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Abstract Novel polymerizable red and yellow dyes, consist-
ing of anthraquinone chromophore, alkyl spacer, and acryloyl
group, were first synthesized and then used as comonomers in
the semicontinuous emulsion copolymerization of styrene,
butyl acrylate, and methacrylic acid to fabricate polymer
latexes. The influences of the dye monomers on the emulsion
polymerization process, the latex particle size and its distribu-
tion, the molecular weight of the latex polymer, as well as the
light fastness of the polymer latex films, were investigated.
Results indicated that, despite of the inhibition effect of the
polymerizable dyes on polymerization, stable colored polymer
latexes could be prepared with high conversion of total mono-
mers, whereas the conversion of the polymerizable dye
decreased as increasing the amount of dye. The light fastness
of the covalently colored polymer latex films was proved to be
much better than that of the noncovalently colored polymer
latex films due to the covalent bond of dye and polymer chains.
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Introduction

Colored polymer latexes, both visible color and fluorescent
latexes, have a wide variety of traditional applications, such as

in paint, ink, textile, and plastic industries [1–5]. Recently, due
to the development of biomedical engineering and material
engineering, the colored nano/microlatex particles attracted
considerable attention and have been applied in various areas,
such as cell markers [6, 7], enzyme immobilization [8], and
chemical/biochemical sensors [9, 10]. Generally, colored pol-
ymer latex can be obtained by emulsion polymerization in the
presence of inert oil-soluble dyes [11, 12] or by mixing color-
less latex with colorant [13, 14]. However, the fading of the
colored latex seems to be a big problem, which could be
ascribed to the separation of the dye and the polymer latex.
Meanwhile, the colored polymer film prepared from the col-
ored latex exhibits poor migration fastness of dye, and also, its
light fastness is usually unsatisfactory. It is believed that these
defects originate from the weakly noncovalent interaction
between dyes and polymer chains. Attempts have been made
to improve the dye preservation in the polymer matrix, for
example, Gu and coworkers prepared colored latex by encap-
sulation of hydrophilic dye with polystyrene using double
miniemulsion polymerization [15]. Liu fabricated a set of
nanocolorants by miniemulsion polymerization with hydro-
phobic dyes and proper amount of a cross-linker [16].
Although these efforts provided significant methods to obtain
relatively stable colored latex, as suggested by Takasu [17],
dye migration was still observed after long-term storage.

Covalent incorporation of chromophores with polymer is
an effective solution for the promotion of dye fastness. In
copolymerization, the chromophoric groups of polymerizable
dyes can be integrated into the polymer chains, resulting in
covalently colored polymers with enhanced migration fast-
ness and light fastness [18, 19]. This technique has been used
in stepwise polymerization for producing colored polyur-
ethane [20], as well as, in addition polymerization for synthe-
sizing fluorescent dye-labeled particles [21]. However,
because of the inhibition effect of chromophores on free
radical polymerization, the introduction of polymerizable
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dyes, such as anthraquinone derivatives, often fails in emul-
sion copolymerization processes.

In order to improve the performance of colored polymer
latex, in this paper, two new polymerizable anthraquinone
dyes, consisting of anthraquinone chromophore (AQ), alkyl
spacer, and acryloyl group, were first synthesized and then
used as comonomers in the semicontinuous emulsion
copolymerization of styrene (St), butyl acrylate (BA), and
methacrylic acid (MAA) to fabricate red and yellow poly-
mer latexes. The chemical structure of the polymerizable
dyes and the properties of latexes were characterized by 1H
NMR, Fourier transform-infrared (FT-IR) spectroscopy, gel
permeation chromatography (GPC), and transmission elec-
tron microscopy (TEM). Moreover, the influence of the
polymerizable dyes on the emulsion copolymerization was
investigated, and the light fastness of the covalently colored
polymer latex films was studied in comparison with the
noncovalently colored polymer latex films.

