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ABSTRACT

A series of tertiary amine-based hyperbranched poly(amine-ester)s have been synthesized by
Michael addition polymerization of trifunctional monomer, TMEA and difunctional monomer,
diacylates in chloroform, and the resultant polymers were subsequently treated with
mercaptoethenol or 1-dodecanethiol for improving stability in storage. The caption efficiency of
mercaptoethanol is much better than that of 1-dodecanthiol. Kinetic study reveals that the thiol
group is consumed faster than the acrylate group when the polymerization with feed molar ratio
of diacrylate/TMEA = 2/1 was carried out. At initial polymerization, monomer conversion increases
fast, but the molecular weights increase slowly and sharp increase of the molecular weight occurs at
the final polymerization. The hyperbranched polymers were well characterized by 'H NMR spectra
and TD-SEC, and DBs of the polymers obtained are between 0.6 and 0.82, as well as the molar ratios
of diacrylate/TMEA in the hyperbranched polymers are between 1.60 and 1.82. The fluorescence
efficiency and quantum yields of HypET20, HypHT24 and HypDT24 has the following sequence:
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Introduction

Aliphatic tertiary amine-based polymers display inter-
esting properties and have widely used as absorbents,
catalysts, gene and drug carriers [1]. Among this type of
polymers, the hyperbranched polymers and dendrimers
with tertiary amines attract particularly interests due to
their globular architecture and unique properties, such
as low toxicity, pH-sensitivity, fluorescence and abundant
surface functional groups [2]. Poly(ester amine)s, which are
prepared by Michael addition polymerization of diacrylate
and trifunctional amines, are biodegradable, and have
been widely used in gene delivery with high transfection
efficiency, importantly, the results reveal no or low cytotox-
icity [3]. The hyperbranched poly(amido amine) (HPAMAM)
prepared from trifunctional amines and diacrylamide have
the same application, and also can be used as drug carrier
[4]. Although molecular structure of the HPAMAM is irreg-
ularin comparison with the dendrimers, they demonstrate
unique characteristics or advantages in supra molecular
self-assembly behaviors [5]. As a widely used polycationic
nonviral gene vector, the polyethylenimines obtained after
appropriate surface modification reveal high transfection
efficiency and low toxicity [6]. Recently, these hyper-
branched polymers and dendrimers were found to emit

fluorescence under irradiation of approximately 375 nm
[7]. Since they do not have traditional chromophore,
where the fluorescence comes from becomes a problem.
We proposed that the fundamental chromophore is the
tertiary amine in the branched units based on quenching
investigation of the functional groups in the HPAMAM
[8]. The previous fluorescence-quenching study of the
PAMAM dendrimers revealed that the fluorescence orig-
inates from the interior region, and the fluorescence of
surface area was not observed [9], and these two results of
study are not contrary because the tertiary amine groups
in the branching units are located in the interior region
of the hyperbranched molecules. Imae assumed that the
oxygen-doped tertiary amine is chromophore because
oxidation of PAMAM dendrimers can increase the fluo-
rescence [10]. To clarify what is the fundamental chromo-
phore in these hyperbranched polymers or dendrimers,
it is better to synthesize the polymers directly from the
tertiary amine monomers, resulting in the polymers only
with the tertiary amine because the primary and second-
ary amines cannot emit fluorescence due to predissocia-
tion [11]. However, all the hyperbranched polymers and
dendrimers presented above generally contain primary
and secondary amines besides tertiary amine because
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they are prepared by Michael addition polymerization of
multifunctional acrylates, or acrylamide and primary or/
and secondary amines [12,13], and the tertiary amines are
formed during the reactions, incomplete reaction will pro-
duce the primary and secondary amines. To ensure only
tertiary amine groups in the hyperbranched polymers, the
best synthetic strategy is synthesis of the polymers directly
from tertiary amine monomers. Unfortunately, such syn-
thetic strategy has not been reported except our recently
published report [14] based on our knowledge.

Michael addition polymerization is a versatile synthetic
methodology of polymers ranging from linear to hyper-
branched polymers [15]. Instead of amine, thiol can also be
used as heteroatomic donor in Michael addition reaction
[15], and the reaction of SH with acrylate has been used
to prepare the polymers [16]. In this article, we study the
synthesis of hyperbranched poly(ester-amine)s with only
tertiary amine just by linking tertiary amines together via
Michael addition reaction of thiol and acrylate.

Experimental part
Materials

Triethanolamine, thionyl chloride, thiourea, chloro-
form (analytical grade) and mercaptoethanol contain-
ing ~10 mol% bis(2-hydroxyethyl) were purchased
from Sinopharm Chemical Reagent Co. Ltd. and used as
received. Acryloyl chloride (=96%, Aladdin Reagent) was
purified by distillation under reduced pressure before use.
Ethylene glycol diacrylate (EGDA) was prepared accord-
ing to our previous method [14]. "TH NMR (CDCI3, pp): 6.40,
6.15 (4H, CHH=CHCO-); 5.87 (2H, CHH=CHCO-); 4.40 (4H,
-OCH,CH,0-).

Characterization

Nuclear magnetic resonance (NMR)

Structures of the synthesized compounds were character-
ized by "H and '*C NMR spectra on a Bruker 400 MHz NMR
spectrometer using CDCI3, DMSO-d6 orD,Oas solvent.

