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Novel anionic species, such as hydrogen carbonate (HCO;"), fluoride (F"), triflate (CF;SO;"),
tetrafluoroborate (BF,~) and chloride (CI") were investigated as new partners of water soluble
N,N-dimethyl-N-cetyl-N-(2-hydroxyethyl) ammonium salts, used as a protective agent of rhodium
colloids. The effect of the surfactant polar head on the micellar behavior, size and morphology of the
nanospecies was studied by adapted physico-chemical experiments (surface tension measurements,
dynamic light scattering, thermogravimetric and TEM analyses) and discussed in terms of strong or
weak stabilization of the growing nanoparticles surface. Finally, the influence of the nanoenvironment
generated by the surfactant with various counter-anions was evaluated via the hydrogenation of

aromatics.

1 Introduction

In recent years, economic and ecological priorities have pressed
the scientific community to promote clean processes and tech-
nologies. For that reason, the development of catalysis in water
has emerged as an environmental friendly approach' and noble
metal nanocatalysts in particular have proved their effectiveness.’
Among the various protective agents applied to efficiently sta-
bilise colloids in water, such as cyclodextrins,*'' water solu-
ble polymers,>* phosphine'®® or citrate’?® derivatives, several
lipophilic ammonium salts bearing a long alkyl chain, such as
cetyldimethylammonium bromide (CTABr) and its derivatives,
have been widely used and studied in the synthesis of Pd, Rh
or Ru nanoparticles (NPs).?** These surfactants avoid undesired
agglomeration due to a combination of steric and electrostatic
interactions called electrosteric protection at the particle surface,
according to the Derjaguin—Landau—Verway—Overbeek (DLVO)
theory used to rationalize this stabilisation effect.?*% In fact, the
thermodynamically unstable metallic nanoparticles are protected
by a double layer of amphiphilic molecules around the metal
core, as previously demonstrated by Chen**?’ and El Sayed®
for Cu and Ni NPs or Au nanorods. The modulation of the
positive charge on the metal surface is clearly a consequence
of the anion adsorption and, in many cases, the presence of
a halogen, such as chloride, or other anions near the electron
deficient nanoparticle surface was demonstrated.?-* Various zero-
valent nanoparticles (1-10 nm in size), obtained by reduction
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of metallic precursors, have been prepared in the presence of
tetraalkylammonium salts, which have proved to be interesting as
they play dual roles of the protective agent and the mass-transfer
promoter. The obtained nanocatalysts were used in various reac-
tions, including hydrogenation, C—C coupling and oxidation and
they have been widely described in recent reviews??2**-32 and book
chapters.®

Our approach is to use colloidal metallic particles finely
dispersed in water and to investigate their catalytic properties
in pure biphasic water-liquid systems without any organic
solvent.*" To facilitate the recycling process, the colloids must be
stabilized by highly water-soluble protective agents. During the last
few years, we have developed the facile synthesis of N,N-dimethyl-
N-alkyl-N-(2-hydroxyethyl) ammonium salts (HEA salts) with
various alkyl chain lengths (up to 18 carbon atoms) and optimized
their application to maintain the catalytic species within the
aqueous phase.’>* In this paper, we describe the synthesis of a
series of original surfactants HEA16X bearing a lipophilic chain
with 16 carbon atoms, modulated by the nature of the counter-
anion X. In particular, we prepared a new series of ammonium
salts with anions, such as hydrogen carbonate (HCO;"),
fluoride (F~), tetrafluoroborate (BF,") and triflate (CF;SO;™), and
compared them to the previously described HEA16Cl. These
new compounds and their ability to provide stable aqueous
suspensions were investigated and fully characterized by various
techniques, including surface tension measurements, dynamic
light scattering (DLS), thermogravimetric analysis (TGA) and
TEM experiments. Finally, the effect of the counter-anion of
the ammonium salt was evaluated in catalysis under micellar
conditions. According to the effect of the counter-anion in
partnership with the ammonium head group, we demonstrated
that surfactant-protected colloids could be used to efficiently
catalyze the hydrogenation of model aromatic compounds in pure
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biphasic conditions (water/substrate). The stability and durability
of the catalytic systems were checked through the recycling of the
aqueous phase.

2 Experimental Section
2.1 Materials

Rhodium chloride hydrate was obtained from Strem Chemicals.
Sodium borohydride, various functionalized cetylalkanes, N,N-
dimethylethanolamine and all of the aromatic substrates were
purchased from Acros or Fluka and were used without further
purification. Water was distilled twice by the conventional method
before use.