Experimental

Materials

BA, St, and MAA (First Chemical Reagent Factory, Tianjin)
were purified by distillation under reduced pressure. Ammo-
nium persulfate (APS) (Shanghai Aijian Modern Reagent
Co.) was purified by recrystallization in water before use.
Dichloromethane, toluene, and n-hexane (Beijing Chemi-
cals) were dried with anhydrous MgSO4 and stored with
4A molecular sieve. Acryloyl chloride, terephthaloyl
dichloride, 2-hydroxyethyl acrylate (HEA), and 4-
dimethylaminopyridine (DMAP) were purchased from Alfa
Aesar and used as received. Sodium dodecyl sulfate (SDS),
octylphenol polyoxyethylene (10) ether (OP-10) (Beijing
Chemicals), 1,6-diaminohexane (First Chemical Reagent Fac-
tory, Tianjin), 1-aminoanthraquinone (Chongqing Kuayue
Co.), 1-nitroanthraquinone (Wuqiao Chemical Co.), and the
other reagents were used without further purification.

Synthesis of the polymerizable dyes and the unreactive dyes

Synthesis of 1-(6-aminohexylamino)anthraquinone To a
suspension containing dimethoxyethane (50 mL), 1-
nitroanthraquinone (2.53 g, 10 mmol), and Na2CO3

(1.06 g, 10 mmol), 4.64 g (40 mmol) of 1,6-diaminohexane
was added. The resulting mixture was stirred and refluxed at
85 °C for 2 h. It was cooled to room temperature and then
poured into an aqueous NaOH solution (0.2 wt.%). The
solid precipitate was filtered and washed with deionized
water for three times. After evaporation of water at reduced
pressure, the product was purified by recrystallization from
ethyl acetate to give 3.06 g of dark red solid (95 % yield).

1H NMR (600 MHz, [D6]DMSO, TMS, δ/ppm): 8.22 (d,
1H, AQ 5-H), 8.14 (d, 1H, AQ 8-H), 7.91 (t, 1H, AQ 7-H),
7.85 (t, 1H, AQ 6-H), 7.67 (t, 1H, AQ 3-H), 7.45 (d, 1H, AQ
4-H ), 7.27 (d, 1H, AQ 2-H), 3.37 (t, 2H, CH2NH-AQ), 1.68
(t, 2H, CH2NH2), 1.33–1.46 (m, 8H, alkyl H).

FT-IR (KBr, cm−1): 2,929, 2,852 (alkyl C–H); 1,674 (C 0

O stretch); 1,632, 1,593, 1,574, 1,510 (AQ C 0 C); 1,269
(C–N stretch and N–H bend).

Synthesis of 1-(6-acrylamidohexylamino)anthraquinone
(AHAQ) To a solution containing dichloromethane (40 mL),
1-(6-aminohexylamino)anthraquinone (1) (2.58 g, 8 mmol),
and triethylamine (1.2 g, 12 mmol), 0.905 g of acryloyl
chloride (10 mmol), dissolved in dichloromethane (10 mL),
was added slowly over 15 min. The round-bottomed flask was
cooled in an ice–water bath and stirred for 2 h. After removal
of solvent by rotary evaporation, the dark red solid was
purified by silica column chromatography using a mixture of
dichloromethane/ethyl acetate (3:1) as eluent to give 2.44 g of
product (81 % yield).

1H NMR (600 MHz, [D6]DMSO, TMS, δ/ppm): 8.15 (d,
1H, AQ 5-H), 8.10 (d, 1H, AQ 8-H), 7.88 (t, 1H, AQ 7-H),
7.82 (t, 1H, AQ 6-H), 7.60 (t, 1H, AQ 3-H), 7.39 (d, 1H, AQ
4-H), 7.18 (d, 1H, AQ 2-H), 6.23 (d × d, 1H, 2-acryloyl H),
6.09 (d, 1H, 3-acryloyl cis H), 5.60 (d, 1H, 3-acryloyl trans
H), 3.30 (t, 2H, CH2NH-AQ), 3.15 (t, 2H, CH2NHCO),
1.31–1.70 (m, 8H, alkyl H).

