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ABSTRACT: Hyperbranched poly(amino ester)s were synthesized via a novel 2A; + BB'B" approach,
represented by the Michael addition polymerization of a trifunctional amine, 1-(2-aminoethyl)piperazine
(AEPZ) (BB'B"-type monomer), with a double molar diacrylate, 1,4-butanediol diacrylate (BDA) (As-type
monomer). The formation of B"Aqs-type intermediate via its precursor, B'B"A-type intermediate, was
verified by in situ monitoring the polymerizations using NMR and MS (ESI). High molecular weight
hyperbranched poly(BDA2-AEPZ1) with vinyl terminal group was obtained from the B"As-type intermedi-
ate when the polymerization was performed in DMSO at 70 °C for ca. 101.0 h. Then the terminal vinyl
group was tuned to primary, secondary, and tertiary amine, as verified by NMR. The radius of gyration
(Rg) and hydrodynamic radius (Ry,) of hyperbranched poly(BDA2-AEPZ1)-MPZ were measured using small-
angle X-ray scattering (SAXS) and laser dynamic light scattering (LDLS), respectively, and the ratio of
Ry/Ry of ca. 1.0 confirmed the hyperbranched structure. Molecular weights, glass transition temperatures
(Tg), and thermal stability (T4) of hyperbranched poly(amino ester)s were characterized using GPC, DSC,
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and TGA, respectively.

Introduction

Distinct from linear analogues, hyperbranched poly-
mers have structures and topologies similar to dendrim-
ers albeit with lower degrees of branching. So hyper-
branched polymers show properties and functions close
to dendrimers rather than their linear analogues and
can substitute dendrimers in some applications.! More-
over, recent works showed some unique self-assembly of
hyperbranched polymers.? In comparison with the tedi-
ous synthesis procedures for dendrimers, syntheses of hy-
perbranched polymers are much more straightforward;
nevertheless, more cost-effective and novel approaches
to hyperbranched polymers are still desirable. AB,, ap-
proaches usually start from specific AB,, monomers
normally prepared by several steps.? Meanwhile, the
approaches via the polymerization of multifunctional
monomers with equal reactivity, mainly As + B,,, must
be performed under stringent conditions to avoid gela-
tion, such as very low monomer concentrations, strictly
controlled feed molar ratios, slow monomer addition
rates, and low monomer conversions.*~7” However, Ag +
B,, approaches adopting monomers of suitable unequal
reactivity have been demonstrated to be practical to
preparing hyperbranched polymers from commercially
available monomers in one-pot processes.8~12 The mono-
mers with unequal reactivity can be B,,-type monomers
with B of different reactivity®~1° or CB,,-type mono-
mers. 112

Recently, we found that the reactivity of the three
types of amines in some trifunctional amines is different
in the Michael addition polymerizations with diacry-
lates. For these trifunctional amines with less steric
hindrance on the 2° amine (original), such as 1-(2-
aminoethyl)piperazine (AEPZ) and 4-(aminomethyl)-
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piperidine (AMPD), the reactivity sequence of the amine
is 2° amine (original) > 1° amine > 2° amine (formed).14
On the basis of the results, we exploited a novel 2A, +
BB'B" approach to hyperbranched poly(amino ester)s,
where Ag is diacrylate, BB'B" is trifunctional amines,
and B, B’, B" represent the 2° amine (original), 1°
amine, and 2° amine (formed), respectively. Hyper-
branched poly(amino ester)s with terminal vinyl group
are expected to be formed via B"As-type intermediate,
which is formed through the reaction of the more reac-
tive B and B’ groups with the double molar As. As a
demonstration, here hyperbranched poly(amino ester)s
were prepared through the Michael addition polymer-
ization of AEPZ with a double molar 1,4-butanediol di-
acrylate (BDA). The polymerization mechanism was in-
vestigated, and hyperbranched poly(amino ester)s with
terminal primary, secondary, and tertiary amines were
produced through tuning the terminal vinyl group. The
hyperbranched structure and properties of the obtained
poly(amino ester)s were characterized. Poly(amino es-
ter)s have been demonstrated to be promising materials
for safe and efficient delivery of DNA and pH sensitive
drug delivery.!516 The approach reported here would
facilitate further optimization of both chemistries and
topologies of poly(amino ester)s for wide applications.

