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Instant One-Pot Preparation of Functional Layered Double
Hydroxides (LDHs) via a Continuous Hydrothermal Approach

Oana Pascu,” Samuel Marre,” Bastien Cacciuttolo,” Ghina Ali,” Laurence Hecquet,™
Mathieu Pucheault,” Vanessa Prevot,*™ and Cyril Aymonier*®

Abstract: Instant one-pot synthesis of functional layered
double hydroxides (LDHs) is demonstrated for the first
time using a continuous hydrothermal multi-step process.
The as-prepared pristine material displays high crystallinity
and very small LDH nanoparticle size, lateral dimensions
below 100 nm and a thickness below 20 nm, all being
achieved in only 5s. This approach was extended to the
preparation of i) pristine LDH with different compositions
by varying the cation (Mg, Ni, or Zn) and the anion (CO;,
NO,) and ii) functional LDH by varying the functionaliza-
tion agent, for example long organic molecules (hybrid
LDH), enzymes (bio-hybrid LDH) or inorganic metal/oxide
nanocrystals (inorganic-LDH). Beyond the design of func-
tional LDH, this paper presents proof of concept for a con-
tinuous, one-pot and multistep high temperature/high
pressure (HT/HP) process for the assembly of nanoscaled
materials.
/

Synthetic layered double hydroxides (LDHs), commonly named
hydrotalcite-like structures, belonging to the class of anionic
clays, have been the subject of intense research since their first
lab synthesis in 1942."% The interest!" is based on their multi-
ple applications: catalysis,” sensing,"“*" environment,">* bio
and pharmaceutics,"®® constructions,” batteries,”’ stimuli re-
sponsive materials® due to their attractive physicochemical
properties arising from their structural and chemical features.
In particular, the positively charged brucite-type [Mg(OH),]
layers due to partial substitution of M*" with M** ions [M,_2"
M2 (OH),], stabilized by counter anions (A,”"") within the in-
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terlayer space, are of high interest. The ability to manipulate
and control the surface or properties of host LDH opens a
myriad of design possibilities as multifunctional hybrid layered
materials. For instance, by depositing Au nanoparticles of 2-
3 nm on a LDH-modified surface, the protein (e.g., hemoglo-
bin) adsorption capacity of LDH was enhanced,”® due to the
covalent link formed between Au and the protein’s free thiol
(SH) groups.

Yet, the preparation of pristine or functional LDH is still limit-
ed to a few methods, with co-precipitation, anion exchange,
reconstruction, alcohol/polyol or the urea method being the
most used.'“***-4% These classical methods are convenient to
demonstrate proof of concept of LDH preparation and optimi-
zation methods with control over the particle size, structure,
morphology, chemical composition and crystallinity. However,
their long processing times (from a few hours to days) are still
limiting the process optimization, while generally leading to
large crystal size (micrometer range). On the other hand, short-
er residence times can achieve the right structure but with a
loss in material crystallinity and homogeneity as observed for
pristine LDH synthesis.”” Additionally, when functional hybrid
LDH synthesis is targeted, several processing steps are manda-
tory for producing the desired material.l'e24-®b-4804100 A i
cations using LDHs generally required advanced control over
the platelets diameter (lateral dimension) and thickness
(number of stuck layers). For instance, LDH basicity, anion ex-
change, adsorption properties or catalytic activity are en-
hanced by decreasing the LDH particles lateral size/ thickness
down to the nanometer range.“*? Unfortunately, the prepa-
ration of aqueous colloidal suspension of LDH with particle
size below 100 nm is still challenging,®™ although smaller LDH
particles production was reported through alcohol-based rou-
tes.®™) One way to decrease the particle size, while keeping
the same LDH crystals properties, is to separate the nucleation
of LDH particles and ageing/growth steps.” This could be ach-
ieved by considering continuous precipitation methods, still
scarcely studied so far. The first example was reported in 2006
with an in line dispersion-precipitation method to produce
pristine LDH.'"? This was achieved using a microreactor
equipped with in line pH control. Since then, Q. Wang et al.!""”’
reported the use of a flow nozzle reactor in which the precipi-
tation of LDH is taking place when two opposite flows, one
being a base aqueous solution and the other a metal precursor
solution (with controlled flow rate), are mixing. By varying the
reaction temperature (75-400°C) and pressure (5-24 MPa),
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Mg,AI-CO; and Ca,Al-NO; LDHs up to 100 nm are formed with
the disadvantage that CaAl and MgAl LDHs above the reaction
temperature of 150°C and 250 °C, respectively, start to decom-
pose into AIOOH/AI(OH); impurities."™ Recently, H. Liang
etal"'? reported the direct formation of pristine crystalline
CoNi LDH nano-platelets (of 15 nm thickness and more than
100 nm in lateral dimension) perpendicular to the carbon sup-
port by pumping the mixture of metal salt precursors solutions
into a continuous singular tubular reactor at 160°C and
1.1 MPa pressure during 4 h. In this study we are reporting a
step forward in the preparation of functional LDH materials. By
introducing a new configured set-up, we are demonstrating
the first instant one-pot synthesis of multifunctional LDH parti-
cles using a continuous co-flow hydrothermal precipitation ap-
proach (residence time R, of 5, 175 < T(°C) <200, pressure of
20 MPa).