FT-IR (KBr, cm−1): 3,286 (N–H stretch); 2,935, 2,856
(alkyl C–H); 1,674 (AQ C 0 O stretch); 1,655 (acryloyl C 0

O); 1,541 (amide N–H bend); 1,267 (AQ C–N stretch and
N–H bend).

Synthesis of 4-(anthraquinone-1-ylcarbamoyl)benzoyl
chloride Of terephthaloyl dichloride, 10.15 g (50 mmol)
was added into a suspension containing toluene (80 mL)
and 1-aminoanthraquinone (2.23 g, 10 mmol), and the
resulting mixture was stirred and refluxed at 115 °C for
3 h. It was cooled to room temperature and then poured
into n-hexane (400 mL). The solid precipitate was fil-
tered and washed with n-hexane for three times and
dried in vacuum to give 3.86 g of bright yellow product
(99 % yield).

1H NMR (600 MHz, [D6]DMSO, TMS, δ/ppm): 9.16 (d,
1H, AQ 2-H); 8.31 (d, 1H, AQ 8-H); 8.22 (d, 1H, AQ 5-H);
8.20 (d, 2H, phenyl 2,6-H); 8, 19 (d, 2H, phenyl 3,5-H);
7.95–8.08 (m, 4H, AQ 3,4,6,7-H).

FT-IR (KBr, cm−1): 3,196, 3,113 (Ar C–H); 1,770 (chlor-
ide C 0 O); 1,682 (AQ C 0 O); 1,641, 1,591, 1,579, 1,527
(AQ and benzene ring).

Synthesis of 2-acroyloxyethyl-4-(anthraquinone-1-ylcarba-
moyl)benzoate (AAQCB) A mixture of 4-(anthraquinone-1-
ylcarbamoyl)benzoyl chloride (3) (3.12 g, 8 mmol),
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triethylamine (1.2 g, 12 mmol), 2-hydroxyethyl acrylate
(2.78 g, 24 mmol), and dichloromethane (40 mL) was stirred
at room temperature for 4 h and then poured into n-hexane
(400 mL). The bright yellow solid precipitate was filtered and
purified by silica column chromatography using a mixture of
dichloromethane/ethyl acetate (3:1) as eluent to give 2.93 g of
product (78 % yield).

1H NMR (600 MHz, [D6]DMSO, TMS, δ/ppm): 9.05 (d,
1H, AQ 2-H); 8.22 (d, 1H, AQ 8-H); 8.15 (d, 2H, phenyl
3,5-H); 8, 13 (d, 2H, phenyl 2,6-H); 8.12 (d, 1H, AQ 5-H);
7.96 (d, 1H, AQ 4-H); 7.90–7.94 (m, 3H, AQ 3,6,7-H); 6.39
(d, 1H, 3-acryloyl cis H); 6.24 (d × d, 1H, 2-acryloyl H);
5.99 (d, 1H, 3-acryloyl trans H); 4.60 (t, 2H, CH2OCO-
benzene ring); 4.52 (t, 2H, CH2OCOCH 0 CH2).

FT-IR (KBr, cm−1): 1,724 (acryloyl C 0O); 1,689 (AQ C 0

O); 1,643, 1,581, 1,525 (AQ and benzene ring).

Synthesis of 2-hydroxyethyl-4-(anthraquinone-1-ylcarba-
moyl)benzoate A mixture of 4-(anthraquinone-1-ylcarba-
moyl)benzoyl chloride (3) (1.56 g, 4 mmol), triethylamine
(0.6 g, 6 mmol), ethylene glycol (2.48 g, 40 mmol), and
dichloromethane (40 mL) was stirred at room temperature
for 4 h and then poured into n-hexane (400 mL). The bright
yellow precipitate was filtered and washed with deionized
water for three times and then purified by recrystallization
from ethyl acetate to give 1.32 g of product (80 % yield).

