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Structural properties of palladium
nanoparticles embedded in inverse

microemulsions

Abstract Pd nanoparticles were
synthesized by reduction of palladi-
um acetate by ethanol in systems
containing tetrahydrofuran (THF)
as dispersion medium and tetrado-
decylammonium bromide (TDABr)
surfactant as stabilizer. The polar
phase (ethanol) acts at the same time
as reducing agent. THF/TDABr/
H,O inverse microemulsions con-
taining micelles of various sizes were
also prepared, and the structure of
complex liquids was studied by
density measurements. Sols contain-
ing nanosize Pd” particles were syn-
thesized within the water droplets of
this micellar system. The stabilized

Pd’/surfactant system was charac-
terized by density measurements,
absorption spectroscopy, and trans-
mission electron microscopy. The
stabilizing surfactant layer adsorbed
on the liquid/liquid interface and on
the surface of the nanoparticles (i.e.,
the liquid/solid interface) signifi-
cantly reduced the excess volume for
the palladium nanodispersion in
organic solvent.
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Introduction

Preparation and investigation of nanosize particles is
gaining increasing significance in both scientific and
technological respects, since their physical and chemical
properties are markedly different from those of larger
particles of identical composition.

Several physical and chemical methods are commonly
known for the preparation of nanoparticles, e.g.,
controlled crystal or cluster growth on supports or in
microemulsions, molecular epitaxy, controlled colloid
synthesis, and various high-intensity grinding tech-
niques. Since the particle size may be conveniently
controlled by varying the conditions of preparation,
catalysts of pre-planned activity or semiconductors of
desired size with the required forbidden band energy can
also be prepared [1-3]. The aim of the present work was
to prepare Pd nanoparticles within the polar droplets of
inverse microemulsions. The systems obtained were
characterized by density measurements, UV-VIS

absorption spectroscopy, and transmission electron
microscopy.

Within the droplets (hydrophylic pool) of inverse
microemulsion(s), the so-called nanophase reactor, nano-
phase materials of various qualities with controlled
particle size can be prepared [4-10]. The inner radius of
the droplet is determined by the composition and
structure of the microemulsion. Thus, inverse micro-
emulsions with the desired micelle size must be prepared
by selecting the appropriate molar ratio (W,) of polar
phase and surfactant [4, 8—10]. The radius R of the water
droplet is calculated by the following equations [11-16]:

Varop = 4/37R? = Vig,0 + Vi, (1)

i.e., the volume of the droplet is the sum of the volume
of water, Vi,0, and the hydrophilic head-groups of the
surfactant molecules, V;. With a,, =4nR>, the average
surface of a droplet, we obtain

RY/3R? = Vi,0/am + Vi/am (2)
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Let V,, be the space requirement of one water mole-
cule (29.9 A®) and a, the surface requirement of one
polar head group on the interface. Thus Vy/a, = Vy/ay
and Vy,0/am = Vi,0Wo/an, and it follows

R = 3(VH20W0 + V;,)/ah (3)

In other words, the inner radius of the droplet is
determined by the composition and structure of the
microemulsion.

According to the literature, an increasing [H,O]/
[AOT] molar ratio, while keeping other parameters
constant, increases the particle size [17]. Various metal
ion reduction procedures were described for the prepa-
ration of transition metal particles. In most of these
methods, aggregation of the emerging particles is
prevented by steric stabilization, i.e., the surface of the
nanoparticles is coated by an adsorption layer. This
thick, compact adsorption layer sterically protects the
particles from coagulation by collisions. Salts and oxides
of transition metals were reduced in organic medium
(toluene, tetrahydrofuran) using tetrahydroborates of
alkali metals or hydrotriorganoborates of alkali earth
metals [18-22]. The particles formed were stabilized by
tetraalkylammonium halogenides [18§].

