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Abstract

A series of carboxylic acid functionalized hybrid linear-dendritic block copolymers (LDBCs) derived from methoxy poly(ethylene glycol)
(MPEG) and variant generation dendrons from 2,2-bis(hydroxymethyl) propionic acid were synthesized and employed as CaCOj crystallization
growth modifiers. Mainly spherical vaterite particles of gradually reduced sizes were produced with the increase of the polymer additive con-
centration and/or the dendron segment generation number, while the incorporated polymer organic components in the particles increased for the
promoted binding efficiency and ever enhanced adsorption ability. A higher mineralization temperature resulted in significantly larger particle
size and partly calcite formation. Under the same molar concentration of carboxylic acid, the same size level particles were obtained which
manifested the crucial role of the functional group, meanwhile, the slight decrease of the spherical vaterite diameters with increasing generation
number and especially the formation of particular pine-cone shaped calcite crystals also revealed the significant effect of the architectural struc-

ture of variant generations and some special characters of the hybrid LDBC structures.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Biominerals have unique structures and morphologies,
which usually exhibit good mechanical strength with excellent
toughness compared with the relatively crude minerals [1—3].
Calcium carbonate is the most common one among the over
sixty kinds of biological minerals [4]. CaCOj3 has three anhy-
drous crystalline polymorphs, i.e., vaterite, aragonite, and
calcite in order of increasing stability. Biomimetic synthesis
of CaCO; under the influence of organic templates and/or ad-
ditives has aroused intensive investigations in recent years as
reviewed recently [5—9]. Langmuir monolayers and self-
assembled films [10—15], foam lamellae [16,17], designed
emulsion systems [18,19], and functionalized hydrogels
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[20,21], have been used as effective templates or additives
for the controlled growth of CaCOj crystals, mainly on the
control of polymorph, morphology and/or crystal orientation.
Especially a kind of polymer additives so called double hydro-
philic block copolymers (DHBCs) have been successfully em-
ployed in the biomimetic syntheses of inorganic minerals,
which exert remarkably effective control over the size, shape,
morphology and structure of CaCOj; due to its separation of
the binding and solving functions [22—31]. Recently a unifying
model of polymer-mediated crystallization has been proposed
based on the aggregation of precursor subunits [31]. Most of
the DHBCs investigated so far are linear copolymers although
some with branched or hyperbranched functional segments.
On the other hand, many research results have shown that
selectivity for certain crystal faces appears to be highly depen-
dent on the secondary structure of the macromolecule addi-
tives [32—34]. Dendrimers are a kind of synthetic polymers
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possessing some features of biomacromolecules, for example,
they have exact molecular weight, unique and well-defined
secondary structures, in the early generations the starburst
structures are of disklike shape, and the structures are of
sphere in the higher generations [35]. Recently, poly(amido-
amine) (PAMAM) dendrimers with carboxylic acid groups
have been found to exert effective control on the CaCOj; crys-
tallization and result in the formation of stable spherical vater-
ite polymorph [36—38]. Furthermore, poly(propyleneimine)
(PPI) dendrimers modified with long alkyl chains were re-
ported to form remarkably rigid and well-defined aggregates,
which templated the formation of interesting inorganic—
organic hybrid materials [39,40]. Our recent research results
showed that even the less regular hyperbranched aliphatic
polyesters with carboxylic or sulfonic acid functional groups
exhibited remarkable polymorph selectivity and morphology
control. Under certain conditions well-defined core—shell
structured vaterite spheres were obtained with obvious radial
organization by nano-aggregation mechanism [41]. For their
precise molecular structure, globular shape and high function-
ality of the dendrimer segment and the combination of variant
linear and dendritic segments, hybrid linear-dendritic block
copolymers (LDBCs) have been exploited for possible appli-
cations in variant fields as in surface modification [42], gene
therapy [43,44], drug delivery [45,46] and stimuli-responsive
devices [47,48]. Here we present the synthesis of a series of
LDBCs derived from methoxy poly(ethylene glycol)
(MPEG) and variant generation dendrons from 2,2-bis(hy-
droxymethyl) propionic acid (BMPA) according to a facile di-
vergent strategy and then the hydroxyl groups were converted
into carboxylic acid functional groups through reaction with
succinic anhydride. The series carboxylated LDBCs were
employed as CaCOj crystallization growth modifiers which
exhibited very strong control ability both for crystal polymor-
phism and morphology. To the best of our knowledge, this is
the first report of LDBCs as a modifier for the biomimetic
mineralization.

2. Experimental
2.1. Materials

2,2-Bis(hydroxymethyl) propionic acid (BMPA), p-toluene-
sulfonic acid ( p-TSA), succinic anhydride (SA), N,N'-dicyclo-
hexylcarbodiimide (DCC), 4-(dimethylamino) pyridine
(DMAP) and methoxy poly(ethylene glycol) (MPEG) (M,
ca. 5000 g/mol) were purchased from Aldrich. All other
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chemicals were of analytical grade and used without further
purification and all solvents were distilled prior to use.