1H NMR (600 MHz, [D6]DMSO, TMS, δ/ppm): 9.13 (d,
1H, AQ 2-H); 8.28 (d, 1H, AQ 8-H); 8.25 (d, 2H, phenyl
3,5-H); 8, 20 (d, 2H, phenyl 2,6-H); 8.19 (d, 1H, AQ 5-H);
8.02 (d, 1H, AQ 4-H); 7.94–7.99 (m, 3H, AQ 3,6,7-H); 4.36
(t, 2H, CH2OCO-benzene ring); 3.76 (t, 2H, CH2OH).

FT-IR (KBr, cm−1): 3,410 (O–H stretch); 1,691 (AQ C 0

O); 1,645, 1,591, 1,525 (AQ and benzene ring).

Synthesis of 2-acetoxyethyl-4-(anthraquinone-1-ylcarba-
moyl)benzoate A mixture of 2-hydroxyethyl-4-(anthraqui-
none-1-ylcarbamoyl)benzoate (5) (1.41 g, 3.4 mmol),
DMAP (0.06 g, 0.5 mmol), acetic anhydride (10 mL), and
pyridine (10 mL) was stirred and heated at 100 °C for 1 h. It
was cooled to room temperature and then dropped slowly
into water. The solid precipitate was filtered and washed
with deionized water for three times. After evaporation of
water in vacuum, the product was purified by silica column
chromatography using a mixture of dichloromethane/ethyl
acetate (3:1) as eluent to give 1.17 g of product (75 % yield).

1H NMR (600 MHz, [D6]DMSO, TMS, δ/ppm): 9.12 (d,
1H, AQ 2-H); 8.27 (d, 1H, AQ 8-H); 8.21 (d, 2H, phenyl
3,5-H); 8, 19 (d, 2H, phenyl 2,6-H); 8.18 (d, 1H, AQ 5-H);
8.01 (d, 1H, AQ 4-H); 7.98 (t, 1H, AQ 3-H); 7.93–7.96 (m,
2H, AQ 6,7-H); 4.55 (t, 2H, CH2OCO-benzene ring); 4.41
(t, 2H, CH2OCOCH 0 CH2).

FT-IR (KBr, cm−1): 1,722 (acetyl C 0 O); 1,689 (AQ C 0

O); 1,643, 1,581, 1,529 (AQ and benzene ring).

Preparation of the covalently colored polymer latex

The preparation of covalently colored P(St-BA-MAA) latex,
using red dye monomer AHAQ (2) or yellow dye monomer
AAQCB (4) (abbreviated as PSBM-AHAQ and PSBM-
AAQCB, respectively) as comonomer, was carried out by semi-
continuous emulsion copolymerization with typical recipes
listed in Table 1. The dye monomer was dissolved in a mixture
of St, BA, and MAA, after that 25 mL of water, surfactants
(SDS and OP-10), NH4HCO3, and 20 wt.% of the monomer
mixture were charged into a four-necked 100 mL round-bottom
flask equipped with a N2 inlet, a feeding inlet, a reflux con-
denser, and an electric mechanical stirrer. The mixture was
stirred at around 200 rpm and heated in a water bath. APS was
dissolved in 5 mL of water prior to use. When the temperature
stabilized at 80 °C, 40 wt.% of APS solution was injected to
initiate polymerization, and the residual monomer mixture was
added dropwise into the flask for 1 h. The residual 60 wt.% of
APS solution was introduced at different polymerization time as
follows: 10 wt.% at an interval of 15 min in the monomer
feeding process and 20 wt.% at 1.5 h. Subsequently, the system
was maintained at 80 °C for an additional 1 h and cooled down
to room temperature to obtain the colored latex. In control
experiments, 1.0 wt.% of unreactive dye (1 or 6) to the total
monomers was employed using the same method as polymer-
izable dye to produce the noncovalently colored latex.