The length of the alkyl chains attached to metal
nanoparticles is usually C¢—C,g. Since the local concen-
tration of the tetraalkylammonium ions formed in the
vicinity of the site of reduction is extremely large, they are
rapidly adsorbed on the surface of the freshly reduced,
negatively charged metal particles, which prevents fur-
ther aggregation. This method has also been used for the
preparation of the colloidal alloys of various metals by
simultaneous reduction of the components. In addition
to stabilizing agents of the NR, type, other association
colloids are also used in the course of the preparation of
metals of subcolloidal size and their alloys. Esumi et al.
[23] synthesized Pd-Pt bimetallic colloids in cyclohexane
or toluene medium in the presence of trioctylphosphine
oxide (TOPO) or distearyl-dimethylammonium chloride
(DDAC). Hydrazine and sodium borohydride were
used as reducing agents. Reduction by hydrazine yielded
20-30-nm particles whereas with borohydride particles
of 5-8 nm diameter were obtained.

Au and Pt colloids were prepared in biphasic systems
by Fink et al. [24]: precursor salts dissolved in water
were dispersed in surfactant containing organic medium,
and reduced. Examples are HAuCl, in toluene/water
containing tetraalkylammonium bromide (C¢; C;g) and
reduction by Na-borohydride, H,PtClg in chloroform/
water or cyclohexane/water via reduction by formalde-
hyde or benzaldehyde [24, 25]. Boutonnet et al. [26]
reported the preparation of monodisperse metal parti-
cles (Pt, Pd, Rh, Ir) by reduction of metal salts dissolved
in the aqueous microphase, using octanol, hexane,
isooctane, n-heptane, or hexadecane as dispersion me-
dium and cationic surfactants as stabilizers.

Materials and methods

Materials

The following materials were used for the experiments: tetra-
hydrofuran (THF, C4HgO, 99.8%, Carlo Erba, M,=72.108,
p=0.889 g/ml), ethanol (EtOH, C,HqO, 99.8%, Reanal,
M, =46.07, p=0.79 g/ml), palladium acetate (Pd(OAc),, 99%,

Table 1 Composition of inverse microemulsions

Symbol Compound

r(H,O) = 5 nm; W, = 11.1

SW1/1 THF/TDABr(4.54 mmol/l)/H,0(50.2 mmol/1)
SW2/1 THF/TDABr(9.1 mmol/l)/H,0O(100.8 mmol/)
SW3/1 THF/TDABr(13.6 mmol/l)/H,O(151.2 mmol/1)

r(H,O) = 10 nm; W, = 34.5

SW1/2 THF/TDABr(4.54 mmol/l)/H,O(156.6 mmol/1)
SW2/2 THF/TDABr(9.1 mmol/l)/H,O(313.2 mmol/l)
SW3)2 THF/TDABr(13.6 mmol/l)/H,O(469.8 mmol/1)

r(H,O) = 20 nm; W, = 81.3

SW1/3 THF/TDABr(4.54 mmol/l)/H,O(369.1 mmol/1)
SW2/3 THF/TDABr(9.1 mmol/l)/H,O(738.2 mmol/)
SW3/3 THF/TDABr(13.6 mmol/l)/H,O(1107.3 mmol/1)

r(EtOH) = 5.6 nm; W, = 4.3

SE1/1 THF/TDABr(4.54 mmol/l)/EtOH(19.5 mmol/1)
SE2/1 THF/TDABr(9.1 mmol/l)/EtOH(39.1 mmol/1)
SE3/1 THF/TDABr(13.6 mmol/l)/EtOH(58.5 mmol/l)

r(EtOH) = 12 nm; Wy = 13.5

SE1/2 THF/TDABr1(4.54 mmol/l)/EtOH(61.3 mmol/l)
SE2/2 THF/TDAB1(9.1 mmol/l)/EtOH(122.8 mmol/l)
SE3/2 THF/TDABr(13.6 mmol/l)/EtOH(183.6 mmol/l)

r(EtOH) = 24.8 nm; W, = 31.8

SE1/3 THF/TDABr(4.54 mmol/l)/EtOH(144.4 mmol/l)
SE2/3 THF/TDABr(9.1 mmol/l)/EtOH(289.4 mmol/l)
SE3/3 THF/TDABr(13.6 mmol/l)/EtOH(432.5 mmol/l)

Surfactant / THF / Pd(OAc),
solution
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o
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Fig. 1 Preparation of nanoparticles in surfactant solution and
microemulsion
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Merck, M, =224.49), tetradodecylammonium bromide (TDABT,
CugH0oBrN, 99%, Fluka, M, =224.29).