Size exclusion chromatography (SEC) measurements

Molecular weight and molecular weight distribution were
obtained by triple detection size exclusion chromatography
(TD-SEC) detection at 25 °C The instrumentation consists
of the following: a Waters 1515 isotratic HPLC pump with
5 pm Waters styragel columns (guard, 0.5 HR, 1 HR, 3 HR, 4
HR and 5 HR, the molecular weight ranges of these columns
are 0-1000, 100-5000, 500-30,000, 5000-500,000 and
50,000-4,000,000 g/mol, respectively); a Waters 717 PLUS
autosamples; a waters 2414 differential refractive index
(DRI) detector, the wavelength is 880 nm; a multi angle
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laser light scattering (MALLS) detector (Wyatt mini Dawn
TRISTRA light scattering, three detection angles are 45°,90°
and 135°, the wavelength and power are 690 nm and 220
w); a Wyatt Visco Star viscometer detector; a Waters Breeze
data manager. The eluent was HPLC grade THF delivered
at 1.0 mL/min. The refractive index increment (dn/dc) was
determined using a Wyatt Optilab REX (A = 640 nm) inter-
ferometric differential refractometer in bath model at 25 °C.

Measurement of fluorescence spectra

The fluorescence spectra of the resultant polymers were
recorded at room temperature on a Perkin-Elmer LS55
luminescence spectrophotometer under excitation wave-
length of 375 nm, in CHCI3.

The quantum yield
The quantum yield of the polymers was calculated accord-
ing to the following equation:

®SA = OST(SSA/SST)(nSA/RST)?

where ® =quantumyield; S=gradient of the curve obtained
from the plot of intensity vs. absorbance; n = refractive
index of the solvent; SA = the sample, and ST = the stand-
ard. Anthracene (quantum yield = 0.305 in CHCI,) was used
as a standard. The polymers and anthracene were all dis-
persed in CHCI,. The slit width kept the same for both the
standard and the samples. Absorbance was measured on
a Shimadzu UV-2401PC spectrophotometer.

Synthesis of tris(2-mercaptoethyl)Jamine (TMEA)
Synthesis of TMEA includes three steps. The first step is
synthesis of tris(2-chloroethyl)amine. A solution of trieth-
anolamine (29.8 g, 0.2 mol) in 50 mL of chloroform was
dropwise added into a solution of thionyl chloride (52 mL,
0.7 mol) in chloroform (80 mL) in a 250 mL two-necked
round-bottom flask, which was fitted with a dropping
funnel and a reflux condenser, while stirring. The addition
was carried out at ambient temperature for 1 h, the reac-
tion continued at room temperature until gas evolution
stopped, and then the mixture was heated to refluxed
temperature for 4 h. After cooling to room temperature,
the white solid product was filtered and washed with
3 x 50 mL of chloroform, and then the tris(2-chloroethyl)
amine hydrochloride was obtained in 80% yield after dried
in a vacuum oven at room temperature for 24 h.

The second step is the preparation of tris(ethylisothiou-
ronium)amine chloride. A mixture of tris(2-chloroethyl)
amine hydrochloride (36.15 g, 0.15 mol) and thiourea
(34.3g,0.45 mol) in 100 mL of ethanol was refluxed at 80 °C
for 5 h. After cooled to room temperature, the tris(ethyli-
sothiouronium)amine chloride was obtained in 90% yield
by filtration and following vacuum drying.
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The third step is synthesis of TMEA. A solution of
tris(ethylisothiouronium)amine chloride (37.3 g, 0.08 mol)
in 80 mL of water was bubbled with N, for 10 min. After
sodium hydroxide (20 g, 0.5 mol) was added, the reaction
mixture was heated at 100 °C for 3-5 min under N, atmos-
phere. The solution was quickly cooled to 20 °Cin an ice
bath, and then neutralized by slowly adding the diluted
hydrochloric acid solution. The solution was extracted
with 3 x 25 mL of chloroform. The extracts were dried
over anhydrous magnesium sulfate, after filtration, the
solvent was removed in vacuo. The pure product TMEA
was obtained in 45% yield as colorless oil by subsequent
distillation. 'TH NMR (CDCI3, ppm, TMS): 2.83-2.50 (12H,
HSCH,CH,-); 1.75 (3H, HSCH,CH,-); *CNMR (CDCl,, ppm):
57.08 (CH,CH,-); 23.04 (HSCH,-); HRMS (El+): m/z calcd for
CH,;NS,:197.388, found: 198.0442.

Synthesis of hexamethylene glycol diacrylate (HGDA)
The synthesis procedure is similar to that of EGDA.
Hexamethylene glycol (11.8 g, 0.1 mol) and triethylamine
(TEA, 25.3 g,0.25 mol) in 80 mL of anhydrous dichlorometh-
ane were added to a 250 mL round-bottom flask equipped
with a magnetic stirrer. Acryloyl chloride (22.6 g, 0.25 mol)
dissolved in 20 mL anhydrous dichloromethane were intro-
duced dropwise to the stirred solution for 45 min under N,
at 0 °C. Then the solution was warmed to room tempera-
ture and was stirred overnight. After the salt of TEA was
filtered, the filtrate was washed with aqueous solutions
of sodium bicarbonate and sodium chloride three times,
respectively. The organic layer then was dried over anhy-
drous magnesium sulfate and filtered. After removing the
solvent in vacuo, the oil product was purified by silica chro-
matography using dichloromethane/petroleum ether solu-
tion as eluent. Finally, HGDA was obtained in 35% yield. H
NMR (CDCl,, ppm, TMS): 6.36 and 6.12 (4H, CHH=CHCO-);
5.79 (2H, CHH=CHCO-); 4.17 (4H, ~OCH,CH,CH,-); 1.68 (4H,
~-OCH,CH,CH,-); 1.42 (4H, -OCH,CH,CH-).

