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ABSTRACT: Research on platinum catalysts with high activity and long life for hydrosilylation has attracted a great deal of interest
because of the increasing price of platinum metal. In this study, we examined the effect of the molecular weight of carboxyl-ended
hyperbranched polyester/platinum complexes (HTD-n—Pt’s, where n=1, 2, 3, or 4) on hydrosilylation activity and self-assembled
morphology. Relevant parameters tuning the morphology of self-assemblies, such as the temperature, time, concentration, and relative
humidity, were examined. All of the HTD-#n—Pt’s with various molecular weights had much higher hydrosilylation activities than did
the conventional homogeneous Speier’s catalyst, and the HTD-n—Pt could be self-assembled into ordered two-dimensional treelike
structures with a fractal dimension ranging from 1.48 to 1.83; this indicated perfect fractal properties. With the increase of the HTD-
n—Pt molecular weight, the size of the self-assembled treelike structures and the catalytic activity increased first and then decreased.
The self-assembly mechanism was speculated and analyzed by dynamic light scattering, X-ray photoelectron spectroscopy, X-ray dif-
fraction, scanning electron microscopy, and Fourier transform infrared spectroscopy; these suggested good agreement with the
diffusion-limited aggregation theory of particles. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41416.
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prepared through a one-step polymerization process.”* HBPs
have been used broadly as supports for various fields, including
catalysis,” drug carriers,’ and biomaterials,”? containing a large
number of terminal functional groups. HBPs may show amphi-
philic and nonamphiphilic properties according to the hydro-
philicity difference of their core segments and peripheral
groups. The morphology of stable self-assemblies'? is easily con-
trolled by the tuning of the ratio of hydrophilic and hydropho-
bic segments in amphiphilic HBPs. The self-assembled
morphologies, including spherical micelles, cylindrical micelles,
discontinuous structures, fibers, tubes, lamellae, and vesicles, are
primarily determined by a packing parameter,”” p=v/al,
where v is the volume of the hydrophobic segment, ay is the
contact area of the head group, and I. is the length of the
hydrophobic segment. Therefore, the design and synthesis of

INTRODUCTION

The hydrosilylation of olefins is a crucial catalytic reaction for
producing industrially important organosilicon compounds,
such as organofunctional silanes and silicones,’ and for cross-
linking silicone polymers to elastomers and silicone-based
release coatings. As the industrially most important Pt-based
catalysts for this reaction, a homogeneous platinum catalyst
was very active but difficult to recycle. However, recyclable het-
erogeneous platinum catalysts are usually less active. Research
on the development of highly active and reusable catalysts for
hydrosilylation has been of great interest because of the scarcity
and high price of platinum. The challenge generally lies in how
to improve the dispersion of active platinum on various
supports.

