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Formation of CdS Nanoparticle Necklaces with
Functionalized Dendronized Polymers
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A one-dimensional assembly of cadmium sulfide (CdS) nanoparticles

was prepared by using functionalized polymers with pendant Fréchet-
type dendritic wedges of different generation. The novel dendronized
polymers acted as both nanoreactors for the formation of CdS nanoparti-
cles and a template to arrange the nanoparticles into a necklace. The
polymers of different dendron generation were applied to stabilize CdS
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particles and the effect of dendron size was observed. CdS nanoparticle
necklaces were obtained successfully when polymers bearing second-gen-

eration dendrons were applied.

1. Introduction

The syntheses of inorganic semiconductor nanoparticles
have motivated much interest due to their size-dependent
optical and electronic properties, and potential applications
in the fields of nonlinear optics, light-emitting devices, elec-
tronics, and so on. Control of the particle size and polydis-
persity is very important due to the quantum confinement
effect.!] Many materials, such as polymers, ceramics, and
glasses, have been used as the matrix to disperse the semi-
conductor nanocrystals.”’ Cadmium sulfide (CdS) nanoparti-
cles have been prepared by using organic polymers of sty-
rene-based random ionomers,”! diblock ionomers,*! double-
hydrophilic block copolymers,”! or polymer micelles."” In
these cases the polymers act as stabilizers or nanoreactors
for the formation of semiconductor nanoparticles. Dendri-
mers can also play this role, and semiconductor or metal
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nanoparticles have been synthesized in poly(amidoamine)
(PAMAM) or other dendrimers.'>"! Furthermore, linear
templates, such as polyelectrolytes,'? DNA,'” proteins,"
and carbon nanotubes' or template-free self-assembly
methods,”™ have been applied to prepare one-dimensional
(1D) assemblies of nanoparticles. When these narrowly dis-
persed nanoparticles are arranged along the polymer chains,
semiconductor or metal nanowires may be formed and
many collective properties that are evidently different from
single nanoparticles can be expected for the 1D nanoparti-
cle assemblies.?! However, organization of these nanoparti-
cles into a linear form is still difficult. Gold nanowires and
wirelike cadmium sulfide nanoparticle assemblies using
core-shell cylindrical polymer brushes as templates have
been synthesized successfully.”>*! In these cases, the cylin-
drical polymers act not only as nanoreactors and stabilizers
for the formation of nanoparticles, but also as templates to
induce the arrangement of the nanoparticles. However, ex-
amples of the assembly of inorganic nanoparticles in one di-
mension with rationally designed single molecules are
rather scarce. Well-defined synthetic polymers with tunable
conformation may be more suitable for such purposes, com-
pared with naturally occurring polymer products.
Dendronized polymers, which emerged in the early
1990s, are hybrids of dendritic wedges and linear poly-
mers.”*?] The pendant dendrons tune polymer-chain mor-
phology, and therefore the polymer properties, through
steric hindrance. With increasing growth of the dendrons,
the steric repulsion between the dendritic wedges along the

small 2006, 2, No. 11, 1314 - 1319



Dendrimer-Functionalized Polymers as Nanoparticle Templates

backbone increases, and as a result, the main polymer
chains extend and transform from random coils to rodlike
cylinders. Much attention has been paid to their synthesis;>°!
however, their potential applications have been scarcely
studied despite the expectation that such polymers can be
applied in nanotechnology.*”)

If functional groups are introduced along the dendro-
nized polymer backbones they become buried within the
molecular cylinders provided the dendritic wedges are large
enough.® Therefore, incorporation of functional groups
along the main chains of dendronized polymers is very im-
portant for exploring the applications of one-dimensional
nanoarrays wrapped by dendron wedges. Dendronized
cyclo-copolymers bearing pyrrolidinopyridine functional
groups along the backbone have been reported and used as
a catalyst for an esterification reaction.” Recently, we re-
ported reactive dendronized copolymers of maleic anhy-
dride (MA) and styryl macromonomers, which carry Fré-
chet-type polyether dendrons of the first to the fourth gen-
eration.””! Owing to the activity of the anhydride, such
dendronized polymers can act as a molecular scaffold for
studying 1D nanomaterials. Hydrolysis and amidolysis reac-
tions have been applied to these dendronized copolymers,
and a series of copolymers with dendron-alt-2(COOH) and
dendron-alt-linear alkyl chain structures were obtained.