Experimental Section

Characterization. '"H NMR and *C NMR studies were
performed on a Bruker DRX-400 spectrometer. Gel permeation
chromatography (GPC) was implemented on a Waters 2690
apparatus with Waters Styragel HR 1 and 5E columns, a
Waters 410 refractive index detector, and a miniDAWN light
scattering detector (Wyatt Technology). 0.1 M piperidine/THF
was used as eluent and polystyrene as standards. Thermo-
gravimetric analysis (TGA) was conducted by scanning from
50 to 700 °C under nitrogen at a heating rate of 20 °C/min on
a Perkin-Elmer TGA7, and T4 was taken as the temperature
at which a 5% weight loss happened. Differential scanning
calorimetry (DSC) was carried out on a TA modulated DSC
2920 under nitrogen. T, was obtained in the second scan at a
heating rate of 10 °C /min from —150 to 180 °C after samples
were heated from 25 to 180 °C followed by quenching to —150
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°C using liquid nitrogen. MS (ESI) was conducted on a
Finnigan TSQ 7000. The spray voltage was 4.5 kV, and the
capillary temperature was set at 250 °C.

A Brookhaven BI-9000AT digital autocorrelator was used
for dynamic light scattering measurements. The scattering
angle was fixed at 90° for measuring hydrodynamic radius
(Rn). Ry and polydispersity (PDI), i.e., [4s[/['2, were obtained
using a cumulant analysis. Small-angle X-ray scattering
(SAXS) was performed on a SAXS system (Bruker AXS Inc.
NanoStar SAXS) with a pinhole collimation configuration and
a Cu Ko (4 = 1.5418 A) radiation source. The SAXS signal
was detected using a two-dimensional multiwire proportional
HI-STAR area detector corrected for dark current, empty
beam, solution cell, and solvent contributions. Samples were
scanned at a voltage of 40 kV and a current of 35 mA.
Scattering intensity I(g) and corresponding wave vector ¢ were
collected for analysis, where ¢ = 4 sin(6/1); 6 and 1 are the
scattering angle and the wavelength of X-ray, respectively.

Materials. 1,4-Butanediol diacrylate (BDA, 90%), 1-(2-
aminoethyl)piperazine (AEPZ, 99%), deuterium chloroform
(CDClj), deuterium dimethyl sulfoxide (DMSO-dg), N-meth-
ylpiperazine (MPZ, 99%), benzyl-1-piperazine carboxylate
(ZPZ, 98%), DMSO (99.9%), and palladium on carbon (Pd/C,
10%) were purchased from Aldrich. Piperidine (99%) was from
Lancaster; chloroform, DMF, diethyl ether, and acetonitrile
were from Tedia. BDA was purified by distillation under
vacuum (90 °C/50 Pa) in the presence of a little amount of
hydroquinone. DMSO was dried using molecular sieves, and
other reagents were used as received.

In Situ Monitoring Polymerization Processes. Typi-
cally, a double molar BDA was added into a solution of AEPZ
in CDCls or DMSO-dg in a NMR tube. The monomer concen-
trations were around 20% (w/v), and the polymerizations were
performed at 40 °C in chloroform and at 70 °C in DMSO. 3C
NMR spectra were recorded using a power-gated decoupling
program (PD). 200 times scan taking around 10 min was
enough to get a good ¥C NMR spectrum.

Synthesis of Hyperbranched Poly(BDA2-AEPZ1)-Vi-
nyl. A typical process was that BDA (2.26 g, 11.4 mmol) was
added into a solution of AEPZ (0.75 g, 5.7 mmol) in DMSO
(15 mL). The polymerization was performed at 70 °C under
an argon stream. The reaction was stopped after ca. 101.0 h
when the ratio of the integral intensities of peaks at ca. 5.6—
6.4 ppm (attributed to the protons in the vinyl groups) to those
at ca. 4.0 ppm (of a-carbons in the 1,4-butanediol units) was
close to 0.375 as monitored by 'H NMR. The solution was used
for tuning terminal groups directly.

