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The structurally controllable hyperbranched HBPE-CIDAs
(HBPE modified with CIDA wunits) were synthesized by
modifying periphery of the second generation hyperbranched
polyester (HBPE) with 1-cyanoindolizine-3-carboxylic acid
(CIDA) groups via a one-pot synthesis. The structures and
self-assembly behaviors of HBPE-CIDAs were established by
combined studies of FFT-IR, NMR, TEM, SEM, AFM and
XRD. Furthermore, host-guest recognition of HBPE-CIDAs
were investigated by fluorescent studies. The results indicated
that the HBPE-CIDA, nanospindles have weaker response to
various metal ions while better selectivity to anthracene
through n-m stacking interactions than the HBPE-CIDA,
nanospheres.

During the past decades, hyperbranched polymers (HBPs) have
attracted extensive interest due to their unique chemical and
physical properties.”’® As one class of architectural
macromolecules, HBPs could be readily synthesized in a one-pot
procedure in contrast to regular dendrimers, as a result, their
nature of the backbone, the chain-end functional groups, degree
of branching, chain length between branching points, and the
molecular weight distribution could be modified easily for
specific purpose. Moreover, the self-assembly of hyperbranched
copolymers in the form of fibers,'*'® nanotubes,'” '® zigzags,'**!
rod,”* 2 helices®® * and necklace? indicate that the architecture
and composition of the copolymers play extremely critical roles
in determining micellar morphology, since they affect the
conformational packing geometry of micellar structures. In order
to further understand the structure-property correlation and
explore novel self-assembled structures, much efforts has been
made to develop the hyperbranched polymers with novel
chemical structure and topological architecture. Nevertheless, to
date, assemblies of hyperbranched polymers, which could be
engineered to obtain supramolecular assemblies with combined
or enhanced properties, remain challenging and have only been
addressed by a few studies.”™™! Therefore, hyperbranched
polymer self-assembly has been an area of intense research, not
only out of academic interest but also for their potential
applications.

A variety of molecular designs have been proposed recently for
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the fabrication of nanostructured hyperbranched polyesters
(HBPE, one imports family of HBPs) leading to multifunctional
macromolecule materials.*>*® For example, Zhu and Zhou
reported the multifunctional hyperbranched polyester-based
nanoparticles and nanocomposites with properties ranging from
biomedical fields, nanotechnology and fluorescence functional
materials.*> * Our group developed the hyperbranched polyester
nanorods with pyrrolo[2,1-a]isoquinoline end-groups.” However,
to the best of our knowledge, there have not yet been any study
on the formation of organized spindle-like nano morphology and
nanospheres in one-pot procedure from hyperbranched molecules
composed of irregular, random branched fragments with the
degree of branching well below that observed for the dendrimer
architecture,*™ most likely because generally hyperbranched
molecules are not expected to form regular one dimensional
supramolecular nanospindle structures owning to their high
polydispersities, irregular architectures, and poorly defined
shapes. Most of the reported hyperbranched polymers with
different nano morphologies were all formed by changing the
tested conditions with the same sample,3‘ 4 4448 while two
samples with different nano morphologies synthesized by a one-
pot procedure has not been explored.

Most recently, our group demonstrated two interesting 1-
cyanopyrrolo[2,1-a]isoquinoline  3-carboxylic acid (CICA)
modified HBPE with the same backbone while different grafting
rates (2 and 6, respectively), so-called HBPE-CICAs, showed
similar rod-like nano morphologies.”” We assumed that the highly
conjugated structure of the peripheral groups resulting in strong
n-n stacking with HBPE backbone might, at least partially,
contribute to their similar rigid nano morphologies. To develop
diverse nano morphologies and considering that indolizine
derivatives exhibit a wide array of biological activities*’ and the
high fluorescence quantum yield,”® herein we designed and
synthesized a novel class of hyperbranched aromatic-aliphatic co-
polyester HBPE-CIDAs with the 1-cyanoindolizine-3-carboxylic
acid (CIDA, one benzene ring less than previous CICA) as their
peripheral groups.

As expected, we obtained two products with different grafting
rates via one-pot synthesis method, which exhibited spherical and
spindle-like nano morphologies, respectively. In addition, we
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investigated the host-guest recognition properties with
fluorescence study of these functionalized HBPE-CIDA
nanoparticles in presence of various metal cations and some of
fused ring compounds in solution.
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Scheme 2 Synthetic routes of HBPE, HBPE-CIDA, and HBPE-CIDA, (in
order to simplify the cartoon pictures, half of the periphery —OH groups
10 of HBPE were omitted).

