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Conjugated Polymer Nanoparticles via Intramolecular Crosslinking

of Dendrimeric Precursors**
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n-Conjugated electro-optically active dendrimers are of
current interest for developing efficient electroluminescent
display devices and other photonic applications.“] They have
unusual electronic and photophysical properties, for example,
intramolecular energy transfer in multichromophoric systems,
exciton and charge localization phenomena, and photovoltaic
effects have been observed.?! A number of these conjugated
polymer dendrimer systems are based on poly(phenylene
ethynelenes), polyphenylenes,[sl polythiophenes,[s’(’] etc.
Conjugated polymers based on the carbazole unit are of inter-
est because of their role in electrochromic devices, electro-
chemical transistors, microcavity photoconduction, electro-
xerography, and as photovoltaic components that can provide
a very efficient matrix for current carrier transport.m Polycar-
bazole and carbazole containing dendrimers that show effi-
cient hole-transport properties and nonlinear optical proper-
ties have also been reported.’®!

Intramolecular crosslinking of nano-objects after assembly
has emerged as a viable strategy for imparting robustness
created by intramolecular crosslinking. This allows expansion
of applications for these objects as synthetic antibodies,”’
core crosslinked nanoparticles,'”! shell crosslinked nanoparti-
cles,"1** and shell crosslinked rods.'"'?! An advantage is their
environmental stability, i.e., both chemical and physical, com-
pared to their noncrosslinked precursors. Chemical or physi-
cal crosslinking of dendrimers has attracted a lot of attention
recently with focus on both inter- and intramolecular cross-
linking.">** For example, the placement of functional groups
at the termini or in well-defined segments can ultimately dic-
tate their properties and provide highly controlled macromo-
lecular systems.!"¥
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In the present work, we have used a third generation carba-
zole-terminated Fréchet-type polybenzylether dendrimers
(G3-D), which have been synthesized in our group.'*>! The
concentration of the dendrimer was controlled in such a way
that individual dendrimers are allowed to intramolecularly
crosslink either chemically in solution or electrochemically at
an interface. The crosslinking affects the size and rigidity of the
electroactive dendrimer, which can be altered by controlling
the extent of crosslinking of the peripheral carbazole groups
using various polymerization methods. To our knowledge, this
is one of the first attempts to produce intramolecularly cross-
linked, conjugated dendrimers and investigate their nanoparti-
cle properties. The crosslinking of the peripheral carbazole at
the 3,6-positions leads to the formation of polycarbazole
units." In order to make the crosslinked dendrimer nanoparti-
cles soluble and processable, precautions were made to avoid
having any high degree of intermolecular crosslinking between
the dendrimers. Thus, even after crosslinking, the dendrimer
was found to be soluble in common organic solvents such as
CHCl;, CH,Cl,, tetrahydrofuran, and other polar solvents. The
chemical crosslinking was performed using FeCl; as an oxidiz-
ing agent. The electrochemical crosslinking was also per-
formed in situ using electrochemical nanolithography, in which
the crosslinking occurs at the interface of an electrode sub-
strate in a conducting atomic force microscopy (AFM) setup.

Firstly, the chemical crosslinking was performed using an ul-
tradilute concentration (6.2 x107" m) of the dendrimer G3-D in
chloroform. The molar ratio of FeCl; to G3-D was set as
200:1.11 At this dilution level, mostly intramolecular crosslink-
ing occurs, i.e., formation of polycarbazole units at the surface
of the dendrimer molecule, resulting in a crosslinked dendri-
mer (G3-D-CLK) as shown in Scheme 1. The extent of cross-
linking was monitored using UV-vis spectroscopy. The G3-D
shows an absorption peak at 325 nm and 345 nm, which are
typically assigned to the m—n* and n—n* transitions of carba-
zole, respectively. After crosslinking, the n—n* transition is red-
shifted and observed as an adsorption tail extending into the
visible range centered at 375 nm. This indicated the formation
of higher n-conjugated species. The polymerization or cross-
linking was performed until no further change was observed.

In addition to the electronic properties, one can utilize the
fluorescent properties of polycarbazole to further confirm the
crosslinking reaction. It was found that the dendrimer shows
entirely different fluorescence spectra before and after cross-
linking. The fluorescence of the carbazole units present on
G3-D is observed at 360 nm (Figure 1B); this peak is
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Scheme 1. Intramolecular crosslinking of peripheral carbazole to form polycarbazole. Note

that the diagram is just a 2D representation of the crosslinking process.
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Figure 1. A) UV-vis spectra recorded at various intervals to monitor the
extent of crosslinking, and inset showing a solution of 1x10°m G3-D
dendrimer before and after crosslinking. Absorbance in absorbance units
(a.u.). B) Fluorescence spectrum of G3-D at excitation of A =325 nm
and inset showing the fluorescence spectrum G3-D-CLK (resulting from
polycarbazole) after exciting at A=375 nm.
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quenched in the case of G3-D-CLK, where
a new peak arises at 420 nm resulting from
the formation of polycarbazole (inset, Fig-
ure 1B).