Characterization

1H NMR spectra were obtained on a JEOL JNM-ECA600
spectrometer. FT-IR spectroscopy experiments were per-
formed using a Nicolet 560 instrument. UV-Vis absorption
was studied using a UV-Vis spectrometer (T6, Pgeneral).
The size (Dp) and morphology of the latex particles were
characterized by transmission electron microscopy (TEM,
Hitachi H-7650B). The hydrodynamic diameter (Dh), size

Table 1 Recipes for the preparation of colored polymer latexes in the
presence of AQ comonomers

Ingredients Amount (g)

St 7.5

BA 7.5

MAA 0.15

AHAQ/AAQCB Variable amounta

SDS 0.3

OP-10 0.15

NH4HCO3 0.075

APS 0.15 or 0.225b

H2O 30

a 0–1.5 wt.% based on total monomers
b 0.15 g for the recipe with AAQCB, and 0.225 g for the recipe with AHAQ
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polydispersity, and zeta potential of the latex particles were
measured on Zetasizer 3000HS (Malvern). The molecular
weight and its distribution were measured by gel permeation
chromatography (GPC, Shimadzu). The GPC instrument
was equipped with a refractive index detector (Wyatt Opti-
lab rEX) and fitted with a PLgel 5 μm mixed-D column,
which was calibrated using polystyrene standard. THF was
used as the eluent, and the measurements were carried out at
35 °C with an eluent flow rate of 1.0 mL/min. The yield of
the dye was measured by the ratio of its experimental and
theoretical molar quantity.

Monomer conversion

Total monomer conversion (Conv wt.%) of the emulsion
copolymerization was determined gravimetrically and cal-
culated as below:

Conv:wt% ¼ S St= � 100%

where S and St denote, respectively, the experimental solid
content and the theoretical solid content assuming all of the
monomers were polymerized with 100 % conversion. The
measurement of the dye monomer conversion, involving
methanol extraction and absorptiometry, was carried out as
follows: the PSBM-AHAQ or PSBM-AAQCB latex was
coated on a glass plate and dried at 65 °C in an oven to form
a latex film with the thickness about 140 μm; then the colored
film was extracted with methanol in a Soxhlet apparatus for
5 h, and unreacted dye in extract solution was quantified by
UV-Vis absorption method. The dye monomer conversion
(Convdye, wt%) was calculated as below:

Convdye:wt% ¼ 1�ME M=ð Þ � 100%

where, ME and M denote the mass of extracted dye and dye
used in the recipe, respectively.

Measurement of the light fastness

The colored latex films with the thickness about 140 μm
were irradiated using a Xenon lamp for 10 days under the
condition, i.e., 180 W/m2 irradiation intensity, 40 °C, 50 %
relative humidity. The color difference (ΔE) before and after
light irradiation was obtained on a white printing paper by a
colorimeter (HP-200, Chinaspec).

Results and discussion

Synthesis and characterization of polymerizable dyes

In order to obtain covalently colored polymer latex by free
radical emulsion polymerization, two kinds of polymerizable
AQ dyes were designed and synthesized. It is well known that

AQ derivatives are free radical scavengers, which can inhibit
the polymerization significantly, and steric hindrance of AQ
structure also has great effect on monomer activity [22–24].
Therefore, in the synthesis of polymerizable dye molecules, a
flexible spacer of alkyl chain was inserted between chromo-
phore and unsaturated acryloyl group. In this way, the influ-
ence of AQ π-conjugated system on propagating radical can be
minimized, and the steric hindrance of AQ structure on copoly-
merization is lowered. In addition, incorporation of the alkyl
chain can improve the solubility of the polymerizable dyes in
the mixture of St and BA, which is beneficial to the copoly-
merization of dye monomer with others.

The red dye monomer AHAQ (2) was prepared from 1-
nitroanthraquinone as outlined in Scheme 1. First, aminol-
ysis of 1-nitroanthraquinone was carried out with excessive
1,6-diaminohexane to produce a dark red dye (1), which was
a nonpolymerizable dye and used for control experiment,
and then acryloyl chloride was employed for amidation
reaction to obtain monomer AHAQ (2).