2.2 Analytical procedures

Transmission electron microscopy (TEM) images were recorded
with a JEOL TEM 100CXII electron microscope operated at an
acceleration voltage of 100 kV. The samples were prepared by the
addition of a drop of the stabilized colloid in water on a copper
grid coated with a porous carbon film. Any excess of the colloidal
dispersion was removed after 1 min using cellulose before transfer
to the microscope. Thermogravimetric analysis (TGA) data were
obtained in an aluminium pan using a TA Instruments — Waters
LLC SDT Q600 analyzer. The TGA data were collected at 10 °C
min™' under air flow (100 mL min™). To determine the CMC
(critical micellar concentration) and the nature of the interaction
between the molecules, the surface tension was determined as a
function of the concentration. The measurements were performed
using an automatic tensiometer (Kriiss K100) and the DuNoiiy
Ring Method for air-water interfaces at 296 K. Before each
experiment, the platinum ring was cleaned in a water/ethanol
mixture and then in a blue flame. A concentrated solution (6 mL)
was introduced to a conical vessel (165.7 mL) and this was
diluted by the addition of small amounts of ultrapure water. After
each addition, the solution was stirred for 120s. The immersion
depth of the ring was 1 mm. The equilibrium surface tension
was measured three times at 23 °C for each concentration using
the Harkins and Jordan correction method. The hydrodynamic
size D, and zeta potential { of the nanoparticle aggregates were
measured by dynamic light scattering (DLS) using a DelsaNano
C instrument (Beckmann Coulter). The aqueous suspensions of
rhodium nanoparticles were analysed at 25 °C and measurements
were started 10 min after the cell was placed in the DLS apparatus
to allow the temperature to equilibrate.

2.3 Synthesis of surfactants HEA16X

The compounds were prepared as previously described or after
modification and were fully characterized.®* 'H, *C and “F
NMR spectra were recorded on a BRUKER Avance III 400
spectrometer at 400.13 MHz for 'H, 100.61 MHz for *C and
376.50 MHz for “F. Chemical shifts (CDCI; or D,O) are given as
6 (ppm), measured downfield from tetramethylsilane (TMS) and
CFCl, as external references.

2.3.1 Synthesis of N,N-dimethyl-N-cetyl-/N-(2-hydroxyethyl)
ammonium chloride HEA16Cl. Chlorohexadecane (1.2 eq.) and
N,N-dimethylethanolamine (1 eq.) were refluxed in absolute

ethanol for 48 h. Then, the solvent was removed under reduced
pressure. The obtained solid was washed twice with diethyl ether
to afford a white solid with a good yield (92%), m.p. 204 °C. 'H
NMR (CDCly): 6 =0.81 (t, J = 7.1 Hz, 3H), 1.18 (m, 24H), 1.27
(m, 2H), 1.67 (m, 2H), 3.30 (s, 6H), 3.48 (m, 2H), 3.65 (m, 2H),
4.03 (m, 2H), 4.61 (m, 1H). C NMR (CDCL,): 6§ = 14.09, 22.7—
31.9, 52.0, 55.9, 65.7, 66.0 ppm. '"H NMR (D,0): § =0.80 (t, J =
6.8 Hz, 3H), 1.21-1.28 (m, 27H), 1.70 (m, 2H), 3.09 (s, 6H), 3.34
(m, 2H), 3.44 (m, 2H), 3.94 (m, 2H) ppm. “C NMR (D,0): 6 =
13.87, 22.45-32.03, 51.55, 55.41, 65.04, 65.7, 66 ppm. Elemental
analysis: Calcd (%) for C,yH,CINO (350 g mol™): C 68.63, H
12.67; found: C 68.59, H 12.69.

2.3.2 General procedure for the preparation of N,N-dimethyl-
N-cetyl-N-(2-hydroxyethyl) ammonium X salts with X = HCO;",
F-, BF,”, CF;SO;". The surfactants HEA16X were prepared by
ion exchange reactions in acetone or methanol with HEA16Cl
and the appropriate alkaline (NaHCO;, NaBF,, KF) or silver
(AgCF;SO0;) salt in a molar ratio of 1:1 under refluxing condi-
tions. After reaction, the resulting mixture was filtered through
celite and the solvent was removed to afford a white solid that did
not need further purification before use for rhodium suspension
synthesis.