Herein, we report the formation of inorganic-nanoparti-
cle necklaces by using pyridine-functionalized dendronized
polymers bearing Fréchet-type polyether dendrons. The
functionalized copolymers (GnMA-g-AP) were synthesized
via the reaction of reactive dendronized copolymers
(GnMA) with 2-aminopyridine (AP) (Scheme1); as a

AT Zoﬁob
§gs

G2MA G2MA-g-AP

I

I/

\Y
I

zZ

Scheme 1. Amidolysis of a second-generation dendronized
copolymer. THF: tetrahydrofuran.

result, pyridine and carboxyl groups are introduced by ami-
dolysis along the backbones of the dendronized polymers.
Compared to other molecular templates, the cross section of
the dendronized polymer can be controlled precisely since
the pendant dendron wedges are prepared by stepwise or-
ganic reactions. With an increase of the pendant dendron
generation, and therefore, greater steric repulsion between
the bulky side groups, the flexibility of the dendronized
polymers can be changed. The functional groups may coor-
dinate with Cd** ions and fix the spatial site of nucleation
along the main chain.
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2. Results and Discussion

2.1. Synthesis of Dendronized Copolymers GnMA-g-AP
(n=1-4)

The molecular weights and polydispersity indexes of the
precursor dendronized copolymers GnMA (n=1-4) used in
this experiment for preparation of GuMA-g-AP are listed in
Table 1. Long polymer chains were required to form the 1D

Table 1. Properties of the dendronized copolymers GnMA (n=1-4).

Sample M, /M, m M, RUY DpP, 4
G1MA 1.34 424000 534.6 790
G2MA 1.26 558900 959.1 580
G3MA 2.62 349900 1808.1 190
G4MA 1.37 309000 3506.0 88

[a] Results obtained by using size-exclusion chromatography. [b] As
calculated from static light-scattering (SLS) experiments. [c] Mo-
lecular weight of the repeat unit (which consists of one pair of den-
dritic monomers and one succinic anhydride). [d] Degree of polymeri-
zation calculated from the M, values determined by SLS mea-
surements.

nanoparticle array. As indicated in Table 1, the reactive
dendronized polymer precursors GnMA (n=1, 2) had a
very high degree of polymerization (DP), which was con-
firmed from static light-scattering measurements. For exam-
ple, the DP for GIMA and G2MA used in this article was
790 and 580, respectively; one repeat unit (defined as the
combination of one dendritic monomer and one succinic an-
hydride unit) contributed to four C—C bonds along the poly-
mer backbone. The DP for G3MA and G4MA was relative-
ly low due to the steric hindrance of the higher-generation
dendritic wedges to the copolymerization. The amidolysis
reactions of the dendronized copolymer GnMA (n=1-4)
with primary amines have been described in detail previous-
ly,"! and the reactions can be confirmed by Fourier trans-
form infrared (FTIR) spectra (see Experimental Section).
After reaction with 2-aminopyridine (AP), the characteristic
absorbance of anhydride at 1861 cm™' and 1779 cm™" disap-
peared in the FTIR spectra, while that of amide at
1715 cm ™' became apparent. Furthermore, elemental analy-
sis has shown that the molar ratio of AP and the repeat unit
(RU) is 0.8:1, 0.9:1, 0.9:1, and 1.1:1 for GIMA-g-AP to
G4MA-g-AP, respectively. Also, 'HNMR spectroscopic
analysis has been used to characterize these products.
Though the chemical shift of the proton resonances did not
change markedly, the integrated area over the range of 7.5-
6.0 ppm increased, which can be attributed to the introduc-
tion of pyridine groups. Therefore, the functionalization
ratios are rather high and AP has been grafted to the
dendronized polymer backbones as expected. In addition,
the amidolysis concurrently produced COOH groups.

2.2. Formation of CdS Nanoparticles

The preparation of CdS nanoparticles involved two
steps: First, Cd*" ions were coordinated with pyridine and
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carboxylic acid groups located along the polymer back-
bones. Second, H,S gas was introduced and CdS nanocrys-
tals were produced in situ. The coordination of Cd®>* ions
and carboxylic acid between the polymer of GIMA-g-AP
and cadmium acetate was confirmed by FTIR spectroscopy
as indicated in Figure 1. After complexation, the band at
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Figure 2. TEM image of CdS nanoparticle necklaces formed with the
aid of polymer G2MA-g-AP. The molar ratio of Cd:RU was 1:1 and the
polymer concentration in THF was 2.5 mgmL™.

Wavenumber (cm™)

Figure 1. FTIR spectra of the polymer G1MA-g-AP and its complex
with cadmium acetate. The spectra have been normalized at
1157 cm™.

