obtained from V,0s5 and VCl,

display similar infrared (IR) absorption patterns, which
correspond to [V"(OH)ndc], (Fig. 3). Similarly to the case of
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the conventional synthesis from VCl;, the activation of
[V"(OH)ndc], synthesized from V,0s results in its
transformation into [V'V(O)ndc],, as evidenced by the total
vanishing of the IR absorption band at 3640 cm™ assigned to
the O-H vibrations of the p,-OH groups bridging the V'™
centers within [V™(OH)ndc], (Fig. 3). Note that in the case of
the as-synthesized product obtained from V,0s, the band
observed at 3640 cm™ is significantly weaker than that of the
as-synthesized compound obtained from VCl; (Fig. 3, inset).
This is likely due to the superior amount of species trapped
within the pores of the as-synthesized [V™(OH)ndc], obtained
from V,0;5 during the microwave treatment, as indicated by the
larger weight loss up to 400°C observed on the TG trace
corresponding to this product (Fig. S1). Indeed, Leclerc et al.
demonstrated that H-bonded species (water molecules and
unreacted ligands) incorporated within the pores during the
synthesis of [V(OH)bdc], can disturb the OH group accessible
along the inorganic chains and thereby results in the significant
decrease of the bands at 3642 cm™.'* Higher amount of trapped
species within the product obtained by microwave from V,0s
may be explained by the significantly higher nucleation and
crystal growth rate allowed by microwave process.”” One
should also consider the presence of the ascorbic acid within
the reaction medium when using V,Os as precursor. Indeed,
owing to several hydroxyl groups in its composition, ascorbic
acid may readily form hydrogen bonds with the OH groups
accessible within [V(OH)ndc], pores under the synthesis
conditions. It may therefore be easily trapped within the pores
of the as-synthesized crystals and therefore affect the O-H
vibrations. The oxidation of V' into V'V after activation was
also evidenced by the development of the strong band observed
at 892 c¢cm’!, which is attributed to the v(V=0) mode of the
asymmetric V-O-V bond sharing two consecutive VO
octahedra in [V'V(O)ndc], (Fig. 3).'¢
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From V,05; as-synthesized

From V,0; activated

From VCl,; as-synthesized

From VCl;; activated
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3500 3000 2500 2000 1500 1000 500
wavenumber / cm!

Fig. 3 IR spectra of [V(OH)ndc], before and after activation obtained
from V,0s and from VCl;. The inset highlights the spectra region
ranging from 3010 cm™ to 3750 cm™.

Raman analysis also clearly supported the formation of
[V™V(O)ndc], after activation with the development of the band
attributed to v(V=0) at 910 cm™ on the spectrum of the
activated compounds (Fig. 4)."* Note that this band at 910 cm™
is actually already present on the Raman spectrum of the as-
synthesized product, thus suggesting the presence of both
[V (OH)]*" and [V™Y(0)]*" species within the framework even
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before the activation process. The amplification of this band
observed after activation, together with the total disappearance
of the IR band at 3640 cm™ (Fig. 3), evidences the complete
oxidation of the V"' centers into V'V. This result is in contrast to
the previous reports about the synthesis of vanadium
benzocarboxylate frameworks, in which only V™ centers were
detected in the as-synthesized products.'*'” Since the Raman
band at 910 cm™ is also observed on the spectrum of the as-
synthesized product obtained from VCls, this particular feature
may not be attributed to the use of V,05 as vanadium source.
We rather assume the spontaneous oxidation of V'™ under
ambient atmosphere during the storage and characterization of
our as-synthesized product. This feature will not be further
discussed here and the as-synthesized product will be
designated as [V"(OH)ndc],, in the following.

From VCl;; activated

From VCl,; as-synthesized

From V,0Og; activated

From V,0;; as-synthesized

L L . L L | L L L L | . L L L |

700 800 900

Raman shift / cm-!

1000

Fig. 4 Raman spectra of [V(OH)ndc], obtained from V,Os and from
VCl; before and after activation.

