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Abstract—Immobilized Rhg clusters (cyclohexene hydrogenation catalysts) were prepared by the polymer-
analogous transformations or copolymerization of cluster-containing monomers and characterized. Intermedi-
ates formed in the course of a catalytic reaction were studied using IR spectroscopy, XPS, and atomic force
microscopy. It was found that the relative intensity of a low-energy line in the Rh3ds, spectrum of the initial
polymer-immobilized cluster in the XPS spectrum of Rhg increased in the course of hydrogenation. The cata-
lytic activity of the immobilized complex changed symbatically with both the number of Rh atoms bound to
the H(CO) group and the number of Rh atoms, the charge on which was greater than that in the parent cluster.
Some experimental evidence was obtained in favor of the hypothesis of cluster fragmentation in the course of
hydrogenation with the formation of highly active, most likely, nanosized particles, which are true catalysts, in
low concentrations. The surface of macrocomplex particles after hydrogenation became more homogeneous
and hydrophilic; this fact is also indicative of an increase in the concentration of polar functional groups in sur-

face layers. This was likely due to Rh—Rh bond cleavage in the polymer-immobilized cluster.

DOI: 10.1134/50023158406050107

INTRODUCTION

The immobilization of noble metal clusters on poly-
mer supports is of interest as a technique for the devel-
opment of efficient and selective catalysts. Size effects
on catalytic activity can be monitored using these com-
plexes as examples [1, 2]. It is of crucial importance to
find out whether the cluster group remains unchanged
in the course of catalytic reaction or undergoes trans-
formations related to aggregation or segregation,
whether the resulting metal centers remain structurally
homogeneous, and how the molecular organization of
immobilized complexes changes in this case. Answers
to some of the above questions can be obtained by
studying the binding of metal clusters to polymer sup-
ports because this procedure provides an opportunity to
isolate and analyze intermediates formed in the course
of catalytic reaction [3]. The aim of this work was to
prepare the rhodium-containing polymer-immobilized
clusters Rhg and to study their catalytic properties in the
reaction of cyclohexene hydrogenation and concomi-
tant transformations.

EXPERIMENTAL

RhCl; - 4H,0O (thodium content 34.55%) and
reagent-grade CO were used without additional purifi-

! Synthesis and Reactivity of Metal-Containing Monomers series,
report 63.

cation. Solvents were purified and dried in accordance
with standard procedures. The synthesis of Rhy(CO),q
(1) and Rhy(CO);sCH;CN (2) was performed in accor-
dance with a published procedure [4].

The cluster-containing monomer Rhg(CO),,(u,n>*
PPh,CH,CH=CH,) (3) was prepared by the reaction of
Rhy(CO),;sCH;CN with diphenyl phosphoallyl (DPPA)
in accordance with a procedure similar to that for the
preparation of Os; clusters with DPPA [5]. Found (%):
C,27.51;H, 1.48; P, 2.47; Rh, 48.6. For C,0H,sPRhO,
anal. calcd. (%): C, 28.18; H, 1.22; P, 2.51; Rh, 49.96.
IR (v, cm™; CHCL): 2092 m, 2055 s, 2040, 2018
(t-CO), 1790 (u-CO), 1622 m (C=C), 1436 w, 1001 w
(P-C).

Radical copolymerization was performed in bulk or
in toluene. The weighed portions of an azobisisobuty-
ronitrile (AIBN) initiator (0.6 mol %), cluster mono-
mer 3, and the solvent were placed in an ampule, and
the contents were outgassed three times at a reduced
pressure. Next, the ampule was sealed and transferred
to a thermostat at 70°C. After a specified time, the
ampule was opened and the target product was isolated
by reprecipitation in methanol from a benzene solution,
which was presaturated with argon, and dried in a vac-
uum to constant weight.

