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a b s t r a c t

Novel temperature sensitive cryogels of poly(ethoxytriethyleneglycol acrylate) (PETEGA), with in situ
entrapped active substance, are synthesized employing the UV irradiation technique and tested as matrix
for controlled release of the hydrophilic drug verapamil hydrochloride. PETEGA cryogels are non-toxic
materials and, due to the macroporous structure, exhibit a reversible, ultra-rapid volume phase transition
at temperature ca. 31 �C. Carriers based on PETEGA cryogels possess sustained release of verapamil
hydrochloride over a period of more than 8 h, which is attributed to the hydrophobic state of the polymer
network at physiological temperature and the method of drug immobilization. Drug release character-
istics of PETEGA cryogels are compared with another cryogel systems, based on polyacrylamide (PAAm),
poly(N-isopropylacrylamide) (PNIPAAm) and poly(2-hydroxyethyl methacrylate) (PHEMA), obtained via
the same method.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction Cryogels are formed as a result of consequent freezing, reaction
Polymer matrices are one of the most widely investigated and
used inpracticematerials formodified-release drug delivery systems
[1,2]. The efforts are focused on both elaboration of novel advanced
polymeric carriers andmodification of themethods for obtaining the
systemitself [3e7]. Froma technological stand-point a crucial stage in
the elaboration of such systems is the method for drug loading. The
most common technique is the physical mixing of the active ingre-
dient with the matrix carrier. Another approach for drug loading is
based on chemical bonding between the drug and the polymer.

In particular, hydrogels are main class of polymeric materials
commonly used in clinical practice and experimental medicine
for a wide range of applications such as tissue engineering and
regenerative medicine, diagnostics, cellular immobilization, drug
release, etc [1,2]. Currently, there is an increasing interest in
super-macroporous polymer hydrogels with unique heteroge-
neous open-porous structure, which opens new perspectives for
development of innovative systems for biomedical and phar-
maceutical applications [1]. Among different techniques, the
cryotropic gelation is an efficient method for preparation of
super-macroporous polymer hydrogels, also named cryogels [8].
).

All rights reserved.
of cross-linking and thawing of low- or high molar mass
precursors dissolved most often in water. In the process of
cryogenic treatment most of the water forms ice crystals while
the bound water and the soluble substances are accumulated in
a non-frozen liquid microphase (NFLMP). The gel formation
occurs in this liquid microphase and the ice crystals perform as
porogens. The spongy-like structure of cryogels, i.e. the oriented
and interconnected pores with their very smooth wall interface,
facilitates dramatically the diffusion of species and, thereby, the
mass and head transfer, respectively.

Several years ago a method for preparation of cryogels based on
the UV irradiation technique [9] was developed by our team. The
advantages of UV irradiation are the very low capital outlay and the
extremely short time for efficient gel formation. Thus, cryogels of poly
(ethylene oxide) [9] and various cellulose derivatives [10,11] were
preparedbyonly 2minofUV irradiation (irradiation dose rate of 5.7 J/
cm2.min) of moderately frozen polymer systems in the presence of
photoinitiator. Very recently, Petrov et al. reported on the synthesis of
temperature sensitivePNIPAAmandhydroxypropylcellulosecryogels
via UV irradiation that exhibit reversible, ultra-rapid volume phase
transitionwithin 10e15 s [12].

The present study aims at reporting on the preparation of novel
temperature sensitive cryogels of poly(ethoxytriethyleneglycol
acrylate) (PETEGA) and their utilization as matrices for loading and
sustained release of hydrophilic drug. Verapamil hydrochloride,

mailto:ppetrov@polymer.bas.bg
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2011.01.049
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a representative L-type calcium channel blocker widely used as
antihypertensive, antiarrhytmic and antianginal drug [13] is
selected as a model drug. To the best of our knowledge, this is the
first work describing how the combination of the in situ incorpo-
ration of hydrophilic drug into temperature sensitive cryogel and
the hydrophobic state of the matrix at physiological temperature
causes a sustained drug release profile. Drug release characteristics
of PETEGA cryogels are compared with another cryogel systems
based on polyacrylamide, poly(N-isopropylacrylamide) and poly(2-
hydroxyethyl methacrylate).

2. Experimental section

2.1. Materials

Acrylamide, N-isopropylacrylamide, 2-hydroxyethyl methacry-
late, acryloyl chloride, N,N0-methylenebisacrylamide, poly(ethylene
glycol) diacrylate (aver. mol. wt. 575 g/mol), Dulbecco’s modified
Eagle’s medium (DMEM), fetal calf serum (FCS), ethylene-
diaminetetraacetic acid (EDTA) and PBS tablets (phosphate buff-
ered saline, pH 6.8) were purchased from SigmaeAldrich and used
without purification. Tri(ethylene glycol) monoethyl ether (Sig-
maeAldrich), and triethylamine (SigmaeAldrich) were distilled
before using. H2O2 (30 vol.% aqueous solution), trypsin, 3-(4,5-
dimethyldiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
2-propanol were obtained from Merck and used without purifica-
tion. Verapamil hydrochloride was provided by Knoll AG, Ludwig-
shafen, Germany. Ninety six well flat-bottomed microplates are
products of Nunc, Roskilde, Denmark. The solvents (dichloro-
methane, hexane, ethyl acetate, tetrahydrofuran) were purified by
distillation before using.

2.2. Syntheses of ETEGA

Ethoxytriethyleneglycol acrylate was synthesized according to
the procedure described in Ref [14]. Briefly, tri(ethylene glycol)
monoethyl ether (40 mL, 0.2 mol) and triethylamine (29.8 mL,
0.2 mol) were dissolved in 50 mL of dichloromethane in a 3-
necked round-bottom flask in an ice/water bath under nitrogen
atmosphere. Then, acryloyl chloride (18.53 mL, 0.2 mol) dis-
solved in 20 mL of dichloromethane was added drop-wise. The
reaction was carried out at room temperature overnight. The
precipitate was filtered off, whereas the filtrate was transferred
in a separating funnel and washed subsequently with 50 mL of
a 10 wt % aqueous solution of sodium bicarbonate, 50 mL of
water, and 50 mL of a saturated aqueous solution of sodium
chloride. The organic layer was collected and dried over anhy-
drous sodium sulfate. The crude product was concentrated using
rotary vacuum evaporation and purified by passing through
a silica gel column using ethyl acetate as an eluent. The solvent
was removed and the product was purified by vacuum distilla-
tion at 110 �C and 45 mTorr in the presence of small quantities
of hydroquinone. The monomer was then dissolved in 150 mL of
dichlorometane and washed with 0.1 M aqueous solution of
NaOH until the aqueous layer became colorless. The organic
layer was washed with water to neutral pH and dried over
anhydrous sodium sulfate. The monomer was obtained as
a colorless liquid (yield 60%, 23.0 g). The purity of the monomer
(>98%) was checked by gas chromatography.

2.3. Synthesis of cryogels with in situ immobilized drug

0.6 g of monomer was dissolved in 6 mL distilled water under
stirring to obtain homogeneous aqueous solution (10 wt.%). Then,
0.1 mL H2O2 initiator, 0.18 g (0.06 g) cross-linking agent (BisAAm or
PEGDA) and 0.06 g verapamil hydrochloride were added under
stirring at room temperature. Portions of 1 mL of the resulting
homogeneous solution were poured into 6 Teflon dishes (20 mm
diameter) forming a 4 mm thick layer, which were then kept in
a freezer at minus 20 �C for 2 h. The dishes were irradiated with full
spectrum UVevis light with a ‘‘Dymax 5000-EC’’ UV curing equip-
mentwith 400Wmetal halideflood lamp for 5min (irradiationdose
rate: 5.7 J/cm2 min; input power: 93 mW/cm2). PETEGA cryogels
used for the determination of degree of swelling and cytotoxicity
assessment were synthesized without verapamil hydrochloride.

2.4. Measurements of gel fraction yield and degree of swelling

Gel fraction (GF) yield and degree of swelling (DS) of cryogels
were determined gravimetrically. To calculate the GF content, the
samples were extracted in distilled water for 6 days at room
temperature. After that, the samples were freeze dried in an “Alpha
1e2 Freeze drier” (Martin Christ) at minus 55 �C and 0.06 mbar for
24 h, weighed and the GF was calculated by the relationship:

GFyieldð%Þ ¼ weightof driedsample
weightsofmonomerandcrosslinkingagent

x 100

The degree of swelling was determined gravimetrically at
equilibrium water uptake. The DS was measured in water in
a temperature range from 20 to 50 �C. Disks of cryogel, equilibrated
at 20 �C, were weighed and transferred towater at a given, elevated
temperature for 10 min and weighed again. Prior to weighing, the
cryogels were blotted with filter paper. Finally, the samples were
freeze dried.

DS ¼ weight of swollen sample
weight of dried sample

The experimental errors of the GF yields and the DS calculations
were in the range of 2e5%.