2.3.2.1 N,N-dimethyl-N-cetyl-N-(2-hydroxyethyl) ammonium
hydrogen carbonate HEAI6HCO;. yield: 60%. m.p. 210-215 °C.
'"HNMR (CDCl;): §=0.81(t,J=7.1 Hz, 3H), 1.18 (m, 24H), 1.27
(m, 2H), 1.67 (m, 2H), 3.30 (s, 6H), 3.48 (m, 2H), 3.65 (m, 2H),
4.03 (m, 2H), 4.61 (m, 1H). *C NMR (CDCl;): 6 = 14.09, 22.7—
31.9,52.0,55.9,65.7,66.0. 'HNMR (D,0): 6=0.79 (t, /=7.1 Hz,
3H), 1.21 (m, 27H), 1.69 (m, 2H), 3.08 (s, 6H), 3.31 (m, 2H), 3.42
(m, 2H), 3.93 (m, 2H) ppm. *C NMR (D,0): 6 = 13.84, 22.45,
26.24-32.04, 51.54, 55.38, 64.97, 65.10 ppm. Elemental analysis:
Calcd (%) for C,Hy;sNO, (375 g mol™): C 68.16, H 12,08; found:
C 68.85, H 12.79.

2.3.2.2 N,N-Dimethyl-N-cetyl-N-(2-hydroxyethyl) ammonium
Sfluoride HEAIGF. yield: 97%. m.p. 75-80 °C. '"H NMR (CDCl;):
6=0.81 (t, J = 7.1 Hz, 3H), 1.18 (m, 24H), 1.27 (m, 2H), 1.67
(m, 2H), 3.30 (s, 6H), 3.48 (m, 2H), 3.65 (m, 2H), 4.03 (m, 2H),
4.61 (m, 1H). ®C NMR (CDCl,): 6 = 14.09, 22.7-31.9, 52.0, 55.9,
65.7, 66.0. "F NMR (CDCl;): 6 = —146.53. '"H NMR (D,0):
6=0.72 (t, J = 6.8 Hz, 3H), 1.15-1.21 (m, 27H), 1.62 (m, 2H),
3.0 (s, 6H), 3.20 (m, 2H), 3.34 (m, 2H), 3.86 (m, 2H) ppm. "*C
NMR (D,0): é = 13.85, 22.35-31.97, 51.48, 55.35, 65.06 ppm.
PF NMR (D,0): 6 =-122.23 ppm. Elemental analysis: Caled (%)
for C,)H,FNO (333.5 g mol™): C 71.9, H 13.19; found: C 71.19,
H 12.9.

2.3.2.3  N,N-Dimethyl-N-cetyl-N-( 2-hydroxyethyl) ammonium
tetrafluoroborate HEA16BF,. yield: 94%. m.p. 114 °C. '"H NMR
(CDCL,): 6=0.81(t,J =7.1 Hz, 3H), 1.18 (m, 24H), 1.27 (m, 2H),
1.67 (m, 2H), 3.30 (s, 6H), 3.48 (m, 2H), 3.65 (m, 2H), 4.03 (m,
2H), 4.61 (m, 1H). ®C NMR (CDCl,): é = 14.09, 22.7-31.9, 52.0,
55.9, 65.7, 66.0. "F NMR (CDCl,): -150.22, —150.27. '"H NMR
(D,0): 6§=0.79 (t, J =7.1 Hz, 3H), 1.21-1.26 (m, 27H), 1.66 (m,
2H), 3.04 (s, 6H), 3.26 (m, 2H), 3.39 (m, 2H), 3.93 (m, 2H). BC
NMR (2D-HSQC, D0, 50 °C): 6 = 12.5, 24-29, 51, 55, 61, 63,
66 ppm. "F NMR (D,0): § = -149.17; —-149.22 ppm. Elemental
analysis: Caled (%) for C, H,BF,NO (401 g mol™): C 59.85, H
11.05; found: C 60.42, H 11.03.
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2.3.2.4 N,N-Dimethyl-N-cetyl-N-( 2-hydroxyethyl) ammonium
triflate HEAI6CF;S0;. yield: 90%. m.p. 95-100 °C. 'H NMR
(CDCL): §=0.81 (t, /= 7.1 Hz, 3H), 1.18 (m, 24H), 1.27 (m, 2H),
1.67 (m, 2H), 3.30 (s, 6H), 3.48 (m, 2H), 3.65 (m, 2H), 4.03 (m,
2H), 4.61 (m, 1H). *C NMR (CDCL,): § = 14.09, 22.7-31.9, 52.0,
55.9, 65.7, 66.0. "F NMR (CDCl,): § =—78.53. '"H NMR (D,0):
§=1.08(t,J=7.1 Hz, 3H), 1.49-1.53 (m, 27H), 1.92 (m, 2H), 3.31
(s, 6H), 3.51 (m, 2H), 3.66 (m, 2H), 4.21 (m, 2H) ppm. *C NMR
(2D-HSQC, D,0, 50 °C): § = 14.0, 23.0, 26.0-32.0, 52.0, 56.0,
66.0 ppm. YF NMR (D,0): § = —78.87 ppm. Elemental analysis:
Caled (%) for C, H,,F;NO,S (463 g mol™): C 54.43, H9.5; found:
C 54.53, H9.96.