Hyperbranched polymers (HBPs) with different topologies and

molecular sizes are randomly branched macromolecules,
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amphiphilic HBPs with hydrophobic segment of proper length
of are pivotal to the self-assembly of amphiphilic HBPs.
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Figure 1. Synthesis schemes for HTD-n and HTD-2-Pt. AB2 = chemical
structure. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Amphiphilic HBPs*'"'* have demonstrated great success and
have been well developed in self-assembly for their applica-
1H1215717 35 biomaterials and drug-delivery and reaction
However, complex and tedious synthetic processes,
such as grafting modification or reversible addition—fragmenta-
tion chain-transfer polymerization copolymerization,'"'> have
limited their practical applications. Nonamphiphilic HBPs can
be obtained from facile one-pot or pseudo-one-step methods,
and they contain various functional terminals, such as carboxyl-
, hydroxyl-, vinyl-, amino-, or amido-ended groups; these may
provide unique properties in the encapsulation of small mole-
cules or inorganic nanoparticles.*'® Although directly self-
assembling nonamphiphilic HBPs into an ordered structure is a
challenge, we first obtained ordered microrods and treelike
aggregates by the self-assembly of carboxyl-ended hyper-
branched polyesters (HTD-n’s, where n=1, 2, 3, or 4) via the
coordination induction of platinum,>"® copper,?
ions. Platinum coordination played a key role in driving the
microphase separation between the intermolecular and periph-
eral chains of the carboxyl-ended hyperbranched polyester/plati-
num complexes (HTD-#n-Pts, where n=1, 2, 3, or 4; e.g,
HTD-3-Pt and HTD-2-Pt). Because the solubility parameter of
a pyridine/ethyl acetate solution [19.80 (J/em®)®?] is an
approach to that of the core segments [19.47 (J/cm®)°?], the
pyridine/ethyl acetate can dissolve the core segments but it is
not the peripheral groups for the formation of water/oil
micelles. On the contrary, if a selected solvent should dissolve
the peripheral groups rather than core segments for the forma-
tion of oil/water micelles, it is a challenge to control the self-
assembled morphology. Both HTD-3-Pt and HTD-2-Pt'® could
be self-assembled into low-dimension, micrometer-sized lamel-
lar films in tetrahydrofuran (THF) and microrods® on the sur-
face of the glass substrate, but amido-ended group HBPs**?*’
with stronger hydrogen-bonding interaction could be self-
assembled into two-dimensional (2D) treelike structures. More-
over, both HTD-3-Pt and HTD-2-Pt showed higher catalytic
properties for hydrosilylation than traditional catalysts. The
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influence of the molecular weight and the properties (e.g.,
hydrophilicity) of a solvent on the morphology of the resulting
self-assemblies still remains undiscovered as does that on the
catalytic activity of the complex (HTD-n-Pt).

In this study, we synthesized HTD-n—Pt’s with various molecu-
lar weights and examined the effects of the HTD-n—Pt molecu-
lar weight on the catalytic activity of hydrosilylation and their
surface self-assembled 2D treelike structure. The self-assembly
mechanism was investigated with dynamic light scattering
(DLS), scanning electron microscopy, X-ray diffraction (XRD),
X-ray photoelectron spectroscopy (XPS), and Fourier transform
infrared (FTIR) spectroscopy. The novel treelike self-assemblies
may hopefully be used as multifunctional drug carriers in
release system because of the function of the platinum ions**
for the improvement of bioactive materials and as bioactive
materials themselves’ because of their fractal properties.”®

EXPERIMENTAL

Materials and Instruments

Trimellitic anhydride, xylene, diethylene glycol, tetrabutyl tita-
nate, dimethylformamide (DMF), chloroplatinic acid, THE
1,1,3,3-tetramethyldisiloxane ~ (TMDS), styrene (St),
NH,HCO; were analytical grade and were purchased from
Sinopharm Chemical Reagent Corp. All of the reagents were
used without further purification unless noted otherwise.

and

FTIR measurements were performed on a Bruker Vector 33 spec-
trometer with a sealed cell (KBr, 0.5 mm). "H-NMR measurements
was conducted on an Avance I11-400 (Bruker) NMR spectrometer
with hexadeuterated dimethyl sulfoxide as the solvent. A low-voltage
scanning electron microscope (XL-30FEG, Philips) and a transmis-
sion/reflection polarizing optical microscope (TRPOM; XPV-203E,
China) equipped with a thermal platform were used to examine the
morphology of the self-assemblies. The XRD patterns were obtained
with a Bruker-D8 diffractometer with monochromatized Cu Ku
radiation (1= 1.54 A). The surface compositions of the samples
were determined with a Vacuum Generator Mutilab 2000 XPS spec-
trometer with the Cls (284.6 eV) peak of the contamination carbon
as the internal standard. DLS measurements of samples with a con-
centration of 1.0 mg/mL were performed on a ZetaSizer Nano ZS90
(Malvern Instrument, Worcs, United Kingdom) equipped with a 4-
mW He—Ne Laser at about 25.0°C and at a scattering angle of 90°.
The apparent z-average hydrodynamic diameter (D)) was calculated
by the dispersion technology software provided by Malvern.

Preparation of the HTD-n-Pt

The synthesis scheme of HTD-2—Pt is shown in Figure 1. First,
the HTD-ws were synthesized according to our previous
articles,”®*” as shown in Figure 1. Their molecular weights and
distributions are shown in Table I. The characteristic groups of

the HTD-#’s were identified.