2.5. Surface morphology

The extracted cryogels were frozen in liquid nitrogen, fractured
and freeze dried in an “Alpha 1e2 Freeze drier” (Martin Christ) at
minus 55 �C and 0.06 mbar for 24 h. Then the specimens were fixed
on a glass substrate and coated with gold for 60 s. The interior
morphology of the gels was studied by using a JEOL JSM-6390
scanning electron microscope operating at 10 kV.

2.5.1. Cytotoxicity assessment
The cytotoxicity of PETEGA cryogel (without drug) was evalu-

ated using a modification of the USP In vitro biological reactivity
elution test in a panel of human cell lines. In brief, extracts of the
tested materials were freshly prepared in RPMI-1640 medium
(200 mg/mL) for 24 h at 37 �C. The tested cells were exposed to
extract from stock PETEGA cryogel (200 mg/mL) in RPMI-1640
growth medium and its serial dilutions (1:1; 1:2, 1:4, 1:8).
Following 72 h continuous exposure the cellular viability was
determined using the standard MTT-dye reduction assay [15,16].

2.6. Drug release studies

Drug release profiles were evaluated using a dissolution test
apparatus (Frweka DT 600, Heusenstamm, Germany). The modi-
fied USP paddle method was selected. Six freeze-dried samples
were immersed in PBS (rO 6.8) and the test was carried out at
a paddle rotation speed of 50 rpm, at temperature ¼ 37 � 0.5 �C, in
500 mL dissolution medium. The quantity of verapamil hydro-
chloride in sample solutions was analyzed by UV absorbance at
278 nm using DU 800 spectrophotometer (Beckman Coulter). The



Table 1
Model systems based on three different polymer carriers.

Sample code Polymer
cryogel

Cross-linking
agent (mass %)

Verapamil hydrochloride
(mass %)

M1 PETEGA BisAAm 30 10
M2 PETEGA PEGDA 30 10
M3 PNIPAA BisAAm 10 10
M4 PNIPAA BisAAm 30 10
M5 PHEMA BisAAm 10 10
M6 PHEMA BisAAm 30 10
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cumulative percentage of drug release was calculated and the
average of six determinations was used in the data analysis. The
statistical analysis of dissolution data of the samples based on
systems M1eM6 (Table 1) at pH ¼ 6.8 showed a statistical differ-
ence (p < 0.05) using t-test by Origin Plot software.
3. Results and discussion

3.1. Syntheses and characterization

Macroporous PETEGA cryogels containing the hydrophilic drug
verapamil hydrochloride were synthesized by the UV irradiation
technique [9e12]. So far, this is the first work reporting on the
synthesis, swelling behavior and release properties of drug caring
system based on temperature-responsive PETEGA cryogel. The
procedure involves preparation of homogeneous aqueous solution
of ETEGA, H2O2, cross-linking agent (BisAAm or PEGDA) and drug,
followed by freezing at a defined negative temperature, an
extremely short UV irradiation and thawing (or freeze drying for
drug release studies). Finally, opalescent cryogels (aerogels in case
of freeze dried samples) with an open-porous structure (Fig. 1)
were obtained. Importantly, to localize the hydrophilic drug into
the polymer matrix, verapamil was dissolved in water and mixed
with the reagents before freezing and cross-linking, respectively.
Fig. 1. Digital and SEM photographs of PETEGA cryogel at 20 �C (top) and 50 �C (bottom), syn
temperature of freezing �20 �C; 5 mass % H2O2 and 30 mass % PEGDA to the monomer).
Due to the cryostructuration effect [8] this method predetermines
incorporation of drug molecules predominantly into the polymer
walls, without significant accumulation of drug in the channels of
as-synthesized material. One has to mention that the applied
irradiation dose did not affect the drug, as confirmed by proton
NMR and UVevis spectroscopy. On the other hand, the presence of
verapamil (up to 10 mass % to the monomer) did not disturb the
reaction of cross-linking and practically quantitative GF yield were
calculated (GF>99%). Since the materials obtained are foreseen for
peroral application, it is a critical issue to avoid any contamination
of initial monomer and cross-linking agent. Therefore, an additional
test for detection of monomer into the final cryogels was carried
out. The cryogels were extracted with water and, then, the liquid,
after concentration, was analyzed by gas chromatography. No
apparent traces of monomer in each sample after UV irradiation
were detected, which is in good agreement with the gel fraction
measurements.

It was reported that linear PETEGA polymer is a temperature-
responsive polymer [17]. In this work, we describe the swelling/
deswelling properties of PETEGA cryogel in the 20e50 �C temper-
ature range. It was found that PETEGA cryogels obtained from 10
mass % monomer solution undergo a reversible volume phase
transition (VPT) from hydrophilic to hydrophobic state roughly in
the interval of 28e42 �C, and decreased the apparent degree of
swelling from 14 at 20 �C to 8 at 50 �C (Fig. 2). The temperature of
VPT, TVPT, estimated as the maximum of first derivative of swelling
vs. temperature curve, is equal to 31 �C. For comparison, DS of
PNIPAAm cryogel were 17 at 20 �C and 5 at 50 �C, respectively [12].
As seen from Fig. 1 (bottom), the network collapse reduces the size
of the pores, but as a whole the material maintains its open-porous
structure at temperature above VPT. Typically for temperature-
responsive cryogels [18,19], PETEGA cryogel reversibly swells and
shrinks for extremely short time below and above the VPT
temperature, respectively. Namely, equilibrated at 20 �C, PETEGA
cryogel immediately decreased its apparent degree of swelling
thesized via UV irradiation of moderately frozen system (10 mass % solution of ETEGA;



Fig. 2. Temperature dependence of the swelling properties of PETEGA cryogel,
synthesized via UV irradiation of moderately frozen system (10 mass % solution of
ETEGA; temperature of freezing �20 �C; 5 mass % H2O2 and 30 mass % PEGDA to the
monomer).
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when transferred to hot water (50 �C) and reached nearly equilib-
rium state in 20 s (Fig. 3). Vice versa, immersed again in water at
20 �C the cryogels did uptake approximately 90 vol.% of its equi-
librium water content for the same time.

Definitely, the regular open-porous structure of cryogel and the
existence of large amount of freewater in the pores alleviate themass
transport and heat exchange and, thereby, essentially contribute to
the fast response of the system. It was established that PETEGA cry-
ogels obtained with the two different cross-linking agents, PEGDA
and BisAAm (Table 1), exhibit identical swelling behavior.

In addition, in order to evaluate the applicability of the method
for drug entrapment into other cryogel matrices as well as to
compare the release properties of PETEGA carriers to another
similar systems, our study was extended to the synthesis of
different biocompatible PAAm, PNIPAAm and PHEMA cryogels
employing the same procedure.

3.2. Cytotoxicity assessment

Very important issues for a drug delivery system are its
biocompatibility and biodegradability. Since our materials are
Fig. 3. Deswellingereswelling kinetics of PETEGA cryogel above (50 �C) and below
(20 �C) the temperature of volume phase transition (10 mass % solution of ETEGA;
temperature of freezing �20 �C; 5 mass % H2O2 and 30 mass % PEGDA to the
monomer).
foreseen for peroral application a biodegradable matrix is not
necessary. The cytotoxicity of PETEGA cryogels, without loaded
drug, was tested on human cell lines, representative for different
cellular populations/tissues, namely HT-29 (colon epithelium), BV-
173 (pre-B-cell), SKW-3 (T-cell) and HL-60 (myeloid). The cellular
viability after 72 h exposure to extracts of the tested materials in
RPMI-1640 medium was assessed using the MTT-dye reduction
assay (data not shown) and by light microscopy, as described by
USP. Throughout the panel of human cell lines the tested polymers
proved to be devoid of cytotoxic activity (Fig. 4) and can be
exploited as drug delivery system.

3.3. Drug release studies

In many cases, when a controlled release of drug from
hydrogel matrix is considered, an unwanted burst release is
observed [20]. We found that verapamil hydrochloride was
successfully entrapped in all cryogel carriers described in the
present work, however, the swelling behavior of the polymer
matrices at physiological temperature play a key role for the
drug release profile. Our preliminary studies with the highly
hydrophilic polyacrylamide cryogels showed a substantial burst
release within the first hour. In fact, the macroporous structure
of freeze-dried systems allows very fast water uptake by the
pores due to the capillary effects and, in the case of hydrophilic
PAAm, the network rapidly swells upto DS 17e20. In contrast,
PETEGA and PNIPAAm cryogels are in hydrophobic state at
37 �C and have DS ¼ 8 and 5, respectively, while PHEMA cry-
ogel in general does not swell to a great extent (DS ca. 6)[12].
Fig. 4. HT-29 (colon epithelium) human cells before (A) and after 72 h exposure to
extract from PETEGA cryogel (200 mg/mL)in RPMI-1640 medium (B).



Fig. 5. Release kinetics of verapamil hydrochloride from model systems based on: a)
PETEGA cryogels obtained with 30 mass % BisAAm (M1) and 30 mass % PEGDA (M2); b)
PNIPAAm cryogels obtained with 10 mass % BisAAm (M3) and 30 mass % BisAAm (M4);
c) PHEMA cryogels obtained with 10 mass % BisAAm (M5) and 30 mass % BisAAm (M6);
Mean � SD, n ¼ 6.
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Our findings indicate that the systems based on PETEGA, PNI-
PAAm and PHEMA (Table 1) allow controlled release of verap-
amil hydrochloride over a period of more than 8 h (Fig. 5).