The yellow dye monomer AAQCB (4) was designed in
analogy to commercial C.I. Pigment Yellow 193. 1-
Aminoanthraquinone was coupled with excessive terephtha-
loyl dichloride and then esterified by HEA to afford target
dye monomer as illustrated in Scheme 2. Meanwhile, we
also synthesized a yellow dye (6) for control experiment,
which is not polymerizable.

The structures of AHAQ and AAQCB were confirmed by
1HNMR and IR. 1HNMR spectra of them showed particular
signals of AQ ring protons at δ07.27–9.05 ppm. The acryl-
amide group in AHAQ exhibited two doublets, and one
double-double split resonances at δ05.60, 6.09, and
6.23 ppm, respectively, whereas the acrylate group in AAQCB
displayed the signal at δ05.99, 6.39, and 6.24 ppm.

Preparation and characterization of the covalently colored
polymer latex

A series of the covalently colored polymer latexes were pre-
pared via semicontinuous emulsion polymerization of St, BA,

O

O

NO2 O

O

HN
NH2

O

O

HN

H
N

O

1,6-Diaminohexane

Cl

O

Triethylamine

1

2

Scheme 1 Synthesis of red polymerizable dye AHAQ (2)
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and MAA in the presence of polymerizable AHAQ/AAQCB
using APS as initiator, and effect of the polymerizable dyes on
the emulsion polymerization and the latex properties were
investigated.

Influence of the polymerizable dye on the emulsion
polymerization

Because of the inhibition effect of AQ structure on free radical
polymerization, the monomer conversion was significantly
influenced by the polymerizable dye in this work. For exam-
ple, when 0.5 wt.%APSwas used, the colorless latex could be
fabricated with 99.9 % monomer conversion, whereas the
polymerization with 1 wt.% AHAQ or AAQCB was finished
with the total monomer conversion about 89.2 % (AHAQ) or
93.5 % (AAQCB) and the dye monomer conversion as low as
76.2 % (AHAQ) or 80.5 % (AAQCB). Also, it was noticed
that the inhibiting ability of AHAQ was stronger than that of
AAQCB, and this phenomenon might be ascribed to the
inductive effect of substituent on AQ chromophore, since
alkylamino group in AHAQ is a stronger electron-donating
group comparing to amide group in AAQCB.

Apparently, sufficient amount of initiator must be utilized
to promote the monomer conversion. It was found that, when
the amount of APS was up to 1.5 and 1.0 wt.% for PSBM-

AHAQ and PSBM-AAQCB latex preparation, respectively,
the emulsion polymerization proceeded smoothly, and the
stable latexes colored with 0.1–1.5 wt.% dye monomers could
be prepared with high total monomer conversion. However,
the dye concentration higher than 1.5 wt.% was not available
because of their solubility limitation in the mixture of St and
BA. The influences of the polymerizable dye on the monomer
conversion, the molecular weight, and its distribution were
given in Table 2.

The conversion of the dye monomer is of crucial importance
for the preparation of covalently colored polymer latexes. Here,
the dye monomer conversion was determined using solvent
extraction followed by absorptiometry. Sincemethanol is a good
solvent for the dye monomers, the unreacted dye can be
extracted out from the colored polymer latex film, and its
amount in the extraction solution can be quantified by UV-Vis
absorptiometry, thus the dye monomer conversion can be fig-
ured out. It is clear that the dye monomer conversion decreased
gradually with the increase of dye monomer amount, both in
PSBM-AHAQ and in PSBM-AAQCB preparations (Table 2).
This tendencymight be due to a relatively lower reactivity of the
dye monomers and, more importantly, their low diffusion rate in
water [7, 15]. Since the dyes were water insoluble, diffusion of
dye monomers from monomer phase into the growing particles
through the aqueous phase was relatively difficult, and as a