2.4 Synthesis of the aqueous rhodium(0) suspension

The suspensions were prepared at ambient temperature (20 °C).
To an aqueous solution of the appropriate surfactant (95 mL, 7.6 X
107 mol L") was added sodium borohydride (3 mg, 9.5 x 10~ mol).
Then, this solution was quickly added to an aqueous solution
(5 mL) of the precursor RhCl; under vigorous stirring. 3 eq. of
H,O (100 mg, 3.8 x 10™* mol) was added to obtain an aqueous
Rh(0) colloidal suspension (100 mL). The reduction occurred
instantaneously and was characterized by a color change from
red to black. Measurement of the number of particles was made
with an automatic counting program (Image J) using Microsoft
Excel to generate histograms of the size distribution. The obtained
suspensions were stable for months, as confirmed by TEM.

2.5 General procedure for hydrogenation and recycling under
atmospheric hydrogen pressure

A 25 mL round bottom flask, charged with 10 mL of
aqueous colloidal Rh(0) suspension and aromatic substrate
([substrate]/[metal] = 100), was connected to a gas burette
(500 mL) and a flask to balance the pressure. Then, the system
was filled with hydrogen and the mixture was magnetically stirred
at 1500 rpm. The reaction was monitored by gas chromatography
analysis. Based on the amount of introduced rhodium, the
turnover frequency (TOF) was determined for 100% conversion.

2.6 General procedure for hydrogenation under hydrogen pressure

The stainless steel autoclave was charged with the previously
prepared aqueous suspension of Rh(0) (10 mL) and a magnetic
stirrer. The appropriate substrate (3.8 x 10~ mol, 100 eq.) was
added to the autoclave and dihydrogen was admitted to the
system at a constant pressure (20 bar). The mixture was stirred
with a magnetic stirrer. Samples were removed regularly for gas
chromatography analysis. The turnover frequency was determined
for 100% conversion.

3. Results and Discussion

Recently, we demonstrated that aqueous dispersions of
rhodium(0) colloids are efficient nanocatalysts in hydrogenation
reactions in biphasic liquid-liquid media, where the substrate
and final product constitute the organic phase. We have
largely studied chloride and bromide ammonium surfactants
as protective agents for several metallic species (Ir, Ru, Rh,
Pd) in various reactions, such as hydrogenation,’*3* tandem

dehalogenation-hydrogenation® and C-C coupling.”® In this
paper, we describe our investigations on a new series of N,N-
dimethyl-N-cetyl-N-(2-hydroxyethyl) ammonium salts possessing
original counter-anions (HEA16X, X = HCO;, F, CF;S0;, BF,).
To the best of our knowledge, X~ species, such as hydrogen
carbonate (HCO;"), fluoride (F~) and triflate (CF;SO;™), have
rarely been described as counter-anions of ammonium salts or
used to stabilize nanocatalysts in micellar media.

These compounds were easily synthesized by a one-step ion
exchange reaction (Scheme 1) starting from the previously
reported N,N-dimethyl-N-cetyl-N-(2-hydroxyethyl) ammonium
chloride salt obtained by quaternisation of N,N-dimethyletha-
nolamine with cetylchloride in EtOH.

©

o on HCOs®
N )
12 /N\ N/\/OH
12 7 N\

HEA16F
N:

S}

HEA16HCO,
NaH003
Cl

N®/\/OH

12 7N
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/aBﬂ \Agc;F?,so3

S
BF(; CF4SOY
N/\/OH [\(?/\/OH
12 7N 12 7 '\
HEA16BF4 HEA16CF3SO05

Scheme 1 The synthesis of various N,N-dimethyl-N-cetyl-N-(2-
hydroxyethyl) ammonium salts (HEA16X, X = HCO;, F, CF;SO;, BF,)
starting from the chloride salt.