The results from the in vitro drug release investigation of
PETEGA-based samples are presented in Fig. 5a. It is clear that both
systems (N1 and N2), obtained with two different cross-linking
agents, have almost equivalent rate and extent of drug release.
Following a slight initial burst effect, from the 2nd hour post
incubation the drug release process is characterized by a time-
independent kinetics (zero order kinetic with correlation coeffi-
cient R ¼ 0.998).

It was suggested that the active ingredient is incorporated
predominantly in the walls of the porous matrix, but probably
a small fraction is adsorbed on the surface of the matrix. Thus,
immersing the freeze-dried disk in the dissolution medium (PBS),
most probably the adsorbed fraction is rapidly released, while the
embedded fraction of the drug is thereafter released much more
slowly. The release of the drug which is immobilized in the poly-
meric walls is directly dependent on the swelling ability of the
matrix. As far as PETEGA is concerned as a carrier, at temperature of
37�S, the polymer is in a hydrophobic state, which slows down the
rate of drug release. In other words, the rate of this process depends
substantially on the localization of the drug during the synthesis of
the cryogel as well as on the degree of swelling of the polymer
network, which is related to the time for polymer chain relaxation.
From this point of view, the behavior of cryogel system in the drug
release process is not governed by the typical diffusion-controlled
release patterns and probably follows an anomalous mechanism.

The samples based on the other thermo-sensitive polymer,
PNIPAAm, exhibited similar trend (Fig. 5b). In this case, no prom-
inent difference between the two model systems containing
different amounts of the cross-linking agent was established.
Nevertheless, there is difference in the release rate and extent of
verapamil hydrochloride, as compared to the cryogels based on
PETEGA (Fig. 5a). In the very beginning of the in vitro release
experiment, the samples N1 and N2 are characterized with
a greater rate and extent of verapamil hydrochloride release, as
compared toN3 andN4, and this trend is maintained until the end
of the incubationperiod. The amount of released drugbyN1 andN2
for 8 h is 98%, whereas the PNIPAAm-based carriers released
approximately 75%. Hence it could be concluded that cryogels based
on PNIPAAmwould be more applicable either for active ingredients
requiringmore prolonged drug release period (ca.12 h), or for drugs
which are more soluble in water then verapamil hydrochloride.

The systems based on PHEMA cryogels (Fig. 5c) exhibited more
pronounced differences in the release kinetics as a function of the
content of cross-linking agent, in contrast to the aforementioned
systems M1eM4.

PHEMA is hydrophilic at physiological temperature and most
probably the density of polymer network, determined by the
content of BisAAm, influence the release profile. It is plausible that
when the content of the cross-linking agent is 10 mass % the
polymer network is less dense and, hence, the release process is
faster as compared to the cryogel containing 30 mass % cross-
linking agent. The larger amount of BisAAm leads to a denser
polymer network which hinders the release of the active
compound immobilized in the polymer wall. On this ground, the
amount of the drug released fromM6 for 8 h is 80%, whereas in case
of N5 (10 mass % cross-linking agent) the amount of released
verapamil hydrochloride is 97%.

4. Conclusions

Temperature-responsive PETEGA cryogels, containing verapamil
hydrochloride, were synthesized and tested as drug release
systems. The lack of cytotoxicity of PETEGA cryogels was confirmed
by tests on several human cell lines with different cell type and
origin. The results from the in vitro drug release investigations were
compared to other biocompatible cryogel systems. The systems
based on PETEGA, PNIPAAm and PHEMA allow efficient controlled
release of verapamil hydrochloride over a period of more than 8 h.
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In case of temperature-responsive PETEGA- (M1, M2) and PNI-
PAAm-based systems (M3, M4), there was no significant influence
of the type and content of the cross-linking agent on the drug
release patterns, i.e. the delayed release of the drug is due to the
hydrophobic state of the polymer carrier at physiological temper-
ature. In a dissimilar fashion, for PHEMA based systems (N5 and
N6) the increase of the content of cross-linking agent from 10 to 30
mass % resulted in 17% decrease of the amount of drug released for
8 h incubation. The results indicate that PETEGA and PHEMA (10
mass % BisAAm) based systems could be considered as optimal drug
delivery systems for sustained release of verapamil hydrochloride.
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The surface of two commercial meltblown polypropylene (PP) membranes, used for the filtration of
blood products, were modified by wet chemistry treatments (carbodiimide, tosyl chloride and trihalo-
geno-triazines) in the case of the oxygen-plasma treated membrane (O2-PP), and by photochemistry
using molecular clips in the case of the native PP membrane. The most efficient technique uses trifluoro-
triazine reagent for the activation of both hydroxyl- and carboxyl-functions of O2-PP. It enables the
fixation of amine-terminated molecules with high degrees of derivatization (w700 pmol/cm2), without
inducing modification of the membrane morphology nor cytotoxicity. Only a weak decrease of surface
hydrophilicity was measured after the treatments and steam-sterilization. This method was applied for
the grafting of peptides (Gly-Gly-Gly-Gly-Gly, Gly-Arg-Gly-Asp-Ser, home-made modified Leu-Asp-Val)
on O2-PP membranes incorporated into multi-layer filter devices. These modified filters showed
improved properties of leukocyte depletion in blood filtration experiments, principally due to the
wetting properties of the membranes.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Polypropylene (PP) membranes are used in a large variety of
industrial applications such as wastewater treatment, desalination
of sea water, ultra-pure water in the semiconductor industry,
electrode separation in secondary battery, sterilization of beverages
and pharmaceuticals, because of their good mechanical properties,
good chemical resistance, good thermal stability and low cost [1,2].
Polypropylene membranes are also increasingly considered for
biomedical applications, namely hemodialysis, plasmapheresis,
blood oxygenation and leukodepletion [3,4].

Nowadays, different layers of non-woven polymer fibers are
used as materials for leukodepletion filters and can be easily pro-
cessed by meltblowing. The filtration of leukocytes from blood by
means of filters can be regarded as a depth filtration process [5,6].
Two main mechanisms are involved: the mechanical entrapment
(or sieving), depending on the pores sizes and the deformability of
the cells, and the physicoechemical entrapment (or adhesion).
Different factors can be responsible for the non-specific adhesion
of white cells to surfaces such as the surface chemistry and charge,
the wettability and the morphology of the surface (porosity,
þ32 10 47 41 68.
e (J. Marchand-Brynaert).

All rights reserved.
roughness.). The specific adhesion could be promoted by the use
of selective ligands recognized by the cell receptors, mainly integ-
rins. However, this concept largely developed in the field of tissue
engineering [7,8], is not applied to industrial filters yet, in our
knowledge, but only studied at the laboratory scale [9].

In this article, we are interested in the surface modification of
two meltblown polypropylene membranes: a native PP membrane
and an oxygen-plasma treated PP membrane (O2-PP) currently
used as part of industrial filtration devices of blood products.

Different methods have been reported to modify the wettability
or the hydrophilicity of polypropylene surfaces in order to improve
the cell adhesion phenomena [10], reduce the proteins adsorptions
[11] and enhance the permeation flux of aqueous solutions [12e14].
The most usual methods are various plasma treatments [15e18]
and mainly oxygen-plasma [10,19e23], coatings with surfactants
[3,14,24], and graft-polymerizations of hydrophilic monomers
using peroxide [25,26], UV [27e29] and plasma-induced [30e32]
processes. Tailor-made surfaces have been prepared by combining
plasma treatment and wet-chemistry [33] for the covalent coupling
of heparin [34] and chitosan [35], among others, in the develop-
ment of blood compatible materials.

Here, we describe a novel wet process aiming at the covalent
post-derivatization of oxygen-plasma treated polypropylene
membranes (O2-PP). Our method is based on the simultaneous
activation of the hydroxyl- and carboxyl-functions, displayed on
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the O2-PP surface with trihalogeno-triazine reagents [36].
The protocol validity has been established by coupling 3H-
and F-tagged molecules, and then analyzing the samples by
Liquid Scintillation Counting (LSC) and X-ray Photoelectron
Spectroscopy (XPS), respectively. Comparatively to classical
reagents dedicated to the separate activation of hydroxyl- and
carboxyl-functions, namely tosyl chloride [37] and carbodiimides
[34,35,38], the use of trifluoro-triazine allowed to reach higher
degrees of derivatization.

Moreover, a simple and mild protocol for the functionalization
of native polypropylene membranes is also presented. It consists in
the photo-grafting of arylazide or diazirine derivatives, also called
“molecular clips”, which enable the introduction of active func-
tional groups onto inert polypropylene surfaces [39]. These clips are
commonly used for the immobilization of enzymes [40,41] on
polypropylene surfaces or for improving their biocompatibility by
the conjugation to biopolymers or dedicated molecules [42e44].
Degrees of derivatization have been determined by the coupling of
3H-tagged molecules onto the clips and subsequent LSC analysis.
The photo-functionalization of PP appeared less effective than the
activation of O2-PP functions with trifluoro-triazine.