Tuning the Terminal Groups of Hyperbranched Poly-
(amino ester). Poly(BDA2-AEPZ1)-MPZ. MPZ was added
into the solution of poly(BDA2-AEPZ1)-vinyl in DMSO with
the molar ratio of MPZ to the residual vinyl group being 1.1.
The reaction was carried out overnight, and the solution was
precipitated into diethyl ether under vigorous stirring. The
polymer was collected and purified by precipitation from a
chloroform solution into diethyl ether followed by drying under
vacuum at room temperature for 3 days.

Poly(BDA2-AEPZ1)-PZ. First its precursor, poly(BDA2-
AEPZ1)-ZPZ, was prepared by adding ZPZ into the solution
of poly(BDA2-AEPZ1)-vinyl in DMSO. The molar ratio of ZPZ
to the residual vinyl group was 1.1. After the reaction was
performed at 40 °C for 24 h, the solution was precipitated into
diethyl ether under vigorous stirring. The polymer was col-
lected and purified by precipitation from a chloroform solution
into diethyl ether followed by drying under vacuum at room
temperature for 3 days.

Then the protection group was removed. A flask containing
1.5 g of Pd/C was evacuated and backfilled with hydrogen gas
three times. 0.5 g of poly(BDA2-AEPZ1)-ZPZ in 15 mL of DMF
was injected into the flask using a syringe. The mixture was
stirred at ambient temperature for 24 h under hydrogen gas
stream. Pd/C was removed by filtration and washed with 30
mL of DMF. The filtrate was combined and concentrated under
vacuum at room temperature. The concentrated solution was
precipitated into 300 mL of diethyl ether under vigorous
stirring. The polymer was collected and purified by precipita-
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tion from a chloroform solution into diethyl ether followed by
drying under vacuum at room temperature for 3 days.

Poly(BDA2-AEPZ1)-AEPZ. The solution of poly(BDA2-
AEPZ1)-vinyl in DMSO was slowly added dropwise into a
DMSO solution of AEPZ. The molar ratio of AEPZ to the
residual vinyl group was 5. After the reaction was performed
overnight, the solution was precipitated into diethyl ether
under vigorous stirring. The polymer was collected and puri-
fied by precipitation from a chloroform solution into diethyl
ether followed by drying under vacuum at room temperature
for 3 days.

Results and Discussion

Mechanism of Polymerization. It is reasonable to
speculate that the polymerization of the Michael addi-
tion polymerization of 2BDA + AEPZ can be described
by Scheme 1 on account of the reactivity sequence of
the three types of amines in AEPZ, i.e., 2° amine
(original) > 1° amine > 2° amine (formed).1#P First, the
2° amine (original) would react with BDA, forming
B'B"A-type intermediate, then the residual BDA should
react with the 1° amine, producing B"'A type interme-
diate, and finally hyperbranched polymer could be
obtained from the polymerization of the in situ formed
B""As-type intermediate. To verify this speculation, 13C
NMR was used to in situ monitor the polymerization.

When the polymerization of 2BDA + AEPZ was
performed in CDCl3 at 40 °C, only B'B"A intermediate
was formed through the reaction of the most reactive
2° amine (original) with BDA at the beginning of the
reaction (see Figure Sla in the Supporting Information).
Then all the 2° amines (original) in AEPZ were con-
sumed, and further all the 1° amines in the B'B"A
intermediate were converted to the 2° amine (formed)
(Figures S1b and 1c). But the reactivity of the 2° amine
(formed) was so low under this condition that the
conversion was ca. 64% even after ca. 840.0 h as
evaluated by the integral intensity ratio of peaks a4 and
ag (Figure S1d). Such a low reactivity should be due to
the significantly increased steric hindrance.