1779 cm ™! corresponding to an asymmetric vibration of the
carbonyl group in the polymer shifted to 1558 cm """l How-
ever, the weak shift from 1590 to 1600-1620 cm™' corre-
sponding to the complexation of pyridine and metal ions!”’
cannot be discerned due to the broad and strong absorbance
of benzene rings at 1595 cm™".

The influence of the molar ratio of cadmium ions to the
RU of the dendronized polymer on the CdS nanoparticles
was explored by using the dendronized copolymer bearing
the second-generation dendrons (G2MA-g-AP). The con-
centration of G2MA-g-AP in THF was maintained at
2.5 mgmL~!, while the molar ratio of Cd:RU was varied be-
tween 0.5:1, 1:1, and 2:1, and H,S was bubbled through the
solution for 10 min. When H,S was introduced, the solution
changed from colorless to light yellow immediately, imply-
ing the formation of CdS nanoparticles. A typical transmis-
sion electron microscopy (TEM) image of the nanoparticles
is shown in Figure 2 (the inset shows the associated electron
diffraction pattern). It was interesting to note that the nano-
particles were aligned in a “necklace” pattern; individual
particles were never observed. The particle size (estimated
from the TEM image) was in the range of 3-4 nm. The
d spacings calculated from the rings in the electron diffrac-
tion patterns were 0.36, 0.22, and 0.19 nm, corresponding to
the (111), (220), and (311) lattice planes of the cubic phase
of CdS. No matter which feed ratio was used, this kind of
necklace morphology was always formed. Therefore, as ex-
pected, the CdS nanoparticles were arranged into 1D assem-
blies with the aid of the dendronized polymers.

To further characterize the CdS nanoparticles, UV/Vis
absorption spectra were collected, as shown in Figure 3.
Similar curves were obtained even when the feed ratios
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Figure 3. UV/Vis spectra of CdS nanoparticles formed in the polymer
G2MA-g-AP with different molar ratios of Cd:RU. The concentration of
G2MA-g-AP in THF was 2.5 mgmL™".

were changed. The absorption edge (A.) was obtained from
the intersection of the sharply decreasing region of the spec-
trum with the baseline as a reference.’! The exciton maxi-
mum (4,,) is the wavelength where absorption is at its high-
est. CdS particle sizes were calculated from the A, and 4,
values according to Henglein’s empirical curve.! On in-
creasing the ratio of Cd:RU from 0.5:1 to 2:1, the value of
A. decreased from 499 to 494 nm, while that of A, increased
from 415 to 452 nm. These results yield a sharper absorption
curve (as shown in Figure 3), indicating that the size distri-
bution of the CdS particles became narrower. The absorp-
tion edge was blue-shifted relative to the absorption onset
of bulk CdS (515 nm), thus showing a quantum confinement
effect. But the particles produced from three Cd:RU ratios
did not differ greatly, which agreed with the TEM results. It
was noteworthy that scattering was observed in the absorp-
tion curves despite the fact that the CdS particle size was
quite small. Considering the very high molecular weight of
the template polymer, it is believed that the scattering was
due to the size of whole CdS/polymer necklace hybrids,
rather than individual nanoparticles.
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The formation of CdS particle necklaces using different
polymer concentrations was also studied. The concentration
of the polymer G2ZMA-g-AP in THF was switched between
1.0, 2.5, and 5.0 mgmL~" while the molar ratio of Cd:RU
was kept at 1:1; H,S gas was bubbled through the solution
for ten minutes. The results given from TEM and absorption
spectra indicated that the polymer concentration had little
influence on particle size when other conditions were kept
the same. The shape of the CdS necklaces formed in these
experiments were very similar to those described above.

Dendronized polymers of different generation were also
applied to induce the formation of CdS nanoparticles.
Figure 4 shows a TEM image of CdS particles formed in the

[ERt

Figure 4. TEM image of CdS nanoparticles formed in polymer G1MA-
g-AP. The polymer concentration was 2.5 mgmL™! and the molar ratio
of Cd:RU was 1:1.