The synthesis of immobilized clusters by polymer-
analogous transformations was performed in the fol-
lowing manner: Styrene and DPPA copolymers were
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Table 1. Characteristics of styrene and DPPA copolymers and immobilized Rhg(CO);sCH;CN clusters

DPPA (M;) and styrene (M,) copolymers Macrocomplexes

M, : M, (mol) M, M, M, IM, Rh-SDPPAC [Rh], wt % M, M, |M,/M,
1:1 9600 26200 2.70 1-SDPPAC 1.87 9300 | 36100 | 3.88
1:3 20700 52900 2.55 2-SDPPAC 3.00 22300 | 90500 | 4.06
1:7.5 25600 95600 3.73 3-SDPPAC 3.18 60200 |204200| 3.39
1:40 80000 169000 2.11 4-SDPPAC 4.16 56000 | 140000 | 2.50

prepared by radical polymerization in the presence of
AIBN (0.5 wt %) at 58°C for 3—6 h. The isolated copol-
ymer was dissolved in benzene (0.2 g in 20 ml), and
0.02 g of the cluster Rhy(CO),sCH;CN in 5 ml of ben-
zene was added with continuous magnetic stirring.
After 30 min, the target product (a macromolecular
complex) was precipitated with methanol, filtered off,
and dried in a vacuum.

The molecular-weight characteristics of copolymers
and macrocomplexes (number-average and weight-

average molecular weights M, and M, , respectively)

were determined by gel permeation chromatography
(Waters 200). The eluent was tetrahydrofuran.

For a comparative evaluation of the catalytic proper-
ties of polymer-immobilized catalysts, a 1% Rh/C typ-
ical low-percentage heterogeneous catalyst was pre-
pared using an impregnation method [6]. For this pur-
pose, 50 mg of RhCl; - 4H,0 was adsorbed from an
aqueous solution onto 1.32 g of preactivated soot (S, =
850 m?/g); thereafter, the sample was reduced with an
excess of NaBH,, and the product was dried at 100°C.

The catalytic hydrogenation of cyclohexene was
performed in a thermostated reactor of the long-necked
flask type with stirring. From 0.01 to 0.1 g of a catalyst
was placed in the reactor so that the Rh amount in the
portion was 3.9 x 107 g-at. The system was purged
with hydrogen, and 15 ml of degassed isopropanol was
added; the contents were stirred. After the completion
of activation (15 min), 4.5 or 6.5 mmol of cyclohexene
was added to the reactor. A solvent portion of 5 ml was
used for washing. The reaction was performed at 40°C
with intense stirring (300-400 swings per minute). The
rate of reaction was evaluated from hydrogen consump-
tion with time. Variation in replicate experiments was
no higher than 5%.

IR spectra were recorded on a Specord M-80 spec-
trophotometer or a Perkin-Elmer 325 instrument in
chloroform and KBr pellets, respectively.

An ES-2401 spectrometer with a magnesium anode
was used for obtaining the XPS spectra. The X-ray tube
power was 200 W; the residual pressure in the analyzer
chamber was 107° Pa. The spectrometer was calibrated
against the Audf;, line at 84 eV. The binding energy
(E,) of the line of Cls electrons in an alkyl group of sat-
urated hydrocarbons was taken equal to 285.0 eV. The
accuracy in the determination of line positions on the

scale of binding energies was 0.1-0.2 eV; the mathemat-
ical processing of the spectra was performed in accor-
dance with a published procedure [7]. RhCl; - 4H,0 was
used as the reference sample in XPS analysis.

Atomic force microscopic studies were performed
on a P-47 Solver instrument (NT-MTD) in accordance
with a published procedure [8]. Silicon cantilevers from
the same manufacturer were used; the needle curvature
radius was ~10 nm. Test samples were prepared as a
suspension in toluene, which was subsequently sup-
ported onto a glass-ceramic substrate and dried. Along
with a topographic study, interacting forces (¥, nN)
between the microscope probe and the sample were
determined. For this purpose, so-called cantilever
deflection was measured as a function of the distance z
between the probe and the sample (force—distance
curves).

RESULTS AND DISCUSSION

Polymer-analogous transformations. Although
attempts at chemically binding clusters to polymers
have been made since the 1970s [9, 10], many impor-
tant problems remain unsolved. First, this is true of a
scientifically justified search for macroligands, reaction
conditions, and the composition and characterization of
the resulting products. Phosphorylated styrene and
divinylbenzene copolymers or ternary styrene—divinyl-
benzene—vinyl(styryl)diphenylphosphine block copol-
ymers are most frequently used as macroligands. It is
well known that phosphorus-containing rhodium com-
plexes (including polymeric complexes) are active and
selective catalysts for reduction, hydroformylation, and
other reactions [11, 12]. We used a copolymer of DPPA
with styrene, which was prepared by free-radical copo-
lymerization in the presence of an AIBN initiator.