Scheme 2 Synthesis of yellow
polymerizable dye AAQCB (4)
and unreactive dye (6)

Table 2 Influence of polymerizable dye on the monomer conversion and the molecular weight

Sample Dye monomera (wt.%) Conv. (wt.%) Convdye (wt.%) Mn (10
4 g/mol) PDI (Mw/Mn)

PSBM-AHAQ A1 0.1 99.3 97.5 7.80 3.072

A2 0.5 99.9 95.9 7.99 2.927

A3 1.0 99.2 92.3 8.09 3.025

A4 1.5 100 88.7 12.2 2.423

PSBM-AAQCB B1 0.1 99.8 96.1 8.27 2.986

B2 0.5 98.1 94.6 8.58 2.891

B3 1.0 97.9 93.5 8.13 2.853

B4 1.5 99.8 87.0 10.2 2.634

Colorless 0 99.9 – 7.08 3.026

a Amount relative to the total monomers used in the latex preparation
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result, a part of dye monomers would precipitate as dyestuff
aggregates if large amount of dye was employed in recipe,
leading to a lower dye monomer conversion.

Although the conversion of AAQCB was slightly
lower than that of AHAQ, more than 92 % of the dye
monomers were copolymerized when their amounts
were equal to or less than 1 wt.%. Even if the amount
of the dye monomers was increased to 1.5 wt.%, the
dye monomer conversion still reached 88.7 % for AHAQ and
87.0 % for AAQCB. Moreover, one factor should be taken
into account, since low molecular weight polymer with dye
units may have been extracted out during the Soxhlet extrac-
tion process, the dye monomer conversion in Table 2 may be
slightly underestimated.

The molecular weight of the resulted polymer was also
influenced by the amount of dye monomer. As shown in
Table 2, the molecular weights of both PSBM-AHAQ and
PSBM-AAQCB polymers increased with the increase of the
dye monomer and were higher than that of the polymer with-
out using dye monomer, which was consistent with the
description in literature [25]. In general, the molecular weight
in free radical polymerization increases with the decrease of
initiator concentration. In this work, dye monomer AHAQ
and AAQCB acted as inhibitors to consume a part of primary

radicals decomposed from APS. When a constant amount of
APS was used, the number of effective free radicals to initiate
the polymerization was reduced by adding the dye, which
caused the increase of the polymeric molecular weight.

Property of the covalently colored polymer latex

The colloidal properties of resultant colored polymer
latexes were given in Table 3. For all of the samples,
the hydrodynamic diameters (Dh) were maintained 70–
80 nm, and their zeta potential was distributed in the
range of −60 to −67 mV, which were less dependent on
the amount of dye monomers, but the polydispersity of
particle size increased a little bit with addition of dyes.
The obtained colored polymer latex performed good
colloidal stability, and that is neither the precipitation
in the latex nor the leakage of dye from the polymer
particles was evidently observed within a storage time
of 6 months. Typical TEM images of the latex particles
(Fig. 1) showed that the morphology of colored polymer
particles was uniform sphere, and the average diameter
of the dried particles (Dp) ranged from 60 to 70 nm,
which was smaller than the hydrodynamic diameter Dh

as expected.

Table 3 Influence of polymer-
izable dye on the colloidal
properties of the colored poly-
mer latex

aAmount relative to the total
monomers used in the latex
preparation

Sample Dye monomera (wt.%) Dh (nm) Polydispersity ζ (mV)

PSBM-AHAQ A1 0.1 77.0 0.0926 −61.4

A2 0.5 87.6 0.104 −66.0

A3 1.0 78.3 0.101 −63.2

A4 1.5 81.8 0.0834 −60.0

PSBM-AAQCB B1 0.1 70.2 0.146 −63.9

B2 0.5 76.2 0.179 −61.2

B3 1.0 80.5 0.147 −64.1

B4 1.5 72.6 0.191 −66.4

Colorless 0 76.2 0.0793 −67.0

Fig. 1 TEM images of a
PSBM-AHAQ (A3) and b
PSBM-AAQCB (B3) latex
particles
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UV-Vis spectra of the polymerizable dye and the covalently
colored polymer