2.2. Characterization

'"H NMR spectra were recorded on a 300 MHz (Bruker
AMX300) spectrometer with the residual proton signals of sol-
vents as internal standards. Gel-permeation chromatography
(GPC) was performed on Waters 244 with differential refrac-
tometer R401 fitted with four ultrastyragel columns having
pore sizes 100, 500, 103, 10* A. THF was used as eluent at
a flow rate of 1 mL/min and the molecular weight calculation
was based on linear polystyrene standards. Fourier transform
infrared spectra (FTIR) were recorded on a NICOLET
TNEXUSS870 infrared spectrometer with pressed potassium
bromide pellets. Scanning electron microscopy (SEM) images
were obtained on a GEMINI LEO 1530VP field emission
microscope with associated energy dispersive spectroscopy
(EDS) and all CaCO;3; samples were Pt-coated prior to the
SEM examination. X-ray diffraction (XRD) patterns were
recorded on a Shimadzu XD-3A instrument with Cu Ka radi-
ation (A =1.5418 A) at room temperature. Thermogravimetric
analysis (TGA) was performed on a Perkin—Elmer TGA-7
instrument, samples were heated at 20 °C/min from room
temperature to 800 °C in nitrogen atmosphere. Dynamic laser
scattering (DLS) measurements were performed using a Broo-
khaven laser light scattering spectrometer (BI-200SM) equip-
ped with a digital detector (BI-PAD) and a semiconductor
laser light source operating at 532 nm.

2.3. Syntheses

2.3.1. Benzylidene-2,2-bis(oxymethyl) propionic anhydride
(Bn-BMPA-Ah)

As shown in Scheme 1, benzylidene acetal of BMPA (Bn-
BMPA) was readily synthesized according to literature [49]. In
a typical synthesis, benzaldehyde 24.70 g, BMPA 30.04 g, and
a catalyst amount of p-TSA were mixed in a glass container
and set aside for three days, then aqueous NaHCO3; was added,
the raw acetal product was obtained after washing with diethyl
ether, acidification and filtration. After recrystallization from
acetone pure white crystals of Bn-BMPA 35.72 g, yield 68%
was obtained.

Bn-BMPA (17.12 g, 77 mmol) and DCC (9.57 g, 46 mmol)
were mixed in 130 mL CH,Cl, and stirred overnight at room
temperature. The precipitated byproduct N,N'-dicyclohexylurea
(DCU) was filtered off and washed with a small volume of

Qi i O

Bn-BMPA-Ah

__bcc
T CHCL

Scheme 1. Synthesis of benzylidene-protected anhydride Bn-BMPA-Ah.
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Scheme 2. Synthesis routes for hydroxyl-terminated LDBCs with dendron generations 1—5.

CH,Cl,. The filtrate was then precipitated in 800 mL of hexane
under vigorous stirring. After filtration and drying 14.69 g Bn-
BMPA-Ah was obtained as white powders, yield 89%. "H NMR
(300 MHz, CDCls, ¢ in ppm): 1.13 (s, 6H, —CH3), 3.69 (d, 4H,
J=10.8 Hz, —OCH,C), 4.68 (d, 4H, J=11.4 Hz, —OCH,C),
5.48 (s, 2H, ArCHO,—), 7.34 (m, 6H, ArH ), 7.45 (m, 4H, ArH ).

2.3.2. LDBCs of variant dendron generations with hydroxyl
terminal groups

A simple and highly efficient divergent approach for the
synthesis of aliphatic ester dendrons through anhydride cou-
pling and hydrogenolysis decoupling protocol reported by
Fréchet and coworkers [50] was adopted as shown in Scheme
2. Monohydroxyl linear polymer MPEG was used as the initial
core molecule and BMPA as the repeating unit. The hybrid
block copolymer of dendron generation n (Gn) before and
after carboxylation was denoted as PEG-Gn-OH and PEG-
Gn-COOH, respectively.

2.3.2.1. General procedure for esterification through anhydride
coupling: PEG-G2-(0O,Bn),. The synthesized first generation
PEG-G1-(OH), (12.04 g, 2.34 mmol) and DMAP (0.64 g,
5.24 mmol) were dissolved in 30 mL CH,Cl,, then four times
excess of Bn-BMPA-Ah (7.89 g, 18.51 mmol) was added based
on the terminal hydroxyl groups. After stirring at room temper-
ature for 14 h, 5 mL of methanol was added to quench the un-
reacted Bn-BMPA-Ah. The mixture was stirred for another 8 h
and precipitated into diethyl ether, then filtered and washed com-
pletely with ether for several times, the solid products were dried
in vacuum oven to obtain white powder, 11.43 g, yield 89%.
FTIR (KBr, cm™'): 2887 (ve—p), 1740 (ve—o), 1525 (vay),
1114 (ve—o), 746, 700 (Yarc—n). 'H NMR (300 MHz, CDCls,
0 in ppm): 0.93 (s, 6H, —CH;), 1.25 (s, 3H, —CH;), 3.36 (s,

3H, —OCHs), 3.65 (bs, ~470H, —OCH,), 3.87 (&, 2H
J = 4.8 Hz, —CH,0CO), 4.11(t, 2H, J = 4.8 Hz, —CH,0CO),
4.39 (s, 4H, —CH,0CO), 4.55 (d, 4H, J = 11.4 Hz, —CH,0OCO),
5.40 (s, 2H, ArCHO,—), 7.30 (m, 6H, ArH ), 7.38 (m, 4H, ArH ).

2.3.2.2. General deprotection procedure of the benzylidene
groups: PEG-G2-(OH),. Removal of the benzylidene protect-
ing groups was achieved by catalytic hydrogenolysis. PEG-
G2-(0,Bn), (10.54 g, 1.90 mmol) was dissolved in 45 mL 1:2
mixture solvent of CH,Cl,/MeOH in a glass flask, and then
0.95 g of 10 wt% Pd/C catalyst was added. The mixture was
stirred vigorously for 2—3 days under H, at atmospheric pres-
sure. After removal of catalyst by filtration, the filtrate was pre-
cipitated in diethyl ether to give the second generation product
of PEG-G2-(OH),4, 9.66 g, yield 94%. FTIR (KBr, cm ™ '): 3594
(Vo_n), 2887 (ve_p), 1740 (vc—o), 1114 (vc_o). 'H NMR
(300 MHz, CDCl3, ¢ in ppm): 1.09 (s, 6H, —CH3), 1.31 (s,
3H, —CH3), 3.31 (s, —OH), 3.38 (s, 3H, —OCH3), 3.65 (bs,
~460H, —OCH,), 3.89 (m, 8H, —CH,OH), 4.32 (m, 4H,
—CH,0CO), 4.40 (d, 2H, J = 10.1 Hz, —CH,0OCO).