presence of G1IMA-g-AP. In contrast to the results from
G2MA-g-AP, the CdS nanoparticles formed wide strips al-
though the individual particle sizes calculated from values
of 1, and 4, were still small. Therefore, the dendronized co-
polymer with smaller dendritic wedges did not efficiently
stabilize the necklaces. When dendronized copolymers of
higher generation (G3MA-g-AP and G4MA-g-AP) were
applied, some light-yellow precipitates were observed in so-
Iution after H,S gas was introduced, revealing that these
polymers failed to stabilize the CdS crystals. The clear solu-
tions were taken for TEM analysis and, instead of CdS
nanoparticle necklaces, only small, randomly dispersed
nanoparticles were found. Therefore, most of CdS had been
precipitated. This result is very different to the case with
lower-generation dendritic wedges, which is unexpected.
The results described above have demonstrated that
CdS nanoparticle necklaces were prepared successfully with
the aid of the functionalized dendronized copolymers, in
which the size of the dendritic wedges had a significant in-
fluence; a suitable dendron size is important for the ar-
rangement of the CdS nanoparticles. In this work, G2ZMA-g-
AP, which bears second-generation dendrons, may organize
CdS nanoparticles into 1D arrays. Larger pendant dendrons
or smaller dendrons are not able to induce the necklace for-
mation. For the smallest dendronized polymer, G1MA-g-
AP, the dendron is too small and the polymer chain is too
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flexible to organize the CdS particles. Furthermore, the
small dendron wedges could not prevent the CdS nanoparti-
cles from agglomerating. These factors are not helpful for
forming well-defined single necklaces. Scheme 2 a provides a
schematic representation of a possible mechanism for the
formation of CdS nanoparticles with GIMA-g-AP.

Scheme 2. Schematic showing the appearance of CdS nanoparticles
formed in polymers GIMA-g-AP (a) and G2MA-g-AP (b).

In contrast, second-generation dendritic wedges may
endue the polymer chain with enhanced rigidity, although it
is far from a compact packing. There is space between two
adjacent dendrons, in which the nanocrystals can be accom-
modated. However, the size of the CdS particles, as given
by TEM, was ~3 nm, and it appears that second-generation
dendrons cannot shield the nanoparticles from aggregation.
In addition, one pyridine and one COOH group are appa-
rently not enough to bind one particle. Thus, intra- or inter-
macromolecular multivalent binding is necessary to capture
particles. In order to clarify this mechanism, atomic force
microscopy (AFM) analysis of the necklaces was carried
out. In Figure 5, similar necklaces were observed as those
shown in the TEM images. The size of the “bubbles” in the
image is ~7-11 nm, which represents CdS particles encapsu-
lated by the dendrons. The diameter of the line between the
bubbles is ~3 nm, which is in agreement with the size of a
single dendronized polymer chain® after considering the
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Figure 5. AFM phase image of CdS nanoparticles on polymer G2MA-
g-AP, spin-coated from a THF solution onto highly oriented pyrolytic
graphite (HOPG). (vertical scale: 20°; the arrows indicate a branched
site.)

error due to tip resolution. Therefore, one CdS particle can
be stabilized by the loop of one polymer segment via multi-
valent interaction. It is noteworthy that some branched
necklaces were found as indicated by the arrows in Figure 5,
disclosing that a stabilizing interaction from different poly-
mers is also possible.

Based on these results, the formation of CdS nanoparti-
cle necklaces is presented schematically in Scheme 2b. The
particles were mainly stabilized by intramolecular multiva-
lent interactions through folding of the dendronized poly-
mer. Unlike the CdS nanoparticles formed with the polymer
G1MA-g-AP, the greater dendron size of the polymer
G2MA-g-AP is needed to prevent more molecular chains
from agglomeration. With the increase in dendritic wedge
size, the copolymer becomes more rigid and bending the
chain to stabilize the particles by multivalent interactions
becomes more difficult. A single pair of pyridine and
COOH groups is not strong enough and, therefore, the
formed CdS particles are prone to precipitate. This could be
the reason that the G3AMA-g-AP and G4MA-g-AP failed to
aid the formation of nanonecklaces.

3. Conclusions

Through an amidolysis reaction, pyridine-functionalized
copolymers bearing a different generation of Fréchet-type
dendritic wedges were prepared. These well-defined
dendronized copolymers were applied as stabilizers and
templates for the formation of CdS nanoparticle necklaces.
Cadmium ions were coordinated with the pyridine and car-
boxyl groups along the main chain of the polymer, and CdS
nanoparticles were synthesized by reaction with H,S. The
dendron size had a strong impact on necklace formation.
With second-generation polymers, CdS nanoparticle neck-
laces were prepared successfully. However, polymers of the
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first, third, and fourth generation failed to produce such
necklaces, which could be explained by a combination of
dendron size and chain flexibility. These results demonstrate
that only suitable functionalized dendronized polymers are
needed to organize the CdS nanoparticles into 1D arrays.
This finding reveals that functionalized dendronized poly-
mers may be applied as single-molecular scaffolds to orga-
nize inorganic nanoparticles.