FTIR spectroscopy (KCI, cm ™ Y): 3300-3500 (s, —OH), 1730 (s,
—CO0—), 1660 (s, —COOH). 'H-NMR (hexadeuterated
dimethyl sulfoxide, ppm, ¢): 4.36-4.38 (—COOCH,—), 3.67—
3.74 (—CH,OCH,—), 7.75-8.22 (—C¢H,).

The detailed synthetic process of HTD-2-Pt was referred to in
our previous article'” on the basis of the main materials of
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Table 1. Properties of HTD-n
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HTD-n
HTD-1 HTD-2 HTD-3 THD-4

Number of carboxyl-ended groups 6 12 24 48

M., (Da) 2027 4260 5958 16,166
PDI =M, /M, 1.95 2.23 1.60 111
Degree of branching 0.65 0.71 0.66 0.62
Hydrophobic segment content (wt %) 74.3 80.2 82.3 83.2
Hydrophilic segment content (wt %) 25.7 19.8 17.7 16.8

M,, = number-average molecular weight; M,, = weight-average molecular weight; PDI = polydispersity index.

chloroplatinic acid (0.2 g), isopropyl alcohol (6 g), THF (3 g),
HTD-2 (1 g), and NH,HCO; (0.4 g). HTD-1-Pt, HTD-3-Pt,
and HTD-4-Pt were also obtained through a similar process.
HTD-n-Pt contained about 7.0 wt % platinum.

Catalytic Experiment of the HTD-n-Pt’s

HTD-n—Pt (0.1 g) as a catalyst was added to a flask for hydrosi-
lylation between St (0.06 mol, 6.24 g) and TMDS (0.025 mol,
3.36 g) at 323-328 K with mechanical stirring. The catalytic
activity of the catalyst was characterized by the conversion of
the Si—H bond and recorded by FTIR spectroscopy through the
monitoring of the change in the vg—y peak area at about
2121 cm™ ' with the reaction time. Similarly, as a comparable
experiment, a traditional homogeneous Speier’s catalyst contain-
ing the same amount of platinum was used to catalyze the
hydrosilylation.

Preparation of the Self-Assembled HTD-n—Pt’s

In a typical experiment, HTD-2-Pt was dispersed in DMF
ultrasonication followed for 20 min. The solution was dropped
on the clean surface of a glass substrate to allow for self-
assembly. The self-assembled morphology was observed real in
time by the TRPOM under a designated temperature and rela-
tive humidity (RH).

RESULTS AND DISCUSSION

Characterization of the HTD-n—Pt’s

The FTIR spectra of the HTD-n-Pt catalysts are presented in
Figure 2(a). Only the FTIR spectrum of HTD-2 is provided as
an example of HTD-#n for comparison because of their similar-
ity of chemical structure. The absorption peaks of the ester
(—COO—) and carboxyl (—COOH) groups of HTD-2 were
observed at 1723 and 1650 cm ™', respectively. With the reaction
of H,PtCle-6H,0, a new strong peak at 1610 cm™ ' appeared
and was attributed to the stretching vibrations of coordinated
bonds (—COOPt),%® and the absorption peak at 1650 cm '
became weaker [Figure 2(a)]. This confirmed the coordination
interactions between platinum and the carboxyl groups.

The XPS spectra of HTD-2 and HTD-#-Pt are shown in Figure
2(b). The peaks of the binding energy (BE) at about 285 and
532 eV were attributed to Cls and Ols electrons, respectively.
The XPS spectra around the ranges of 526-536, 279-292, and
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68-82 eV are shown in Figure 2(c—d). After HTD-#n (e.g., HTD-
2) reacted with chloroplatinic acid, the BE for the Ols electrons
decreased from 532.1 to 531.8 eV, the Cls peak of the carboxyl
group at 288.8 eV became weaker [Figure 2(c)], and the Cl2p
peak at 198.8 eV disappeared. This gave further evidence for the
coordination between platinum ions and the carboxyl group of
HTD-n.?° The peaks around 73.0 and 76.3 eV [Figure 2(d)]
were attributed to Pt,f;, and Pt,fs, electrons, confirming the
presence of Pt (IV) in the HTD-n-Pt catalysts because the BEs
of the Ptyf;;, and Pt,fs;, electrons of Pt(0) usually appear at
about 71.2 and 74.5 V.