2.3.2.3. PEG-G3-(0O,Bn),. PEG-G2-(OH)4 (9.26 g, 1.73 mmol),
Bn-BMPA-Ah (11.75g, 27.58 mmol) and DMAP (0.56 g,
4.57 mmol) were mixed and reacted in 60 mL CH,Cl, according
to the general procedure. The product was obtained by precipi-
tating the mixture into diethyl ether to give white product of
PEG-G3-(0,Bn),, 10.13 g, yield 94%. FTIR (KBr, cm™'):
2887 (vc—p), 1740 (vc—o), 1520 (vay), 1114 (vc—o), 746, 701
(Yarc—n). 'H NMR (300 MHz, CDCl;, ¢ in ppm): 0.92 (s,
12H, —CHs;), 1.08 (s, 6H, —CH3), 1.2 (s, 3H, —CH3), 3.36 (s,
3H, —OCH;), 3.65 (bs, ~470H, —OCH,), 3.87 (t, 2H
J=4.8 Hz, —CH,0C), 4.06 (d, 4H, J=5.1 Hz, —CH,0CO),
4.17 (t, 2H, J = 4.8 Hz, —CH,0CO), 4.34 (m, 8H, —CH,0CO),
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4.60 (g, 8H, J = 11.4 Hz, —CH,OCO), 5.40 (s, 4H, ArCHO,—),
7.31 (m, 12H, ArH), 7.45 (m, 8H, ArH).

2.3.24.PEG-G3-(OH)s. PEG-G3-(0,Bn)4 (9.61 g, 1.56 mmol),
Pd/C (0.84 g) were allowed to react in 40 mL mixture solvent
according to the general procedure. After removal of catalyst
by filtration, the filtrate was precipitated in diethyl ether to
give PEG-G3-(OH)g, 7.85 g, yield 87%. FTIR (KBr, cmfl):
3507 (VofH), 2887 (chH)’ 1739 (VC=O)’ 1114 (cho). lI‘I
NMR (300 MHz, CDCl;, 6 in ppm): 1.03 (s, 12H, —CH3),
1.23 (s, 9H, —CH3), 3.23 (s, —OH), 3.33 (s, 3H, —OCH>),
3.59 (bs, ~460H, —OCH,), 3.73—3.82 (m, 16H, —CH,OH),
4.23 (m, 14H, —CH,0CO).

2.3.2.5. PEG-G4-(0,Bn)s. PEG-G3-(OH)g (6.84 g, 1.18 mmol),
Bn-BMPA-Ah (1598 g, 37.51 mmol), DMAP (093¢,
7.62 mmol) and 60 mL CH,Cl, were reacted according to the
general procedure. The product was obtained by precipitating
the mixture into diethyl ether to give white product of PEG-
G4-(0,Bn)s, 831g, yield 95%. FTIR (KBr, cm '):
2887(vc—n), 1740 (vc—0), 1510 (ar), 1113 (vc—o), 746, 700
(barc—n). '"H NMR (300 MHz, CDCl;, 6 in ppm): 0.90 (s,
24H, —CH3), 1.07 (s, 12H, —CH;), 1.14 (s, 3H, —CH3), 1.18
(s,6H, —CH3),3.37 (s,3H, —OCH3), 3.65 (bs, ~470H, —OCH,),
3.87 (t, 2H, J=4.8 Hz, —CH,0CO), 4.04 (s, 4H, —CH,0CO),
4.15 (m, 8H, —CH,0CO), 4.33 (m, 16H, —CH,0CO), 4.55 (d,
16H, J=11.1 Hz, —CH,0CO), 5.38 (s, 8H, ArCHO,—), 7.30
(m, 24H, ArH ), 7.38 (m, 16H, ArH ).

2.3.2.6. PEG-G4-(OH);s. PEG-G4-(0,Bn)g (8.23 g, 1.11 mmol),
0.80 g Pd/C and 50 mL mixture solvent were reacted according
to the general procedure under H, atmosphere. After removal of
catalyst by filtration, the filtrate was precipitated in diethyl ether
to give PEG-G4-(OH)¢ 5.31 g, yield 71%. FTIR (KBr, cmfl):
3404 (vo_p), 2889 (ve_m), 1728 (ve—o), 1115 (ve—o). 'H
NMR (300 MHz, acetone-dg, 6 in ppm): 1.13 (s, 24H, —CH3;),
1.32 (m, 21H,—CH3), 3.00 (s, —OH), 3.31 (s, 3H, —OCHs;),
3.60 (bs, ~460H, —OCH,), 3.70—3.82 (m, 32H, —CH,OH),
4.32 (t, 28H, J = 11.1 Hz, —CH,0CO).