Synthesis of decamethylene glycol diacrylate

The synthesis procedure was similar to that of HGDA.
Decamethylene glycol (17.4 g, 0.1 mol) and triethylamine
(TEA, 25.3 g, 0.25 mol) in 80 mL of anhydrous dichlo-
romethane were added to a 250 mL round-bottom flask
equipped with a magnetic stirrer. Acryloyl chloride (22.6 g,
0.25 mol) dissolved in 20 mL anhydrous dichlorometh-
ane were introduced dropwise to the stirred solution for
45 min under N, atmosphere at 0 °C. Then the solution
was warmed to room temperature and was stirred over-
night. After the salt of TEA was filtered, the filtrate solu-
tion was washed with sodium bicarbonate and sodium
chloride solution three times. The organic layer was dried

over anhydrous magnesium sulfate and filtered. After
removing the solvent in vacuo, the oil product was puri-
fied by silica chromatography using dichloromethane/
petroleum ether solution as eluent, and final product was
obtained in 38% yield. '"H NMR (CDCl,, ppm, TMS): 6.42
and 6.09 (4H, CHH=CHCO-); 5.82 (2H, CHH=CHCO-); 4.15
(4H, -OCH,CH,CH,CH, CH,-); 1.67 (4H, -OCH,CH,CH,CH,
CH,-), 1.25-1.43 (8H, ~-OCH,CH,CH,CH, CH,-).

Synthesis of hyperbranched poly(amine-ester)s
(HypETs)

TMEA (0.29 g, 1.5 mmol), EGDA (0.51 g, 3 mmol) and 1.5 mL
chloroform were successively added into a 5 mL glass tube
with a magnetic bar, and then the system was degassed
by three freeze-pump-thaw cycles. The tube was sealed
under vacuum, and then the sealed tube was placed in
an oil bath at 50 °C. After the polymerization was carried
out for 15 h, or 20 h or 24 h, the tube was cooled to room
temperature and opened. Into the reaction mixture, the
mercaptoethanol (1.13 g) or 1-dodecanethiol (1.518 g) was
added, and the tube was sealed again after three freeze-
pump-thaw cycles. The reaction was carried out for addi-
tional 24 h at 50 °C. After cooling to room temperature,
the tube was opened, and the solution was poured into
diethyl ether while stirring vigorously, the polymer was
precipitated. After filtration and drying in vacuo at room
temperature for 24 h, the target hyperbranched polymers,
which were respectively marked as, HypET, .15, HypET,,.20
and HypET,,.24 for the polymers obtained from polymer-
ization for 15, 20 and 24 h and then treated with mercap-
toethanol, were obtained.

The HypHT24 and HypDT24 were prepared by the same
procedure as the preparation of HypETs except the reci-
pes, for preparation of HypHT24, TMEA (0.29 g, 1.5 mmol),
HGDA (0.68 g, 3 mmol) and 1.5 mL chloroform were used
and final product was obtained in 76% yield; for HypDT24,
TMEA (0.29 g, 1.5 mmol), DGDA (0.9 g, 3 mmol) and 1.5 mL
chloroform were used, and finally, the HypDT24 was
obtained in 61% yield.

Kinetics study of polymerization

TMEA (0.12 g, 0.6 mmol), EGDA (0.20 g, 1.2 mmol), 0.6 mL
CDCI3 and 0.1 g dichloromethane (as an internal stand-
ard) were successively added into a 5 mL glass tube with a
magnetic bar, and then the system was degassed by three
freeze-pump-thaw cycles. The tube was sealed under vac-
uum, the sealed tube was placed in an oil bath at 50 °C.
After a predetermined interval, the NMR spectra were
measured. The conversions of thiol and acrylate were cal-
culated based on the NMR data.



Results and discussion

Hyperbranched polymers are typically prepared using AB2
monomer [17]. Since the reactivity of the reaction between
thiol and acrylate is very high, synthesis of the tertiary
amine AB, monomers with single (or two) acrylate group
and two (or single) thiol groups is very difficult. Therefore,
an A3 + B2 polymerization system, TMEA with three termi-
nal thiol groups and EGDA with two acrylate groups, was
used as monomers in this study, and the polymerization
proceeds according to Scheme 1.

In the synthesis of tertiary amine-based hyperbranched
polymers, a key monomer is TMEA, which was prepared from
triethanolamine by transformation of the terminal hydroxyl
to thiol group via three steps according to Scheme 2, but
three reactions are fulfilled in one-pot, separation of the
intermediates 1 and 2 is not needed. The resultant product
was well characterized by 'H and 3C NMR spectra, and mass
spectrum as presented in the experimental section.

Michael addition polymerization of TMEA and EGDA

It is one problem to solve how to avoid the crosslinking
reaction during the polymerization for A, + B, system.

DESIGNED MONOMERS AND POLYMERS . 461

Based on the Statistical approach for estimation of gel
point [18], the molar ratio of EGDA/TMEA should exceed
1.91 when the extent of reaction equals 0.90. When the
polymerization with feed molar ratio of EGDA/TMEA = 1.51
or 1 was carried out at 50 °C in chloroform, the gelation
occurred after less than 22 h or 17 h polymerization
(HypETg1 or HypETg2 in Table 1). However, for polymeri-
zation with molar ratio of EGDA/TMEA = 2.0, no gelation
was taken place even after 24 h polymerization (Table 1).
Thus this molar ratio of EGDA/TMEA was used in the kinet-
ics study.