1-cyanoindolizine-3-carboxylic acid (CIDA) was synthesized
by a three-step procedure (Scheme 1) and its structure was
confirmed by combination of IR (Fig. 1), '"H NMR (Fig. 2) and
ESI-MS spectra (Fig. S1 in Supporting Information). The
15 synthetic route of HBPE was described as Scheme 2 and the
synthesis method was described in the Supporting Information.
The HBPE-CIDAs were synthesized as shown in Scheme 2.
Accordingly, to a solution of HBPE (0.12 g, 0.10 mmol) and
CIDA (0.24 g, 1.3 mmol) in DMSO (60 mL), N, N'-dicyclohexyl
20 carbodimide (DCC, 0.29 g, 1.39 mmol) was added. The mixture
was heated at 85 °C under nitrogen for 20 hours. The resulting
solution was evaporated, and the residue was poured into ethyl
acetate (60 mL), then filtered. The filtrate was concentrated and
subjected to column chromatography (silica gel, eluent: ethyl
25 acetate/petroleum ether = 1/2). Two yellow bands were collected
and evaporated, which were identified later as HBPE-CIDA, and
HBPE-CIDA; in yields of 50% and 30%, respectively.
The structures of modified hyperbranched polyester HBPE-
CIDA, and HBPE-CIDA, were initially established by FT-IR as

30 shown in Fig. 1. The FT-IR spectra of HBPE-CIDA, and HBPE-
CIDA, were found to be quite similar to those of CIDA and
HBPE. All of them showed similar characteristic peaks of
indolizine ring at 1572, 1533 and 1445 cm '; signals of C=0 at
1670 cm™ and 1631 cm™; signals of -C-O-C- at 1240 cm’'. The

35 characteristic peaks of -CN at 2354 cm™ were obviously observed
only for CIDA, HBPE-CIDA; and HBPE-CIDA, (black, red and
blue curves, respectively), while not for unmodified HBPE (green
curve).

'"H NMR (Fig. 2) spectra further confirmed the chemical

40 composition of the modified compound HBPE-CIDA; and
HBPE-CIDA,. Signals at 6.97-9.63 ppm were attributed to the
modified end-groups (CIDA). Protons of R;CCOOCH, and
ArCOOCH, could be observed at 4.14 and 4.26 ppm,
respectively, while those of methyl groups appeared at 0.83—1.63

s ppm. Moreover, the CIDA grafting of HBPE-CIDA, and HBPE-
CIDA, could be calculated by integration ratio of the aromatic
protons (b) and alphatic protons (a) (CH;- of the CH;CH,-
groups) with the formula (S,/(208S,)) were about 30.5% and 8.5%,
respectively, which indicated that four peripheral CIDA groups

so were grafted to the former product while only one CIDA to the
later. Therefore we named these two products as HBPE-CIDA,
and HBPE-CIDA,.
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Fig. 1 FT-IR spectra of CIDA (blue line), HBPE (green line), HBPE-
ss CIDA, (black line) and HBPE-CIDA; (red line)

In addition, the MALDI-MS (m/z) of HBPE-CIDA, (1347.3,
Fig. S5 in Supporting Information) and HBPE-CIDA, (1852.3,
Fig. S6) were consistent with those calculated values (1347.7 and
1851.7, respectively). The '*C NMR spectra of HBPE-CIDA, and

o HBPE-CIDA, were illustrated in Fig. S4.

Transmission electron microscope (TEM) experiments were
performed to estimate the sizes and morphologies of HBPE-
CIDA; and HBPE-CIDA,. As shown in Fig. 3A, HBPE-CIDA,
exhibits a three-dimensional (3D) spherical nano morphology,

es with an average diameter of 150 nm. In addition, larger
nanospheres with the diameter of 200-300 nm could also be
clearly observed, which shows the distribution of the particle
sizes (Fig. S7). As a comparison, the TEM image of HBPE-
CIDA, (Fig. 3B) exhibits a one-dimensional (1D) spindle-like
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nano morphology. The length of the spindle is around 1.0 pm and
the diameter of the cross-section is about 200 nm. Fig. 3C is a
magnified TEM images of HBPE-CIDA, nanospindles. We
suggest that the synergistic effect by multiple hydrogen bonds in
the flexible cores among hydroxyl groups of the core and the n-n
stacking interactions of peripheral CIDA groups stack in a face-
to-face manner could be considered as the primary cause for the
formation of spindle (Fig. 3F)."*'° The 3D spherical-like
structures exhibit larger micelles, which may be because the
unimolecular micelles HBPE-CIDA, nanoparticles aggregate into
approximate spherical large multimolecular micelles (Fig. 3E),
most likely, driven by the intermolecular hydrogen bonds
interactions among hydroxyl groups of the core. In this self-
assembly process to form these special nanospindles, -7 stacking
interactions and intermolecular hydrogen bonds like two or more
lines strung the countless small HBPE-CIDA, nanoparticles
together, then formed the stable one-dimensional nanospindles.
Moreover, when a solution of HBPE-CIDA, exhibiting the
special spindle-like morphology in ethyl acetate was stored at 4
°C for one month, no any change in size and morphology was
observed (Fig. 3D), which indicated that the high stability of
HBPE-CIDA, spindles.