To improve the reaction rate and get high molecular
weight hyperbranched poly(amino ester)s, DMSO was
used as the solvent, and the polymerization was per-
formed at 70 °C instead. Figure 1 shows the results of
in situ monitoring the polymerizations using 13C NMR.
The reaction rate was improved so remarkably that it
was difficult to detect the formation of only B'B"A
intermediate, as indicated in Figure 1a. The peaks of
both B'B"A and B"'A; intermediates appeared such as
ag and ag at ca. 39.3 and 46.7 ppm, respectively, and no
peaks of AEPZ were detectable in 0.5 h. Figure 1b
illustrates that all B'B" A intermediates disappeared in
ca. 6.2 h, much shorter than 119.5 h needed for that
performed in CDCl; at 40 °C. Then all the 2° amines
(formed) were almost consumed in 101.0 h, as reflected
in Figure lc. The remarkable improvement in the
reaction rate should result from a higher reaction
temperature. In addition, DMSO probably facilitated the
reaction. Moreover, no peaks of AEPZ, B'B"A interme-
diate, and the 2° amine (formed) were detectable in
Figure 1c, indicating that the Michael addition reaction
was irreversible under this condition.

To further confirm the polymerization mechanism, a
sample was drawn from the solution after the polym-
erization was performed in DMSO at 70 °C for 6.2 h.
After being diluted to 1 x 1075 g/mL in acetonitrile to
avoid the further reaction, the sample was analyzed
using MS (ESI). As depicted by Figure 2, a relatively
intensive peak of B" Ay intermediate appeared at m/z =
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Figure 1. Comparison of the enlarged *C NMR spectra recorded in situ for the polymerization of BDA + AEPZ with a 2:1 feed
molar ratio and a monomer concentration of 20% (w/v) at 70 °C in DMSO-d; for (a) 0.5, (b) 6.2, and (c) 101.0 h.

Scheme 1. Mechanism of the Michael Addition Polymerization of 2BDA + AEPZ
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526.3. In addition, there were no peaks ascribed to
monomer BDA and AEPZ. At this stage, the result of
13C NMR shown in Figure 1b indicated all the B'B"A
intermediate was consumed, and a little amount of the
2° amines (formed) joined in the reaction. Hence, it is
reasonable to state that the reaction between B'B"A
intermediate and the residual BDA forming B"A,
intermediate was preferred, as described in Scheme 1.

According to the mechanism described in Scheme 1,
the hyperbranched poly(amino ester)s obtained con-
tained focal units as those from normal ABs-type

monomers. The peaks of those carbons adjacent to
nitrogen in the focal units were overlapped with those
of B"A; intermediate due to the negligible effects of the
polymerization on the chemistries of these carbons. So,
at the final stage of polymerization, the average number
of structure units as from B"Ay intermediate in a
hyperbranched poly(amino ester) molecule could be
roughly determined by the ratio of the integral intensity
of peak a4 to that of peak as. The ratio was ca. 1.8 for
the product obtained by the polymerization performed
in chloroform at 40 °C even for 840.0 h (Figure S1d).
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Figure 2. Mass spectrum of the sample drawn from the polymerization solution of 2BDA + AEPZ in DMSO at 70 °C for 6.2 h.
The sample was diluted to 1 x 1075 g/mL in acetonitrile.
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Scheme 2. Approaches to Tuning the Terminal Groups of Hyperbranched Poly(BDA2-AEPZ1)-vinyl
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So only oligomer containing 2.8 B"As units was pro-
duced. In contrast, the peaks ag almost disappeared in
Figure 2c¢; hence, the polymerization conducted in
DMSO at 70 °C for 101 h provided a high molecular
weight hyperbranched poly(amino ester).

Synthesis of Hyperbranched Poly(amino ester)s.
Hence, hyperbranched poly(amino ester) with vinyl ter-
minal groups, poly(BDA2-AEPZ1)-vinyl, was prepar-
ed by performing polymerization of 2BDA + AEPZ in
DMSO at 70 °C. No gelation occurred through the poly-
merization processes. Because of the existence of an
amount of reactive terminal vinyl groups, cross-linking
occurred easily in the purification processes of poly-
(BDA2-AEPZ1)-vinyl, so a solid pure poly(BDA2-AEPZ1)-
vinyl could not be obtained. Therefore, the terminal
vinyl groups were changed into stable terminal groups.