The macrocomplexes were prepared by the interac-
tion of Rh(CO),;sCH;CN with the synthesized macroli-
gand (styrene and DPPA copolymers (SDPPACs)) in
benzene at various ratios between monomers (M;/M,).
In turn, the parent cluster complex Rhy(CO),sCH;CN
with a labile acetonitrile ligand was prepared by the
photolysis (UV radiation; A > 300 nm) of Rhs(CO),4 in
the presence of acetonitrile. Table 1 summarizes the
main characteristics of the parent copolymers and mac-
rocomplexes.
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Fig. 1. IR spectra of (/) Rhg(CO);5CH;3CN, (2) DPPA and
styrene copolymer, (3) Rhg(CO);5CH3;CN immobilized on

the DPPA and styrene copolymer (4-SDPPAC) before reac-
tion, and (4) Rhg(CO);5CH3;CN immobilized on the DPPA

and styrene copolymer (4-SDPPAC) after cyclohexene
hydrogenation.

IR-spectroscopic data (Fig. 1) indicate that the clus-
ter structure of the metal grouping remains unaffected
upon binding to a polymer: bands due to the stretching
vibrations of terminal and bridging CO groups, which
are characteristic of monosubstituted derivatives of
Rhy(CO),,, were observed (2064-2066 and 1794
1802 cm™!, respectively). The disappearance of the
absorption band at 2294 cm™!, which corresponds to the
stretching vibrations of the CN group of coordinated
acetonitrile in Rhg(CO);sCH;CN, suggests substitution
for the labile acetonitrile ligand. A similar behavior was
observed in the interaction between a styrene and
4-vinylpyridine copolymer and Rhs(CO),;sCH;CN [13]
or Os;(CO),, [14].

According to XPS data, as compared with the spec-
trum of Rh3ds, electrons in Rhe(CO),4 (Fig. 2, spec-
trum 2), additional low-energy lines with E, = 308.2
and 307.1 eV appeared in the analogous spectra of the
intermediate cluster complex Rhy(CO);sCH;CN and
the macrocomplex on its basis (4-SDPPAC), respec-
tively (Fig. 2, spectra 3, 4). This suggests a decrease in
the positive charge on the Rh atom in the complexes
[15, 16]. The presence of a line at E, = 308.9 in the
Rh3ds, spectra of Rhg(CO),4 and the intermediate clus-
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Fig. 2. Rh3d XPS spectra of (/) RhCl;-4H,0,
(2) Rhg(CO)6, (3) Rhg(CO);5CH;5CN, (4) 4-SDPPAC
macromolecular cluster, and (5, 6) the above cluster after
the (5) first and (6) second hydrogenation cycles.
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Table 2. Bulk copolymerization of the cluster monomer Rhg(CO)4[u,n?-PPh,CH,~CH=CH,] (3) with styrene (70°C;

0.6 mol % AIBN)
Copolymer Concentration of 1 in the mono- Concentration of cluster units Concentration of Rh I
POty mer mixture, mol % in the copolymer, mol % in the copolymer, wt % n
1 0.04 0.02 0.09 56600
2 0.08 0.1 0.6 33000
3 1.0 1.0 0.5 Hek
4% 1.0 1.4 1.4 Hk

*Copolymerization in toluene.
**Molecular weights were not determined.

ter complex Rhg(CO),;sCH;CN is most likely a conse-
quence of the decarbonylation of the clusters in a vac-
uum under the action of X-rays. A similar shift (0.9 eV)
to lower binding energies was observed upon the loss of
a CO group in Rh(CO), [17]. Note that the Rh3d;,
spectrum of the parent compound RhCl; - 4H,0, which
was used in the synthesis of the carbonyl cluster, con-
tained a single line at £, = 310.0 eV (Fig. 2, spectrum /),
which is consistent with published data [18-20]. It is of
interest that the reactions of metal cluster binding to a
macroligand were not accompanied by deep processes
of polymer degradation or crosslinking, although the
molecular-weight distribution (M,/M,,) of the metal
polymers was somewhat broadened (Table 1).