For ensuring the hyperbranched polymerization
stopped before the crosslinking reaction, it is necessary
to estimate the polymerization time, when conversion of
thiol group reached 90% in the polymerization of EGDA
and TMEA. Kinetics of the polymerization was studied by
'H NMR with polymerization proceeding in NMR tube
using CDCl, as solvent, and the four typical NMR spectra
are presented in Figure 1. Quantitative dichloromethane
was added into the polymerization system as internal
standard for calculation of thiol and acrylate conversions,
and its proton signal appears at = 5.15 ppm in Figure 1.
We can see that the signals at = 5.66, 5.94 and 6.20 ppm

SH O 1.50°C, CHCl,
N o~ Ny —
ns— \—\SH+ %\[g O 2. HSCH,CH,OH
TMEA EGDA o OM;
0
s—/_[(o—/_ HO
N/_/
j (0]
o OMS \_\S O—/_ HMF\S-S
o _\—XQ 0 <
Sﬂof O OH
0
N S ¢ o M"”
s/ — — 4 _/e_o
' S 0 b d o
SL _\_< _\—O _/—N e
OH % )7_/\5 h

HypET 0 o
Scheme 1. Preparation of HypET by Michael addition polymerization of TMEA and EGDA.
HO on c_ ~u ‘" H,N_NH  H,N_NH
~N\ Cl
N N 4HCI - HS A _~_SH
H —_— — S\/\N/\/S _»L N
OH Cl
HS_<NH SH
1 2 NH, TMEA

a: SOCI,/CH,Cl,; b: NH,C(S)NH,/C,HsOH/80°C; ¢: NaOH/H,0/100°C, HCI/H,0

Scheme 2. Preparation of tris(2-mercaptoethyl) amine.
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Table 1. Polymerization conditions and results for Michael addition polymerization of diacrylate esters and TMEA.

No? Time (h) DA/TMEA (molarratio)  Yield® (%) M, S (g/mol) M, /M ¢ DBY DA/TMEA® (molarratio) Reaction efficiencyf
HypET, .15 15 2/1 63 14,800 2.64 0.79 1.82 0.99
HypETMEZO 20 2/1 66 20,900 3.54 0.80 1.83 0.99

HypET, 24 24 2/1 70 55,100 7.06 0.82 1.84 0.99
HypETg1 <22 1.5/1 gel - - - - -

HypETg2 <17 il gel - - - - -

HypETDT1 3 13 2/1 35 15,690 2.12 0.60 1.62 0.79

HypET ;29 29 2/1 45 21,560 2.01 0.79 1.82 0.82
HypHT24 24 2/1 76 43,300 3.69 0.73 1.78 0.99
HypDT24 24 2/1 61 35,900 2.10 0.70 1.75 0.98

*Hyperbranched polymers were prepared by Michael addition polymerization at 50 °C in CHC, for various times and subsequently treated by mercaptoethanol

for HypET, ., or treated by 1-dodecanethiol for HypET,
bObtained by weight method.

b

DAs in HypHT and HypDT is hexamethylene glycol diacrylate and decamethylene glycol diacrylate.

‘Molecular weights and molecular weight distributions were measured by triple detection size exclusion chromatography.

dCalculated based on TH NMR data.

Molar ratio of DA/TMEA in the hyperbranched polymers, which was calculated based on 'H NMR data.
fReaction efficiency between thiol and acylate was calculated based on 'H NMR data.

Figure 1. '"H NMR spectra of the HypETs formed by polymerization
with feed molar ratio of EGDA/TMEA = 2/1 at 50 °Cin chloroform
for 0, 3, 15 and 38 h, respectively.

ascribed to vinyl protons decrease with increasing polym-
erization time, and their integral values was used to cal-
culate the conversion of acrylate. The ester methylene
proton signal of EGDA at around 4.14 ppm in the poly-
mers is shifted slightly from the EGDA monomer, but the
integration ratios of the signal at = 4.22-4.06 to the sig-
nal at = 5.15 ppm are not varied in the polymerization.
The proton signals at = 2.31-2.71 ppm are strengthened
with increasing reaction time as shown in Figure 1, which
is the result of reaction between thiol and acrylate, and
two methylene protons signals of the newly formed
SCH,CH,COO are shifted from = 5.66, 5.94 and 6.20 ppm
to 2.31-2.71 ppm, thus, their integral value increase was
used to calculate the conversion of thiol groups, and the
results are shown in Figure 2. We can see that the conver-
sions of both thiol and acrylate groups increase fast before
15 h polymerization, and then conversion increase levels
off. However, the conversion of thiol did not exceed 80%
even though polymerization lasted for 38 h. In addition,

0.7 1 07
/1/
0.6 /]L L 0.6
8 Q
< i /./——a L Q
S 05 0.5 3
Q
E 04 - L o4 &
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8 03 L 03 2,
5 5
z 021 02 &
5 w
© 014 Lol S
/ bS]
0.0 - L 0.0
——
0 10 20 30 40

Polymerization time (h)

Figure 2. Conversions of thiol and acrylate with polymerization
time in the polymerization with EGDA/TMEA = 2/1 at 50 °C in
chloroform for different reaction time.

the solution polymerization in chloroform is also impor-
tant to suppress the gelation of polymerization system,
and when this polymerization was carried out in bulk the
gelation occurred. We emphasize here that the conversion
in Figure 2 refers to functional groups conversion, not to
monomers conversion because the thiol and acrylate
groups detected can be in the polymer chains, also in the
monomers. Because in the thiol-ene addition reaction
1 mol -SH group consumed 1 mol acrylate group, con-
version of -SH group is always higher than the conversion
of acrylate group (Figure 2) for the polymerization system
with [CH,=CH]/[SH] = 4/3 is easily understood.