It was interesting to prepare hyperbranched poly-
(amino ester)s with terminal primary, secondary, and
tertiary amines due to different functions of different

Poly(BDA2-AEPZ1)-PZ

types of amines for DNA delivery.l” We adopted the
approaches as described in Scheme 2 to convert the
terminal vinyl group into primary, secondary, and
tertiary amines. The Michael addition reaction of the
terminal vinyl group with a slight excess molar MPZ
provided tertiary amine. The appearance of peaks k and
¢’ at ca. 46.4 and 55.4 ppm and the total disappearance
of peaks m and n of vinyl groups at 129.3 and 132.2
ppm in Figure 3b indicated a complete conversion. Also,
those peaks i; and 1; attributed to the carbons adjacent
to the vinyl group disappeared. Secondary amine-
terminated hyperbranched poly(amino ester), poly-
(BDA2-AEPZ1)-PZ, was prepared by the reaction of the
terminal vinyl group with ZPZ followed by removing the
benzyl carbonate protection group. The appearance of
the peaks of ZPZ such as peak k at ca. 67.4 ppm and
the disappearance of the peaks of the vinyl group in
Figure 4a illustrated the accomplishment of the reac-
tion. The benzyl carbonate protection group could be
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Table 1. Properties of the Hyperbranched Poly(amino ester)s with Different Terminal Groups

polymer My PDI« M,yb PDI? Tq (°C) Ty (°C)
poly(BDA2-AEPZ1)-MPZ 29 160 3.41 62 520 3.70 238 —28.6
poly(BDA2-AEPZ1)-PZ 28 430 3.50 60 430 3.80 224 —25.8
poly(BDA2-AEPZ1)-AEPZ 38 140 3.70 69 780 3.90 210 —-14.4

@ Molecular weights were determined by GPC using 0.1 M piperidine + THF as the eluent and polystyrene standards. ®Molecular
weights were determined by GPC using 0.1 M piperidine + THF as the eluent and a miniDAWN light scattering detector. ¢ Taken as the

temperature at which a 5% weight loss happened.

easily removed using hydrogenation catalyzed by Pd/
C, which was confirmed by the vanishing of the peaks
of benzyl carbonate such as peak k at ca. 67.4 ppm and
the appearance of the peaks of terminal piperazine
group such as peak ¢’ at ca. 46.3 ppm in Figure 4b.
Primary amine-terminated hyperbranched poly(amino
ester), poly(BDA2-AEPZ1)-AEPZ, was prepared by the
reaction of the terminal vinyl group with AEPZ on the
basis of the lower reactivity of 1° amine than 2° amine
(original). To prevent the reaction with the 1° amine,
the solution of poly(BDA2-AEPZ1)-vinyl was added
dropwise into a solution of an excess molar AEPZ in
DMSO. The vanishing of the peaks of the vinyl group
and the appearance of the peaks of carbon a' and b’ at
ca. 39.0 and 61.1 ppm in Figure 5 demonstrates that
the terminal primary amine was obtained.
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Figure 3. Comparison of the 3C NMR spectrum of (a) poly-
(BDA2-AEPZ1)-vinyl in DMSO-dg with (b) poly(BDA2-AEPZ1)-
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Figure 4. 3C NMR spectra of (a) poly(BDA2-AEPZ1)-ZPZ and
(b) poly(BDA2-AEPZ1)-PZ in CDCls;.
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Figure 5. 3C NMR spectrum of poly(BDA2-AEPZ1)-AEPZ
in CDClg.

Hyperbranched Structure. Here DBs of hyper-
branched poly(amino ester)s should be assessed by
taking the B"'As-type intermediate as a starting mono-
mer. In this way, the terminal, linear, and dendritic
units are defined as in Scheme 1. Nevertheless, the
structural difference among the terminal, linear, and
dendpritic unit could not be distinguished in either 'H
or 13C NMR, so the DBs according to this definition were
difficult to be measured.