This latter method has been optimized and further applied to
the grafting of a hydrophobic small pentapeptide and two active
peptides recognized by the cell-receptor integrins involved in the
cellular adhesion phenomena. Physicoechemical and morpholog-
ical characteristics of the surface modified membranes have been
compared to native and blank samples, before and after steam-
sterilization. Lastly, blood filtration experiments have been per-
formed at the laboratory scale. Different parameters have been
studied: the effect of the wettability of the polypropylene
membrane on the retention of the white cells and the phenomena
of specific adhesion by the presence of different peptides on the
surface of the membranes. Finally, the efficiency of leukocyte
depletion could be correlated to the membrane wetting properties
as the main parameter.

2. Experimental

2.1. Materials

Custom polypropylene (PP) membranes (0.30e0.35 mm of
thickness) from MacoProductions (Tourcoing, France) were used.
They were obtained by the meltblown technique. It consists in
melting the polymer and forcing it through a linear nozzle with
small holes; heated compressed air is directed at the primary fibers,
at a specific angle of attack, to stretch the fibers and reduce their
diameter. The membrane displays a heterogeneous distribution in
fiber diameter sizes, from 0.5 to 2.0 mm. The two faces of the
membrane are visually different: the face named A appears
pattern-like, while the face named B is more fibrous. The native
membrane is referred to as PP, with A or B indicated in index, if one
particular face was analyzed. For the leukodepletion application, an
oxygen-plasma treatment was performed (MacoProductions, in-
house facilities), giving the hydrophilic membrane named O2-PP,
i.e. oxygen-plasma treated polypropylene membrane. Moreover,
the membranes were steam-sterilized before blood filtration
experiments, giving the O2-PP-st membranes. Steam-sterilization
(MacoProductions, in-house facilities) consists in an autoclave
treatment with two successive phases of rise in temperature, fol-
lowed by a phase of 24 min at 121e124 �C and two phases of
cooling.

Samples for surfacemodifications and analyses were cut in disks
of 12 mm of diameter. The apparent surface is 1.13 cm2/sample.
Samples for blood filtration assays were cut in squares of 6� 6 cm2.
Samples for morphological analyses (Air permeability, Critical
Wetting Surface Tension (CWST), Mean Flow Pore Diameter (MFPD)
and Thickness) were cut in squares of 10 � 10 cm2. Samples for
cytotoxicity measurements were cut in squares of 5 � 5 cm2.

2.2. Surface chemistry

2.2.1. Reagents and solutions
Reagents and solvents were of analytical grade and purchased

from Acros (Beerse, Belgium), SigmaeAldricheFluka (Bornem,
Belgium), Janssen (Beerse, Belgium), Lancaster (Windham, NH,
USA), or Molecular Probes-Invitrogen (Merelbeke, Belgium). Pyri-
dine was obtained in extra dry grade from Merck (Bruxelles,
Belgium). Water was obtained with a Milli-Q system (Millipore,
Bedford, MA). (L)-4,5-3H-lysine was purchased from Amersham
Pharmacia Biotech (Little Chalfont, UK) in aqueous solution of 89 Ci/
mmol activity.

Phosphate buffer (PB, pH 8) was prepared from Na2HPO4.2H2O
(16.86 g), NaH2PO4.H2O (0.826 g) dissolved in water (1 L). For the
preparation of PBeCH3CN solution (1/1), equal volumes of PB and
acetonitrile were mixed under vigorous magnetic stirring until
precipitation of salt excess occurred; the filtered solution was still
at pH 8 and sufficiently buffered for our experimental working
conditions. 2-(N-morpholino) ethanesulfonic acid (MES) buffer
(pH 3.5) was obtained from MES (9.76 g) dissolved in water
(500 mL).

The lysine solution (10�3 M) for surface labeling and LSC anal-
ysis was prepared as follows: 187.5 mL of commercial radioactive
lysine and 250 mL of 0.1 M lysine [lysine monohydrochloride
(0.183 g) in water (10 mL)] were dissolved in 25 mL of PBeCH3CN
solution.

The F-tagged solution (10�3 M) for XPS analysis was prepared as
follows: 2.43 mg of 3,5-bis(trifluoromethyl)benzylamine were
dissolved in 10 mL of PBeCH3CN solution.

The reactive and rinsing solutions containing the polymer
samples were shaked (150 rpm) with an Edmund Bühler stirrer
(model KL-2) or a Heidolph stirrer (Unimax 1010). The heating of
the reactive solutions at 37 �C was performed by a Heidolph
incubator (Inkubator 1000).

2.2.2. Surface wet chemistry on oxygen-plasma treated
polypropylene membranes (see also Scheme 1)

Protocols for the activation with Water-Soluble-Carbodiimide
(WSC), tosyl chloride (TsCl) and trichloro-triazine (C3N3Cl3) are
given in Supplementary Information (SI).

2.2.2.1. Activation with trifluoro-triazine (C3N3F3). The polymer
samples were treated individually in a 24-well polystyrene plate
(1 mL of solution/well). They were rinsed with water (1 � 10 min)
and acetonitrile (2 � 10 min) before use. Then, they were activated
under argon atmosphere by a freshly prepared solution of C3N3F3 in
dry acetonitrile (1.25 g/25 mL) for 1 h at 20 �C. The samples were
washedwith acetonitrile (4�10min) and dried under vacuum. The
blank samples were similarly prepared, but omitting C3N3F3.

2.2.2.2. Coupling to the molecular probes. The activated and blank
samples were directly submitted to the labeling protocol (treat-
ments in 24-well polystyrene plate).

The samples were individually immersed in 1 mL of a 10�3 M
solution of 3H-tagged compound ((L)-4,5-3H-lysine) in a PBeCH3CN
mixture (1/1) and incubated for 2 h at 20 �C under shaking. The
solution was removed by suction and samples were immersed in
1 mL of different washing solutions to remove adsorbed reagents.
After each incubation, the solution was removed by suction, the
sample and the well were carefully dried also by suction. The
samples were washed with PBeCH3CN (1/1, v/v, 2 � 5 min,
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2�10min), H2OeCH3CN (1/1, v/v, 2� 5min), 5.10�3 MHCleCH3CN
(1/1, v/v, 1 � 5 min) and again H2OeCH3CN (1/1, v/v, 1 � 5 min,
1 � 10 min). The resulting samples were finally dried over filter
paper and submitted to LSC analysis (see Section 2.3.1.). The
apparent surface is 2.26 cm2/sample (considering both faces). The
results obtained are collected in Table 2.

2.2.2.3. Optimization of the grafting protocol with trifluoro-tri-
azine. After rinsing with water (1 mL, 1 � 10 min) and acetonitrile
(1 mL, 2� 10 min), activation by C3N3F3 treatment (1 mL, 1 h or 2 h,
20 �C) and washing with acetonitrile (1 mL, 4 � 10 min), polymer
samples were submitted to various incubation conditions into the
tagged solutions (1 mL of solution/well): concentration of 10�3 M
or 10�4 M, reaction during 1 he24 h, at 20 �C or 37 �C. The samples
were rinsed as follows: PBeCH3CN (1/1, v/v, 4 � 10 min); H2O-
CH3CN (1/1, v/v, 2 � 10 min); HCl 5.10�3 M-CH3CN (1/1, v/v,
1 � 10 min); H2O-CH3CN (1/1, v/v, 2 � 10 min). The samples were
dried under vacuum and directly analyzed by LSC or XPS (see
Section 2.3.). The selected conditions for grafting molecules of
interest are: activation with C3N3F3 during 2 h at 20 �C, incubation
overnight at 20 �C with a 10�3 M solution or incubation 1 h at 37 �C
with a 10�4 M solution (see Table 3).
2.2.2.4. Grafting of the peptides G5, GRGDS and “LDV”. The peptides
grafted on the membranes for filtration experiments were the
following (see also Scheme 3):

G5: Gly-Gly-Gly-Gly-Gly pentapeptide was purchased from
Bachem Group (Weil am Rhein, Germany).
GRGDS: Gly-Arg-Gly-Asp-Ser pentapeptide was purchased from
PolyPeptide Group (Strasbourg, France).
“LDV”: This Leu-Asp-Val (LDV) tripeptide derivative, with a dia-
rylurea moiety at N-terminus and a triethyleneglycol spacer-
arm at C-terminus, was prepared by standard peptide synthesis
in solution, according to protocols adapted from the literature
(see Section 3.3). The structural characterization of this peptide
is given in SI.

Activated polymer samples (C3N3F3, 2 h, 20 �C, see above)
were incubated for 1 h at 37 �C into a 10�4 M solution of G5

(3.03 mg of peptide dissolved in 100 mL of PBeCH3CN) or GRGDS
(4.90 mg of peptide dissolved in 100 mL of PBeCH3CN) or over-
night at 20 �C into a 10�3 M solution of G5 (30.33 mg of peptide
dissolved in 100 mL of PBeCH3CN) or “LDV” (79.59 mg of peptide
dissolved in 100 mL of PBeCH3CN). We used 10 mL of activation,
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incubation or washing solution per square sample of 6 � 6 cm2.
The samples were washed as above, dried under vacuum and
stored at 4 �C. XPS analyses realized on these membranes are
given in Table 5.