To further understand the polymerization kinetics,
SEC-TD was used to follow the polymerization, and three
typical SEC curves are presented in Figure 3, the relation-
ship of molecular weight with the conversions is shown in
Figure 4.We can see in Figure 4 that the molecular weights
of the resultant macromolecules increase slowly at the ini-
tial stage of polymerization, significant molecular weight
increase occurs at the last stage of polymerization, which
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which were prepared by Michael addition polymerization with
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Figure 4. Relationship of M, triple with conversion for Michael
addition polymerization of EGDA and TMEA with feed molar ratio
of EGDA/TMEA = 2/1 in chloroform at 50 °C.

is general phenomenon in the polymerization ofABf(fz 2)
monomer. As we know, the initial reactions take place
mainly between monomers, and/or among the monomers
and low oligomers, resulting in slow increase of the molec-
ular weight at initial stage of polymerization. When the
most of monomer molecules are consumed the reactions
between macromolecules may occur, which causes sharply
increase of the molecular weights at latter polymerization
stage. Figure 3 displays an interesting phenomenon, with
proceeding of the polymerization, molecular weights of
the high molecular weight polymer parts increase fast,
while lower molecular weight polymers parts decrease
slowly, but do not disappear. This indicates that the high
molecular weight polymers are much more reactive than
the oligomers due to their numerous surface functional
groups. And higher molecular weight macromolecules can
react with each other, which leads to sharp increase of
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molecular weight compared to the oligomers and mono-
mers, as shown in Figure 4.

Structure analysis of hyperbranched polymers

When the HypETs were prepared by Michael addition
polymerization of TMEA and EGDA with molar ratio of 1:2
at 50 °C for different times, the resultant hyperbranched
polymers are not stable during the storage, because two
kinds of active terminal groups, thiol and acrylate, exist
on their surface, and their further reaction can forms
crosslinked polymers. Therefore, after the polymerization
ended, the polymer solution was further treated with mer-
captoethanol or 1-dodecanethiol, and the corresponding
hyperbranched polymers are marked as HypET,,. and
HypET,, respectively. Since the thiol can react with ter-
minal acrylate group via Michael addition reaction and also
can react with terminal thiol via oxidation reaction [14,19],
both reactions produce the same terminal hydroxyl group
(or C,,H,. group) when the polymer solution is treated
with mercaptoethanol (or 1-dodecanethiol) as shown in
Scheme 1.This is supported by their '"H NMR spectra shown
in Figure 5. As shown in Figure 5(b), for the HypET treated
with mercatoethanol, the vinyl proton signals at = 5.86,
6.15 and 6.44 ppm almost disappear, which demonstrates
high efficiency of these two reactions, and two new proton
signals appear at = 3.91 (@') and 3.74 (a) ppm, which are
ascribed to two different methylene protons next to ter-
minal hydroxyl group, which are respectively formed by
the reaction of terminal SH with mercaptoethanol to pro-
duce S-SCH,CH,OH group; and by the reaction of terminal
acrylate with mercaptoethanol to yield CH,-SCH,CH,OH
group. The results support our previous presumption that
the obtained hyperbranched polymers have two types of
terminal groups, thiol and acrylate, and the linear and ter-
minal structures in the HypETs are formed. Based on the
integral values of the signals at = 5.86 and 3.74 ppm, the
reaction efficiencies between thiol and acrylate were cal-
culated and the results are listed in Table 1, all reaction effi-
ciencies are approximately 99%. However, when the HypET
was treated with 1-dodecanethiol, "H NMR spectrum of the
resultant product in Figure 5(c) reveals significant decrease
of the vinyl proton signals at =5.87,6.15 and 6.44 ppm, but
these signals can be seen clearly in Figure 5(c). And the
signal at = 0.87 ppm is ascribed to methyl protons of the
terminal dodecyl, which is formed by reaction of 1-dodeca-
nethiol with the terminal acrylate, the reaction efficiencies
were calculated based on the integral values of the signals
at=>5.87 and 0.87 ppm, and approximately 80% of the reac-
tion efficiencies (Table 1) reveal that the 1-dodecanethiol
is not as reactive as mercaptoethanol during the reactions
with acrylate probably due to their different structures.
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Figure 5. '"H NMR spectra of tris(2-mercaptoethyl)amine (a),
HypETME15 prepared by polymerization with molar ratio of.