Catalytic Properties of the HTD-n—Pt’s

The relationship between the conversion of the Si—H bond and
the reaction time was investigated and is shown in Figure 3(a)
for catalysts with different molecular weights. All of the catalytic
activities of these HTD-n—Pt catalysts were much higher than
that of the Speier’s catalyst containing the same platinum con-
tent. An interesting result was that the reaction catalyzed by
HTD-n-Pt was composed of two distinct stages and explained
by the following mechanism of hydrosilylation.>'® The solubility
parameters of the core segments of HTD-1-Pt, HTD-2-Pt,
HTD-3-Pt, and HTD-4-Pt were 19.36, 19.44, 19.47, and 19.48
(J/cm?)*?, respectively, all of which were higher than that of St
[18.90 (J/cm®)®®]; this favored the HTD-n—Pt’s as nanoparticles
dispersed in the St/TMDS solution, as demonstrated by their
transmission electron micrograph.'® Hydrosilylation contains
three main processes according to the modified Chalk—Harrod
mechanism of hydrosilylation;' these include the oxidative addi-
tion between TMDS and HTD-#-Pt, alkene insertion, and
reductive elimination. The intramolecular chains of the complex
produced by alkene insertion could not dissolve completely in
the St/TMDS solution; however, the peripheral segments dis-
solved easily because of the similarity of the solubility parame-
ters; this resulted in the shrinkage of the intramolecular chains
and the extension of the peripheral chains.'® Therefore, more
platinum active sites were exposed and were available for the
catalytic reaction. Additionally, an increase in the viscosity of
the system due to the coordination between the active Pt cores
of the HTD-n—Pt’s and TMDS resulted in a reduction in the
reductive elimination rate. When most of the TMDS in solution
was consumed, the elimination process took over; this reduced
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Figure 2. FTIR and XPS spectra of HTD-2 and HTD-n—Pt. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

the viscosity of the system and resulted in an increase in the
catalytic activity. Therefore, all of the Si—H conversion curves
in Figure 3(a) showed two stages for the reaction in the pres-
ence of HTD-n-Pt. In comparison, the reaction rate of the
homogeneous Speier’s catalyst system had no such variation.

With increasing molecular weight of HTD-n—Pt, the catalytic activity
increased first and then decreased. Both HTD-2-Pt and HTD-3-Pt
catalysts with medium molecular weights had relatively higher activ-

ities than either HTD-1-Pt or HTD-4-Pt. This phenomenon may
have been due to the differences in the molecular shape. The size of
about 2.0 X 0.9 X 3.7 nm’ of HTD-1 was close to that of the linear
polymer,”" and the entanglement of the molecular chains might have
wrapped some active Pt species during the reaction and resulted in a
low activity. HTD-4, with a size of 5.9 X 5.5 X 10.3 nm®, might also
have wrapped some Pt during the reaction because of its elliptic
shape and high molecular weight.
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Figure 3. Effect of various catalysts for hydrosilylation on the conversion of the Si—H bond with the reaction time and cycled times. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 4. OM micrographs of the self-assemblies: (a) HTD-1, (b) HTD-2, (c) HTD-3,(d) HTD-4, (e) HTD-1-Pt, (f) HTD-2-Pt, (g) HTD-3-Pt, and (h)

HTD-4-Pt.

The effect of the recycle time on the catalytic activity was moni-
tored by FTIR spectroscopy and is shown in Figure 3(b). As
demonstrated by the variation of the absorption peak at
2121 em™ ' (vg_y), the catalytic activity did not begin to
diminish until the ninth run; this suggested excellent recyclabil-
ity of the catalyst.