2.2.3. Photochemical grafting on native polypropylene membranes
Three different molecular clips, O-succinimidyl 4-(p-azido-

phenyl)butanoate (N3Ar), O-succinimidyl 4-azido-2,3,5,6-tetra-
fluorobenzoate (N3ArF4) and O-succinimidyl 4-(3-(trifluoro-
methyl)-3H-diazirin-3-yl)benzoate (diazirine), were prepared
according to protocols adapted from the literature (see Section 3.1.)
and then tested in the photochemical grafting of native PP
membranes (see Scheme 2 and SI for the photo-grafting protocols
and results).
Scheme 2. Functionalization of native PP membranes by photochemical grafting: (a) arylaz
molecular probes (R-NH2). See SI for experimental details.
2.2.4. Samples nomenclature
2.2.4.1. Fully treated membranes.

O2-PP-TsCl-3H ¼ oxygen-plasma treated polypropylene acti-
vated with tosyl chloride and grafted with 3H-tag

O2-PP-WSC-3H ¼ oxygen-plasma treated polypropylene acti-
vated with Water Soluble Carbodiimide and grafted with 3H-tag

O2-PP-TrzCl-3H ¼ oxygen-plasma treated polypropylene acti-
vated with trichloro-triazine and grafted with 3H-tag

O2-PP-TrzF-3H ¼ oxygen-plasma treated polypropylene acti-
vated with trifluoro-triazine and grafted with 3H-tag
ides N3Ar and N3ArF4 or (b) diazirine deposition and UV irradiation, then coupling to
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O2-PP-G5 ¼ oxygen-plasma treated polypropylene activated
with trifluoro-triazine and grafted with pentapeptide G5

O2-PP-GRGDS ¼ oxygen-plasma treated polypropylene acti-
vated with trifluoro-triazine and grafted with pentapeptide
GRGDS

O2-PP-LDV ¼ oxygen-plasma treated polypropylene activated
with trifluoro-triazine and grafted with peptide “LDV”
2.2.4.2. Blank samples.

NAI ¼ polypropylene not activated with WSC, TsCl, C3N3Cl3 or
C3N3F3 but incubated with tags

NAG5 ¼ polypropylene not activated with C3N3F3 but incubated
with G5

NAGRGDS ¼ polypropylene not activated with C3N3F3 but
incubated with GRGDS

ANI ¼ polypropylene activated with trifluoro-triazine but not
incubated with tags or peptides

NANI¼ not activated polypropylene and not incubatedwith tags
or peptides

These samples have been treated with all the washing solutions.

2.2.4.3. Other encodings. When oxygen-plasma treated PP is used
as starting material, the surface modified sample is indicated with
the prefix O2-.

The steam-sterilized samples are indicated by the suffix -st.
2.3. Surface characterization

Two methods were used to analyze the open surface (LSC) and
the apparent surface (XPS), respectively. No correlation could be
established between the LSC and XPS values. Indeed, the specific
surface area of O2-PP obtained by BET analysis (physisorption of N2)
is very low (0.2852 m2/g) because the material is not mesoporous
(the free space between the irregular fibers is about 9.5 mm, see
Table 4).

2.3.1. Liquid Scintillation Counting (LSC)
The radioactivity associated to the 3H-lysine grafted on PP

samples was measured by Liquid Scintillation Counting. The liquid
scintillator analyzer (TRI-CARB 1600 TR, from Packard Instruments,
San Diego, CA, USA) provides counting results in terms of absolute
values of disintegrations per minute (dpm). Polymer samples were
individually introduced in 20 mL polyethylene vials (MILLIQ 20,
Packard, San Diego, CA) containing 5 mL of scintillator cocktail
(Aqualuma� from Lumac. LSC B.V., Groningen, The Netherlands).
Vials with treated samples were individually counted for 5 min,
whereas the vials with blank samples were counted for 10 min.
A vial containing only Aqualuma was used as ground reference,
while two vials containing 20 mL and 40 mL of 3H-lysine solution,
respectively, were used to determine the conversion factor
between dpm and fixed molecules of lysine. Considering
2 � 10�8 mol of 3H-lysine contained in 20 mL of 10�3 M solution
(2�10�9 mol in 20 mL of 10�4 M solution), and DPM20, the counting
result for this sample, we determined that 1 dpm corresponds to
2 � 10�8 mol/DPM20 (or 1 dpm ¼ 2 � 10�9 mol/DPM20 for a 10�4 M
solution). Similarly, 1 dpm corresponds to 4� 10�8 mol/DPM40. The
average of the two controls was used. The collected data in dpm/
sample were converted in pmol/sample and then in pmol/cm2 of
apparent surface (two faces).

Three samples for each condition were analyzed. Final results
are presented as average of at least three measures with the stan-
dard deviation. Corrected results are obtained by subtracting the
respective blank values.

The PP membranes were swollen but not dissolved in the
scintillator cocktail. Accordingly, the LSC values could be under-
estimated because of a loss of emission by surface quenching. This
probable systematic error does not prevent to compare samples
(maximum underestimation: factor 2e3).

2.3.2. X-ray Photoelectron Spectroscopy (XPS)
The surface atomic composition of the PP samples was obtained

by X-ray Photoelectron Spectroscopy. The XPS analyses were per-
formed on a Kratos Axis Ultra spectrometer (Kratos Analytical e
Manchester e UK) equipped with a monochromatised aluminum
X-ray source (powered at 10 mA and 15 kV) and an eight chan-
neltrons detector. The spectrometer was interfaced with a Sun Ultra
5 workstation for instrument control and data acquisition with the
Vision2 program.

The sampleswerefixedon a stainless steelmultispecimenholder
by using double sided conductive tape. The pressure in the analysis
chamber was around 10�6 Pa. The angle between the normal to the
sample surface and the lens axis was 0�. The X-ray bombarded area
was w2000 mm � 800 mm. The hybrid lens magnification mode,
a combination of magnetic and electrostatic lenses, was used with
the slot aperture (10mm� 3.7mm) and the iris drive position set at
0.5 (8.4 mm diameter) resulting in an analyzed area of
700mm�300mm.Theconstantpass energywas set at 40eV. In these
conditions, the energy resolution gives a fullwidth at halfmaximum
(FWHM) of the Ag 3d5/2 peak of about 1.0 eV. Charge stabilization
was achieved by using the Kratos Axis device.

The following sequence of spectra was recorded: survey spec-
trum, C 1s, O 1s, N 1s, F 1s, (Si 2p) and C 1s again to check the stability
of charge compensation in function of time and the absence of
degradation of the sample during the analyses. The binding energies
were calculated with respect to the Ce(C,H) component of the C 1s
peak of adventitious carbon fixed at 284.8 eV.

The spectra were decomposed with the CasaXPS program (Casa
Software Ltd., UK) with a Gaussian/Lorentzian (70/30) product
function and after subtraction of a linear baseline.

Molar fractions were calculated using peak areas normalized on
the basis of acquisition parameters, sensitivity factors provided by
the manufacturer and the transmission function (depending on
kinetic energy, analyzer pass energy and lens combination).

The peak deconvolutionwas done in two steps: a first fittingwas
imposed on components placed at their corresponding energy
without constraints. In order to improve reproducibility of the
deconvolution process, the peak width at half height (FWHM) of
the principal component of a peak was imposed to the others.
Deconvolutions of C 1s peak was done fixing the following energies
for the different components: (a) Ce(C,H): 284.8 eV; (b) CeO:
284.36 eV (a þ 1.56 eV); (c) C]O: 287.74 (aþ 2.94 eV); (d) OeC¼O:
288.8 eV (a þ 4.3 eV). Final results (corrected) are the average of at
least three measures with standard deviation. Corrected results are
obtained by subtracting the respective blank values.

2.4. Bulk analysis

The PP membranes were manufactured from industrial PP
pellets (mp ¼ 160e170 �C, d20�C ¼ 0.89e0.91 g/cm3) and made
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hydrophilic by O2 plasma treatment (home-made treatments by
MacoProductions, Tourcoing, France). The bulk characteristics of
the native PP material were not significantly modified by the two
successive industrial treatments, as shown by the following
analyses: Infra-Red (FTIR) spectroscopy, Gel Permeation Chroma-
tography (GPC), Nuclear Magnetic Resonance (NMR) spectroscopy
(1H and 13C), X-ray diffraction analysis (WAXS), and Differential
Scanning Calorimetry (DSC). All these experimental data are given
in SI.
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2.5. Filter characterization

Before and after wet chemistry, and steam-sterilization, the
polypropylene filters (10 � 10 cm2, 20 mL of solution/sample in
the treatments) were characterized by four main parameters. The
results obtained are collected in Table 4.

2.5.1. Thickness
The thickness was determined thanks to an electronic

micrometer of type MTS MI 20. The applied strength was 10 kPa,
the contact area was 10 cm2 and the time elapsed between the
contact with the sample and the reading of the measure was 2 s.

2.5.2. Pore diameter
The Mean Flow Pore Diameter (MFPD) or the distribution of the

average size of the pores of the material was determined by
a porometer PMI.