Preparation of inverse microemulsions

The mass ratio of water and surfactant necessary for the
preparation of w/o type microemulsions with a water droplet
radius of 2.5-25 nm was calculated by Eq. (3). It was assumed
that the four alkyl chains of TDABr point towards the organic
phase. The necessary data are: chain length of TDA™ cations
[=2.16 nm, surfactant volume V = 1.548 nm?, average volume of
the polar head-group V,=0.3678 nm?>, its surface requirement,
ap= 0.42 nm?. The calculated density of the surfactant was 0.83 g/
cm®. According to Eq. (3), microemulsions with water droplet radii
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Fig. 2 a Density for binary systems THF/water and THF/EtOH
solutions by different concentration. b Excess volume calculated from
density functions (Eq. 4): (1) water, (2) ethanol as the polar
component solution

of 5nm, 10 nm, and 20 nm were prepared at water-surfactant
ratios of Wy =11.1; 34.5; 81.3. Microemulsions of THF-surfactant-
ethanol were also made up at ethanol-surfactant ratios of Wy=4.3;
13.5; 31.8 (Table 1).
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Fig. 3 The density of ternary systems THF/TDABr/H,O and THF/
TDABr/EtOH: 1, SW3; 2, SW2; 3, SW1; 4, SEIL; 5, SE2; 6, SE3 as a
function of water and ethanol/surfactant molar ration
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Fig. 4 The excess volume for ternary systems THF/TDABr/H,O and
THF/TDABr/EtOH: 1, SW3; 2, SW2; 3, SW1; 4, SEI; 5, SE2; 6, SE3
calculated from Eq. (5) as a function of water and ethanol/surfactant
molar ration



452

Preparation of Pd° nanoparticles in THF|water/ TDABr systems

Pd° nanosol was prepared at 25 °C (SE3/2) ensuring a particle size
of r=10 nm in the following way. In 11-cm® aliquots of THF-
surfactant solution, 0.10 mmol, 0.15 mmol, or 0.20 mmol of
Pd(OAc), were dissolved, followed by the addition of calculated
amounts of ethanol. After the addition of ethanol, the systems were
agitated by magnetic stirring for 60 min. During this time
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Fig. 5 The density of ternary systems THF/TDABr/H,O and THF/
TDABr/EtOH: 1, SW3; 2, SW2; 3, SW1; 4, SE1; 5, SE2; 6, SE3 for
different droplet radii
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Fig. 6 The excess volume for ternary systems THF/TDABr/H,O and
THF/TDABr/EtOH; 1, SW3; 2, SW2; 3, SW1; 4, SEI; 5, SE2; 6, SE3
calculated from Eq. (5)

reduction started in the sample containing 0.2 mmol of Pd acetate
and a dark-colored sol was formed. After one day the reaction was
also completed in the other two samples (0.15 mmol and 0.1 mmol
of Pd-acetate). (It should be noted that the reaction never started in
the system containing 0.05 mmol of Pd-acetate.) The synthesis
route is shown in Fig. 1.

Pd° nanosols were also prepared in aqueous THF/surfactant
microemulsions (Wo=448, r=200 nm) at 25 °C. A volume of
1 cm® of acidic 10 mmol/l, 15 mmol/l, or 20 mmol/l PdCl, was
added to 10 cm® of 13.6 mmol/l surfactant solution and, with
constant stirring, the system was reduced by 0.1 cm® of 0.4 mol/l
NaBH, solution. Particle formation started after 5-8 min.
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Fig. 7 a Influence of Pd(OAc), on the density of solution (1), or
nanosols (2): 1, before reduction for systems Pd’>* /THF/TDABT; 2,
after reduction for systems Pd”/THF/TDABr/EtOH. b Influence of
Pd® concentration on the excess volume, Pd/THF/TDABr/EtOH
(Pd’S1,2,3), calculated from curve 2 on Fig. 7a by Eq. (6)
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Methods
Density measurements and excess volumes