232.7. PEG-G5-(0;Bn);6. PEG-G4-(OH) ¢ (2.78 g,
0.42 mmol), Bn-BMPA-Ah (10.58 g, 24.84 mmol) and
DMAP (0.73 g, 6.01 mmol) were reacted in 35 mL CH,Cl,
according to the general procedure. The product was obtained
by precipitating the mixture into diethyl ether to give white
product of PEG-G5-(0,Bn)¢ 3.95 g, yield 88%. FTIR (KBr,
em™'): 2887 (ve_p), 1740 (vc—o), 1526 (vap), 1114 (ve_o),
747, 700 (Yarc—p). 'H NMR (300 MHz, acetone-dgs, 6 in
ppm): 0.86 (s, 48H, —CH;), 0.90—1.10 (m, 21H, —CH3),
1.16 (s, 24H, —CH;), 3.36 (s, 3H, —OCHj;), 3.65 (bs,
~480H, —OCH,), 3.87 (t, 4H, J=4.8 Hz, —CH,0C), 4.03
(m, 32H, —CH,0CO), 4.31 (s, 32H, —CH,0CO), 4.50 (d,
32H, J=11.4Hz, —CH,0CO), 5.35 (s, 16H, ArCHO,—),
7.27 (m, 48H, ArH ), 7.35 (m, 32H, ArH).

23.28. PEG-G5-(OH)3,. PEG-G5-(0,Bn)¢ (3.86 g,
0.36 mmol), 0.394 g Pd/C and 30 mL mixture solvent were

reacted according to the general procedure under H, atmo-
sphere. After removal of catalyst by filtration, the filtrate was
precipitated in diethyl ether to give PEG-G5-(OH);,, 2.32 g,
yield 75%. FTIR (KBr, cm '): 3429 (vo_p), 2887 (vc_p),
1740 (ve—o), 1114 (vc_o). '"H NMR (300 MHz, acetone-dg,
0 in ppm): 1.06 (s, 48H, —CH3), 1.21 (m, 48H, —CH3), 3.32
(s, 3H, —OCH3), 3.63 (bs, ~470H, —OCH,), 3.70—3.81 (m,
64H, —CH,0OH), 4.05—4.47 (m, 60H, —CH,OCO).

2.3.3. Carboxylic acid functionalized LDBCs of variant
dendron generations

2.3.3.1. General procedure for carboxylic acid functionalized
LDBC: PEG-G4-COOH. The carboxylic acid functionalization
of the surface hydroxyl groups was realized by reaction with
SA in acetone under optimized conditions [41] as shown in
Scheme 3. PEG-G4-(OH)¢ (1.00 g, 0.15 mmol, 1 eq.) and SA
(0.69 g, 7.0 mmol, 2.5eq.) was mixed in 15 mL acetone in
a three-necked flask under N, atmosphere. After refluxed for
7 h under stirring, the mixture was precipitated in 250 mL of di-
ethyl ether. The crude product was further purified by exhaustive
dialysis against de-ionized water using an osmosis membrane
(from Shanghai Greenbird Sci. and Tech. Co.) with a MWCO
of 3500 g/mol to remove unreacted small molecules, after drying
in a vacuum oven to afford 1.11 g of white product, yield 90%.
FTIR (KBr, Cmil): 2890 (VC_H), 2554 (VCOOH)’ 1744 (cho),
1111 (vc—o). "H NMR (300 MHz, acetone-dg, 6 in ppm): 1.14
(s, 3H, —CH3), 1.34 (m, 42H, —CH3), 2.58—2.62 (m, 56H,
—OOCCH,CH,COOH), 3.60 (bs, ~460H, —OCH.,), 3.82 (m,
6H, —CH,0H), 4.32 (m, 58H, —CH,0CO), 9.88 (s,—COOH ).

2.3.3.2. PEG-G3-COOH. PEG-G3-(OH)g (0.74 g, 0.12 mmol,
1 eq.) and SA (0.25 g, 2.5 mmol, 2.5 eq.) and 15 mL acetone
were mixed and reacted according to the general procedure.
The crude mixture was purified to afford 0.76 g of white prod-
uct, yield 90%. FTIR (KBr, cmfl): 2884 (vc—n), 2582 (vcoon),
1742 (vc—o), 1114 (vc—o). "H NMR (300 MHz, acetone-dg, 6 in
ppm): 1.21 (m, 21H, —CH;), 2.62 (s, 28H, —OOCCH,CH,-
COOH), 3.36 (s, 3H, —OCH;), 3.59 (bs, ~460H, —OCH,),
3.85 (m, 2H, —CH,OH), 4.21 (m, 28H, —CH,0OCO), 9.58 (s,
—COOH).

2.3.3.3.PEG-G5-COOH. PEG-G5-(OH);3, (0.92 g, 0.11 mmol),
SA (0.98 g, 9.80 mmol.) and 15 mL acetone were reacted ac-
cording to the general procedure. The crude mixture was puri-
fied to afford 1.14 g of white product, yield 90%. FTIR (KBr,
Cmil): 2892 (VC_H), 2575 (VCOOH), 1740 (VC:O)’ 1128 (VC—O)'
'H NMR (300 MHz, acetone-dg, 6 in ppm): 1.13—1.45
(m, 93H, —CH3), 2.60 (s, 116H, —OOCCH,CH,COOH), 3.39
(s, 3H, —OCH3), 3.59 (bs, ~500H, —OCH,), 4.13—4.5 (m,
104H, —CH,0CO), 11.01 (s,—COOH).