Surface Self-Assembly Morphology and Mechanism of the
HTD-n-Pt’s

Self-Assembled Morphology. The formation of thermodynami-
cally stable self-assemblies with various morphologies is tuned
by three main contributions in the free energy of the system:
the stretching degree of the core-forming blocks, the interfacial
tension between the micelle core and the solvent outside the
core, and the repulsive interactions among the micelles.”**’
Therefore, we examined some crucial factors, including the
polymer composition, concentration, temperature, presence of
additives such as ions, and RH, to clearly understand the self-
assembly mechanism of the HTD-n—Pt’s.

Platinum Ion Effect. The self-assembled morphologies of the
HTD-n (0.05 g)/DMF (18.5 mL) and HTD-n-Pt (0.05 g)/DMF
(18.5 mL) obtained at 288 K and 20% RH are shown in Figure
4. HTD-n can self-assemble into irregular silklike patterns [Fig-
ure 4(a—d)]; this was attributed to the secondary aggregation of
unimolecular micelles stabilized by intermolecular hydrogen
bonding.>* However, HTD-n—Pt self-assembled into ordered 2D
treelike supramolecular structures [Figure 4(e-h)] with a diame-
ter of about 100-300 pum, and the diameter increased first and
then decreased with increasing molecular weight. HTD-1-Pt,
with a lower molecular weight, formed smaller micelle particles
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and took much more time to self-assemble into treelike aggre-
gates, similar to those from HTD-2-Pt and HTD-3-Pt. HTD-4—
Pt, with a higher molecular weight, formed bigger micelle par-
ticles that moved only in a limited region. Therefore, the sizes
of the self-assembled HTD-1-Pt (155.40 £27.53 pm) and
HTD-4-Pt (109.44 + 15.39 um) were smaller than those from
HTD-2-Pt (215.45 = 43.84 pm) and HTD-3-Pt (160.24 = 20.75
pm), as confirmed by the statistical results obtained from 100
treelike self-assemblies.

Concentration Effect. Figure 5 shows the effect of the HTD-2—
Pt concentration on its self-assembled morphology. With
increasing concentration from 0.10 to 0.75 wt %, the morphol-
ogy changed from an ordered treelike structure with fractal
properties [Figure 5(a) and Figure 4(f)] to random rodlike,
branchlike, or quarter-tree-like structures [Figure 4(b,c)]. HID-
2-Pt with a concentration of 0.10 wt % generated small flower-
like or half-tree-like aggregates [Figure 5(a)] rather than an
ordered treelike structure [Figure 4(f)]; this was probably due
to the lack of micelle particles to aggregate further on the sur-
face. Although the self-assembling HTD-2-Pt had a higher con-
centration, the movement of micelle particles toward primitive
aggregates may have become difficult because there was not
enough space for rearrangement, and this resulted in rodlike or
quarter-tree-like morphologies [Figure 5(b,c)].

Temperature and RH. The movement of micelles and the
vaporization speed of DMF on the surface of substrates were
dependent on the RH and temperature. Generally, a higher RH
results in a lower vaporization of DMF, and a higher tempera-
ture is conducive to the movement of micelles. The
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morphologies of the self-assembled HTD-n—Pt with a 0.27 wt %
concentration under different RHs and temperatures are shown
in Figures 6 and 7, respectively. The micelle particles on the sur-
face of the glass substrate aggregated together through the
hydrogen bonding that they encountered at low RH, but the
primitive aggregates could not rearrange, and this resulted in a
partially regular treelike structure [Figure 6(a)]. On the con-
trary, the movement of micelle particles was too random to
root in limited regions and form stable structures at high RH,
so hazy wormlike [Figure 6(e)] and flecked aggregates [Figure
6(f,g)] were observed. With a medium RH of about 50%, these
micelle particles were able to reassemble and form uniformly
rulerlike structures [Figure 6(a—d)].