Copolymerization of Rhy(CO),,[p,n?>-PPh,CH,—-
CH=CH,] (3) with styrene. Polymer-analogous trans-
formation methods frequently provide an opportunity
to obtain an expected result. However, they include
many stages: the synthesis of a macroligand and a metal
cluster, the reaction between them, and the removal of
chemically unbound components. On the one hand, this
considerably complicates the preparation process and
decreases the yield of the desired product; on the other
hand, this can be accompanied by a number of transfor-
mations in immobilized reactants. A single-step proce-
dure for the preparation of polymer-bound clusters is
largely free of the above disadvantages. In this proce-
dure, the polymerization and copolymerization of clus-
ter-containing monomers—cluster complexes whose
ligand environment includes at least one group with mul-
tiple (most frequently, double) bonds, which are capable
of polymerization reactions—are used. Previously [21],
we prepared and characterized the cluster-containing
monomer  [Rhy(CO),,(un>-PPh,CH,CH=CH,)] (3)
with DPPA as an unsaturated ligand. This ligand was
chosen because, as well as all of the allyl-type mono-
mers, it is less reactive than vinyl derivatives in poly-
merization reactions because of degradation chain
propagation. This allowed us to obtain copolymers with
low rhodium contents—low-percentage rhodium cata-
lysts.

The copolymerization of styrene with cluster mono-
mer 3 was performed in the bulk. Because of the limited
solubility of 3 in styrene, the maximum concentration

of 3 in the monomer mixture was 1 mol %. As can be
seen in Table 2, the molecular weights of the resulting
copolymers decreased with the cluster comonomer
content of the reaction mixture. This was likely due to
the cluster nature of the comonomer, which is responsi-
ble for the specificity of the reactions that restrict chain
growth. Note that, on going from the bulk copolymer-
ization of 3 with styrene to the copolymerization in
solution, the polymer yield decreased, but the concen-
tration of cluster units in the copolymer increased
(from 0.4 to 1.4 wt % Rh).

The presence of absorption bands that correspond to
the stretching vibrations of bridging (1794 and
1802 cm™) and terminal CO groups (1942, 2017, 2064,
and 2104 cm™) in the IR spectra suggests that the clus-
ter monomer did not undergo considerable changes
upon its insertion into a polymer molecule. This was
also supported by XPS data. The binding energies
(308.2 and 309.9 eV) and intensities of corresponding
Rh3dj, lines in the spectrum of the resulting copolymer
remained practically unchanged (Fig. 3, spectra 3, 6),
and only a low-intensity line with E, = 307 eV
appeared. Note that we failed to detect a signal from Rh
atoms in the XPS spectra of copolymer samples. This
fact suggests that the thickness of a polymer shell was
greater than 10 nm, that is, the depth of the surface layer
accessible to XPS analysis [16]. In other words, it is
evident that cluster groups are microencapsulated in a
polymer shell. We managed to detect a signal from Rh
atoms only after the partial dissolution of the shell.

Cyclohexene hydrogenation in the presence of
polymer-immobilized cluster complexes. Cyclohex-
ene hydrogenation is the simplest model reaction of
catalytic hydrogenation. To evaluate the catalytic
effects of polymer-immobilized cluster complexes and
compare them with traditional heterogeneous catalysts,
we performed experiments with the synthesized Rh/C
sample (Rh content of 1%) with a starting specific
activity of 0.1 mol H, (mol Rh)~! s~!. As can be seen in
Fig. 4, the activity of the test complexes is level with
that of the best heterogeneous catalysts. Along with the
polymer-immobilized cluster complexes, their low-
molecular-weight  analogs Rhy(CO),, (1) and
Rhy(CO);sCH;CN (2) were also tested as catalysts in
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Fig. 3. Rh3d XPS spectra of (I) Rhg(CO)j4lum’-
PPh,CH,~CH=CH,], (2) Rhﬁ(CO)M[p.,nZ—PPhZCHZ—
CH=CH,] and styrene copolymer, and (3) the above sample
after the first hydrogenation cycle.

this reaction (Fig. 5). In the presence of cluster
Rhg(CO),sCH;CN, the initial specific rate of this reac-
tion at the first loading of the substrate was low
(0.006 mol H, (g-at Rh)~' s7"); however, it increased to
0.07 mol H, (g-at Rh)™' s7! at the second and subse-
quent loadings. By this is meant that an induction
period is required for catalyst activation, in the course
of which catalytic centers are formed. In repeated
experiments, the rate of hydrogenation increased and
the induction period completely disappeared (Fig. 5).
The hydrogenation of cyclohexene in the presence of
Rhy(CO),¢ occurred in another manner: at the first load-
ing of the substrate, the rate of reaction was as high as
0.05 mol H, (g-at Rh)~! s71; at the next loadings, it was
0.07 mol H, (g-at Rh)"!' s™' and further remained
unchanged.