The molar excess volumes (VE) of the systems are calculated from
density and composition by of the following equation:

VEI =[(x1 x M1 +x2 x M2)/p) 5]
— [x1 x My/py] — [x2 x M2/ p,]

where M(i =1, 2) is the molar mass of the pure components, X their
molar fraction, p their density, and p, , is the actual density of the
system. The above equation is formulated for two-component
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Fig. 8 a Influence of PdCl, concentration on the density, Pd’/ THF/
TDABr/H,O (Pd’S4,5,6). b Influence of PdCl, concentration on the
excess volume, Pd°/THF/TDABr/H,O (Pd’S4,5.6) calculated from
the density curve in Fig. 8a by Eq. (6)

systems. In the case of three or four components, one or two
additional terms were added:

an Z[(Xl X My + X3 X My + X3 X M3)/pl,2‘3]

= [xi x My/pi] = [xa x Ma/ps] — [x3 X M3/p3] ®

VE =[(x1 x M| + X2 x M + X3 x M3 + X4 X M4)/p)234]
— [x1 x My /pi] — [x2 x M2/ p5] (6)
— [x3 X M3/p3] — [xa x M4/ py]

Densities of liquids and microemulsions were measured in a
computer-controlled Anton Paar DMA 58 density meter at
254 0.01°C. Density measurement is based on highly accurate
frequency measurement. The density of the complex liquid studied
is calculated by the apparatus from the change in frequency.

UV-VIS absorption spectroscopy

UV-VIS spectroscopy was carried out in a dual-beam Uvikon 930
spectrophotometer at 25 4+ 0.5°C.

Pd° sols were studied in 10-mm quartz cuvettes. The system to
be studied was placed in one light path, the reference system in the
other, and the difference spectrum was recorded over the range
300-600 nm.

Transmission electron microscopy

Transmission electron microscopy (TEM) pictures were taken
using a CM-10 Philips electron microscope, using a voltage of
100 kV. Samples were suspended in ethanol and spread on copper
grids coated with Fromwar foil.

Results and discussion
Densitometry

The density of systems free of surfactant as a function of
the concentration of the water or ethanol added is
presented in Fig. 2a. As is expected, the density is
increased by the addition of water and decreased by that
of ethanol. There is a marked difference, however, in the
values of the excess volumes V.5 (Fig. 2b). The incor-

Table 2 Composition of inverse microemulsion with Pd**
precursors and with embedded Pd° nanoparticles after reduction

Symbol Compound

r(EtOH)= 10 nm; before reduction

Pd "SI Pd"%(9.1 mmol/l))THF/TDABr
Pd"2s2 Pd "%(13.6 mmol/l)/THF/TDABr
Pd*2S3 Pd*2(18.2 mmol/l)/THF/TDABr

r(EtOH) =10 nm; after reduction

Pd°s1 Pd°9.1 mmol/l)/THF/TDABr
Pd°s2 Pd°(13.6 mmol/l))THF/TDABr
Pd°s3 Pd°(18.2 mmol/l)/THF/TDABr

r(H,0) =200 nm; after reduction

Pd°s4 Pd°0.9 mmol/l)/ THF/TDABr
Pd°ss Pd°(1.36 mmol/l))THF/TDABr
Pd°s6 Pd°(1.8 mmol/l)/ THF/TDABr
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poration of water in the THF-containing system signif-
icantly reduces the excess volume, while in the system
containing ethanol the excess volume, although nega-
tive, does not change considerably with increasing
ethanol concentration.