2.5.3. Air permeability
The permeability of a non-woven material is the capacity of this

material to allow itself to be crossed by air at constant pressure. It is
expressed in volume of air, per unit of surface and per unit of time,
which the material allows to pass when a difference of specified
pressure is created between the two surfaces. This test was made
on a TEXTEST 3300 instrument at a pressure of 196 Pa.

2.5.4. Wettability (test for macroporous materials)
The determination of the Critical Wetting Surface Tension

(CWST) was realized by means of a series of test inks of type
ARCOTEST� presenting given surface tensions from 30 to 105 mN/
m. Three drops of a liquid possessing a low surface tension were
placed on representative portions of the macroporous media.
Between the 10th and the 11th minute following the deposit of the
drops, a visual observation allowed to count the drops still present
on the surface of the material. The test was continued by using
liquids possessing surface tensions higher and higher, until the
identification of the pair of liquids, which the surface tensions were
the closest, among which one wetted the material and not the
other. The wettability was defined by the absorption or the
spreading of at least 2 of the 3 drops deposited. The non-wettability
was defined by the presence on the surface of the material of at
least 2 of the 3 drops deposited. The Critical Wetting Surface
Tensionwas then included between the two surface tensions of the
pair of liquids. It was arbitrarily chosen as the average of the two
values. In this scale, high CWST values correspond to hydrophilic
surfaces.
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Fig. 1. Leukocytes retention on O2-PP or native PP membranes sterilized. The filter was
composed of 10 layers of O2-PP and 1 last layer modified: O2-PP or NANI or ANI or PP.
140 mL of blood were filtered (7.45 � 0.05 � 108 leukocytes). See also Table S2.
2.6. Cytotoxicity

The cytotoxicity of O2-PP-TrzF-Lys-st (activation by C3N3F3 and
graftingwith non labeled lysine) was assayed according to standard
protocols ISO 10993-5 or EN 30993-5 using L-929 cell line. Results
showed the absence of cytotoxicity (see SI).
2.7. Blood filtration

2.7.1. Device and protocol
The filtering materials (6 � 6 cm2) were tested by means of

a filter having a shape of diamond. The filter was composed of 14 or
17 layers according to the filtration experiment:

- Figs. 1 and 3: 14 layers ¼ 2 layers of pre-filter of PET (spunbond
oxygen-plasma treated polyethylene terephthalate), 10 layers
of O2-PP and 1 layer of O2-PP modified by wet chemistry and
finally 1 layer of pre-filter of O2-PET.

- Fig. 2: 17 layers ¼ 2 layers of pre-filter of PET, 13 layers of O2-PP
and 1 layer of O2-PP modified by wet chemistry and finally 1
layer of pre-filter of O2-PET or 2 layers of pre-filter of PET, 10
layers of O2-PP and 4 layers ofO2-PPmodified bywet chemistry
and finally 1 layer of pre-filter of O2-PET.

The filter was then inserted in a PVC bag and integrated in a kit
of filtration. The composition of this kit was: a pipe, the filter, a ring,
a pipe and a bag of recovery. The kits were sterilized by steam-
sterilization in an autoclave (see Section 2.1).

Then, a bag containing 140mL (Figs.1 and 2) or 105mL (Fig. 3) of
freshly collected total blood was integrated to the kit of filtration.
The kit was hung on a support and the filtration was realized by
gravity.

The bags of whole blood containing also an anti-clotting solu-
tion were obtained from the Etablissement Français du Sang (EFS,
Lille). They were received the day of their taking. The preparation
and the filtration of the blood took place the same day in Maco-
Productions (Tourcoing, France).

2.7.2. Performance parameters
Two parameters were considered:

- The total filtration time: defined as the time elapsed between
the opening of the upstream clamp releasing the blood and the
total draining of the filter. The taking of measure was manually
made with a chronometer.

- The amount of leukocytes in the filtrate: a cell counting realized
by means of two automatons, the day of the filtration experi-
ment or one day after. An ABX Micros 60 (Horiba) automatic
hematology analyzer was used for the counting of red cells,
white cells and platelets present in blood before filtration
(variation of impedance measure). A FACSCalibur (BD Biosci-
ences) flow cytometer enabled the counting of the residual
leukocytes present in the blood after filtration.



Table 1
XPS analyses of PP membranes.

Entry Sample Atom. Compos. (%) C 1s peak deconvolution (%)

C 1s O 1s N 1s Ce(C,H) CeO C]O OeC¼O

1 PP 100 100
2 O2-PPA (1)a,b 87.4 12.6 85.5 9.2 3.2 2.1
3 O2-PPB (1)a,b 86.9 13.1 82.7 10.6 4.1 2.6
4 O2-PPA-wc 94.2 5.8 92.3 5.9 1.2 0.5
5 O2-PPB-wc 93.7 6.3 92.4 6.0 1.0 0.6
6 O2-PPB (2)b 85.55 14.45 78.28 11.79 6.01 3.92
7 O2-PPBestd 94.22 5.78 91.47 5.43 1.85 1.25
8 O2-PPB-NANIe 96.40 3.60 93.62 4.81 1.08 0.49
9 O2-PPB-NANI-std,e 98.06 1.94 93.47 5.65 0.64 0.24
10 O2-PPB-ANIe 96.40 3.46 0.14 93.92 4.55 1.02 0.51
11 O2-PPB-ANI-st d,e 97.87 2.06 0.07 95.85 3.50 0.38 0.27

a Face A (pattern-like) or B (fibrous) of a sample.
b Samples from different batches (1) or (2).
c Samples washed in water (2 � 1 h) and dried in an oven for 1 h.
d Samples steam-sterilized.
e Blank samples (see experimental part).
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Fig. 2. Leukocytes retention on O2-PP membranes modified with peptides G5 and
GRGDS and sterilized. The filter was composed of 13 layers of O2-PP and 1 last layer of
O2-PP modified with peptides G5 or GRGDS (1) at the concentration 10�4 M or 10 layers
of O2-PP and 4 last layers of O2-PP modified with the same peptides (4). 140 mL of
blood were filtered (7.42 � 0.08 � 108 leukocytes). See also Table S3.
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The performances of leukodepletion were evaluated in function
of the number of residual leukocytes by blood bag and also by the
logarithm of depletion defined by the formula below:

log depletion ¼ log
�
leukocytes per bag before filtration
leukocytes per bag after filtration

�

The results are represented in Figs. 1e3, (see also SI for more
details), each value corresponds to the mean of 2e7 different
experiments with standard deviation.

3. Results and discussion

3.1. Surface modification

The native PPmembrane is devoid of functional groups and thus
inadequate for surface derivatization. After oxygen-plasma treat-
ment, the material displays oxygen-containing functions (Table 1),
mainly hydroxyl- (9e12%), carbonyl- (3e6%), and carboxyl groups
(2e4%), as assessed by XPS analysis [19,22,45]. The same function-
alities have been detected during the investigation of PP natural
aging under ambient atmosphere and light [46]. The upper most
oxidized surface layer is not firm: it slowly rearranges under air to
minimize the interfacial energy [47], and can be easily etched by
washingwithwater and other polar solvents [13]. However, the XPS
data collected inTable 1 (entries 2e7) clearly showthat there are still
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Fig. 3. Leukocytes retention on O2-PP membranes modified with peptides G5 and LDV
and sterilized. The filter was composed of 10 layers of O2-PP and 1 last layer of O2-PP
modified with peptides G5 or LDV at the concentration 10�3 M. 105 mL of blood were
filtered (5.77 � 0.05 � 108 leukocytes). See also Table S4.
remaining polar groups, firmly linked to the membrane surface,
even after steam-sterilization, the autoclave treatment recom-
mended for the sterilizationof bloodcompatible PPdevices [48]. The
O 1s atomic compositions range within 12e15%, when directly
measured after plasma treatment, and within 5e7% after etching or
sterilization; both sides of the membranes (patterned A and fibrous
B) appear quite similar and feature mainly hydroxyl functions.

Our objective is to take advantage of the surface functionality of
O2-PP membrane to covalently graft molecules in order to increase
its capacity of retaining leukocytes during blood filtration.

Starting from our expertise in the surface chemistry of “Dura-
pore DV PP” membranes [36] and PET track-etched membranes
[49], a series of activation reagents and coupling conditions were
tested and assayed by radiolabeling, using 4,5-3[H]-lysine as
radioactive probe. Briefly, O2-PP samples were activated into solu-
tions of carbodiimide (activation of the carboxyl functions), tosyl
chloride (activation of the hydroxyl functions), trichloro-triazine
and trifluoro-triazine (activation of both hydroxyl- and carboxyl
functions), followed by incubation during 2 h into the labeling
solution (10�3 M) and counting of the sample-associated radioac-
tivity by LSC. Blank samples (same preparation as fully treated
samples but omitting the activation reagent) were also prepared to
measure the non-specific label adsorption and the coupling to the
carbonyl functions which does not require any activation step.
Scheme 1 summarizes the surface chemistry performed on O2-PP.
Results of Table 2 are given as pmol of grafted lysine per cm2 of
apparent surface; corrected values are obtained by subtracting the
respective blanks. Clearly, the activation of O2-PP with trifluoro-
Table 2
Surface chemistry on O2-PP e LSC assay.