The catalysts based on Rhg(CO);sCH;CN immobi-
lized on a copolymer of styrene with DPPA (4-SDPPAC)
exhibited high catalytic activity. Although the initial
rate of hydrogenation in the presence of the 4-SDPPAC

KINETICS AND CATALYSIS  Vol. 47
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Fig. 4. Hydrogen consumption in the hydrogenation of
cyclohexene in the presence of the following catalysts: (/)
Rh/C, (2) copolymer of styrene with Rhg(CO)4(4-VPy),,
(3) Rhg(CO)5CH3CN immobilized on the styrene and
DPPA copolymer (4-SDPPAC), and (4) copolymer of sty-
rene with Rhg(CO);5(4-VPy). Catalysis conditions: T =
40°C; PI_Iz = 1 atm; isopropanol; 3.9 x 1075 g-at of Rh;

4.5 mmol of the substrate.

macrocomplex with a rhodium content of 4.16% at the
first loading was low (0.02 mol H, (g-at Rh)™' s71), it
increased to 0.4 mol H, (g-at Rh)~! s7'in the subsequent
cycles (Fig. 6). As the catalyst was in operation, the
copolymers changed their color from beige to gray. An
analogous behavior is characteristic of polymer-immo-
bilized complexes in various reactions [1]; it is related
to catalyst working. The heterogenization of the clus-
ters provides an opportunity to separate the catalyst
from the reaction medium, to use it repeatedly in new
catalytic cycles, and to obtain some experimental evi-
dence for the nature of its intermediates. This would be
impossible to perform in homogeneous systems.

The IR spectra of the polymer cluster after hydroge-
nation exhibited absorption bands characteristic of ter-
minal CO (2066 cm™), bridging CO (1794 and
1802 cm™), and P-Ar (1452 cm™).

In the repeated use of 4-SDPPAC (washed and dried
in an inert atmosphere) for cyclohexene hydrogenation,
its activity even increased rather than decreased. This
was likely due to catalyst development, which was
comparatively frequently observed in heterogeneous
processes, as noted above. Note that an analogous
behavior was found previously with the use of immobi-
lized Os; clusters in the catalytic reaction of cyclohex-
ene oxidation [22].

The experimental results allowed us to hypothesize
the mechanism of hydrogenation in the presence of the
test systems. Thus, the presence of an induction period,
the development of a catalyst in the hydrogenation of
the next portions of the substrate, a color change in the
course of reaction, and the possibility of repeatedly



724

Consumption of H,, ml
1.2, L

100
80
60
40

2010

0 60
Time, min

Fig. 5. Curves of hydrogen consumption in the hydrogena-
tion of cyclohexene in the presence of the following mono-

mers: (/-3) Rhg(CO) g (1.2 X 1074 g-at Rh) and (/'-3")
Rhg(CO)5CH3CN (1.2 % 107 g-at Rh). Curve numbers

correspond to cycle numbers. Reaction conditions are spec-
ified in Fig. 4.

using the catalyst can serve as indirect evidence for
cluster fragmentation with the formation of highly
active species in low concentrations in the course of
hydrogenation. It is likely that the nuclearity of these
species is higher (nanosized particles), and they are true
catalysts. This hypothesis is also based on the fact that
coordination vacancies for hydrogen or a substrate are
absent from the Rhg carbonyl clusters, including clus-
ter-containing monomers. According to current con-
cepts, active centers in immobilized catalysts are local-
ized at the interfaces of cluster formations, and they are
stabilized by their electron systems [1]. It is of impor-
tance to note the dynamic character of these systems;
their concentration can change in the course of activa-
tion of an immobilized complex. Thus, for example, the
activity of polymer-immobilized mononuclear rhodium
complexes increased with the extents of decarbonyla-
tion of rhodium and formation of metal centers includ-

ing Rhg [23]. In favorable cases (for example, in the

presence of a macromolecular ligand, which prevents
the aggregation of cluster particles), a superequilibrium
concentration of active states can be produced. This is
indirectly evidenced by a comparison between the IR
spectra of copolymers before and after hydrogenation:
after the reaction, the intensity of bands decreased and
they shifted to the region of the vibrations of bridging
and terminal carbonyl groups.