This novel approach (Figure 1) is validated by preparing:
1) small pristine LDH patrticles (below 100 nm in lateral dimen-
sions and 20 nm for the thickness); 2) hybrid LDH materials by
in situ intercalation of large organic molecules, for example, DS
(dodecyl sulfate); 3) bio-hybrid LDH with in situ enzymes immo-
bilization (i.e., transketolase-TK) and 4) inorganic LDH supported
active nanocrystals (Pd, Ru) by in situ formation and deposition
of metal/oxide nanocrystals over LDH platelets whose catalytic
activity in hydrogenation of cinnamaldehyde was further
tested.

We have developed a continuous, high-pressure, co-flow
system whose versatility has already been demonstrated for
the preparation of different active hybrid nanocrystals, namely
Zn0"-9 and Pd'¢-¢) NPs. First, pristine LDH with different
compositions Mg®™, Ni?* or Zn?>" as M?>*, AP™ as M*" in the
molar ratio of 2 to 1 and CO,*", as interlayered anion were pre-
pared (Figure S1 and Table S1 in the Supporting Information),
in order to access fundamental understanding of the precipita-
tion mechanism but also to get some reference materials for
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Figure 1. Sketch of the one-pot multistep process developed for the prepa-
ration of functional LDH materials.

further comparison with the functional LDHs. A few attempts
were made for the preparation of pristine LDH containing
NO,™ as interlayered anions, but further optimization of prepa-
ration procedure is needed. Then, keeping the experimental
parameters constant, functional LDHs were synthesized by
adding the functionalization agents (DS, TK, Pd or Ru salts pre-
cursors) to the LDH precursors (see Experimental Section and
Table S1). The as-prepared LDH materials yield to fine precipi-
tates, whose color varied depending on the functionalization
agent (Figure 1).

Herein, we purposefully focused the discussion on the most
common CO;-LDH type material, the pristine CO;-LDH namely,
Mg,Al-CO;, Ni,Al-CO; and Zn,Al-CO;, labelled as Mg.C, Ni.C and
Zn.C, respectively, are identified from XRD powder diffraction
patterns, presented in Figure 2a. The visible peaks can be in-
dexed with standard JCPDS."*® For theoretical M'/M" ratio

pristine COJ-LDH: 20 MPal 5s/ 200°C
«
a)

Intensity (arb. units)

50 nm

Mg
10 20 g({hg({)(} 60 70 =
2 g

Figure 2. Structure and morphology of pristine LDH. (a) XRD pattern of
Mg,Al-CO;, Ni,Al-CO; and Zn,Al-CO; obtained at 20 MPa pressure, 200 °C
and 5 s and TEM images of Mg,AI-CO; (b), Ni,Al-CO; (c) and Zn,Al-CO; (d)
LDH particles; Gaussian size distribution shown in inset (b and c).

equal to two, the Mg/Al combination gives a unit cell a of
3.057 A and c of 23.502 A, while Ni/Al one gives a=3.025 A
and ¢=22.59 A. The (003) peak appears at 260~ 11.5° evidenc-
ing an interlayer distance of 7.7 A (£0.15), for all samples, in
good agreement with the CO;-LDH obtained by classical pre-
cipitation method."*®' Moreover, a difference in the (003) peak
broadening can be clearly seen, attributed to a coherent
domain size variation.