In order to better understand the phenomena occurring at
the interface during the catalytic reaction, this new family of
surfactants was characterized by surface tension measurements
(Table 1). Analyses were performed when equilibrium was
achieved, ie., when the surface tension was constant. They
demonstrated that all of the HEA16X bearing a lipophilic
alkyl chain with 16 carbon atoms self-aggregate into micelles
above critical micellar concentrations (CMC) of 2.12, 0.62, 0.6,
0.25 mmol L' for HEA16F, HEA16BF,, HEA1I6HCO; and
HEA16CF;S0O;, respectively. These values were quite similar to
the CMC of HEA16Cl (1.2 x 107 mol L), which was used as a
reference® (Table 1). The CMC values decrease in the following
order: F > Cl > BF, = HCO; > CF;S0O;. Clearly, contrary to
halogens, larger anions, which are more polarizable, contribute
to decrease the electrostatic repulsions between the polar groups
and consequently promote micelle formation. The decrease in the
surface tension of the aqueous solutions of these compounds
below the CMC (from 72 mN m™ for pure water to about
30 mN m™) is related to their adsorption at the water/air interface,
according to the Gibbs equation.

The triflate HEA16CF;SO; and tetrafluoroborate HEA16BF,
derivatives exhibit excellent surfactant properties, with a surface
tension at the CMC, Ycyc, of around 31 mN m™. The anions,
such as fluoride, chloride and HCO;, lead to similar reduction
of the surface tension, with values of the surface tension at the
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Table 1 Physico-chemical properties of HEA derivatives and their predicted aggregate geometry based on A4

Entry X CMC* (mmol L) Yeme? (mN m™) A° (A2 CPP¢ Geometry
1 CF;S0; 0.25 32.0 49.6 0.42 rods

2 BF, 0.62¢ 30.3 373 0.55 rods

3 HCO;, 0.6 40.3 46.6 0.45 rods

4 F 2.12 43.2 87.1 0.24 spheres

5 Cl 1.23 40.5 334 0.63 bilayers

“ CMC = critical micellar concentration, * yCMC = surface tension at CMC, © 4 = area of polar head per molecule, ¢ CPP = critical packing parameter,

spherical micelles for CPP <1/3, cylindrical or rod-like micelles for 1/3 < CPP < 1/2 and bilayers with CPP > 1/2. ¢ CMC measured at 30 °C.

CMC of about 40 mN m™. The molecular area A, which is
defined as the area occupied by the surfactant molecules at the
air-water interface at equilibrium, was directly determined by the
apparatus. HEA16X salts demonstrate significant surface areas
A, in the range 33-87 A2. For comparison, Asai ef al. reported
an area per molecule of 62 A2 for cetyltrimethylammonium
chloride, which is higher than that obtained for HEA16Cl
(33 A?), showing the influence of the 2-hydroxyethyl part.* No
correlation could be proposed regarding the nature and the
size of the counter-anion. However, several parameters, such as
the hydration of the hydrophilic moiety and the geometry of
the head group, have already been proved to have a significant
influence in determining the ease of packing of the head
groups. Surfactants whose geometries allow closer packing at the
interface will generally exhibit smaller surface areas.**¢ In the
halogenated series, the observed differences between HEA16F
and HEA16Cl could be explained by the value of polarizability,
which drives chloride towards the surface, while fluoride, as a
hard ion, is repelled from the solution/vapor interface, according
to molecular dynamics simulations.*” Accordingly, the calculated
critical packing parameters CPP*#¢# allow to predict, from
simple geometric considerations, that these molecules are likely
to pack as spherical micelles for HEA16F due to a CPP < 1/3
and tend to flexible bilayers for HEA16Cl with a CPP = 0.66.
Finally, cylindrical micelles (rods) were proposed for HEA16X
(X = BF,, HCO;, CF;S0;) with 1/3 < CPP < 1/2 (Table 1). To
conclude, the newly synthesized amphiphilic compounds present
surfactant behavior and mainly form rods or spherical micelles in
water.

According to our previous studies, colloidal suspensions
were prepared in water at room temperature by chemical reduction
of rhodium trichloride with sodium borohydride in a dilute
aqueous solution of HEA16X. First, we checked the formation
of a bilayer structure of the HEA16Cl salts at the particle surface
to avoid agglomeration in water. The thermogravimetric curve
obtained from lyophilized materials (Fig. 1) showed two weight
losses, as already observed by Chen* in the case of CTAB
molecules. The first weight loss step occurred gradually, from 200—
350 °C, and the second one sharply, within 400-450 °C.

These results suggest that the inner layer is bound to the
NPs’ surface via the charged groups and that it is connected
to the outer layer, whose polar groups are directed towards
the aqueous solution through hydrophobic interactions. Based
on these results, we could assume the formation of a bilayer
of surfactants around the rhodium colloids. Nevertheless, we
could not discard the potential formation in water of free
micelles or surfactant aggregates as hemimicelles after the CMC,

34-35
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Fig.1 The TGA curve for the HEA16Cl capped Rh(0) nanoparticles and
a representation of the bilayer structure on the particle surface.

which could also help to solubilize organic substrates during the
catalysis.