Low temperatures appeared to also be an indispensable factor
for the formation of treelike self-assemblies [Figure 4(b)]. With
increasing temperature, the morphologies (Figure 7) become
irregular, consisting of cross-shaped patterns, and the size of the
self-assemblies decreased sharply. The self-assembly temperature
influenced not only the volatility rate of the DMF but also the
movability of the micelle particles. With increasing temperature,
the micelle particles may not have had enough time to rear-
range into their preferred and stable morphology because of the
fast vaporization of the solvent; this resulted in a smaller size

Figure 5. OM micrographs of the self-assembled HTD-2-Pt with different concentrations: (a) 0.10, (b) 0.40, and (c) 0.75 wt %.

and vague morphologies [Figure 7(e-h) cf. Figure 4(e-h)]. Poly-
mers with higher molecular weights and bigger sizes also
resulted in lower movability of the aggregated micelles. There-
fore, only the micelle particles obtained from HTD-n—Pt with
medium molecular weights could self-assemble into regular
treelike [Figure 4(f,g)] and rulerlike structures [Figure 6(b,c)]
with big sizes.

Self-Assembly Process and Mechanism. The previous results
concerning the factors influencing self-assembly morphologies
suggest that the platinum ions played a crucial role in inducing
self-assembly. The coordination between platinum ions and car-
boxyl groups in HTD-n was confirmed by the FTIR and XPS
spectra shown in Figure 2. The FTIR spectra of the self-
assembled HTD-n-Pt’s are shown in Figure 8(a). The absorp-
tion peak near 1610 cm ! [Figure 2(a)] shifted to 1655 cm !
[Figure 8(a)]; this indicated the formation of ordered treelike
self-assemblies.

The XPS spectra of the self-assembled HTD-n—Pt’s are shown
in Figure 8(b-d). Peaks of BE at about 284.64 and 532.15 eV
were attributed to Cls and Ols electrons, respectively, and the
peaks around BEs of 72.52 and 75.87 eV were attributed to
their Ptyf;, and Ptyfs;, electrons. The decrease in BE of about

Figure 6. OM micrographs of the self-assembled HTD-#n—Pt at various humidities: (a) HTD-1-Pt at 50% RH, (b) HTD-2-Pt at 50% RH, (c) HTD-3-Pt at
50% RH, (d) HTD-4-Pt at 50% RH, (e) HTD-1-Pt at 80% RH, (f) HTD-2-Pt at 80% RH, (g) HTD-3-Pt at 80% RH, and (h) HTD-4-Pt at 80% RH.
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Figure 7. OM micrographs of the self-assembled HTD-#n—Pt at various temperatures: (a) HTD-1-Pt at 313 K, (b) HTD-2-Pt at 313 K, (c) HTD-3-Pt at
313 K, (d) HTD-4-Pt at 313 K, (e) HTD-1-Pt at 353 K, (f) HTD-2-Pt at 353 K, (g) HTD-3-Pt at 353 K, and (h) HTD-4-Pt at 353 K.

0.5 eV for both the Ptyf;, and Pt,fs5,, electrons and the
increase in BE of about 0.2 eV for the Cls electrons in the car-
boxyl groups also suggested the formation of ordered aggre-
gates, as compared with the corresponding spectra shown in
Figure 2. To analyze the effect of DMF during the self-

iyl

assembly of the HTD-n—Pt’s, both HTD-2 and HTD-2-Pt were
dissolved in DMF, and the solutions were condensed to obtain
solid samples. Compared with the XPS spectra of their self-
assembled counterparts [Figure 8(d)], a distinct decrease in BE
of the N1s electrons from about 401.40 to 400.64 and then to
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Figure 8. FTIR and XPS spectra of the self-assembled HTD-n—Pt and dried directly HTD-2/DMF and HTD-2-Pt/DME. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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Figure 9. OM micrographs of the self-assembled HTD-2-Pt with 0.27 wt % concentration at 288 K and 20% RH: (a) 240, (b) 270, (c) 300, (d) 340, (e)

360, (f) 380, (g) 400, (h) 420, and (i) 460 min.

400.10 eV and an increase in BE of the Pt4f;,, and Pt4fs,, elec-
trons from about 72.52 and 75.87 eV to 72.85 and 76.15 eV,
respectively, clearly indicated a change in the interaction
between the platinum and nitrogen atoms during self-
assembly.