Entry Samplea pmol/cm2 b Corrected
(pmol/cm2)

Comment

1 O2-PP-3H 38 � 7 38 � 7 C]O labeling
and adsorbtion

2 O2-PP-WSC-3H 80 � 13
3 Blank (NAI) of entry 2 35 � 13 45 � 0 CO2H labeling
4 O2-PP-TsCl-3H 183 � 11
5 Blank (NAI) of entry 4 83 � 7 100 � 4 OH labeling
6 O2-PP-TrzCl-3H 96 � 13
7 Blank (NAI) of entry 6 26 � 3 70 � 10 OH þ CO2H labeling
8 O2-PP-TrzF-3H 263 � 24
9 Blank (NAI) of entry 8 25 � 2 238 � 22 OH þ CO2H labeling

a See experimental part.
b Mean of 3 independent experiments � standard deviation.
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triazine (C3N3F3) allowed to reach the highest level of lysine
grafting (w240 pmol/cm2). Indeed, this reagent enables to activate
both the hydroxyl and carboxyl functions, and two 3H-tag mole-
cules can be theoretically fixed on the triazine core.

Then, we tried to optimize the grafting protocol with trifluoro-
triazine by varying the conditions of activation (1 h, 20 �C or 2 h,
20 �C) and incubation, i.e. the coupling to two amine-terminated
molecular probes, namely 3,5-bis(trifluoromethyl)benzylamine
((F)-tag) and 4,5-3[H]-lysine (3H-tag). Two concentrations of tag-
solution were tested (10�3 M and 10�4 M), two temperatures
(T ¼ 20 �C or 37 �C) and different incubation times (t ¼ 1 h, 2 h, 4 h,
19 h or 24 h). Blank samples were also prepared (same conditions of
activation and incubation as the fully treated samples but omitting
the addition of trifluoro-triazine) to determine the quantity of non-
specific adsorption. The results obtained are collected in Table 3 and
are given as pmol of grafted lysine per cm2 for the LSC analysis and
as N/C or F/C atomic ratios for the XPS analysis. The highest degrees
of grafting (w700 pmol/cm2, determined by LSC) were obtained for
2 h activation at 20 �C and 19 h incubation at 20 �C in a 10�3 M
solution (entry 10). The XPS analysis confirmed the presence of the
(F)-tag on the surface of the O2-PP membrane by the detection of
fluorine and nitrogen atoms which are only present on this mole-
cule regarding the polymer substrate. However, no real evolution of
the F/C and N/C ratios was observed by changing the conditions of
the grafting protocol. Indeed, the XPS analysis probes the outer-
most layer of the apparent surface, whereas LSC analysis concerns
the open surface, that is, the apparent surface and the internal
surface of the pores. Thus, considering the XPS analysis, the treat-
ments of entry 10 (selected by LSC analysis) and entry 16 (2 h
activation at 20 �C and 1 h incubation at 37 �C in a 10�4 M tag-
solution) gave similar surfaces.

Wewere also interested in the surfacemodification of the native
PP membrane, which contains only CeC or CeH functions;
no oxygen atoms were detected by XPS (Table 1, entry 1). We
applied a method based on the photo-grafting of three different
molecular clips: O-succinimidyl 4-(p-azido-phenyl)butanoate
(N3Ar) [50], O-succinimidyl 4-azido-2,3,5,6-tetrafluorobenzoate
(N3ArF4) [51], O-succinimidyl 4-(3-(trifluoromethyl)-3H-diazirin-
3-yl)benzoate (diazirine) [52], and inspired by the photoaffinity
Table 3
Optimization of the protocol of grafting with trifluoro-triazine on O2-PP e LSC and XPS

Entry Activation conditions Incubation conditions

Concentration Time, Temperature

1 1 h, 20 �C 10�3 M 2 h, 20 �C
2a

3 19 h, 20 �C
4a

5 19 h, 37 �C
6a

7 2 h, 20 �C 10�3 M 1 h, 20 �C
8 2 h, 20 �C
9 4 h, 20 �C
10 19 h, 20 �C
11a

12 2 h, 20 �C 10�4 M 2 h, 20 �C
13 19 h, 20 �C
14 24 h, 20 �C
15a

16 2 h, 20 �C 10�4 M 1 h, 37 �C
17 2 h, 37 �C
18 4 h, 37 �C
19 19 h, 37 �C
20a

a Blank samples (NAI), see experimental part.
b Mean of 3 independent experiments � standard deviation.
c Corrected F/C and N/C ratios from XPS ¼ F/C (N/C) treated samples e F/C (N/C) blan
labeling technique in biochemistry, for the introduction of activated
ester functions onto the PP surface. Further reactions with amines
allow the covalent fixation of 3H-tag molecules via an amide
bond resulting from N-hydroxy-succinimide (NHS) displacement
(Scheme 2). Under light excitation, arylazide derivatives transform
into arylnitrenes (for l ¼ 254 nm) and diazirine compounds into
carbenes (for l ¼ 360 nm) with loss of nitrogen. These intermedi-
ates rapidly react by insertion into hydrocarbon chains, either as
singlet or triplet species.

Practically, the polymer samples were coated with a solution of
arylazide, fluoro arylazide or diazirine compounds at different
concentrations, the solvent was evaporated and then an irradiation
(254 nm or 360 nm) was realized during different times (t ¼ 5 min,
10min, 30min or 2 h). Several washings were performed to remove
the non-grafted products and excess of clips, before incubating the
samples with 4,5-3[H]-lysine (2 h, 20 �C or 2 h, 37 �C) (see SI). Two
series of blank samples were prepared: blank 1 was obtained by
omitting the clip reagent, for determining the effect of UV irradi-
ation alone on the fixation of the 3H-tag; blank 2 resulted from the
above treatment, but without irradiation for measuring the non-
specific fixation of 3H-tag. Fully treated and blank samples were
analyzed by LSC (see Table S1 for complete results in SI). It appeared
clearly that the photo-activationmethod enables to immobilize less
3H-lysine on native PP than the activation of O2-PP with trifluoro-
triazine (maximum of 157 pmol/cm2 of lysine grafted with the
arylazide clip). The immersion of the samples into clip solutions
followed by the irradiation of both sides of the samples, did not
improve the grafting degrees. The irradiation only (254 nm or
360 nm, without clip) had no significant effect on the PP surface
and particularly did not cause oxidation (verified by XPS),
a phenomenon previously described [53], most probably because
we applied UV-treatments of short times.

3.2. Filter characterization

The O2-PP samples modified according to the trifluoro-triazine
optimized protocol were submitted to morphological analyses to
determine the effects of the washings and reagents on the bulk
characteristics of these filtration membranes. Two blank samples
studies.

pmol/cm2 b Corrected
(pmol/cm2)

F/C � 100c N/C � 100c

263 � 24 238 � 22 0.28 0.22
25 � 2

500 � 18 404 � 9 0.42 0.21
96 � 9

487 � 13 396 � 8 0.32 0.21
91 � 5

358 � 50 291 � 42
442 � 31 375 � 23
478 � 23 411 � 15
774 � 37 707 � 29 0.39 0.21
67 � 8
71 � 1 61 � 1
79 � 0 69 � 0
86 � 10 76 � 10
10 � 0
97 � 9 85 � 8 0.39 0.14

123 � 9 111 � 8
134 � 9 122 � 8
142 � 8 130 � 7
12 � 1

k.



Table 4
Filter characterization.

Entry Sample Air permeability
(L/m2/s)

Thickness
(mm)

MFPD
(mm)

CWST
(mN/m)

1 O2-PP (1)a 130.0 � 5.6 326 � 6 9.10 � 0.39 n.d.
2 O2-PP (2)a 132.8 � 5.0 315 � 14 n.d. 71
3 O2-PP-st (2)b 149.0 � 4.7 355 � 18 n.d. 44
4 O2-PP-NANI (1) 131.5 � 2.1 309 � 6 9.22 � 0.20 52
5 O2-PP-NANI-st (1)b 156.8 � 5.9 311 � 15 9.73 � 0.17 39
6 O2-PP-ANI (1) 139.0 � 5.5 284 � 11 9.45 � 0.20 52
7 O2-PP-ANI-st (1)b 141.5 � 2.1 329 � 8 9.69 � 0.21 39
8 PP (3)a 121.3 � 4.1 294 � 10 9.24 � 0.13 35

a Samples from different batches (1), (2) or (3).
b Samples steam-sterilized.
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prepared in the same way as the fully treated samples and with the
same number of rinsing cycles were studied as well: blank “NANI”
(for Non Activated with trifluoro-triazine and Non Incubated with
a tag molecule) and blank “ANI” (for Activated with trifluoro-
triazine and Non Incubated with a tag molecule) and compared to
native PP and O2-PP membranes. Four different parameters were
measured (see experimental part for details): the air permeability,
the thickness, the mean flow pore diameter (MFPD) and the
wettability by the CWST (Critical Wetting Surface Tension) method
dedicated to fibrous supports [54]. The results obtained are
collected in Table 4. No obstruction of the pores of the materials
was observed since the treatments did not modify the air perme-
ability, thickness and porosity. However, a low decrease of the
hydrophilicity of the O2-PP membranes was detected due to the
washings (CWST ¼ 71 mN/m for native O2-PP and 52 mN/m for
“NANI” and “ANI” samples), but the hydrophilicity of the blank
samples remains still superior to that of native PP (35 mN/m).