The morphologies and the sizes of HBPE-CIDA, and HBPE-
CIDA, nanoparticles were further established by SEM. As shown
in Fig. 4A, HBPE-CIDA, has an average diameter of 1.5 pm
which is a bit larger than the TEM test. This result further proves
that HBPE-CIDA, nanospheres are easily aggregated for its

Aggregation

Small spherical miceles Big nanospheres

strong intermolecular hydrogen bonds interactions. In addition,
the size of HBPE-CIDA, nanospindles determined by SEM (1.0

30 um) is highly consistent with that of TEM measurement (Fig. 4C).
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Fig. 2 '"H NMR spectra of CIDA and HBPE-CIDA, and HBPE-CIDA,

Nanospindles

Fig. 3 (A) TEM images of HBPE-CIDA, nanospheres. (B) TEM images of HBPE-CIDA, nanospindles. (C) TEM images of the magnified HBPE-CIDA4
35 nanospindles. (D) TEM images of the HBPE-CIDA, nanospindles in ethyl acetate solution (0.10 mg/mL) stored at room temperature for 30 days. (E)
Molecular models of possible conformations and assemblies of HBPE-CIDA, nanospheres. (F) Molecular models of possible conformations and
assemblies of HBPE-CIDA4nanospindles. All the samples were used as stock solutions in ethyl acetate solution (0.010 mg/mL) after treated by ultrasonic

(100 Hz) for 5 min, and stored at room temperature for 1 hour.
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Fig. 4 (A) SEM images of HBPE-CIDA, nanospheres. (B) SEM images of HBPE-CIDA, nanospindles. (C) SEM images of the magnified HBPE-CIDA,
nanospindles. All the samples were used as stock solutions in ethyl acetate solution (0.010 mg/mL) after treated by ultrasonic (100 Hz) for 5 min, and

stored at room temperature for 1 hour.
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Fig. 5 Atomic force microscopy images of HBPE-CIDA, (A), HBPE-CIDA, (B) and the magnified layer of the HBPE-CIDA, (C).

To establish the surface morphology of the HBPE-CIDAs,
atomic force microscopy (AFM) measurement was carried out.
As shown in Figure S5SA, HBPE-CIDA; has a spherical

10 morphology with dispersive particle sizes and an average height
of 1-2 nm (Fig. S8). While HBPE-CIDA, exhibits spindle-like
morphology with a multilayered “onion-like” top surface (Fig.
5C)."> 1623 The thickness of a single layer is approximately 3-4
nm (Fig. S9).

15 In addition, the X-ray diffraction data of the HBPE-CIDA,
nanospheres shows a series of sharp peaks indicating an ordered
structure in which the 1-cyanoindolizine terminal groups exhibit
a certain extent of long-range order (Fig. 6, curve A). The
strongest peak at 20 = 17° corresponds to a d-spacing of 5.22 A

2 along the 1-cyanoindolizine molecules. The X-ray diffraction
data from the nanospindles composed of HBPE-CIDA, also
illustrates a series of much sharper peaks than HBPE-CIDA, (Fig.
6, curve B), which obviously indicate a highly ordered crystalline
structure.'* ' The strongest peak at 20 = 7.7° shows a longer d-

25 spacing of 11.48 A. Tt is worth noting that although HBPE-
CIDA, also shows a series sharp peaks at 20 = 7.7°, which are
much weaker than that HBPE-CIDA,, which suggests that
HBPE-CIDA; nanospindles  exhibits more  organized
nanostructures than HBPE-CIDA | nanospheres. These results are

30 also in good consistent with the TEM, SEM and AFM spectra.
The sharp diffraction peaks in each kind of sample once again
proved that the well-ordered aggregate structure in the assemblies
indeed exist.