In order to further confirm the intramo-
lecular crosslinking of the individual den-
drimers based on a change in size, size ex-
clusion chromatography (SEC) analysis was
performed as shown in Figure 2A. A higher
retention time was observed in going from
G3-D (24.6 min) to G3-D-CLK (25.0 min),
reflecting the more compact size of the
crosslinked dendrimer, i.e., reduced hydro-
dynamic volume. In addition, at lower re-
tention times the SEC elution curve of the
G3-D-CLK also shows very small traces of dimer, trimer, or
even higher analogs, which is evidence of some intermolecular
crosslinking between dendrimer units. The extent of intramo-
lecular crosslinking was also quantified using NMR spectros-
copy. The integration of the peaks showed the extent of intra-
molecular crosslinking was more than 80 %. The protons at
the 3- and 6-positions of the carbazole have a distinct signal at
around 6 =8.01 ppm that decreases upon crosslinking, indicat-
ing the formation of polycarbazole, as shown in Figure 2B. It
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Figure 2. A) SEC analysis before and after crosslinking. B) NMR before
and after crosslinking.
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is highly unlikely to get complete intramo-
lecular crosslinking within a dendrimer con-
sidering its 3D structure.

After crosslinking, both the crosslinked
and uncrosslinked dendrimers were diluted
to 1x10"?m in chloroform and subse-
quently spin-coated (5000 rpm for 2 min)
on atomically flat mica (freshly cleaved).
AFM was performed using an acoustic
mode (238.143 kHz, 1.49 liness™) to visual-
ize the distribution in size, shape, and rigid-
ity of the dendrimer before and after cross-
linking. However, the lateral size could not
be determined due to convolution effects
created by the AFM tip. Figure 3A shows a
random distribution of the G3-D dendrimer
nanoparticles and upon analysis of the
statistical distribution, the height profile re-
vealed the particle size to be 2.46+£0.24 nm.
Figure 3D shows a high-resolution AFM
image and the line profile of an individual
uncrosslinked nanoparticle which was
found to be 2.4 nm in height.

The G3-D dendrimer was found to lie
more flat on the surface of mica. It is quite
rational to observe this behavior because
the uncrosslinked G3-D is more flexible in
its structure. On the other hand, G3-D-
CLK was found to have a higher statistical
distribution in height (3.47+0.23 nm) and a

Y-range: 5 [um)

Y-range: 1000 nm

K-range: 5 [pm]

0
Yerange: 5 [pm]

C

c
=)
=
=

"

=)

c

=
)

o =00 -500 o 500

=500
more compact shape, as shown in Fig- K-range: 1000 m ¥-range: 1000 im
ure 3B. Figure 3E shows a high-resolution 20 35 i
AFM image and the line profile of an indi- 1.6 { \ 30 I
vidual crosslinked dendrimer nanoparticles 12 :: |
which was found to be 3.48 nm in height. 08 / \ 1:5 }
Thus, the results show seemingly contradic-  E o, { \ £ 10 |
. . . . . c
tory data in terms of change in height, while ”b\ ( \ A 05| 4 Ao
C . : 0 4y oyt ] et
crosslinking results in the formation of a S / H W 0 WW. YA P AL
- . 04 o5 TR
more rigid structure and a lower radius of v S P L
gyration R, value, owing to the compact 08 -1.0 |'
[12] 200 400 600 800 200 400 600 800

nature of the crosslinked dendrimer.

To delineate the effect of rigidity and
dendrimer nanoparticle-substrate interac-
tion, we also studied the uncrosslinked
and intramolecularly crosslinked dendri-
mer on a low free-energy silanized silicon
wafer as compared to the high free-energy
surface of mica. The dendrimers were spin-coated following
similar protocols and using exactly the same solution con-
centrations as before. The sizes of these nanoparticles were
found to be 2.7 nm and 3.6 nm for G3-D and G3-D-CLK,
respectively. (Supporting Information, Figure S1) Clearly,
there is a height difference of the dendrimer nanoparticles
in going from one substrate to the other. Thus, for the case
of G3-D on mica, a pancakelike conformation is seen, while
G3-D-CLK adopts a more egglike conformation and re-
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Figure 3. Tapping mode AFM pictures of A) G3-D (5 umx5um)
(5 umx5pm). C) Model showing the effect of crosslinking (before (left) and after (right)).
D) G3-D (1 pumx Tum), E) G3-D-CLK (1 pmx Tum).
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and B) G3-D-CLK

mains unchanged in either case, as observed by AFM. In or-
der to further probe the observed disparity in shape and
size, we performed theoretical calculations aimed at under-
standing the structural changes of the dendrimers upon
crosslinking. Figure 4 shows the optimized structures that
were obtained using a molecular mechanics force-field im-
plemented in Spartan’04 starting from an initial structure
(Spartan’04, Wavefunction Inc. Irvine, CA, see Supporting
Information).
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Figure 4. Energy optimized structures: A) Space filling representations of
G3-D, B) expected shape of G3-D, C) space filling representations of G3-
D-CLK, D) expected shape of G3-D-CLK. The decreased hydrodynamic
volume is evident in the more compact structure after crosslinking.