LDH structural and morphological information can be ob-
tained from the analysis of (003) and (110) peaks of diffraction
patterns: basal distance (dy,;=thickness of brucite layer + in-
terlayer space), cell parameters (a=2d,,, and ¢=3dy,;). Com-
paring the experimental “a” and “c” parameters with the stan-
dard ones, small deviations are observed. This could be attrib-
uted to the experimental M"/M" ratio different from the theo-
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retical one equal to two, investigated by ICP chemical analysis
(see Supporting Information, Table S3). The crystal sizes for pla-
telet-like shape, namely the lateral dimension (diameter), is
given by L;;, while the thickness by Ly, and the corresponding
numbers of layers stacked within one LDH particles.*® d,; and
di0 were calculated using the Bragg law, while Ly, and Ly,
with the Scherrer equation (Table 1). The clear (110) and (113)

Table 1. Structural data calculated from XRD diffraction patterns for pris-
tine and functional hybrid LDH materials.

Material doos c dio a Loos Lo Stacked
[A] [A] [A] [A] [A] [Al layers®
Pristine LDH
Mg.C™! 7.82 2346 153 3062 115 230 15
Ni.C"! 7.61 2283 151 3013 56 100 7
Zn.C®! 7.56 22.69 1.54 3.077 175 230 23
Mg.C™ 7.87 2360 152 3048 62 - 8
Functional LDH
Mg.C-DS 27.01 81.03 1.52 3.036 131 84 5
Ni.C-DS 28.73 86.19 1.51 3.014 - 61 4
Mg.C-Pd 7.64 22.86 1.52 3.042 99.3 125 13
Mg.C-Ru 7.66 22.95 1.52 3.041 96.4 193 13
Ni.C-Ru 7.52 22.56 1.49 2972 54.1 - 7
Mg.C-TK 7.98 23.94 1.52 3.033 55.5 - 7

[a] Number of layers per one LDH particle =Lyy/dgos; [b] synthesis per-
formed at 200°C; [c] synthesis performed at 50°C.

peaks reveal a good dispersion of metal ions in the hydroxide
layers."*®! Using the same experimental conditions, but playing
with the type of LDH cations, different behaviors were found.
The unit cell given by the “a” parameter was found to be the
highest for ZnAl, then MgAl and the smallest for NiAl. It is not
very clear if the coherent domain size is mainly linked to the
radii of the elements, namely Mg®*, Ni*, Zn** and AP* with
72, 70, 74 and 53 pm, respectively."¥ The LDH nanoplatelets di-
ameter (L) and thickness (Ly;) are also different, increasing
from NiAl to MgAl and ZnAl, as observed by classical direct co-
precipitation. This tendency was confirmed by LDH TEM
images (Figure 2b-d). Platelets-like rounded shapes were ob-
served in all cases. In the case of Ni.C, the determined diame-
ters from XRD and TEM analyses were 10 and 9 nm, respective-
ly, demonstrating the monocrystallinity of the LDH particles
and a limited crystal growth in our conditions. Switching to
Mg.C, a slight difference was found between the XRD calculat-
ed diameter and TEM measured sizes, (23 nm -XRD and 36 nm
-TEM), suggesting polycrystalline LDH nanoparticles. In the
case of Zn.C, even further growth of crystals takes place with
less-defined platelets shape.

The very large difference between the XRD (23 nm) and TEM
(around 200 nm) size might be translated through the pres-
ence of several coherent domains in the same platelets with
various orientations" This behavior could be interpreted with
a very imperfect LDH where the array of atoms on the surface
is disordered with crystal surface defects.™ This situation
could happen in the case of a very fast ageing, typical of the
considered synthesis conditions (R,=5 s).

Functional LDHs were then prepared considering the same
experimental parameters as for pristine, adding additionally
the functionalization reagents in the precursor solution. Our
continuous set-up demonstrated itself to be flexible in control-
ling the nucleation and functionalizing step, certifying its high
versatility for preparing instant one-pot functional LDHs. In ad-
dition, small (from 8.6 to 200 nm depending on the considered
metal cation—see Table 1—Lyy;, Lo and number of layers),
pristine or functional LDH could be prepared. This configura-
tion thus exhibits advantages over conventional batch ap-
proaches. The structure and morphology of the as-prepared
functional CO;-LDH are presented in Figure 3, Figure 4 and
Figure 5, respectively.
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Figure 3. XRD diffraction patterns of functionalized LDH: (a) hybrid LDH as
Mg-DS and Ni-DS; (b) bio-hybrid LDH as Mg.C-TK (TK=transketolase) synthe-
sis at 20 MPa pressure, 50°C and 5 s, compared to Mg.C obtained at 20 MPa
pressure, 50°C and 5 s and (c) inorganic LDH as Mg.C-Pd, Mg.C-Ru (Pd and
Ru in the form of nanocrystals) both types synthesized at 175-200°C/