2. 4. Precipitation of CaCOj3 in the presence of
functionalized LDBCs

The static precipitation method [22] was employed for the
CaCOj; crystallization. Doubly distilled water was used to
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Scheme 3. Carboxylated modification of the fourth generation LDBC.

prepare aqueous CaCl,, NaHCO; and LDBC additives solu-
tions. The pH of the solutions was adjusted to a desired value
before mixing by using HCl or NaOH solution. The crystalli-
zation was carried out at 18 °C or a moderate higher temper-
ature 30 °C. In a typical procedure, CaCl, (20.0 mL, 0.025 M,
pH = 10), functionalized LDBC (20.0 mL, 0.8 g/L, pH = 10),
and NaHCO3 (20.0 mL, 0.025 M, pH = 10) were added to
a glass vessel simultaneously under vigorous stirring. This
gave a final CaCOj; concentration of 8.3 mM. After a brief stir-
ring for 1 min, the solution was left to stand for 24 h at 18 °C
under static condition. The crystalline CaCOj3 was collected by
centrifugation and washed twice with distilled water, and then
the dried samples were characterized with FTIR, SEM, XRD
and TGA analyses.

3. Results and discussion

3.1. Syntheses of LDBCs with carboxylic acid terminal
groups

The syntheses of series hydroxyl-terminated LDBCs of
PEG-dendr(PBMPA) were readily achieved by the divergent
protocol reported by Fréchet and coworker [50] as outlined
in Scheme 2. Here MPEG was used as the growing core for
the divergent approach to synthesize aliphatic polyester den-
dron segments. This divergent approach mainly composed of
anhydride coupling and catalytic hydrogenolysis, for both
by-products from the coupling reaction step, the benzyl-
idene-protected acid Bn-BMPA and its methyl ester formed
during the coupling and quenching reactions, were readily sol-
uble in diethyl ether, but the LDBCs were not, so after precip-
itation, filtration and washing with diethyl ether, the highly
pure LDBCs were harvested as white powders. The removal
of the benzylidene protecting groups was readily achieved
by catalytic hydrogenolysis even under atmospheric hydrogen
pressure to obtain the hydroxyl-terminated LDBCs. So really
that the divergent growth progressed well in a homogeneous

medium and required no means of purification other than
a simple solvent extraction and precipitation as reported in
the literature [50]. On further modification the terminal hy-
droxyl groups were transformed to functionalized carboxylic
acids via ring-opening esterification with SA as representa-
tively shown in Scheme 3. The growth of each dendron gener-
ation and the surface group modification was strictly tracked
by "H NMR and FTIR. Generally speaking, the complete de-
protection of the benzylidene groups were directly monitored
and affirmed by the disappearance of the signals correspond-
ing to the benzylic and aromatic protons at about 5.4 and
7.25—7.45 ppm, respectively, in the '"H NMR spectra and the
phenyl ring skeleton stretching around 1520 cm ™' and aro-
matic C—H bending at 746 and 700 cm ™" in the FTIR spectra.
At most time the proton signal of the active hydroxyl and carb-
oxylic acid could be seen as a broader singlet at about 3.0 and
9.6—11 ppm, respectively, which could be confirmed by its
disappearance with the addition of droplets of deuterated wa-
ter. As for the step-growth dendritic block, the same group res-
onance varied at different layers and shifted downfield for the
successive generational layers because of the steric hindrance
effect [50,51]. For instance, Fig. 1 shows the typical '"H NMR
spectra comparison of the fourth generation LDBC before and
after functionalization with carboxylic acid groups. In Fig. la,
the methyl resonance peaks are mainly located at around 1.14
and 1.34 ppm for the methyl d groups of surface BMPA units
and d’ of interior units, respectively. And similarly the multiple
peaks around 3.75 and 4.32 ppm belongs to the surface meth-
ylene e linked with hydroxyl groups and the interior methy-
lene f attached with ester groups. The single peak c at 3.3 is
assigned to the end methoxy group and the very strong broad
single peak around 3.6 ppm to the two methylene groups a and
b of linear PEG chain. The singlet g at 3.0 is from the hydroxyl
proton which disappears after shaking with the addition of two
small drops of D,O. As shown in Fig. 1b, after carboxylated
modification, the appearance of peaks h and i at around
2.6 ppm attributing to the methylene of attached succinic
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Fig. 1. "H NMR spectra comparison of the fourth generation LDBC before and
after carboxylation (a) PEG-G4-(OH);¢ vs (b) PEG-G4-(COOH) 4.

acid and the sharp decrease or almost missing of surface
methyl and methylene peaks (d and e) and the corresponding

successful realization of the ring-opening esterification and
the efficient group transformation from —OH to —COOH.
The degree of carboxylation was further determined quan-
titatively by titration of terminal carboxylic acid groups, which
was in agreement with the estimated results from the peaks in-
tegral area ratio of the "H NMR spectra. The results are sum-
marized in Table 1. More than 85% degree of carboxylation
was achieved for all LDBCs showing no dendron generation
influence, which was in contrast with the results from hyper-
branched polyesters of 60—80% degree of carboxylation
exhibiting a remarkable decrease with the increased pseudo-
generation [41]. This difference may be ascribed to the obvi-
ously easy access of surface hydroxyl groups on the regular
dendron segments compared with the randomly distributed
ones in the hyperbranched polymers which contain chemically
differentiated interior hydroxyl groups and periphery ones [52].
The GPC traces of the LDBCs are shown in Fig. 2 and the
molecular weights were calibrated using linear polystyrene
(PSt) standards as summarized in Table 2. Although the
GPC data provided valuable information about the changing
tendency of the sample series and all the hydroxyl-terminated
LDBCs displayed a quite smaller polydispersity index
(PDI=M/M,) less than 1.18 and also the carboxylated
LDBCs with that of lower than 1.27, the molecular weights
for these products based on linear PSt standards differed re-
markably from the theoretical values. This obvious derivation
has also been observed in the similar sample series [50,53] and
may mainly be attributed to the globular shape adopted by the
dendron segments. It is interesting to note that the carboxyl-
ated LDBCs exhibited a very small apparent molecular weight