As we mentioned above, the feed molar ratio of EGDA/
TMEA was 2/1, but composition of hyperbranched poly-
mers measured by TH NMR spectra are different. The pro-
ton signals at = 4.33, 2.53-2.94 and 3.65-3.97 ppm are
ascribed to ester methylene group of EGDA, two meth-
ylene groups next to nitrogen and sulfur as well as meth-
ylene group adjacent to terminal hydroxyl group. Based
on the integral values of these signals, the molar ratios of
EGDA/TMEA units in the HypETs obtained from different
polymerization times were calculated, and the results are
listed in Table 1. The ratios increase slightly with increas-
ing polymerization time, but all the molar ratios (around
1.80) of EGDA/TMEA units in the hyperbranched polymers
are less than 2 of the feed molar ratio. This result implies

0.9
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Figure 6. Influence of polymerization time on degree of
polymerization for Michael addition polymerization with feed
molar ratio of EGDA/TMEA = 2/1 in chloroform at 50 °C.

existence of some thiol groups in the polymers besides
one terminal thiol group in every macromolecule, thus,
there are linear units in the polymers.

The degree of branching (DB) is an important parame-
ter of the hyperbranched polymers and can be calculated
according to equations, DB= (D +T)/(D + T +L) suggested
by Fréchet et al. [20], where D, T, and L refer to the con-
tents of dendritic, terminal, and linear units, respectively.
Based on the integration of the signals at = 3.90 (a') and
3.74 ppm (a), we can calculate the DB of the HypETs, and
the results are shown in Figure 6. Prolonging reaction time
can increase the DB of HypETs formed, but only limited
increase of DB is possible based on the result that the DB
increases slightly with increasing polymerization time
shown in Figure 6.

Synthesis of other similar tertiary amine-based hyper-
branched polymers using this strategy is also success-
ful. When hexamethylene glycol diacrylate (HGDA) and
decamethylene glycol diacrylate (DGDA) were used
instead of EGDA, the Michael addition polymerization of
TMEA with HGDA or DGDA reveals similar polymerization
behaviors. The HypHT24 with M, wiple = 43,300 g/mol and
M, /M, =3.69 and HypDT24 with M, .. = 35,900 g/mol
and M, /M_=2.10 are used the following studies including
fluorescence investigation. Their structures were charac-
terized; and the HypHT24 obtained by polymerization of
TMEA with HGDA and the HypDT24 prepared from TMEA
and DGDA have similar '"H NMR spectra as shown in Figure
7. The same with HypETs, both HypHT24 and HypDT24
have two terminal functional groups, acrylate and thiol,
they were treated with mercaptoethanol also after the
polymerization ended for improving stability during stor-
age. Thus, we can see two proton signals of the methyl-
ene groups next to terminal hydroxyl group respectively
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Figure 7. "H NMR spectra of HypHT24 (a) and HypDT24 (b), which
were prepared by Michael addition polymerization of TMEA.

at = 3.92 ppm (@"), which is formed by reaction of termi-
nal SH and mercaptoethanol, and = 3.74 ppm (a), which is
produced by reaction of acrylate with mercaptoethanol.
Different from "H NMR spectrum in Figure 5(b), Figure 7(a)
shows one proton signal at = 1.65 (j) ascribed to the two
methylene groups adjacent to ester methylene group, but
the signal at = 1.39 ppm (k) and 1.29 ppm (k, | and m)
respectively belongs to the two methylene groups and
the six methylene groups in the middle of ester hexylene
group for HypHT24 (Figure 7(a)) and decylene group for
HypDT24 (Figure 7(b)). Similar to the HypETs, the molar
ratios of HGDA/TMEA and DGDA/TMEA in the hyper-
branched polymers were calculated based on the integral
values of the ester methylene proton signal at = 4.09, the
signalsat 3.92 (') and 3.74 (a) as well as the signals at 2.54—
3.02 ppm, the results are listed in Table 1. The molar ratios
of HGDA/TMEA (1.73) and DGDA/TMEA (1.70) in the hyper-
branched polymers are slight less than the corresponding
value (1.80) of HypETs, which is probably related to the low
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concentration of reactive acrylate group in the polymer-
ization system when the polymerization was carried out
in the same monomer concentrations.

The DBs of HypHT24 and HypDT24were also calculated
based on the integral values of the signals at = 3.90 (a')
and 3.74 ppm (a), and they are 0.73 and 0.70, respectively.
Their DBs are also slight lower than that of HypETs, indi-
cating higher content of linear units in the HypHT24 and
HypDT24.

Fluorescence study

As we mentioned, fluorescence of the tertiary amines has
been extensively studied, but this uncommon chromo-
phore is easily quenched [11]. Our study shows that the
hyperbranched polymers with tertiary amine as branch-
ing units can retain its high fluorescence efficiency due to
less mobility of the tertiary amine in the interior region
of hyperbranched polymers [14], which is consistent with
the result that nitrogen-incorporated in diamond can emit
strong fluorescence [21]. Thus, studying the influence of
ester alkylene size in diacrylates on fluorescence should
be interesting because high branching density leads to
a compact structure of the individual macromolecules,
restricts the chain mobility, which will affect the fluores-
cence [22]. Three hyperbranched polymers, HypET, HypHT
and HypDT respectively with ester ethylene, ester hexam-
ethylene and ester decamethylene in diacrylate units have
been synthesized as we described above. Since molecular
weight of the polymers has big influence on their fluores-
cence [9,14], The HypET20 was selected for comparison
because it has similar molecular weight with other two
polymers. The fluorescence spectra in Figure 8 reveal that
the fluorescence intensity has the following sequence:
HypET20 > HypHT24 > HypDT24. Using Williams’ method

HypET20

HypDT24

Normalized fluorscence intensity

400 450 500 550
Wavelength (nm)
Figure 8. Fluorescence spectra of the HypET20, HypHT24

and HypDT24, which were prepared by Michael addition
polymerizations of TMEA respectively with EGDA, HGDA.
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Figure 9. Influence of the hyperbranched structure on the
quantum yields.

reported [23], the quantum yields of HypET20, HypHT24
and HypDT24 were measured, and the results are shown
in Figure 9. The same trend with the fluorescence intensity
can be observed, probably with length increasing of the
linear skeleton, the branching density decreases, leading
to increase of chain mobility and decrease of the fluores-
cence efficiency.