20 MPa/5 s.

XRD diffraction patterns are presented in Figure 3. LDH fully
intercalated with dodecyl sulfate (DS), named hybrid LDH, la-
belled as Mg-DS and Ni-DS display the first peak at 26 =6° and
all the expected harmonic diffraction lines (Figure 3a), corre-
sponding to a basal distance of 27 A, as previously reported.*
For these hybrid LDHs, the estimated interlayer distance
(Table 1) for both materials suggested an interdigitated bilayer
arrangement of anionic surfactant (dodecyl sulfate) within the
interlayer (Figure 3a).°¥ The DS presence within the LDH struc-
tures was also confirmed by FTIR spectroscopy (Figure S4) and
TGA measurements (Figure S5). A higher weight loss for the
LDH-DS compared with the pristine LDH was observed, as ex-
pected and in agreement with a typical LDH behavior."” As
presented, there are not significant structural changes be-
tween pristine and functional LDH (according to XRD structural
data), their lateral dimensions get smaller but their thickness
remained similar. Rather an influence on LDH morphology of
functional agents can be clearly observed (Figure 4). The
hybrid LDH, endowed with hydrophobic characteristics, due to


http://www.chemnanomat.org

Figure 4. TEM images of functional LDH materials using: dodecyl sulfate DS
(a), enzyme TK (b) and Pd (c) and Ru (d) NPs as functional agents.

Ni-DS Ni.C-Ru

Figure 5. TEM images of functional Ni,Al LDH materials with dodecyl sulfate
DS (a), Ru NPs (b).

long carbon chain of dodecyl sulfate surfactant, present sticky
morphologies (Figure 4a and S2a), in agreement with the one
observed with classical synthetic routes.®® DS functional Ni-
based LDH materials are presented in Figure 5. To our surprise,
their morphology is different than of the corresponding Mg.C;
the Ni-based LDH seems to form more rounded shaped pellets
within an organic network composed of the surfactant mole-
cules. Further research is needed to fully understand this
hybrid system morphology.

Bio-hybrid LDH (Mg.C-TK): In order to assess the ability of
our process to immobilize enzymes on LDHs for the develop-
ment of bioreactors and further applications in biocatalysis,
thermostable Transketolase from Geobacillus stearothermophi-
lus (TK)™¥ belonging to the family of transferases was chosen
as a model. This enzyme catalyzes a stereospecific carboliga-
tion reaction and its robustness allows using it in unusual

media® or at elevated temperature!™®@ for the synthesis of
chiral polyols of biological interests.

Changing the long organic surfactant with a large enzyme
(~9 nm) in the synthetic process,"® the XRD pattern showed
similar diffraction patterns compared to the reference (Mg.C-
50°C), exhibiting only slightly broader peaks (Figure 3b).The
large enzyme size hampers its intercalation in between the
layers. This indicates that the enzyme TK did not affect very
much the LDH formation and crystallinity, although LDH
amorphization with strong decrease in the coherent domain
size was found when using classical method."™ Layered struc-
ture is still preserved but pellets aggregation is observed (Fig-
ure 4b and S2b) since crystal growth occurs in the presence of
TK proteins.™'” The presence of characteristic amide vibra-
tion bands of the enzyme on FTIR spectrum (Figure S4) further
confirmed the successful immobilization on the inorganic lay-
ered matrix. It was reported™? that in continuous mode, LDH
precipitates very fast (typically less than 1 s). Based on this con-
sideration, purified TK was pumped into the reactor (with a
third high pressure pump) 2.5 s downstream the initial mixing
point where LDH starts forming. The fast mixing in such con-
figuration in the turbulent regime ensures that the reaction
media has a pH higher than 7, optimal for TK adsorp-
tion.'“"*%'7 Indeed the critical factors in the enzyme immobili-
zation are the immobilization yield and the preservation of the
catalytic activity under process conditions. By analyzing the su-
pernatant, an immobilization yield of 96% is calculated, evi-
dencing the efficiency of our direct synthetic approach to im-
mobilize biomolecules on inorganic support. The TK catalytic
activity is determined using L-erythrulose as donor and b-
ribose 5-phosphate as acceptor and highlights that TK main-
tains at least half of its activity once immobilized on LDH. We
assume that temperature and pressure used in our process
slightly affect the enzyme and could be further optimized.