Thus, the strong similarity of the XRD patterns, IR and
Raman spectra of the compounds obtained from V,05 and VCl;
supports the idea that the use of V,05 as metal source results in
the formation of equivalent [V(OH)ndc], crystals to that
synthesized from VCl;, both in terms of crystal structure and
chemical composition. Accordingly, no trace of unconverted
V,0s5 parent phase was detected by the characterization
techniques employed in this study. Indeed, no diffraction peaks
corresponding to unreacted V,0;s crystals were detected in the
XRD pattern of [V'V(O)ndc], synthesized from V,Os (Fig. 2).
The total conversion of V,0s was also confirmed by the
absence on the FT-IR spectra of the characteristic bands at 1011
cm™ and 830 cm™ commonly assigned to the stretching
vibration of V=0 and asymmetric stretching of the V-O-V
bonds of crystalline V,0Os, respectively (Fig. 3).'® Furthermore,
TG analysis of the activated [V(O)ndc], synthesized from VCl;
and V,0;5 confirmed that both compounds possess rigorously
the same chemical composition. Indeed, TG traces of the two
activated compounds display the same weight loss of 51.5%
starting from approximately 270°C and corresponding to the
degradation of the organic linkers (Fig. 5).

4| J. Name., 2012, 00, 1-3
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Fig. 5 Thermogravimetric analysis of [V(O)ndc], synthesized from
V,0s powder (solid line) and of [V(O)ndc], synthesized from VCl;
(dash line).

Interestingly, field-emission scanning electron microscopy
(FE-SEM) images shown in Fig. 6 indicate that the synthesis of
[V™V(O)ndc], from V,0s under microwave irradiation results in
crystals with smaller and more uniform size and shape than that
synthesized from VCl;. Indeed, rod shaped crystals with length
of 100 nm and width of 20 nm were obtained from V,05 under
microwave irradiation, while ill-defined crystals with size
ranging from 100 nm to 1 pm were obtained under conventional
synthesis conditions using VCl;. The smaller size of the crystals
synthesized from V,05 compared to that synthesized from VCl;
may be responsible for the slightly wider X-ray diffraction
peaks observed on the XRD pattern (Fig. 2) and for the rather
lower decomposition temperature pointed out by the TG
analysis (Fig. 5). In our previous study related to the conversion
of AlLLO; phases into Al-based PCP crystals under microwave
irradiation,* a SEM time course analysis of the alumina
sacrificial phase at the first stage of the PCP crystal formation
revealed the fast formation of a very high amount of PCP nuclei
covering the entire surface of the dissolving mineral precursor.
Similarly, in the case of the synthesis of vanadium-based PCP,
the combination of microwave irradiation and utilization of
metal oxide as metal precursor may result in the formation of a
higher number of PCP nuclei, and therefore in a higher number
of smaller crystals than when VCl; precursor is used under
conventional hydrothermal conditions. Noteworthy, the
nanoscale and uniform size of the PCP crystals is a requirement
for the successful replication of metal oxide structures by the
coordination replication. Here this feature was exploited for the
replication of the V,0s pattern as shown below. CO, sorption
analysis were performed with the [V(O)ndc], crystals obtained
from both V,05 and VCl;. The relatively small CO, adsorption
amount on the sample from V,0s, compared to the sample
made from VCl;, might be related to a small amount of
remaining ascorbic acid, which can easily block the one-
dimensional pore system even by its small quantity.
Nevertheless, the relatively high CO, volume measured at
saturation with the crystals synthesized from V,0s indicates the
high porosity of this compound (Fig. S2).

This journal is © The Royal Society of Chemistry 2012
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Fig. 6 FE-SEM micrographs of the [V(O)ndc], crystals synthesized
from V,0s powder (a) and of [V(O)ndc], synthesized from VCl; (b).