Conclusion

The tertiary amine-based hyperbranched poly(amine-es-
ter)s have been successfully prepared via Michael addition
polymerization of TMEA (B,) and diacrylate (A,), and the
crosslinking reaction in the polymerization can be avoided
using appropriate feed molar ratio and by control of the
reaction extent. Similar to the hyperbranched polymeri-
zation ofAB2 monomers, the molecular weight increases
slowly at the initial stage of polymerization, and at the
final polymerization, sharp increase of molecular weights
is observed because of reactions between the high molec-
ular weight macromolecules. The structural analysis indi-
cates that the molar ratio of diacrylate/TMEA is lower than
the feed molar ratios, DBs increase slightly with increasing
molecular weights. With increase of linear spacer between
the branching units, the fluorescence intensity and quan-
tum yields decrease significantly.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This work is supported by the National Natural Science Foun-
dation of China under [grant number 21404088]; the Fund for
Outstanding Young and Middle-aged Scientists of Shandong
Province under [grant number BS2014CL017]; and Shandong

Provincial NSF under [grant number ZR2015EM036], [grant
number ZR2015BL026].

References

[1] (a) Patil AR, Gaikar VG. Purification and recovery of
curcuminoids from curcuma longa extract by reactive
sorption using polymericadsorbent carrying tertiary amine
functional group. Ind Eng Chem Res. 2011;50:7452-7461.
(b) Wilson JE. How surface-bound drugs inhibit thrombus
formation. Drug Dev Res. 1990;21:79-92. (c) van de
Wetering P, Cherng J-Y, Talsma H, et al. 2-(dimethylamino)
ethyl methacrylate based (co)polymers as gene transfer
agents. J Control Release. 1998;53:145-153. (d) Hollfelder
F, Kirby AJ, Tawfik DS. Efficient catalysis of proton transfer
by synzymes. J Am Chem Soc. 1997;119:9578-9579. (e)
Wang Y, Li X, Hong CY, et al. Synthesis and micellization of
thermoresponsive galactose-based diblock copolymers. J
Polym Sci A Polym Chem. 2011;49:3280-3290.

[2] (a) Ferruti P, Marchisio MA, Duncan R. Poly(amido-amine)s:
biomedical applications. Macromol Rapid Commun.
2002;23:332-355. (b) Kong LZ, Pan CY. Synthesis and
characterization of dendritic-linear-dendritic triblock
copolymers based on poly(amidoamine) and polystyrene.
Polymer. 2008;49:3450-3456. (c) Chen J, Guo J, Chang B,
et al. Blue-emitting PEGylated hyperbranched PAMAM:
transformation of cross-linked micelles to hollow spheres
controlled by the PEG grafting density. Colloid Polym Sci.
2012;290:517-524.

[3] (@) Zhong Z, Song Y, Engbersen JFJ, et al. A versatile
family of degradable non-viral gene carriers based on
hyperbranched poly(ester amine)s. J Control. Release.
2005;109:317-329. (b) Arote RB, Hwang S-K, Yoo M-K, et
al. Biodegradable poly(ester amine) based on glycerol
dimethacrylate and polyethylenimine as a gene carrier. J
Gene Med. 2008;10:1223-1235.

[4] (a) Rahbek UL, Nielsen AF, Dong M, et al. Bioresponsive
hyperbranched polymers for siRNA and miRNA delivery.
J Drug Target. 2010;18:812-820. (b) Yu Z, Yan J, You Y.
Synthesis of bioreducible and acid labile poly(amido amine)
s via Michael-addition reactions and their application in
gene delivery. J Control Release. 2011;152:179-181. (c)
Fleige E, Quadir MA, Haag R. Stimuli-responsive polymeric
nanocarriers for the controlled transport of active
compounds: concepts and applications. Adv Drug Deliv
Rev. 2012;64:866-884.

[5] (@) Zhou Y, Yan D. Supramolecular self-assembly of
amphiphilic hyperbranched polymers at all scales and
dimensions: progress, characteristics and perspectives.
Chem Commun. 2009;1172-1188. (b) Zhou Y, Huang W, Liu
J, et al. Self-assembly of hyperbranched polymers and its
biomedical applications. Adv Mater. 2010;22:4567-4590.

[6] (a) Oskuee RK, DehshahriA, Shier WT, et al. Alkylcarboxylate
grafting to polyethylenimine: a simple approach to
producing a DNA nanocarrier with low toxicity. J Gene
Med. 2009;11:921-932. (b) Bae YM, Choi H, Lee S, et
al. Dexamethasone-conjugated low molecular weight
polyethylenimine as a nucleus-targeting lipopolymer
gene carrier. Bioconjug Chem. 2007;18:2029-2036.