Inorganic LDH: It was reported”® that M" or M" with ionic
radius close to the one of Mg?’"™ might be accommodated
inside the brucite layers (isomorphic substitution of Mg**), af-
fecting the layer charge, the metal-metal distance and implicit-
ly the amount of counter anions intercalated. This leads to a
modification of the basal distance and of the physico-chemical
properties. By functionaliziing Mg.C LDH with Pd (using
Pd(NO,), precursor), an isomorphic substitution of Mg®" does
not take place (Pd*" ionic radius is larger, 86 pm, than Mg>*
radius), but instead Pd nanocrystals are formed on the LDH
platelet surface (Figure 1), certified also by TEM images (Fig-
ure 4¢). Similar behavior was observed for LDH formed in the
presence of Ru precursor (RuCl,), labelled Mg.C-Ru (Figure 4d),
although Ru** is smaller than Mg*", with a radius of 68 pm.
For both metals, the formation of nanocrystals on LDH surface
without modification of the LDH structure is confirmed by sim-
ilar basal distances and cell parameters compared with pristine
LDH (Table 1 and Figure 3c). The similar structural parameters
found for both Mg.C-Pd (using a nitrate precursor) and Mg.C-
Ru (using a chloride precursor) demonstrate that the counter
ion exchange CO,*", by either NO,~ and Cl~ does not occur,
which was confirmed by EDS measurements (Figure S6). This is
in good agreement with LDH strong affinity for carbonate
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anions.™ Switching from Mg?" to Ni*", the addition of Ru*" re-
sults in a different behavior (Table 1—Ilabel Ni.C-Ru). Indeed, a
decrease of the basal (dy;) and metal-metal (a) distance can
be noticed. This might be attributed to a partial substitution of
Ni*" by Ru**, leading to an increase of layer positive charges
and the electrostatic attraction followed by a decrease of the
basal distance and the “a” parameter.

The addition of Pd(NO,), to the LDH precursor leads to the
formation of small Pd NCs (=2 nm size) on the LDH surface
(Figure 4c). Their high crystallinity was certified by HRTEM
image (Figures 4 c-inset and S3) and the measured lattice fring-
es give a mean value of 0.194 nm (Table S3), corresponding to
the (200) crystalline plane distance of Pd (JCPDS 46-1043)."®
Note that when Ru precursor was used, a different LDH mor-
phology was obtained. LDH pellets are not well defined but
their morphology could be imagined as overlapping platelets
areas decorated with very small (=1 nm) NCs (Figure 4d-
inset). Unfortunately, their crystalline nature by the presence of
NCs lattice fringes was difficult to be revealed by HRTEM analy-
sis, but the collected surface area electron diffraction (SAED) of
Mg.C-Ru sample (Figure S2d) showed the presence of a crystal-
line material. Overall, it can be noticed that the prepared inor-
ganic LDHs were less aggregated than MgAI-LDH functional-
ized with organic molecules (Figures 4 and S2)

Morphology of functional Ni.C with organic (DS) or inorganic
parts (Ru) is presented in Figure 5. Although some crystallinity
of Ni.C-Ru LDH was confirmed by SAED, (Figure 5b-inset), clear
delimitation between crystalline parts (Ru metallic or oxide
NCs or pellets) was difficult to be made.

Catalysis activity of inorganic LDH: Usually, in cinnamalde-
hyde hydrogenation the expected carbon-carbon double bond
reduction is obtained together with C=0 reduction leading to
alcohol formation. In our case, the use of Mg.C-Pd LDH cata-
lysts afforded only the phenylpropionaldehyde, no alcohol was
detected by GC/MS and a complete conversion was obtained
in 12 hours under 0.1 MPa of hydrogen at room temperature.
On the contrary to Pd-LDH catalyst, Mg.C-Ru-LDH catalyst had
a very different behavior in hydrogenation reaction. Expected
to preferentially reduce the carbonyl group, as it happens clas-
sically, in this study only reducing the alkene, a yield of 43—
46 % was obtained after 12 hours under 8 MPa of hydrogen at
room temperature. This unexpected reactivity and selectivity
can be related to the difference in morphology and crystallinity
level.