Next, concerning the n-m conjugate structure of the modified

35 CIDA groups, we investigated the fluorescence of CIDA, HBPE-
CIDA, and HBPE-CIDA,, respectively. Fluorescent spectra,
digital camera image and fluorescent images of the CIDA,
HBPE-CIDA, and HBPE-CIDA, in ethanol solution are showed
in Fig. 7. At the same concentration, the HBPE-CIDA,

40 nanospheres and CIDA showed the stronger fluorescence than
HBPE-CIDA, nanospindles (order: HBPE-CIDA,; = CIDA >
HBPE-CIDA,). The reason of that HBPE-CIDA, shows the weak
fluorescence than HBPE-CIDA, is closely related with its higher
7-m stacking interactions of the peripheral CIDA groups. 2!

16000

14000 (-
12000 - B

10000

Intensity/a.u.

5 10 15 20 25 30
45 20 (degree)

Fig. 6 X-ray diffraction data for nanparticles formed from (A) HBPE-
CIDA, (red line) and (B) HBPE-CIDA, (black line)

To further study the fluorescence properties of HBPE-CIDA,

and HBPE-CIDA,, we first studied the influence of Fe*" and
so other metal ions on the fluorescence intensity of CIDA. The
influence of Fe'" on the fluorescence intensity of the CIDA,
HBPE-CIDA; and HBPE-CIDA; were evaluated by a
fluorescence decreasement (FD = I/I;) which was calculated by
the ratio of the reduced fluorescence intensity in the presence of
ss metal cations (I) and the fluorescence intensity without metal
cations (Ip) shown in Fig. 8. From Fig. 8A, we find that CIDA
shows selectively response to Fe'', only 6.6 x 10° M
concentration of Fe*" can decrease its fluorescence obviously.

4 | Journal Name, [year], [vol], oo—oo
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Then we investigated the influence of Fe** and other metal ions
on the fluorescence intensity of HBPE-CIDA, and HPBE-CIDA,,
which were showed in Fig.8 B, C respectively. From Fig. 8B, we
know that HBPE-CIDA, almost showed no fluorescence response
to all the tested metal ions, however the Fe*™ could make the
fluorescence of the HBPE-CIDA, decreased to a certain extent, as
shown in Fig. 8C. These two products with different nano
morphologies showed different responses to Fe®* which was
probably because the HBPE-CIDA, spindles could not be easily
affected by Fe*" and other metal ions, for its structure was formed
not only by the intermolecular hydrogen bonds among hydroxyl
groups of the flexible core but also by the strong n-m stacking
interactions of peripheral CIDA groups, while the HBPE-CIDA,
nanospheres could be easily affected by Fe*', > for its structure
was formed mainly by intermolecular hydrogen bonds among
hydroxyl groups of the flexible core and almost no n-n stacking
interactions of peripheral CIDA groups. The order of the
fluorescence responses to Fe** is HBPE-CIDA, < HBPE-CIDA,
< CIDA, which is consistent with the theory that polymer
aggregates exhibit high stability and durability than the small
molecules, because of their mechanical and physical properties.*®
The complex of the HBPE-CIDA,; with Fe’" maybe trigger the
mechanism of photoinduced electron transfer (PET) “OFF-ON”
switching.52 This is because, as usually observed, the electron
transfer from the CN group to the excited state CIDA moiety
quenches the emission.

In order to survey the m-m stacking interactions of the HBPE-
CIDA,, we assumed that whether those guest compounds such as
naphthalene (NA), anthracene (AN) and pyrene (PY) with n-n
conjugated structures will damage the n-n stacking interactions of
the HBPE-CIDA,. The effect of the fluorescent properties of
HBPE-CIDA, with NA, AN and PY were studied
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The results showed that the addition of the NA almost had no
effect on the fluorescence of HBPE-CIDA, (Fig. S10), and the
addition of the PY could make its fluorescence enhanced slightly
(Fig. S11). However, after addition of the AN, the emission
intensity of HBPE-CIDA, enhanced about 4 times (Fig. 9A),
while only 1.4 times for PY. Fig. 9B gave the real time
fluorescence emission spectra of HBPE-CIDA, after the addition
of AN, the high wavelength peaks at 400 nm enhanced. Fig. 9C
presented the fluorescent spectra of AN, HBPE-CIDA, and
HBPE-CIDA, with AN, compared with the same amount of AN
and HBPE-CIDA, in ethanol, HBPE-CIDA, with AN showed
much stronger fluorescent than the formers. It is supposed that
fluorescence enhancement behaviors from AN is related with the
fact that AN can exist between the two CIDA moieties as a
pincer-like structure to separate two CIDA moieties which results
in the rise of CIDA monomer fluorescence.”® Because the
conjugation degree of NA ring is poor than the AN ring, its
conjugated structure is not enough to insert the two n-m stacking
CIDA moieties of the HBPE-CIDA,. Meanwhile, although PY is
tend to be a pyrene excimer and the conjugation degree of it is
better than the AN, due to its larger steric hindrance, it is hard to
destroy the m-m stacking interactions of the HBPE-CIDA, either.
As a comparison, the fluorescence behaviors of HBPE-CIDA;
with NA, AN and PY were also studied respectively, they all
showed negligible effects on the fluorescence intensity of HBPE-
CIDA, (Fig. S12, Fig.S13 and Fig.S14). Through above
fluorescent experiment, we further proved that the n-n stacking
interactions of the HBPE-CIDA, were exactly exist, and this
stable HPBE-CIDA, nanospindles was promising to be a
potential fluorescent probe for selectively discriminating fused
ring compounds, especially for AN.