[7]1 (@) Wang D, Imae T. Fluorescence emission from
dendrimers and its pH dependence. J Am Chem Soc.
2004;126:13204-13205. (b) Wu DC, Liu Y, He CB, et al. Blue



©)

[10]

[11]

[12

[13]

photoluminescence from hyperbranched poly(amino
ester)s. Macromolecules. 2005;38:9906-9909. (c) Zhao Y,
Chang Y, Liu S, et al. Photoluminescence study of tetra-
dendron dendrimers derived from ethylenediamine
cores and di-dendron dendrimers derived from mono-
Boc-protected ethylenediamine cores. J Luminescence.
2010;130:576-581.

Yang W, Pan CY. Synthesis and fluorescent properties
of biodegradable hyperbranched poly(amido amine)s.
Macromol Rapid Commun. 2009;30:2096-2101.

Larson CL, Tucker SA. Intrinsic fluorescence of carboxylate-
terminated polyamido amine dendrimers. Appl Spectrosc.
2001;55:679-683.

Chu CC, Imae T. Fluorescence investigations of oxygen-
doped simple amine compared with fluorescent PAMAM
dendrimer. Macromol Rapid Commun. 2009;30:89-93.
Freeman CG, McEwan MJ, Claridge RFC, et al. Fluorescence
of aliphatic amines. Chem Phys Lett. 1971;8:77-78.

(@) Huang B, Tang S, Desai A, et al. Novel (P)under-baroly((ET)
under-barhylene(A)under-barmido(A)under-barmine)
(PETAA) dendrimers produced through a unique and highly
efficient synthesis. Polymer. 2011;52:5975-5984. (b) Wang D,
Zheng Z, Hong CY, et al. Michael addition polymerizations of
difunctional amines (AA) and triacrylamides (B-3). J Polym
Sci A Polym Chem. 2006;44:6226-6242. (c) Wang D, Liu Y,
Hong CY, et al. Preparation and characterization of novel
hyperbranched poly(amido amine)s from Michael addition
polymerizations of trifunctional amines with diacrylamides. J
Polym Sci A Polym Chem. 2005;43:5127-5137.

(a) Gao C, Tang W, Yan D. Synthesis and characterization
of water-soluble hyperbranched poly(ester amine)s from
diacrylates and diamines. J Polym Sci A Polym Chem.
2002;40:2340-2349. (b) Tang L, Fang Y, Tang X. Influence
of alkyl chains of amphiphilic hyperbranched poly(ester
amine)s on the phase-transfer performances for acid dye
and the aggregation behaviors at the interface. J Polym Sci
A Polym Chem. 2005;43:2921-2930.

[14]

[15]

[16

—_

[17]

18]

19

[20]

[21]

[22]

[23]

DESIGNED MONOMERS AND POLYMERS . 467

Sun M, Hong CY, Pan CY. A unique aliphatic tertiary
amine chromophore: fluorescence, polymer structure,
and application in cell imaging. J Am Chem Soc.
2012;134:20581-20584.

Mather MD, Viswanathan K, Miller KM, et al. Michael
addition reactions in macromolecular design for emerging
technologies. Prog Polym Sci. 2006;31:487-531.

(@) Pritchard CD, O'Shea TM, Siegwart DJ, et al. An
injectable thiol-acrylate poly(ethylene glycol) hydrogel
for sustained release of methylprednisolone sodium
succinate. Biomaterials. 2011;32:587-597. (b) Platte D,
Helbig U, Houbertz R, et al. Localization of critical molar
ratio intervals for highly branched step-growth Michael
addition networks. Macromolecules. 2011;44:5123-
5126.

(a) Gao C, Yan D. Hyperbranched polymers: from synthesis
to applications. Prog Polym Sci. 2004;29:183-275. (b)
Zhu Z, Pan CY. A feasible synthetic route for linear PTHF-
hyperbranched poly(phenyl sulfide) block copolymers.
Macromol Chem Phys. 2007;208:1274-1282.

Odian G. Principles of polymerization. 4th ed. Hoboken
(NJ): Wiley; 2004. p. 108-114.

Harman LS, Mottley C, Mason RP. Free radical metabolites
of L-cysteine oxidation. J Biol Chem. 1984;259:5606-5611.
Hawker CJ, Lee R, Fréchet JMJ. One-step synthesis of
hyperbranched dendritic polyesters. J Am Chem Soc.
1991;113:4583-4588.

Gruber A, Drabenstedt A, Tietz C, et al. Scanning confocal
optical microscopy and magnetic resonance on single
defect centers. Science. 1997;276:2012-2014.

Simon PFW, Muller AHE, Pakula T. Characterization of
highly branched poly(methyl methacrylate) by solution
viscosity and viscoelastic spectroscopy. Macromolecules.
2001;34:1677-1684.

Williams ATR, Winfield SA, Miller JN. Relative fluorescence
quantumyields using a computer-controlled luminescence
spectrometer. Analyst. 1983;108:1067-1071.



	Abstract
	Introduction
	Experimental part
	Materials
	Characterization
	Nuclear magnetic resonance (NMR)
	Size exclusion chromatography (SEC) measurements
	Measurement of fluorescence spectra
	The quantum yield
	Synthesis of tris(2-mercaptoethyl)amine (TMEA)
	Synthesis of hexamethylene glycol diacrylate (HGDA)
	Synthesis of decamethylene glycol diacrylate
	Synthesis of hyperbranched poly(amine-ester)s (HypETs)


	Kinetics study of polymerization
	Results and discussion
	Michael addition polymerization of TMEA and EGDA
	Structure analysis of hyperbranched polymers
	Fluorescence study

	Conclusion
	Disclosure statement
	Funding
	References