The surface self-assembly of HBPs or star polymers without
metal ions usually results a in honeycomb structure, and the
mechanism is supposed to be a combined solvent evaporation,
water condensation, and core—shell micelle aggregation pro-
cess.”® The self-assembly mechanism of an HTD-3-Pt pyri-
dine/ethyl acetate solution has been discussed according to one-
dimensional microrodlike self-assemblies through water/oil
micelles.” The selected solution could dissolve the core segments
of HTD-3-Pt but not its peripheral segments composed of car-
boxyl and coordinate groups; this resulted in the formation of
water/oil micelles. However, DMF can only dissolve the periph-
eral segments of HTD-n—Pt and form oil/water micelles; this
resulted in perfect 2D ordered treelike supramolecular struc-
tures. Therefore, the mechanism of self-assembly through oil/
water micelles was apparently different from that through
water/oil micelles, although the solvent evaporation and concen-
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tration effects involved had similarity.>** The effect of the self-
assembly time on the morphology of the self-assembled HTD-
2-Pt (Figure 9) suggested that the ordered treelike structures
grew gradually and finally formed stable treelike structures with
diameters of about 100-300 um [Figure 9(i)] and a trunk width
of about 2-3 um (Figure 10). Moreover, the treelike morphol-
ogy was very similar to those of conjugated polymers® and
dendrimers,"® and the process could be explained by the
diffusion-limited aggregation (DLA) theory*' of particles.

According to the self-assembly process of the HTD-2-Pt and
DLA model, a possible self-assembly mechanism was proposed
as follows:

1. The solubility parameter of the peripheral segments [mainly
carboxyl groups; 22.22 (J/em®)®?] of HTD-n—-Pt was close to
that of DMF [24.80 (J/cm?)®?], which existed as a distinct gap
with that of the core chains of HTD-#n—Pt [ca. 19.36-19.48 (J/
cm?®)%°] without consideration of the coordinate and carboxyl
groups. Thus, the complexes may have been amphiphilic poly-
mers in DMF and could form micelles. When the HTD-#n—Pt
dispersed in DME, the peripheral chains swelled and dissolved

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41416
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Figure 10. Scanning electron micrographs of the self-assembled HTD-2-Pt at various magnifications.

gradually, but the core chains shrank and deformed. This
resulted in oil/water micelles (or primitive particles), substanti-
ated by the Dy, values of HTD-1-Pt, HTD-2-Pt, HTD-3-Pt, and
HTD-4-Pt in DMF of about 83.7, 68.8, 195.1, and 129.2 nm,
respectively (Figure 11). Moreover, the ps of HTD-n-Pt, as esti-
mated in Table I, were in the range 0.5-1.0. This indicated that
lamellar aggregates or vesicles were formed according to a previ-
ous study of the self-assembly of amphiphilic polymers."?

2. After the HTD-n-Pt solution, consisting of oil/water micelles,
spread homogeneously on the substrate [Figure 9(a)], the
micelles gradually formed separate aggregates [Figure 9(b)] with
a diameter of about 300-500 nm [Figure 10(c)]. As the solvent
evaporated, the decrease in the temperature of the aggregates
may have resulted in the formation of water droplets on the
surface of the aggregates,’® and the aggregates thus shrink. The
evaporation of DMF also drove the aggregates to move together
and rearrange through hydrogen bonding and coordination
interactions; this resulted in the formation of primitive self-
assemblies [named saplings, Figure 9(c—e)]. With the further
evaporation of DMF, some aggregates moved and met the sap-
lings in a limited region. This resulted in the gradual growth
[Figure 9(f-h)] of the saplings and, finally, the formation of
mature trees [Figure 9(i)]. (3) The movement of the aggregates
was similar to that of particles in the DLA model,*" and the