The actual density values measured in THF/water
microemulsions stabilized with tetradodecylammonium
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Fig. 9 a UV-VIS spectra of TDABr stabilized Pd” nanoparticles in
THF at different Pd° concentration: 1, Pd°S1; 2, Pd°S2; 3, Pd’S3. b
Double logarithmic plots of the spectra of TDABr stabilized Pd°
nanoparticles in THF (normalized at 1=450 nm with A=1) at
different Pd° concentrations: 1, Pd’S1; 2, Pd’S2; 3, Pd’S3

bromide increases with both the surfactant (S) and water
(W) content, while in the ethanol-containing systems the
density decreases not only with increasing ethanol but
also with increasing surfactant concentrations (Fig. 3).
According to Fig. 4, the excess volumes are negative in
the presence of ethanol, which means that, in all cases,
the addition of surfactant induces a structural changes
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Fig. 10 a UV-VIS spectra of TDABr stabilized Pd° nanoparticles in
THF at different Pd° concentrations: 1, Pd°S4; 2, Pd’S5; 3, Pd’S6.
b Double logarithmic plots of the spectra of TDABr stabilized
Pd° nanoparticles in THF (normalized at =450 nm with A=1) at
different Pd° concentrations: 1, Pd’S4: 2, Pd’S5; 3, Pd’S6
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b

Fig. 11a—d Transmission electron micrographs of Pd® nanoparticles:
a Pd’S3; b Pd’S4; ¢ Pd’Ss; d Pd’S6

(contraction) by association processes (appearance of
clusters and aggregates).

The molar excess volumes of THF-surfactant-water
microemulsions (SW) are considerably lower than those
of the ethanol-containing systems (Fig. 4). In micro-
emulsions containing water, VE decreased further as the
amount of water and surfactant increased. The reason
for this is that, at higher surfactant concentrations, the
amount of surfactant in the water/THF (liquid/liquid)
interfacial layer increases, enhancing the tendency of
surfactant molecules to associate.

When the radius of the microemulsion droplet is
calculated from the ratio of polar liquid to surfactant by
Eq. (3), the relations shown in Figs. 5 and 6 are
obtained. The excess volumes increase with increasing
amounts of ethanol but remain negative, indicating
increasingly loosening associations. This means that,
in contrast with aqueous systems, in the presence of
ethanol the orientation of surfactants is suppressed. The
densities of systems containing THF and surfactant
increased after addition of Pd(OAc),. On addition of

d

ethanol, the values were reduced (due to the lower
density of ethanol) (Figs. 7a, b). The density of Pd’ sols
S4, 5, 6 increases with increasing Pd content (Fig. 8a). In
all cases, however, the calculated excess volumes are
large negative values, decreasing with increasing Pd°
content (Fig. 8b). This means that the appearance of
the solid/liquid interface due to the formation of the
nanoparticles induces the orientation of the surfactant
molecules in the adsorption layer on the surface of Pd’.
The adsorption of surfactants in layers stabilizing the
particles results in a substantial contraction, the extent
of which decreases with increasing particle size.

UV-VIS spectroscopy

According to the data published by Reetz et al. [27],
in the case of Pd clusters with diameters of
d=4.1 nm, 2.3 nm, and 1.4 nm (determined by TEM
measurements) the corresponding slopes (S) of the
lgA-lgl curve are 3.6, 2.6 and 1.6, respectively.
Absorption spectra [A =f(2)] of Pd° sols were recorded
in 10-mm quartz cuvettes in the range 300-600 nm
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Fig. 12a—f Size histograms of
Pd° nanoparticles: a Pd° S1;