Fluorescence Intensity/a.u.

0 L L1 "
350 375 400 425 450 475 500 525 550 575 600

Wavelength/nm

65 Fig. 7 (A) Fluorescence excitation spectra of the HBPE-CIDA,. (B) The digital camera image of CIDA (left) and HBPE-CIDA, (middle) and HBPE-
CIDA, (right) in ethanol solution under sunlight. (C) The fluorescent image of CIDA ( left ) and HBPE-CIDA, (middle) and HBPE-CIDA (right) under
UV light (A= 260 nm), ¢ = 2.0 x 10° M. (D) The fluorescence emission spectra of HBPE-CIDA, (a) and CIDA (b) and HBPE-CIDA, (c) in ethanol
solution (¢ = 2.0 x 10° M, A= 290 nm, the excitation and emission slits are Snm/2.5nm).
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70 Fig.8 Fluorescence decreasement factors (FD) of the CIDA, Aem = 410 nm (A), HBPE-CIDA4, Aem = 400 nm (B) and HBPE-CIDA, Aem = 410 nm (C)
(c=2.0 x 10°M) in ethanol solution in the presence of Fe** at a concentration of 6.6x 10™° M.
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Fig.9 (A) Fluorescence emission spectra of HBPE-CIDA, in ethanol solution (¢ = 2.0 x 10 M) in the presence of AN at a concentration from 0 to 2.6 x
10" M. (B) Real time fluorescence emission spectra of HBPE-CIDA, (c = 2.0 x 10 M) after adding 1.3 x 10* M of AN. (C) Fluorescence emission
spectra of AN, HBPE-CIDA, and HBPE-CIDA4-AN. The concentrations of AN and HBPE-CIDA, were 1.3 x 10*M and 2.0 x 10° M respectively, Aex =

290 nm.

In summary, herein we report a novel class of structural
controllable nanohyperbranched polyesters functionalized with
CIDA units, which could be synthesized by a facile one-pot
procedure under mild reaction condition. The nano morphologies
of the HBPE-CIDAs are closely related with their grafting rates
of CIDAs. In addition, we found that the amplification of
directional supramolecular interactions facilitated by the presence
of multiple peripheral branches of even irregular, flexible
molecules would lead to efficient self-assembly and formation of
remarkably stable nanospindles. The results demonstrate that
one-dimensional supramolecular assembling could be obtained
by highly branched but irregular molecules without a tedious,
multistep synthesis of the well-defined, shape-persistent
molecules, while the three-dimensional supramolecular
assembling could also be achieved by the less grafting rate of the
periphery groups. On the other hand, such hyperbranched
aromatic-aliphatic polyesters exhibit strong fluorescent intensity,
different grafting rates, different nano morphologies and good
solubilities. Furthermore, fluorescent experiments indicate that
HBPE-CIDA, nanospindles is promising to serve as fluorescent
probes for fused ring compounds, in particular, for the anthracene.
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Nanospindles

Two novel functionalized hyperbranched aromatic-aliphatic co-polyester nanoparticles of
HBPE-CIDA, and HBPE-CIDA, were synthesized by modifying periphery of the second generation
hyperbranched polyester (HBPE) with 1-cyanoindolizine-3-carboxylic acid (CIDA) groups via
one-pot synthesis method. Such hyperbranched nanospheres and nanospindles exhibited strong
fluorescent intensity, different grafting rates, different nano morphologies. Interestingly, higher
grafted HBPE-CIDA, nanospindles was established to be a highly sensitive fluorescent sensor for

anthracene .