The particle sizes and morphologies of the Rh@HEA16X
systems were determined by transmission electron microscopy.
Micrographs and the size distribution are shown in Figs 2-5.
The rhodium particles possess different morphologies depending
on the nature of the protective agent: spherical geometries for
those prepared with HEA16HCO; or the previously reported®
HEA16Cl, and worm-like structures for HEA16X with X = BF,
and CF;SO;. TEM images taken from different enlargements on
a copper grid of Rh@HEA16F show a bimodal morphology with
isolated and elongated (worm-like) nanoparticles (Fig. 2a). In this
case, the presence of a fluoride anion promotes weaker stabiliza-
tion of the spherical NPs by the surfactant, which finally induces a
sintering of the nanospecies. A similar behavior could be proposed
with surfactants containing fluorinated counter-anions, such as
BF, or CF;S0;, which provide weaker protection at the particle
surface, thus leading to their growth or sintering into worm-like
nanoparticles or shorter dendrites (Figs 3b and 4). A different
approach could also be considered according to the work reported
by Shelnutt on the synthesis of a platinum nanowire network in the
presence of a soft template formed by CTABr for particle growth in
a two-phase water—chloroform system. In that case, the formation
of worm-like NPs was attributed to the supramolecular organi-
zation of the surfactant into worm-like micelles.* Nevertheless,
this explanation was not suitable considering the use of pure water
media.

The significant role of the weakly coordinating BF, in the
formation of worm-like structures for Ir(0) colloids was demon-
strated by Finke**! in high dielectric constant solvents (¢ = 69 and
165 for propylene carbonate and N-methylacetamide, respectively,
compared with ¢ = 80 for H,0). The putative influence of the
coordination of the ligand as a factor providing worm-like and

This journal is © The Royal Society of Chemistry 2011
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(b)
Fig.2 TEM micrographs of Rh(0)@HEA16F in water. a) The worm-like
structure and isolated NPs. b) Magnification of an area of a).

dendrite morphology has also been proposed in organic media by
Chaudret and Philippot.®** Finally, the Rh@HEA16X systems
(X =F, BF, and CF;S0;), organized in extended worm-like NPs
or dendrites in aqueous media, have an estimated size of 2-6 nm
with a mean diameter of about 3 nm for the “worms”. Contrary
to these observations, the Rh@HEA16HCO; histogram (Fig. 5)
resulting from the measurement of about 200 particles shows well-
dispersed particles on the grid, with an average diameter of 3 nm,
with 75% of the nano-objects included in the range 2.5-3.5 nm. By
analogy to carboxylate anion or polycarboxylates, such as citrate
polyanions, the hydrogen carbonate derivative HEA16HCO,
provides a strong and efficient stabilization at the growing
NPs’ surface. Similar to spherical Rh@HEA16ClI colloids, TEM
observation of Rh@HEA16HCO, shows a spherical shape with a
narrow polydispersity. Finally, based on strong (Cl- and HCO;")
and weak (F-, BF,”, CF;SO;") protection, these comparative
TEM studies show the direct influence of the counter anion of
the surfactant on the shape, structure and the average particle
size.

The hydrodynamic diameters D, of the metal colloids coated
with various surfactants defined as the Rh(0)@HEA16X systems
(Fig. 6) were measured in solution by Dynamic Light Scattering
experiments (DLS) and are given in Table 2. The size of the bilayer

T S50nm

(b)

Fig. 3 TEM micrographs of Rh(0)@HEA16CF;SO; in water. a)
Elongated particles (dendrites). b) Magnification of an area showing the
elongated forms of the particles.

Fig.4 Worm-like structures obtained with Rh(0)@HEA16BF,.

structure on the particle surface dramatically increased with
CF;SO; and BF, due to the van der Waals volume of these counter-
anions of 80 and 48 A’, respectively.** The larger hydrodynamic
diameters could also be explained by the extended dendrite shape

6528 | Dalton Trans., 2011, 40, 6524-6531
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Fig. 5 A TEM micrograph of spherical Rh(0) nanoparticles and a
histogram showing the size distribution obtained with HEA16HCO; as
the stabilizer.
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Fig. 6 A schematic representation of the NPs’ diameter measured by
TEM and the hydrodynamic D, size using Dynamic Light Scattering.