30

—=— HTD-1-P{
— — HTD-2-Pf
—— HTD-3-Pf{
~—~— HTD-4-Pf

N R R

10 100 1000
Hydrodynamic diameter (nm)
Figure 11. D), values of HTD-n—Pt measured by DLS. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.
com.]
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primitive self-assemblies and aggregates are regarded as seeds or
single particles in DLA theory. A seed, as a core or sapling in
the self-assembly system, was situated at the origin of a local
region, and then a single particle (or aggregate) was near the
original region. The particle moved randomly with the evapora-
tion of DMF until it met a site adjacent to the seed. Then, the
moving particle became a part of the primitive self-assembly.
Another particle could then move randomly over until it joined
the self-assembly [Figure 9(e-h)] and gradually formed a hyper-
branched structure [Figure 9(i)]. This was demonstrated from
the appearance of some separate aggregates with diameters of
about 300-500 nm [Figure 10(c)]. The exposed ends of the self-
assembly tended to grow more rapidly than other perimeter
sites because the perimeter sites near the center were shadowed.
Finally, treelike self-assemblies with excellent supramolecular
structures formed, as shown in Figure 10(a).

Properties of the Self-Assemblies. No sharp peaks appeared at
low 20s, as shown by the XRD spectra of the self-assembled
HTD-n-Pt’s in Figure 12(a); this suggested an amorphous struc-
ture of all of the self-assembled HTD-#n-Pt’s, and this agreed
well with traditional self-assemblies obtained from amphiphilic
HBPs.'"'®** Some weak peaks were attributed to the microcrys-
tal structure fabricated by platinum ion coordination and
hydrogen bonds during solvent-driven self-assembly.>'® The
treelike structures were fabricated by single particles composed
of the peripheral aggregation of primitive particles (Figure 10),
and the core chains of particles could not rearrange because the
condensed water droplets only swelled the peripheral hydro-
philic chains. Therefore, the molecular chains of HTD-#-Pt still
retained their intrinsic amorphous structure.

The resulting fractal behavior of the treelike self-assemblies in
Figure 4 was very similar to that of self-assemblies from block
polymers*>** and dendrimers.*> The dimensions of fractal
micrographs are usual between 1 and 2 for many clusters and
aggregates according to DLA theory.*® Generally, the higher the
dimension is, the more orderly the structure becomes. The frac-
tal dimension (Dy) could be calculated by the following equa-
tion*” via the DLA model:

where r is the length unit and N(r) is the size of the geometric
object measured with the unit r The relationships between

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41416
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Figure 12. (a) XRD spectra of HTD-n-Pt, HTD-2 and self-assembled

HTD-n-Pt and (b) Dy’s of self-assembled HTD-n-Pt. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

log N(r) and log r in self-assembled HTD-#n—Pt are shown in
Figure 12(b), and the Ds of HTD-1-Pt, HTD-2-Pt, HTD-3-Pt,
and HTD-4-Pt self-assemblies were about 1.59, 1.83, 1.54, and
1.48, respectively. This indicated that the Dy of the self-assembled
HTD-n-Pt’s increased first and then decreased with increases in
their molecular weight; this was in good agreement with their
sizes of self-assemblies shown in Figure 4. This result could be
explained by their self-assembly processes and influencing factors.
The morphology of the self-assembled HTD-2-Pt was indeed
more regular than those of the other three complexes.

CONCLUSIONS

On the basis of our previous studies of the solvent-driven self-
assembly of both HTD-3-Pt and HTD-2-Pt with higher cata-
lytic properties for hydrosilylation than traditional homogene-
ous catalysts, here we have reported their surface self-assembly
in addition to that of HTD-1-Pt and HTD-4-Pt. Factors influ-
encing the morphology of the self-assemblies, including the
molecular weight, temperature, time, concentration, and RH,
have also been discussed, and the 2D ordered treelike supramo-
lecular structure on a micrometer scale was fabricated on the
surface of a glass substrate. A self-assembly mechanism, in
accordance with DLA theory, has been suggested. We high-
lighted the effect of the molecular weight of the hyperbranched
polyesters on the catalytic activity and morphology control of
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self-assembly, and the results indicate that both HTD-2-Pt and
HTD-3-Pt, with medium molecular weights, had better catalytic
performance for hydrosilylation and self-assembled into more
orderly and bigger microstructures than the other two com-
plexes, with lower or higher molecular weights. All of the Dys
of the treelike self-assemblies increased first and then decreased
with increasing molecular weight.
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