Importantly, the addition of ascorbic acid to the reaction
medium was the key for the successful conversion of V,05 into
[V(OH)ndc],. Ascorbic acid plays a critical role in the metal
oxide dissolution. Indeed, V,0s used as metal source was
systematically recovered at the end of reactions performed
without ascorbic acid. Ascorbic acid is thus most likely
involved in the ligand-assisted dissolution, a phenomenon that
is known to promote the dissolution of numbers of minerals in
the presence of organic chelating molecules in natural
environment.'” In the case of metal oxides made of redox active
ions, such as iron or chromium oxides, two types of ligand-
assisted dissolution mechanism were identified: a non-reductive
and a reductive processes. Ligand-assisted dissolution
occurring through the non-reductive process relies on the
adsorption of chelating ligands on metal ions accessible on the
mineral surface that weakens the metal-oxygen bonds and
results in the desorption of the surface complex. In the
reductive pathway, the enhancement of the metal-oxygen
lability (and the subsequent surface complex desorption) is
induced by the reduction of the metal ions through an electron
transfer from the complex to the metal center. While reductive
dissolution process was clearly identified in the case of iron®
and chromium oxides,”! reports about V,0s ligand-assisted

This journal is © The Royal Society of Chemistry 2012
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dissolution evoking a reductive dissolution process are scarce.
So far, the dissolution of V,0s in aqueous solution of oxalic
acid at 25°C was rather shown to be ruled by a non-reductive
ligand-assisted mechanism.?? However, the formation of the as-
synthesized [V'"(OH)ndc], for which the oxidation state of the
vanadium is known to be (III) (or a mix of (III) and (IV) as
mentioned before) clearly indicates the reduction of the
vanadium centers before the formation of the PCP framework.
The ability of ascorbic acid to reduce VY into V'V through the
formation of an ascorbate-vanadate complex is well-known.?
The stoichiometry of the reduction was determined to be H,A +
2V 5 A +2V* + 2H' (where H,A is ascorbic acid and A is
the corresponding oxidation product), a one-electron transfer
within the complex being the most plausible reduction
mechanism. It has also been shown that, given sufficient time,
ascorbic acid can also reduce V' into V"' with the formation of
VI intermediate species.24 Thus, in our case, a reductive
dissolution mechanism should not be discarded, especially
because high temperatures, such as the one set in our study
(180°C), is known to promote both reductive and non-reductive
dissolution process.”** The clear distinction between a pure
reductive dissolution and a non-reductive dissolute-ion
followed by the subsequent homogeneous reduction of the
dissolved vanadium species in the bulk solution would require
the detailed investigation of V,0s dissolution and reduction
kinetics as well as speciation, which is beyond the scope of this
work.

The reduction of dissolving vanadium species to the proper
oxidation state by ascorbic acid is also expected to make the
formation of the [V™(OH)ndc], framework possible. Indeed,
similarly to the members of the isostructural framework family
of the general formula [M"(OH)L], (where M is Al, Fe, Cr,
Ga, Sc or In and L is a 1,4-benzenedicarboxylate derivative),
[V(OH)ndc],, framework is built through the assembly of
trivalent vanadium cations in a regular octahedra coordination
environment. While [V'Y(O)ndc], can be obtained through an
oxidation step during which [V'(OH)]*" are converted into
[VY(0))*" with the maintenance of the neutrality of the
resulting framework, the synthesis of the same framework
directly from V'Y and VV as metal source is unlikely. Indeed, in
aqueous solution, vV o and VV precursors form distorted
octahedron (VOyg) consisting of a short vanadyl bond (V=0)
associated to a long V-O bond in the opposite direction.”® In
this configuration, the non-bonding nature of the V=0 double
bond commonly results in the formation of layered compounds,
e.g. the layered V,05.%?® Such precursors may not permit the
construction of the infinite chains made of corner sharing
vanadium regular octahedron commonly encountered within
[M™(OH)L], compounds (Fig. 1). On the other hand, the
reduction of V,05 by ascorbic acid as reducing agent enables to
obtain the oxidation state V"' whose regular octahedral
coordination environment allows the formation of the
[V"(OH)ndc], framework.

Importantly, we also verified the generalizability of this
new PCP synthesis route with the preparation of [V(OH)bdc],,
where bdc is the 1,4-benzenedicarboxylate ligand, using V,Os
powder as metal source (Fig. S3 and S4).

Replication of V,05 macrostructures

After demonstrating the synthesis of [V"(OH)ndc], (and
[VY(O)ndc], after activation) from V,0s, we established the
coordination replication process of V,0Os patterns and
nanofibers into the analogous PCP polycrystalline structures.
The vanadium oxide two-dimensional pattern was prepared by
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using 10 pm PS beads assemblies as hard templates. The
negative structure of the PS bead assembly made of a vanadium
oxide phase was obtained after complete removal of the PS
beads (Fig. 7a).