of the particles (Figs 3 and 4) due to the weaker stabilization
during the NPs’ growth. In contrast, halogenated surfactants
(HEA16Cl and HEA16F) provide a similar hydrodynamic size
of around 9 nm. Clearly, a correlation could be established
between the structure of the particles (spherical or elongated),
the molecular volume of the anion and the D, value. The smaller
spherical nanoparticles obtained with the chloride counter-ion,
which provides a strong stabilization, contrast with the elongated
colloids obtained with the smaller fluoride anion leading to weakly
stabilized species. A higher hydrodynamic diameter D, is obtained
for the hydrogen carbonate anion, which could be correlated to
the spherical particles and the growing volume of the anion. Since

Table2 Number-averaged hydrodynamic diameters D, and zeta
potential { data for the surfactant-stabilized Rh nanoparticles

Surfactants D, (nm) ¢ (mV) PDI*
HEA16CI1 8.8 +40.5 0.14
HEAI6F 9.5 +43.1 0.20
HEAI16HCO; 19.0 + 50.0 0.29
HEA16CF,SO, 56.8 +42.3 0.22
HEAI16BF, 45.4 +44.0 0.33

“ PDI: Polydispersity index PDI < 0.3 monodispersed suspension, PDI >
0.3 polydispersed suspension.

the polydispersity index (PDI) of the hydrodynamic diameter is
as low as 0.3, the nanoparticles are produced with a narrow
distribution. The zeta potential values of these monodispersed
suspensions, which were also measured by electrophoretic light
scattering (Table 2), were examined to determine the apparent
charge of a nanoparticle in solution. In fact, the surfactants and
their counter-ions form an electrical double layer around the
rhodium particles and the subshell (stern layer) characterizes the
ionic species adsorbed on the particle surface. In all cases, colloids
coated with surfactants give a positive charge in solution in the
range 40-50 mV.

The obtained surfactant-capped zero-valent Rh nanoparticle
dispersions were evaluated in catalytic hydrogenation reactions
of various arenes in pure biphasic liquid-liquid (water/substrate)
conditions. Alkylated, functionalized and disubstituted derivatives
were arbitrarily chosen as model substrates and the hydrogen
pressure was established at 20 bar. The Turnover Frequencies
(TOFs) were calculated considering an optimized reaction time
for the complete conversion of the substrate, and based on the
amount of metal introduced and not on the exposed metal surface.
Indeed, as previously reported by Janiak et al,*® the catalytic
activity does not purely result from the exposed surface metal
atoms, since the surface can restructure, atoms can shift positions
during heterogeneous processes and partial aggregation could
occur during catalysis, modifying the topology and the fraction of
surface atoms. Consequently, the TOFs may be underestimated.
The results are summarized in Table 3 according to the nature
of the protective agent HEA16X. Independently of the nature of
the counter-anion , the partnership of Rh(0)@HEA16X acting as
micellar nanoreactors was found to be very pertinent for benzene
hydrogenation, with significant activities of up to 3600 h™'. These
results could be explained by the higher solubility of benzene
in water. Indeed, the solubility of hydrocarbons in water (w/v)
at 25 °C decreases in the following order: benzene > toluene
> xylene, with values of 1800, 540, 170 ppm respectively.” The
decreasing activities also correlated with a close combination of
the steric hindrance and electron-donor behavior of the substituted
substrates in the same order of benzene > anisole = toluene
> o-xylene. Finally, the HCO; anion provides better activity
compared to the CF;SO; counter-ion, which gives lower TOFs.
This observation could be explained by the fact that the smaller
spherical particles obtained with HCO;~ expose different facets of
their crystalline structure, including higher energy facets, which
are often more catalytically active. The lowest activities were
observed with the metal colloids coated with HEA16CF;SO; and
HEA16BF,, which have an extended dendrite morphology (Figs
3 and 4). In that case, the sintering of small nanoparticles into
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Table 3 The hydrogenation of benzene derivatives under biphasic conditions with Rh nanoparticles stabilized with HEA16X (X = HCO;, F, CF;SO;,

BF, and Cl as reference)”

X Substrate Products (yields %)" t (h)/TOF [h']
Cl Cyclohexane (100) 0.16/1800
HCO, Cyclohexane (100) 0.12/2571
F benzene Cyclohexane (100) 0.16/1800
BF, Cyclohexane (100) 0.08/3600
CF;S0; Cyclohexane (100) 0.16/1800
Cl methylcyclohexane (100) 0.25/1200
HCO; methylcyclohexane (100) 0.16/1800
F toluene methylcyclohexane (100) 0.16/1800
BF, methylcyclohexane (100) 0.16/1800
CF;S0; methylcyclohexane (100) 0.42/720
Cl methoxycyclohexane (100) 0.16/1800
HCO; methoxycyclohexane (100) 0.16/1800
F anisole methoxycyclohexane (100) 0.16/1800
BF, methoxycyclohexane (100) 0.50/600
CF;S0; methoxycyclohexane (100) 0.16/1800
Cl 1,2-dimethylcyclohexane cis (97) trans (3) 0.50/600
HCO; 1,2-dimethylcyclohexane cis (100) 0.50/600
F o-xylene 1,2-dimethylcyclohexane cis (100) 0.33/900
BF, 1,2-dimethylcyclohexane cis (100) 0.50/600
CF;SO; 1,2-dimethylcyclohexane cis (100) 0.84/360