b Pd’S2; ¢ Pd’S3 reduced in
ethanol at various Pd® concen-
tration; d Pd°S4; e Pd’S5; f
Pd°S6 prepared in THF/
TDABr/H,O systems at various
Pd® concentrations
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with the THF/surfactant/ethanol as reference. For Pd® The amount of Pd(Ac), present in the THF/surfactant
nanoparticles a system with Wq=13.5, r=12 nm was solution was varied within the concentration range of
selected in order to check whether a particle size 9.1-18.2 mmol/l (Table 2) and ethanol was used as a
identical with the calculated droplet size is obtained. reducing agent.
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The highly concentrated sols were diluted 100-fold
before spectroscopy. After normalizing absorbance
values to A=450 nm, IgA was plotted vs Igl and the
particle sizes were calculated from the slope of the
straight line (Figs. 9 and 10a, b). Exponential regression
functions were next fitted to the data; the slopes and the
corresponding particle sizes calculated according to
the formula, d(nm) =0.5846 x ¢*>*735 are as follows: 1.
Pd’S1: m=-2.378, d=2.10 nm; 2. Pd’S2: m = —2.123,
d=1.83 nm; 3. Pd’S3: m=-2.097, d=1.80 nm. In-
creasing the amount of Pd in the ethanol droplets
surrounded by surfactants reduced the particle size,
since the rate of nucleation is enhanced by higher Pd* "
concentrations.

Aqueous microemulsions of PdCl, were measured
in 10-mm quartz cuvettes. The following series of
data was obtained at increasing Pd*" concentrations
(0.9-1.8 mmol/l): 4. Pd’S4: m =—-3.889, d =4.73 nm; 5.
Pd’S5: m=-5.732, d=12.78; 6. Pd’S6: m=-6.9267,
d = 24.16 nm, i.e., increasing amounts of Pd increased
the particle size, since low precursor concentrations
favor increased rates of nucleus growth, leading to the
formation of larger nanocrystallites (see TEM pictures).

Analysis of the TEM investigations

The transmission electron micrographs are presented in
Figs. 11a—d and the determination of size distribution
functions are displayed in Figs. 12a—f.

We consider the TEM results of samples Pd’S1,2,3 as
proof for the formation of several Pd’ nanoparticles
inside one droplet, resulting in the rearrangement of the
protective surfactant layer to cover the metal clusters
emerging in the course of reduction.

By the evidence of these TEM pictures, the average
particle sizes in Pd’S1,2,3 sols in THF medium
are  dao(Pd’S1)=1.84 nm;  d,.(Pd’S2)=1.51 nm;
dave(Pd’S3) = 1.30 nm. The average particle size decreas-
es with increasing palladium content, which is presum-
ably due to the enhanced rate of nucleation in the course
of ethanol reduction. Consequently, the rate of nucle-

ation exceeds that of nucleus growth. The THF/surfac-
tant systems are highly stable: they may be stored for
several months without aggregation or any change in
particle size. In inverse microemulsions containing water
droplets (samples Pd’S4,5.6), particle sizes calculated
from TEM pictures are du.(Pd’S4)=2.02 nm;
dave(Pd?S5) = 4.10 nm; d,,(Pd’S6)=4.92 nm. Particle
size increases with increasing Pd® content and the system
becomes increasingly polydisperse. There is a close
correlation for ethanolic system in the particle diameters
between TEM and spectroscopic method, but we do not
find a correlation for aquatic systems because of the
aggregation of nanoparticles.

Conclusions

Structural changes in microemulsions due to changes in
composition were quantified by density measurements
(determining the excess volumes). All excess volumes
obtained were negative, which means that the introduc-
tion of surfactants brings about association on the
liquid/liquid interface. Association results in a marked
increase in the excess volume in aqueous systems, while
in ethanol a certain “loosening” of the aggregated
structure is observed. The magnitude of excess volumes
was a function of droplet size and the surfactant
concentration. The formation of Pd nanoparticles
resulted in negative excess volumes since the surfactants
are adsorbed on the surface of the particles. Particles
prepared in systems the compositions of which, accord-
ing to model calculations, ensured the formation of 10-
nm adducts, proved to be considerably smaller than
expected. In sols formed in THF/surfactant/ethanol
microemulsions, the particle size decreased with increas-
ing Pd° content, due to the more favorable ratio of
nucleation rate vs nucleus growth rate resulting and
higher rates of nucleation. In sols formed in THF/
surfactant/water microemulsions, the particle size in-
creased with increasing Pd” content. At lower precursor
concentrations particle growth is favored and the effect
of surfactants is less marked in water droplets in ethanol.
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