UV-Vis absorption spectra were obtained from the ethyl
acetate solution of the covalently colored polymer and the
corresponding dye monomer using ethyl acetate as reference
solvent. Comparing with the maximum absorption wave-
length (λmax) of the corresponding dye, λmax of each colored
polymer showed no noticeable batho- or hypsochromic shift
as shown in Fig. 2. Both the dye monomer AHAQ and the
colored polymer PSBM-AHAQ displayed their λmax at
503 nm, while AAQCB and PSBM-AAQCB displayed λmax

at 406 nm, indicating that the AQ dye chromophores did not
change either during the copolymerization or as a result of
the covalently bonding to the polymer chain [26]. Also, AQ
chromophores had no apparent interaction with each other,
thus excluding from π–π stacking, which would generate the
bathochromic shift of λmax [27].

Light fastness of the colored polymer latex film

The light fastness of PSBM-AHAQ and PSBM-AAQCB latex
films, both with 0.5 and 1 wt.% dye amount to the total mono-
mers, wasmeasured by an irradiation test and comparedwith the
latex films colored by dye 1 and 6 (1 wt.%). Color difference
(ΔE) was used to evaluate the light fastness of polymer latex
film, and theΔE of the colorless P(St-BA-MAA) latex film was
deducted from each colored sample. As shown in Figs. 3 and 4,
the light fastness of the covalently colored polymer latex films
wasmuch better than that of the noncovalently colored filmwith
the unreactive dye, and the ΔE of the covalently colored poly-
mer latex films was affected slightly by the amount of dye
monomer. The enhancement of the photostability might be due
to an electron transfer from the covalently bound chromophore
to the main polymer chain during the transfer from excited state

Fig. 2 UV-Vis absorption spectra of a AHAQ and PSBM-AHAQ (A3)
and b AAQCB and PSBM-AAQCB (B3)

Fig. 3 ΔE of the red polymer latex films versus irradiation time:
(filled square) PSBM-AHAQ film (A2), (filled circle) PSBM-AHAQ
film (A3), and (filled triangle) 1 wt.% unreactive dye 1 colored film

Fig. 4 ΔE of the yellow polymer latex films versus irradiation time:
(filled square) PSBM-AAQCB film (B2), (filled circle) PSBM-AAQCB
film (B3), and (filled triangle) 1 wt.% unreactive dye 6 colored film
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to ground state S1 → S0, and this process could prevent photo-
degradation of the dye structure [28]. In addition, the polymer-
ized dye units were homogeneously distributed on the polymer
chain and had better compatibility with the polymeric matrix
which could insulate the ambient oxygen and other harmful
chemicals.

Conclusion

In this study, based on anthraquinone structure, two novel
polymerizable dyes (AHAQ and AAQCB) were first synthe-
sized, and the covalently colored PSBM-AHAQ and PSBM-
AAQCB polymer latexes were then successfully prepared via
semicontinuous emulsion copolymerization of St, BA, MAA,
and polymerizable dyes. It was found that with the increase of
the dye monomer, the dye monomer conversion decreased,
but the molecular weight of the colored polymer increased.
When the amount of the dye monomer was in the range of
0.1–1.5 wt.% to the total monomers, a high total monomer
conversion above 97 % could be achieved using proper
amount of initiator APS, and most of the dye molecules were
copolymerized. Meanwhile, the chromophores covalently
bonded to polymer chains maintained unchanged UV-visible
spectrum. In addition, the light fastness of the covalently
colored latex films was proved to be much better than that of
the noncovalently colored latex films. Accordingly, these
kinds of colored polymer latex might have potential applica-
tion in various fields, such as waterborne coating, ink, paint,
and dyestuff for textile printing.
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