XPS data also suggest the formation of these active
intermediates. Thus, after the participation of the
4-SDPPAC macrocomplex in the first cycle of cyclo-
hexene hydrogenation, the low-energy line in the
Rh3ds,, spectrum shifted to 308.2 eV and a new line

POMOGAILO et al.
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Fig. 6. Curves of hydrogen consumption in the five succes-
sive cycles of cyclohexene hydrogenation in the presence of
Rhg(CO)5CH3CN immobilized on the styrene and DPPA

copolymer (4-SDPPAC) (4.16% Rh). Reaction conditions:
3.9% 107 g-at of Rh; T=40°C; PHz =1 atm; 6.5 mmol of

the substrate; solvent, isopropanol. Curve numbers are
equal to cycle numbers.

appeared at 311 eV (Fig. 2, spectrum 5). According to
Hayden et al. [24], the line with E}, = 308.2 eV can cor-
respond to Rh atoms bound to the H(CO) group. The
presence of a line at 311 eV after the first cycle of
hydrogenation suggests the appearance of Rh atoms
with a greater positive charge than that in the parent
cluster. The number and positions of the lines in the
spectrum remained unchanged after repeatedly per-
formed hydrogenation (Fig. 2, spectrum 6). Note that
hydrogenation resulted in a decrease in the intensity of
the main line (E, = 309.9 eV) in the Rh3ds,, spectrum
and in an increase in a low-energy spectrum component
with Ey, = 308.2 eV. The relative intensity of the low-
energy line in the spectrum of the 4-SDPPAC macro-
complex was 22, 32, or 57% before hydrogenation and
after the first or second hydrogenation, respectively.
The catalytic activity of the test complex changed sym-
batically with both the amount of Rh atoms bound to
the H(CO) group and the amount of Rh atoms, the
charge on which was greater than that in the parent
cluster. Note that, in this case, it is likely that the poly-
mer chain bound to the cluster fragment did not
undergo considerable changes. This is evidenced by the
molecular-weight characteristics of the macrocom-
plexes before (M, = 56000, M,, = 140000, and M, /M, =
2.50) and after hydrogenation (M, = 54000, M, =
127000, and M, /M, = 2.34).

Surface characterization of cluster-containing
polymers by atomic force microscopy. The images of
the surface relief topographies of polymer-immobilized
clusters obtained by 3D atomic force microscopy indi-
cate that these clusters were complex multilevel metal—
polymer nanocomposites as structured hierarchically

KINETICS AND CATALYSIS  Vol. 47

No. 5 2006



SYNTHESIS, STRUCTURE, AND CATALYTIC PROPERTIES

nm
80

60

40

20

nm
1.5

1.0

0.5

0

725

nm

15

10

1.0

0.5

0-

Fig. 7. Morphology of polymer-immobilized cluster particles: (a) 4-SDPPAC macrocomplex, (b) the above sample after the first
cycle of hydrogenation, (c) parent copolymer of Rhg(CO), 4[u,n2—PPh2CH2—CH=CH2] with styrene, and (d) the above sample after

the first cycle of hydrogenation.