The data, and the images in Figure 4B and D illustrate the
shape of the dendrimer before and after crosslinking, and are
generated from the final optimized structure. The shapes of
the dendrimer were predicted by calculating the moment of
inertia for the G3-D dendrimer before and after crosslinking.
The moments of inertia were obtained by diagonalizing the
moment of inertia tensor, /

L= my (ridj — XnXuc)
n

where x is the center of mass, m,, is the mass of the n'M atom
(not the total mass), x corresponds to the (x,y,z) cartesian
coordinates of the n™ atom relative to center of mass of the
molecule, and r is the distance between atom i and the center
of mass. (8) corresponds to Kronecker delta; i, j, and k corre-
spond to the Cartesian coordinates, and »n corresponds to the
index of the atom. /4, Ip, and Ic are the components of the
moment of inertia in the principal axis frame. Because
In<Ig=Ic (conventionally Ic=Ig>1,) in each case, the
molecules are roughly prolate-shaped ellipsoids. The fact that
the G3-D has less disparity between I, and Ig=Ic than the
G3-D-CLK case, indicates that the uncrosslinked molecule is
less elongated (i.e., more spherical) than the crosslinked mole-
cule as shown from 7 values in Table 1.

In order to compare and verify the height disparity ob-
served in chemical crosslinking, we also attempted to study
the in situ electrochemical crosslinking using the conducting-
AFM method. In the past, we have demonstrated that the car-
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Table 1. Moments of inertia for G3-D and G3-D-CLK dendrimers (amu:
atomic mass unit).

Dendrimer Ia Ig Ic

[AZ amu] [A? amu] [A? amu]
G3-D-CLK 214 x10° 6.31 x 10° 7.39x 10°
G3-D 0.779 x 10° 1.08 x 10° 1.15 x 10°

bazole moiety can be electrochemically crosslinked using
electrochemical nanolithography to form polycarbazole units,
by using conducting AFM on a linear precursor polymer sys-
tem.['”! Although the aim of this work is to investigate the ef-
fect of crosslinking on the size and rigidity of an individual
dendrimer nanoparticles, the potential of local electrochemi-
cal manipulation at the nanometer scale can be extended to a
range of applications such as the fabrication of conjugated
molecular wires, optical microlenses, complex quantum de-
vices, or tailored chemical surfaces for controlling biorecogni-
tion processes.'!! We have also previously investigated the
electrochemical crosslinking of linear polycarbazole precur-
sors in thin films to form conjugated polymer networks.!'”

An ultradilute solution of G3-D dendrimer (1 x 1072 m) was
again spin-coated on a gold (vacuum deposited on silicon wa-
fer) substrate. Figure 5A shows a statistical distribution of the
G3-D dendrimer particle size as 2.54+0.19 nm along with
some aggregates of dendrimers ranging from 15-21 nm. The
average size of 2.54 nm of the G3-D dendrimer nanoparticles
is very similar in size to the previous case on mica. The elec-
trochemical crosslinking was performed by applying a voltage
bias of —10 V in contact mode directly above the nanoparti-
cles. The details of the conducting AFM setup and experimen-
tal conditions are described in the Supporting Information.
The difference in the height is apparent as seen from Fig-
ure 5B, which shows a significant increase in height to about
3.82+0.32 nm for most of the particles. We also found some
particles in the size range of 4.2 nm. The variation in size was
initially surprising, as one would expect to get a size range
between 3 and 4 nm after crosslinking, as observed with the
solution chemical crosslinking. It should be noted that these
results are repeatable with variation of scan speed and that no
crosslinking was observed below the —10 V bias.

Clearly, there is a difference in height and shape between
the chemically crosslinked versus the electrochemically cross-
linked dendrimer. One possibility is that in the process of ap-
plying a bias voltage, neighboring dendrimers can collectively
crosslink intermolecularly, e.g., two closely located dendri-
mers can come together and crosslink to form a dimer. This is
not unreasonable considering the size of the cantilever probe
surface and the distribution of the electric field on the sub-
strate (hundreds of nanometers). Another is the effect of hu-
midity in the meniscus between the tip and the substrate and
possible degradative oxidation with this method.”” Yet an-
other possibility is the combined effect of localized Joule
heating and crosslinking.”!! However, more studies are
needed using different experimental conditions in order to
verify these possibilities.
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Figure 5. AFM images (5 pm x 5um) of G3-D dendrimers A) before and B) after electrochemi-
cal crosslinking using tapping mode (topographical imaging) with a scan rate of 1.49 liness™.

In conclusion, we have performed experimental and theo-
retical investigations of conjugated polymer nanoparticles
brought upon by the intramolecular crosslinking of dendri-
meric precursors using both chemical and in situ electrochem-
ical methods. Both methods have shown variations in size and
rigidity of the dendrimer nanoparticles, and regardless of
crosslinking methods, the height of the crosslinked dendrimer
was found to be higher than its uncrosslinked form. Finally,
the models presented confirm both the size and rigidity of the
organic nanoparticles, which can be fine-tuned by choosing
the right conditions for either crosslinking method. Further
studies are underway to investigate their current-voltage
characteristics by current sensing AFM.
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