The ratio of hydrodynamic radius (R}) to radius of
gyration (R,) of hyperbranched poly(amino ester) was
measured to provide more information on the hyper-
branched structures. Hyperbranched poly(BDA2-AEPZ1)-
MPZ was adopted for investigation due to a less
intermolecular interaction of the terminal tertiary
amine. Methanol is a suitable solvent of poly(BDA2-
AEPZ1)-MPZ for the measurement of Ry, and R, due to
no aggregation in the solution. A 1% (w/w) solution of
poly(BDA2-AEPZ1)-MPZ was prepared for the measure-
ments. R}, of poly(BDA2-AEPZ1)-MPZ was measured to
be 6.2 nm with a PDI of 0.301 using laser dynamic light
scattering (LDLS). However, R, was too small to be
determined using LDLS. SAXS has been used to mea-
sure R, of dendrimers and hyperbranched polymers.18
Therefore, we also applied SAXS to measure R, of poly-
(BDA2-AEPZ1)-MPZ. The method used to fit SAXS
results depended on the structures of polymers. For
poly(BDA2-AEPZ1)-MPZ, the partial Berry plot as
described by eq 11° presented a better fitting as com-
pared with other fitting methods such as the Zimm plot
and the Guinier plot.1%2

(UI(@)"* = C(1 + R,q*/6) (1)

where I(q) is the scattered intensity, ¢ is the scattering
wave vector, and C is a constant. Ry was determined to
be 6.2 nm. Therefore, the ratio of Ry/R, for poly(BDA2-
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AEPZ1)-MPZ was 1.0. The values of R /Ry, are around
1.5—1.7 for linear flexible polymers in good solvent,
1.079 for hyperbranched polymers from ABs-type mono-
mers, and 0.78 for uniform spheres.?’ Hence, the spatial
structures of hyperbranched poly(amino ester)s obtained
were close to those from ABs-type monomers, which
coincided with the mechanism of polymerization.

Properties of Hyperbranched Polymers. All the
primary, secondary, and tertiary amine-terminated
hyperbranched poly(BDA2-AEPZ1) had good solubility
in methanol, water, chloroform, dichloromethane, ac-
etone, DMSO, DMF, and THF. The molecular weights
of these polymers were evaluated using GPC. The
relative molecular weights based on polystyrene stan-
dards and the absolute values measured by a miniDAWN
light scattering detector are listed in Table 1. These
relative values were different from the absolute values
due to the different hydrodynamic behaviors between
hyperbranched poly(amino ester)s and polystyrene stan-
dards. For example, the absolute molecular weight of
hyperbranched poly(BDA2-AEPZ1)-MPZ obtained was
62 520 higher than the relative value of 29 160. In
addition, the high PDI values of polymers obtained were
reasonable for the staged polymerizations and polymer-
izations of ABs-type monomers.

Hyperbranched polymers have an amount of terminal
groups which have effects on their properties. As shown
in Table 1, the terminal group of hyperbranched poly-
(BDA2-AEPZ1) affects the properties apparently as
reported for other hyperbranched polymers.1%:21 The
three kinds of hyperbranched poly(amino ester)s with
different terminal group were prepared from the same
precursor, so their core structures were almost the
same. With the terminal group being changed from
primary to secondary and tertiary amine, Ty decreased
probably due to the decreased hydrogen-bonding inter-
action; meanwhile, Ty increased, indicating an increased
thermal stability.

Conclusions

On the basis of the amine reactivity sequence of 2°
amine (original) > 1° amine > 2° amine (formed) for
AEPZ (BB'B"-type monomer) in the Michael addition
polymerization with diacrylate such as BDA (Aq-type
monomers), a novel 2As + BB'B" approach to hyper-
branched poly(amino ester)s was set up. High molecular
weight hyperbranched poly(amino ester) with vinyl
terminal group, poly(BDA2-AEPZ1)-vinyl, was obtained
by the Michael addition polymerization of AEPZ with a
double molar BDA via B"Ag-type intermediate. The
B Ag-type intermediate was formed from B'B"A inter-
mediate. The vinyl terminal group was tuned into
primary, secondary, and tertiary amines, and the ter-
minal group had effects on the properties of hyper-
branched poly(amino ester)s. The hyperbranched poly-
(amino ester)s obtained had hyperbranched structures
close to those from ABs-type monomers as reflected by
the ratio of Rg/Ry of 1.0, which coincided with the
mechanism of polymerization. The properties of these
novel poly(amino ester)s with different types of terminal
amine for DNA delivery were being investigated.
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