intensity increase of interior peaks, also the carboxylic acid Table 2
proton broad singlet j at around 9.9 directly revealed the  GPC data for the LDBCs based on PSt standards
Samples Theoretical molar GPC
Table 1 mass (¢/mol) M, M, PDI
Titration measured values of carboxylic acid groups for variant generations MPEG 5000 5890 5360 .10
carboxylated LDBCs
- PEG-G3-(OH)g 5810 6180 5420 1.14
Carboxylated —COOH —COOH Degree of PEG-G4-(OH), 6740 6470 5490 118
LDBCs theoretical number number titrated carboxylation (%) PEG-G5-(OH)s, 8600 6710 5750 117
PEG-G3-COOH 8 7 85.0 PEG-G3-(COOH), 6510 6900 5420 1.27
PEG-G4-COOH 16 14 86.9 PEG-G4-(COOH) 4 8140 6740 5530 1.22
PEG-G5-COOH 32 28 86.5 PEG-G5-(COOH),g 11400 7050 5690 1.24
a b
D
c
B F
A E
1400 1600 1800 2000 1400 1600 1800 2000

Retention Time(s)

Retention Time(s)

Fig. 2. GPC traces of (a) hydroxyl-terminated LDBCs and (b) carboxylated LDBCs, (A) MPEG, (B) PEG-G3-(OH)s, (C) PEG-G4-(OH)6, (D) PEG-G5-(OH)3,,

(E) PEG-G3-(COOH),, (F) PEG-G4-(COOH), 4, (G) PEG-G5-(COOH)..
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increase compared with their same generation hydroxyl-termi-
nated ones, which was presumably resulted from the more
compact conformation due to hydrogen bonding among
carboxylic acid groups within the dendritic segment.

3.2. CaCOs crystallization under the influence of
carboxylated LDBCs

3.2.1. Effect of polymer additive LDBC concentrations

The static solution mixing method as reported by Maren-
tette et al. [22] was employed for the precipitation of CaCOj3
in the absence and the presence of functionalized LDBCs.

Fig. 3 shows the typical SEM micrographs of the produced
CaCOs; particles in the presence of various concentrations of
the fourth generation carboxylated LDBCs, a CaCOj3 concen-
tration of 8.3 mM, a starting pH of 10 and with incubation
time 24 h at 18 °C. As shown in Fig. 3a, well-defined rhombo-
hedral crystals characteristic of calcite were obtained without
any polymer additives. Meanwhile, mixed morphologies of
residual rhombohedral particles and spherical CaCOj3 particles
of relative wider size distribution with a mean diameter of
0.98 £0.18 um were obtained under the influence of the
lowest additive concentration of 0.027 g/l of carboxylated
LDBCs as shown in Fig. 3b. Under higher concentrations of

Fig. 3. SEM images of CaCOj; particles obtained at initial pH = 10, [CaCO;] = 8.3 mM, and with incubation time 24 h at 18 °C, (a) in absence of polymeric
additives, and in the presence of PEG-G4-(COOH),4 at (b) 0.027 g/L, (c) 0.067 g/L, (d) 0.13 g/L, (e) 0.20 g/L, (f) 0.27 g/L.
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Table 3
CaCO; particles obtained under various additive PEG-G4-(COOH);4 concentrations at 18 °C
Concentration g/L Morphology Sphere diameter” (pm) Polymorphism®
FTIR XRD
0.027 Spherical + residual rhombohedral 0.98 +0.18 90% v, 10% ¢ 77% v, 23% ¢
0.067 Spherical 0.60 + 0.06 100% v 100% v
0.13 Spherical 0.52+0.12 100% v 100% v
0.20 Spherical 0.41+0.07 100% v 100% v
0.27 Spherical 0.42+0.11 100% v 100% v

v, Vaterite; ¢, calcite.

# Over 80 typical particles were measured from SEM pictures for each sample group.

® From FTIR and XRD quantitative analyses.

LDBCs, mainly spherical CaCOj particles with reduced sizes
were produced as shown in Fig. 3c—f. These spherical parti-
cles were of typical morphology for vaterite polymorph [41]
and confirmed by FTIR and XRD analyses. FTIR quantitative
analyses of the bands at 745 and 712 cm ™' characteristic of
vaterite and calcite polymorphs, respectively [54], indicated
the high content vaterite formation (Table 3). As shown in
Fig. 4, the crystal phases of produced CaCO3 were further an-
alyzed by XRD, the results affirmed that the particles were
made up of vaterite and calcite polymorphs and the vaterite
contents calculated by Rao’s equation agreed well with that
from FTIR quantitative analysis (also see Table 4) except for
the lowest concentration 0.027 g/L sample, the significant devi-
ation may come from the analysis sample preparation,
carefulness was required for the FTIR quantitative analysis
[41,54]. SEM coupled with energy dispersive X-ray spectrometer

c c-calcite
v-vaterite

Intensity(a.u.)

T v T T T d T
30 40 50 60

2 Theta(Degree)

Fig. 4. XRD patterns of CaCOj; particles obtained at the same conditions as in
Fig. 3.