Fig. 7 FE-SEM micrographs of (a) the V,0s pattern and (b) the [V(OH)ndc],
pattern obtained after coordination replication. The SEM image in inset is a
high magnification view of the PCP pattern.

The two strong bands observed at 1026 cm™ and 837 cm™ in
the attenuated total reflectance mode (ATR) FT-IR spectra of
the resulting pattern unambiguously indicates the formation of
the V,0s5 phase (Fig. S5). The presence of the intense and
relatively broad peak observed at 26 = 8.4° in the XRD pattern
of the same sample suggests that the patterns are made of a
hydrous V,05-nH,O phase with a layered structure composed
of V,0s5 sheets in between which water molecules are
intercalated (Fig. 8).%” Indeed, this 8.4° peak can be assigned to
the (001) diffraction, which is related to the V,05 layer stacking
along the direction perpendicular to the layer plane. The others
broad diffraction peaks observed above 26 = 10° could not been
attributed.

The V,05-nH,O pattern was then converted into a
[V(OH)ndc], polycrystalline structure with an identical
morphology during a microwave treatment at 180°C for 1 s, in
the presence of an aqueous solution of Hpyndc ligands. FE-SEM
analysis of the patterns obtained after microwave treatment
clearly demonstrated the transformation of the smooth
V,05-nH,0 surface into an assembly of well-intergrown cuboid
crystals (Fig. 7b). Formation of the [V(OH)ndc], crystals was
confirmed by both XRD and IR analyses (Figs. 8b and S5b,
respectively). Total consumption of the layered V,05 nH,0O
parent phase is indicated by the total vanishing of the d(001)
peak at 260 = 8.4°.

6 | J. Name., 2012, 00, 1-3
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Fig. 8 PXRD pattern of the V,Os pattern before and after replication into
[V(OH)ndc], polycrystalline structure. The stars highlight the diffraction
peaks corresponding to [V(OH)ndc],.

Noteworthy, the success of the coordination replication
procedure for the synthesis of [V(OH)ndc], crystal pattern
relied on some modifications of the synthesis procedure of
[V(OH)ndc], using V,0Os powder. First, the coordination
replication was performed with an amorphous V,0s parent
phase instead of a crystalline phase. Indeed, the crystalline
V,05 pattern obtained after a heating treatment at 320°C for 10
h (Fig. S6) was not appropriate since it was systematically
washed away during the microwave treatment, probably due to
the lack of strong enough interactions between the V,Os
crystals and the glass substrate (data not shown). Second, the
reaction time was reduced from 10 min to 1 s in order to
preserve the macroscopic morphology of the V,0s pattern.
Longer reaction times resulted in the complete removal of the
pattern from the substrate (data not shown). Third, a PEO layer
was coated on the top of the V,0s pattern prior to the
microwave treatment. This step was shown to be critical to
preserve the morphology of the parent vanadium oxide phase
during the dissolution replication process. Indeed, during this
process, particular care have to be taken to maintain the
dissolution kinetics of the metal oxide sacrificial phase lower
than the kinetic of the PCP crystallization in order to guarantee
that the PCP nucleation occurs at the vicinity of the dissolution
front.?® In water and under mild acidic conditions, PEO is
known to form weak coordination complexes similar to crown
ethers with various metal cations including vanadium.?® Here,
we assume that the PEO coating acts as a trap, which slow
down both V,0;5 dissolution and the diffusion of the ionic
vanadium species at the solid-liquid interface.

Conclusion

This journal is © The Royal Society of Chemistry 2012
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In conclusion, we synthesized a polycrystalline macrostructure
with a designed morphology made of intergrown [V(OH)ndc],
crystals by a reductive coordination replication process.
Utilization of V,0s5 as metal source requires the addition of
ascorbic acid as reducing agent in order to generate the V'
species at the origin of the [V(OH)ndc], inorganic backbone.
Because of the versatility of the sol-gel and solid-state
processes applied to vanadium oxide chemistry, the general
process reported in this contribution affords a powerful mean
for the preparation of a variety of new functional PCP-based
macrostructures, such as heterogeneous catalysts with
hierarchical porosity.
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