“ Conditions: catalyst (3.8 x 10~ mol), substrate (3.8 x 10~ mol), surfactant (7.6 x 10~ mol),water (10 mL), 20 bar H,, ambient temperature (20 °C),
stirred at 1500 rpm ® Determined by GC analysis ¢ reaction time (h) and turnover frequency (h™') defined as mol of H, per mol of rhodium per h.

elongated worm-like nanocrystals could reduce the density of
those high energy facets and thus decrease the catalytic activity.
The selectivity was also evaluated in the reduction of o-xylene.
The cis diastereomer is the major product (97%) with the chloride
anion, as previously reported. With X = HCO;, F, CF,;SO;, BF,,
the reaction under hydrogen pressure became more selective, with
100% cis-compound produced. Undoubtedly, these conditions
(20 bar H, at room temperature) favour the fast hydrogenation
of the substrate and disfavour its desorption during catalysis, thus
limiting the production of the frans-isomers.*®

To conclude, the catalytic activity was mostly influenced by a fine
and narrow combination of the physico-chemical properties, based
on the choice of the counter-ion associated to the ammonium
group and their influence on the CMC, hydrodynamic size and
zeta potential in opposition to the size and morphologies of the
nanoparticles.

The catalytic lifetime of Rh@HEA16Br has previously been
reported, showing the pertinent association of surfactant-Rh(0)
as a micellar nanoreactor.*® In the same way, the recyclability of
the new Rh(0)@HEA 16X systems was checked under atmospheric
hydrogen pressure to justify their stability. The influence of the
counter-ion on the durability of these nanoreactors in micellar
media was studied through successive hydrogenations of two
reference substrates, such as toluene and anisole. After a first
run, the aqueous phase containing the colloidal suspension was
separated from the hydrogenated product by extraction with Et,O
and then reused in a second run. Fig. 7 shows a comparable
turnover activity for all of the systems. Consequently, combining
HEA16* salts with X~ ions produces relevant protective agents
to maintain rhodium(0) nanoparticles within the aqueous phase
during the catalytic process. No agglomerates were visually
observed after the recycling step.

TOF (h™)
D
o

cl
CF,S0,

Istrun 2nd run

Toluene Tstmn

2nd run
Anisole

Fig. 7 The activity of the recycled aqueous phase in the hydrogenation
of toluene and anisole under 1 bar H, and the influence on the nature of
the counter-ion.

4. Conclusions

Only a few studies have dealt with the influence of the counter-
ions of ionic protective agents for the stabilization of rhodium
nanoparticles. Several series have been reported in the protection
of iridium colloids in unusual solvents, such as ionic liquids*** or
propylene carbonate®* Moreover, common anions, such as CI-,
BF,~, PF,", AcO-, citrate* as well as polyoxoanions, were investi-
gated according to the literature. In this paper, we have described
original counter-anions of HEA16* salts providing new micellar
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nanoreactors for arene hydrogenations. In particular, HCO;",
F~ and CF;SO;™ anions of ammonium salts have rarely been
reported. The different systems were characterized by adapted
physico-chemical experiments (surface tension, DLS technique,
TEM analysis). The results confirm that easily prepared, active
and reusable green Rh(0) nanocatalysts protected by N-cetyl-N-(2-
hydroxyethyl) ammonium salts constitute an efficient partnership
for the reduction of arenes under mild and micellar conditions.
No bulk metal or sedimentation were observed during these
experiments. The size and the structure of the nanoparticles
seem to depend on the nature of the counter-ion and their
capacity to provide a strong or weak stabilization at the growing
particles’ surface. Worm-like Rh(0) nanospecies were observed
with fluorinated ions such as F~, BF,” and CF;SO;", whereas
isolated and spherical colloids were obtained with CI- and HCO;~
anions leading to relevant activities up to 3600 h™'.

To conclude, we have reported the most important series of
counter-ions of hydroxyethylammonium salts described in the
literature, and have shown that these new surfactants are efficient
capping and stabilizing agents of catalytically active rhodium
nanoparticles.
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