Table 4
CaCO; particles obtained at 30 °C

has been used to determine the elemental composition of in-
dividual particles [55]. Although the experimental solutions
contained NaCl, the EDS results of different precipitated par-
ticles with variant morphologies verified that all the produced
powder materials were CaCO5; without the presence of Na
(1.0keV) and CI (2.6 keV) or other contaminants as repre-
sentatively shown in Fig. 5 for the sample from 0.067 g/L
G4 carboxylated polymer additive solutions. The Pt peaks
were from the sputtered platinum coating during SEM sam-
ple preparation, Ca (3.7, 4.0keV), C (0.28keV) and O
(0.53 keV) confirmed the CaCO5; composition and the rela-
tively higher carbon content presumably indicated the pres-
ence of strongly associated polymer additives even after
extensive washing [56], which was also verified by the
TGA results. The LDBC additive exhibited so strong vaterite
polymorph selectivity that even under quite low concentra-
tion of 0.067 g/L, essentially pure vaterite (100% by
FTIR and XRD) spherical crystals with diameter of
0.60 £ 0.06 um was obtained. A further increase of the addi-
tive concentration to 0.13 and 0.20 g/L, pure vaterite spheri-
cal particles were produced with monotonically decreased
diameters of 0.52+0.12 and 0.41 +0.07 um, respectively.
While further increasing the additive concentration, the
spherical vaterite particle size leveled off, for instance, parti-
cles with a diameter of 0.42 +0.11 um were achieved with
carboxylated LDBC concentration of 0.27 g/ (Table 3),
which might imply a saturated additive concentration for
the crystallization modification.

3.2.2. Effect of dendritic segment generation number of
carboxylated LDBCs with the same mass concentration of
polymer additives

Fig. 6 shows the morphologies of thus obtained CaCOj par-
ticles by changing the dendritic segment generation number

Polymer additive

Mass concentration (g/L) [—COO ] (mM) Morphology

Sphere diameter® (um) Polymorphism®

FTIR XRD
PEG-G3-(COOH); 0.35 0.375 Spherical 4 stacked rhombohedral 1.18 +0.21 92% v, 8% ¢ 92% v, 8% ¢
PEG-G4-(COOH),;, 0.22 0.375 Spherical + pine-cone shaped 1.07+0.13 90% v, 10% ¢ 90% v, 10% c
PEG-G5-(COOH),g 0.15 0.375 Spherical + pine-cone shaped 0.98 £0.10 95% v, 5% ¢ 96% Vv, 4% c

Initial pH = 10, [CaCO3] = 8.3 mM, and in the same molar concentration of carboxylic acid functional group; v, vaterite; c, calcite.
# Over 80 typical particles were measured from SEM pictures for each sample group.

® From FTIR and XRD quantitative analyses.
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Energy, keV

Fig. 5. The representative energy dispersive X-ray spectrum of the single particle analysis for the CaCO; sample from 0.067 g/L. PEG-G4-(COOH),, at the same

condition as in Fig. 3c, the marked particle is the one selected for EDS analysis.

with fixed mass concentration 0.27 g/L. of polymer additives.
Although essentially 100% vaterite spheres were obtained
from FTIR and XRD analyses, the diameters of produced
particles statistically measured from SEM images were
0.51 £0.05, 0.42 £0.11, 0.29 +0.06 um for dendritic seg-
ment G3, G4 and G5, respectively, decreased monotonically
with increasing generation number. The surface of the vaterite
spheres obtained from G3 modifier was significantly rougher
than that from G4 and G5. Close inspections disclosed that these
spheres were aggregates of nanocrystallites of 90 nm for G3,
50 nm for G4 and 40 nm for G5 (Fig. 6b,d and f). This kind of
narrow distributed or monodisperse spherical assembly from
nanoparticle microspheres has also been recently reported
from polypeptide stabilized CaCO3 nanoparticles [57].

The polymer additive organic components of 1.79, 5.65 and
11.9 wt% were found by TGA analysis from the CaCOj parti-
cles obtained in the presence of 0.27 g/ of carboxylated
LDBCs of G3, G4 and G5, which corresponds to the samples
shown in Fig. 6a,c and e, respectively. The significant increase
of incorporated polymer additives with increasing generation
number revealed the promoted binding efficiency and stronger
adsorption ability for higher generation carboxylated LDBCs,
which also accounted for the enhanced polymorph and
morphology control ability.

3.2.3. Effect of mineralization temperature and dendritic
segment generation number of carboxylated LDBCs with
the same molar concentration of terminal carboxylic acid
groups

A series of CaCOj; products were obtained in the presence
of variant generation LDBCs with the same molar concentra-
tion of carboxylic acid functional group of 0.375 mM at
a higher mineralization temperature 30 °C. The corresponding
mass concentrations for carboxylated LDBCs of G3, G4 and
G5 were 0.35, 0.22 and 0.15 g/L, respectively. It is interesting
to note that the CaCOj crystals obtained at this higher temper-
ature 30 °C were mixture of calcite and vaterite both from
FTIR and XRD analyses as summarized in Table 4, moreover,
the diameters of the vaterite spheres of around 1 pm based on