In conclusion, this work demonstrated for the first time the
instant one-pot synthesis of functional LDHs using a new con-
tinuous configuration set-up working in hydrothermal condi-
tions. The as prepared pristine or functional layered material
corresponds with the standard LDH, showing high crystallinity.
Moreover, an important feature is the very small LDH nanopar-
ticles size obtained, with lateral dimension below 100 nm and
thickness below 20 nm, in only 5s. The concept was demon-
strated with the preparation of i) pristine LDH by varying the
cation (Mg>", Ni*" or Zn?>*) and the anion (CO,*, NO,") and ij)
functional LDH by varying the functional agent, for example,
long organic molecules (hybrid pillared LDH), enzymes (bio-
hybrid LDH) and inorganic metal/oxide nanocrystals (inorganic-

LDH). Moreover, high-quality and active materials were success-
fully synthesized, underlying the important contribution that
this approach can bring, by opening new possibilities for de-
signing and preparing a wide range of layered materials.

Experimental Section

LDH synthesis experimental details: The preparation method
from the classical precipitation was transferred to a continuous hy-
drothermal approach, using a co-flow set-up (Figure S1), described
in detail elsewhere."* Briefly, for the preparation of pristine LDH, a
room temperature aqueous solution of cationic salts (M(NO;),
6H,0, M=Mg?*, N* or Zn*' +AI(NOs); 9H,0) of 33x102m
(total concentration, with a cation M**/M** molar ratio of 2) was
mixed with a NaOH + Na,CO; (LDH-CO, type) preheated water so-
lution (3.3x 107 2m and 0.55x 10 %M, respectively) in a tubular reac-
tor (30 cm of length and 2.1 mm internal diameter) inside an oil
bath. In the case of LDH-NO, type, only NaOH (3.3x 10 %m) was
added in the base solution. The salts and base solutions were in-
jected in the inner and external tubes (Figure S1), respectively,
maintaining always a double flow rate for the base solution, in
order to have 2 mol of OH™ for 1 mol of cation. Depending on the
temperature synthesis, the total flow rate was calculated for a resi-
dence time between 5 and 10s and a pressure of 20 MPa
(Table S1). At the end of reaction (few seconds), the outlet solution
containing the precipitated LDH was cooled with an ice bath and
collected in a vessel. The material was centrifuged at 8000 rpm/
20 min and washed twice with deionized water, followed by drying
overnight at 80°C. For TEM (JEOL 2100) and TEM-FEG HR (JEOL
2200FS) analyses, the LDH was kept as colloidal dispersion (gel in
water) and drop casted on carbon grid, while for powder XRD
(PANalytical X'Pert Pro with monochromatic wavelength of Cu
Ka1), TGA and FTIR (Bruker-with absorption/ reflection measure-
ments in the range of 7500 cm'-40 cm™') the dried powder form
was used. For the preparation of functional LDH, a similar proce-
dure as described previously was used, with the difference that:
1) for in situ metal NPs deposition (labelled LDH-NPs), the salt solu-
tion contained additionally the metal salt precursor (Pd(NO,), or
RuCl;, with the molar ratio of Mg to Pd or Ru of 8); 2) for intercala-
tion of organic anions (sodium dodecyl sulfate, SDS), labelled LDH-
DS, to the base solution containing only NaOH, DS of 0.55x10 2 m
was added; 3) for enzyme transketolase (TK) functionalization (la-
belled LDH-TK), a third water solution containing the TK was inject-
ed in the middle of the reactor (pH of 7-9) in order to have a
weight ratio of TK to LDH of 1.25. TK immobilization and enzymatic
activity were determined as previously reported."*? To perform cat-
alytic test of inorganic LDH, the autoclave was charged with
Mg,Al-CO;-Pd (5 mg), trans-cinnamaldehyde (126 pL, T mmol) and
EtOH (2 mL). Air was evacuated and replace with hydrogen adjust-
ing the system to the desired pressure. The reaction mixture was
stirred during 12 hours at room temperature. The crude reaction
was filtered over silica, concentrated under vacuum affording pure
3-phenylpropionaldehyde in quantitative yield. No impurities were
detected in GC/MS and NMR.
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