4. Experimental Section

Materials: 2-Aminopyridine (99 %, Merck) and cadmium ace-
tate dihydrate (Cd(OAc),-2H,0; 99.5%, the Second Factory of
Tianjin Chemicals Co.) were used as received. H,S gas was pro-
duced by dropping the aqueous solution of sodium sulfide
(Na,S) to concentrated hydrogen chloride aqueous (36-38%).
The dendronized alternating copolymers GnMA were synthesized
as described previously;®” Gn stands for dendron of generation
n and MA stands for maleic anhydride unit. The properties of the
dendronized copolymer GnMA for preparation of GnMA-g-AP in
this article are listed in Table 1.

Characterization: FTIR spectra were recorded by a deuterate
triglycine sulfate (DTGS) detector on Bruker EQUINOX 55 spec-
trometer and processed by the Bruker OPUS program. The sam-
ples were twice precipitated in diethyl ether and once in hexane
and dried in a vacuum desiccator in order to remove the influ-
ence of the uncoordinated cadmium acetate in solution. The
white powder obtained in this way was dissolved in THF; the so-
lution (20 mgmL™") was then dropped on a KBr flake and dried
before tested.

UV/Vis absorption spectra were recorded on a Shimadzu
UV/Vis spectrophotometer (UV-1601PC) by scanning the CdS-
containing solution in a 1-cm quartz cell. The scanning range
was from 200 to 800 nm. Absorption from the solvent was sub-
tracted from each spectrum automatically.

TEM measurements were performed on a Zeiss EM 10A
transmission electron microscope operated at 100 kV. TEM sam-
ples were prepared by depositing a droplet of CdS-containing so-
lution onto a TEM grid which had been coated with carbon film.
The particle size was the average of 20 particles in a TEM image
and the particle-size distribution was narrow.

AFM images were obtained under ambient conditions using
a Digital Instrument Multimode Nanoscope IlIA operating in the
tapping mode. Si cantilever tips (TESP) with a resonance fre-
quency of approximately 300 kHz and a spring constant of about
40 Nm~* were used. The scan rate varied from 0.5 to 1.5 Hz. The
set-point amplitude ratio was maintained at 0.9 to minimize the
sample deformation induced by the tip. All AFM images were
subjected to a first-order plane fitting procedure to compensate
for sample tilt. The samples for tapping-mode AFM measure-
ments were prepared by spin-casting on HOPG at 2000 rpm of
dilute solutions.

General procedure for the amidolysis of the copolymer GnMA
(n=1-4) and synthesis of GnMA-g-AP (n=1-4): The copolymer
GnMA (n=1-4) and AP were mixed in an ampoule at a molar
ratio of 1:1.1 (for n=1, 3, 4) or 1:2.5 (for n=2), and THF was
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added to make the concentration of GnMA (n=1-4) 50 mgmL™".
The ampoule was sealed and kept in an oil bath at 70°C for
48 h. After removal of most of the solvent, the reaction mixture
was twice precipitated from diethyl ether and once from hexane.
The product was dried in a vacuum desiccator overnight, and
collected as a white powder (yield >90%). The reaction was
confirmed by FTIR spectroscopy (Figure 6). After reaction, the
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Figure 6. FTIR spectra of GnMA-g-AP (n=1-4).

characteristic peaks of anhydride at 1861 and 1779 cm™ have
disappeared except for G1MA-g-AP. Elemental analyses: G1MA-
g-AP: Calcd for (C55H54N,0¢),: N 4.46, C 74.51, H 5.77 %; found:
N 3.00, C 73.58, H 5.80%. G2MA-g-AP: Calcd for (CsHgoN,010),:
N 2.66, C 76.41, H 5.74%; found: N 2.05, C 74.57, H 5.81%.
G3MA-g-AP: Calcd for (Cyp5HiggN,049),: N 1.47, C 77.67, H
5.84%; found: N 1.17, C 76.24, H 5.84%. G4MA-g-AP: Calcd for
(Cy35H204N5050),: N 0.78, C 78.40, H, 5.71%; found: N 1.00, C
76.94, H 5.82%. The molar ratios of AP:RU deduced from the ni-
trogen content in the elemental analyses were 0.8:1, 0.9:1,
0.9:1, and 1.1:1 for GIMA-g-AP to G4MA-g-AP, respectively.

Preparation of CdS nanoparticles: The polymers GnMA-g-AP
(n=1-4) were dissolved in THF (2 mL) to a desired concentra-
tion. After stirring for 1 h, Cd(OAc),-2H,0 (0.05 mmolmL™), in a
calculated volume of THF and CH;0H (2:1 v/v), was added. At
this time, the solution appeared colorless and transparent. After
stirring for another 24 h, H,S gas was bubbled through for
10 min and the color of the solution turned yellow.
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