SEM characterization (Table 4) were twice more larger than
those obtained at lower temperature 18 °C. A higher supersat-
uration and faster crystallization growth rate associated with
the higher mineralization temperature accounted for the gener-
ation of significantly larger vaterite spheres and partly loss of
the biomimetic stability of metastable vaterite and formation
of thermodynamically stable calcite crystals. It should be
noted that in our contrast experiments in the presence of
hydroxyl-terminated LDBCs only calcite polymorph was ob-
tained almost the same as no-additive control sample. So the
same level size particles obtained under the same molar con-
centration of carboxylic acid manifested the predominant
role of the functional group, meanwhile, the slight decrease
of the spherical vaterite diameters with increasing generation
number also indicated the moderate influence of the architec-
tural structure of variant generations. Therefore, for the com-
bination of linear and functionalized dendritic blocks,
LDBCs performed better crystallization inhibition especially
much stronger vaterite polymorph selectivity compared with
linear DHBCs [23], moreover, they exhibited more diverse
morphology control ability under variant conditions and could
obtain nearly monodisperse submicrometer vaterite spheres
compared with that ranged from 5.8 £ 1.8 to 1.5+ 0.6 pm
got from variant generations of PAMAM dendrimers [37]. Fur-
thermore, it is surprising that the pine-cone shaped calcite were
formed in the presence of G4 and G5 LDBCs (Fig. 7c—f and
insets), while only few stacked rhombohedral crystals were ob-
tained under G3 LDBCs (Fig. 7a,b and the inset), the dendron
generation dependent morphology change is reminiscent of
special morphogenesis due to selective adsorption of variable
DHBC functional block length [58]. The pine-cone shaped cal-
cite aggregates were on average 1.5 and 0.8 pm in the long and
short axes. This kind of pine-cone shaped CaCOs; particles
were ever reported to form under the joint influence of linear
double hydrophilic block copolymer PEO-b-PMAA and sur-
factant cetyltrimethylammonium bromide (CTAB) [59]. Thus
the carboxylic acid functionalized LDBCs of G4 and G5 be-
haved very similarly as the PEO-b-PMAA/CTAB complex,
which indicated their amphiphilic character and the formation
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Fig. 6. SEM images of CaCO; particles obtained at 18 °C with initial pH 10, and in the presence of 0.27 g/L LDBC additives of (a,b) PEG-G3-(COOH), (c,d)
PEG-G4-(COOH),4, (e,f) PEG-G5-(COOH),3, (b,d,f) high-magnification SEM images.

of some kind aggregates in the aqueous solution and implied
some common mechanism on the modification of CaCO3; min-
eralization. We performed dynamic laser scattering (DLS) to
study the solution properties of carboxylated LDBCs and their
mixtures with metal ions, the preliminary results confirmed the
presence of large aggregates in the carboxylated LDBCs aque-
ous solution and their adaptive size increase when reacted with
calcium ions which might afford a key clue for the mineraliza-
tion modification mechanism. For instance, the aggregate par-
ticle size for the PEG-G4-(COOH) 4 solution (0.22 g/L, pH 10)
was measured to be 99.9 nm, while with the addition of the
same volume of CaCl, solution (0.025 M, pH 10), the average

size of the aggregates increased to 160.9 nm. This kind of
adaptive construction and enlarging of inorganic structure
through perturbing the organic template have been observed
in variant systems [60] while in contrast to the star-like
core—corona micelle shrinkage of amphiphilic triblock copo-
lymers with their corona segment poly(acrylic acid) interacting
with Ca*™ [61]. So at present, the energy preferred crystal face
selective adsorption and polymeric template mechanism which
emphasize both the match of crystal unit motifs to spatial pat-
terns of functional groups and the formation of three-dimen-
sional superstructures in the presence of growing crystals
proposed for DHBCs [6,23,58] are also believed to take
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Fig. 7. SEM images of CaCO; particles obtained at 30 °C, initial pH = 10, [CaCO;] = 8.3 mM, and in the same molar concentration of carboxylic acid functional
group [COO ] = 0.375 mM, with (a,b) 0.35 g/L PEG-G3-(COOH),, (c,d) 0.22 g/L PEG-G4-(COOH),4, and (e,f) 0.15 g/L PEG-G5-(COOH)ys, (b,d,f) high-mag-

nification SEM images.

predominant effect in the LDBCs system, in addition to their
spherical conformation and amphiphilic character with in-
creasing dendritic segment generation. The systematic investi-
gation of the carboxylated LDBCs on the biomimetic
modification of CaCOj; and their detailed interaction mecha-
nism is currently in progress by a precisely controlled gas dif-
fusion slow crystallization precipitation technique [57,58,62].

4. Conclusions

A series of hybrid block copolymers derived from MPEG
and variant generation dendrons from BMPA were synthesized

according to a facile divergent strategy, then the hydroxyl
groups were successfully transformed into carboxylic acid
functional groups with more than 85% conversion efficiency
through ring-opening esterification with succinic anhydride.
The carboxylated LDBCs thus obtained were employed as
CaCOj; crystallization growth modifiers under mild conditions.
Mainly spherical CaCOj; particles of gradually reduced sizes
were produced with the increase of the polymer additive con-
centration. With fixed mass concentration of polymer addi-
tives, the diameters of produced CaCO; particles decreased
monotonically from 0.51 to 0.42 then 0.29 um with increasing
dendritic segment generation number from G3, G4 to G5,
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moreover, these submicrometer spheres were found to be com-
posed of vaterite nanocrystallites of 90, 50 and 40 nm in diam-
eter, respectively. The incorporated polymer additive organic
components in the produced minerals increased for their pro-
moted binding efficiency and ever enhanced adsorption ability
with the increase of functionalized dendritic segment genera-
tion number. The higher mineralization temperature resulted
in the formation of significant larger particles and partial
calcite crystals for the faster crystallization growth rate and
higher supersaturation. Under the same molar concentration
of carboxylic acid functional group, the same level size parti-
cles were obtained which manifested the crucial role of the
functional group, meanwhile, the slight decrease of the vaterite
diameters with increasing generation number especially the
pine-cone shaped calcite crystals formation under the higher
generation carboxylated LDBCs also revealed the significant
effect of the architectural structure of variant generations.
DLS measurements showed some kind of aggregates forma-
tion in the carboxylated LDBC aqueous solution and their
adaptive size increase when interacted with calcium ions
which may account for the particular pine-cone shaped calcite
morphology generation.
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