organized particles. The shape of these particles was
near-spherical, and the metal-polymer coating was uni-
formly distributed over the support (Fig. 7). Against the
background of 4-SDPPAC macrocomplex particles of
size ~20 nm, particle aggregates of size 50-100 nm
were predominant. After hydrogenation, the capacity of
particles for aggregation weakened, although the main
particle size remained unchanged (Fig. 7b). The charac-
teristic particle size of a cluster-containing copolymer
of styrene and Rhy(CO),,[un>*PPh,CH,=CHCH,] (3)
was approximately the same as the particle size of the
4-SDPPAC macrocomplex, although the height of indi-
vidual aggregates was much smaller and they were well
separated from each other; because of this, the surface
was much more developed (Fig. 7c). After hydrogena-
tion, the capacity of particles for aggregation somewhat
increased and a tendency to smoothing was observed.
Figure 8 shows the force—distance curves. These curves
are plots of cantilever deflection (consequently, the
interacting force of the probe with the surface (F)) as a
function of sample position along the z axis (toward or
away from the probe tip). As the sample approached the
probe at a certain distance, attracting forces began to
act between them. These forces were likely due to the
interaction of the probe with moisture adsorbed on the
sample surface. The subsequent motion of the sample

KINETICS AND CATALYSIS  Vol. 47
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in the same direction caused sample pressure on the
probe, which manifested itself in cantilever deflection
(Fig. 8, the direction indicated by arrow 2). As the sam-
ple was removed from the probe, a hysteresis was
observed; the cantilever deflection decreased and
passed through an equilibrium state (Fig. 8, the direc-
tion indicated by arrow 3). As the sample was further
moved, the probe followed the sample under the action
of the capillary forces of adsorbed water until the elas-
tic forces of the cantilever became greater than the
interacting forces between the probe and the sample. At
this point in time, the probe was detached from the sam-
ple; the point of cantilever detachment from the sample
surface shifted by the value AZ, and the cantilever
returned to its initial strain-free state (Fig. 8, the direc-
tion indicated by arrow 4). Because capillary forces
correlate with surface polarity, the measured forces can
serve as a measure of this polarity [25] and, conse-
quently, surface hydrophilicity.

The interacting force F, between the sample and the
probe is determined by the relationship F, = kAZ, where
k is the spring constant of the cantilever. The study of
the interacting forces between the probe tip and the
sample using force—distance curves showed that F, fell
within the range 3—10 nN for 4-SDPPAC particles. The
participation of the test macrocomplex in a catalytic



726

Fz, nN .
3

0\:\\ AZ 4%

3L 2

6 /4

9l

(b)
0t ‘\3
I
2
3 L
/4

6 -
—1000 1000 3000, 5000

Distance, A

Fig. 8. Force—distance curves for the initial polymer-immo-
bilized clusters: (a) 4-SDPPAC macrocomplex and (b) the
copolymer of Rhg(CO);4[1,n%-PPh,CH,—~CH=CH,] with
styrene. (/) Sample approach to the tip (the tip is in the start-
ing position), (2) combined upward motion of the sample
with the tip, (3) combined backward motion of the sample
with the tip, and (4) return of the tip to the starting position.

reaction resulted in a decrease in this range and in an
increase in F.. Thus, after the second cycle of hydroge-
nation, the range of F, was 8—11 nN. The above data
indicate that the surface of 4-SDPPAC macrocomplex
particles after hydrogenation became more uniform and
hydrophilic. In turn, this suggests an increase in the
concentration of polar functional groups in surface lay-
ers, which was likely due to the cleavage of Rh—Rh
bonds in a cluster.

In the cluster-containing copolymer based on 3, the
range of F, was 4-6 nN, which is indicative of higher
hydrophobicity and uniformity of the surface layers of
cluster-containing copolymer particles, as compared
with 4-SDPPAC macrocomplex particles. After hydro-
genation in the presence of the cluster-containing
copolymer based on 3, the range of F, remained almost
unchanged (4-7 nN); this is indirect evidence for the
microencapsulation of the cluster groups of the copoly-
mer in a polymer shell. This hinders transformations in
the course of hydrogenation. At the same time, shell
parameters allow the substrate and the reaction product
to penetrate easily through the shell.

Thus, in this work, we were the first to prepare and
characterize polymer-immobilized Rhg clusters, which
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are efficient catalysts for hydrogenation reactions. The
heterogenization of metal clusters allowed us to isolate
and study some catalytically active intermediates. In
the course of catalytic reaction, the cleavage of the Rh—
Rh bond and cluster fragmentation occur with the for-
mation of highly active species in low concentrations.
It is likely that the nuclearity of these species was
greater (nanosized particles), and the hydride forms of
these species can be true catalysts. We intend to con-
tinue the study of these intermediates, for example,
using direct high-resolution transmission electron
microscopy.
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