Materials dedicated to the blood filtration require a steam-
sterilization before application. This sterilization led to a low
increase of the air permeability, thickness and porosity, but also to
a significant decrease of the hydrophilicity with CWST values
around 40 mN/m.

These results are in accordancewith the XPS observations (Table
1): the treatments decrease the percentage of oxygen present on
the surface of O2-PP membranes as well as the sterilization (entries
6e11), resulting in a drop of the hydrophilicity.

The incubation with tag molecules (“fully treated sample”) does
not modify the results obtained for the blank sample “ANI” and in
particular the CWST values.

3.3. Filtration assays

For bloodfiltration experiments, two commercial pentapeptides,
GRGDS and G5, and a home-mademodified LDV peptide (referred to
as “LDV”) were fixed on the O2-PP membranes (Scheme 3) using
trifluoro-triazine as cross-linking reagent. G5 (Gly5) is a hydrophobic
Table 5
XPS analyses of O2-PP membranes modified with peptides GRGDS, G5 and LDV.

Entry Sample Atom. Compos. (%)d

C 1s O 1

1 O2ePP-LDV (10�3 M)a 96.12 � 0.07 3.59
2 Blank of entry 1c 95.97 � 0.06 4.01
3 O2ePP-GRGDS (10�3 M)a 94.72 � 0.95 4.86
4 Blank of entry 3c 95.88 � 0.63 4.08
5 O2ePP-G5 (10�4 M)b 95.66 � 0.04 3.98
6 O2ePP-G5 (10�3 M)a 95.63 � 0.90 3.87

a Incubation in a solution of peptides at the concentration 10�3 M, 20 �C, 19 h.
b Incubation in a solution of G5 at the concentration 10�4 M, 37 �C, 1 h.
c Blank samples NAI (see experimental part).
d XPS values from 3 independent experiments � standard deviation.
peptide susceptible of tuning the membrane wettability without
raising specific biological activity. GRGDS contains the active
sequenceRGD (Arg-Gly-Asp)widely used in biomaterials science for
stimulating cellular adhesion on surfaces via the integrin receptors.
Indeed, the RGD molecules mimic the cell attachment sites of
various extracellular matrix (ECM) proteins and target a lot of
integrin sub-types [7]. The synthetic peptide is a derivative of the
LDV (Leu-Asp-Val) sequence specifically recognized by the leuko-
cyte integrins b1. The diarylurea moiety enables to improve the
affinity and the selectivity towards the integrins b1 [55]; the trie-
thyleneglycol spacer-arm is useful for surface conjugation [56].

The three peptides have been grafted on O2-PP membranes by
using the conditions previously selected that were: (i) activation
with 1 N solution of trifluoro-triazine in CH3CN for 2 h at 20 �C and
(ii) incubation in 10�3 M solutions of GRGDS, G5 or “LDV” in PB/
CH3CN for 19 h at 20 �C, or, as preferred option for using tenuous
quantities of peptides, (ii)’ incubation in 10�4 M solutions of GRGDS
or G5 in PB/CH3CN for 1 h at 37 �C. Blank samples have also been
prepared: NAG5 and NAGRGDS (Not Activated with trifluoro-
triazine but Incubated with peptides G5 and GRGDS respectively),
for measuring the non-specific adsorption of G5 and GRGDS.

The samples were analyzed by XPS (Table 5). The detection of
nitrogen atoms in the fully treated samples confirmed the grafting
of the three peptides, exclusively via the triazine linker. Indeed, no
nitrogen was measured for the blank samples (entries 2 and 4).
However, no fluorine atoms could be detected for the “LDV” peptide
featuring a CF3 substituent (entry 1). This suggests a lower immo-
bilization yield for this peptide or a higher fixation inside the
membrane pores. An evolution of the N/C atomic ratios was
observed between the two concentrations of grafting of the peptide
G5 (entries 5 and 6).

Then, different filtration experiments with whole blood were
performed after sterilization of the filtration kits (see experimental
part for details). The different filters were evaluated towards their
capacity of retaining the white cells.

The objective of such assays was the research of improvements,
even small, of commercialfilters alreadyused for the leukodepletion
of whole blood and satisfying the norms at the moment. These
improvements should enable tomodify the size and the shape of the
commercialfilters and also thenumberof layers ofO2-PP composing
thefilters and thus to reduce the loss of bloodproducts and the costs.

The filtrations described in this article were realized on filters
with a different size and composition from the commercial filters in
order to obtain severe experimental conditions (see experimental
part and SI for Tables of results).

In the first series of filtration (Fig. 1), the last layer of the 11
layers of polypropylene composing the filter was modified by the
blank samples corresponding to the grafting protocol with tri-
fluoro-triazine: “ANI” (Activated, Not Incubated with molecules) or
“NANI” (Not Activated, Not Incubated with molecules). The
N/C � 100

s N 1s F 1s

� 0.06 0.28 � 0.13 0.01 � 0.00 0.29
� 0.04 0.01 � 0.00 0.01 � 0.01 0.01
� 0.97 0.42 � 0.08 0.00 � 0.00 0.45
� 0.60 0.03 � 0.03 0.01 � 0.01 0.03
� 0.06 0.36 � 0.06 0.00 � 0.00 0.37
� 0.72 0.50 � 0.19 0.00 � 0.00 0.52
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performances of these filters for the retention of leukocytes were
compared with filters composed of O2-PP or native PP as the last
layer. The number of leukocytes recovered in the filtrates was
determined by flow cytometry. The logarithm of depletion (see
Section 2.7.2.) is 3.24 (�0.04) with a last layer of O2-PP and 3.86
(�0.02) with a last layer of native PP. The samples “NANI” and “ANI”
have intermediate performances with a logarithm of depletion of
3.50 (�0.10) and 3.47 (�0.13). We can also notice that the efficiency
of retention of these membranes is directly correlated to the
filtration time. Indeed, the longer the filtration is, the better
the leukodepletion is, since the contact time between the fibers and
the cells is favored. But this filtration time is itself correlated to the
wetting properties of the membranes (Table 5) since the native PP
is the most hydrophobic, the O2-PP the most hydrophilic, and the
samples “NANI” and “ANI” after sterilization have a hydrophilicity
comprised between O2-PP-st and native PP.

In order to reduce the filtration time (below 20 min) while
maintaining comparable performances to native PP, in the second
filtration series (Fig. 2), we decided to increase the number of O2-PP
layers composing the filter to 14 layers. Filtering the same volume
of blood (140 mL), we observe a better retention of leukocytes (log
depletion ¼ 3.65 � 0.20) by the O2-PP membrane (3.24 � 0.04 in
Fig. 1). By modifying the last layer with the peptides G5 and GRGDS
grafted at the smallest concentration of 10�4 M, the number of
leukocytes in the filtrate is reduced (log depletion ¼ 3.99 and
4.07 � 0.15 respectively) and comparable to native PP (3.86 � 0.02
in Fig. 1) with a shorter filtration time.

Bymodifying the four last layers of the filter, the retention of the
leukocytes is still enhanced but the filtration time becomes too
long. The grafting of the active peptide GRGDS on the last layers
improves only weakly the filter performance. The results obtained
range in the same order of magnitudes as for the non selective and
hydrophobic peptide G5 or the blank samples.

In order to verify the possible effect of a selective ligand of the
leukocyte integrins on the filtration, we performed a last series of
experiments (Fig. 3) to compare the performance of filters with one
modified layer being native O2-PP, O2-PP grafted with the inactive
peptide G5 and O2-PP grafted with the active peptide “LDV”. We
reduced the number of layers of the filter to 11 layers of poly-
propylene and used smaller volume of blood (105 mL instead of
140 mL). Peptides G5 and “LDV” were grafted at the highest
concentration of 10�3 M. The logarithm of depletion for a last layer
of O2-PP is 3.69 (�0.16) compared to 4.16 (�0.13) and 4.29 (�0.16)
for a last layer modified with peptides G5 or “LDV” respectively. A
small difference in leukodepletion was observed in favor of the b1
integrin ligand. Nevertheless, the non selective physico-chemical
interactions, in particular the wettability, seem to be principally
responsible of the efficiency of the modified PP membranes.

3.4. Discussion

Trifluoro-triazine reagent has been used for the surface func-
tionalization of O2-PP membrane. This method enables to immo-
bilize molecules of interest, but slightly modifies the wettability of
the membrane.

Removal of leukocytes from blood by filters can be considered as
a depth filtration process. The mechanisms that are probably
involved include blocking or straining, bridging, interception and
adhesion of cells [6]. Different factors are recognized to be
responsible of non-specific adhesion: the chemical composition of
the filter surface, the surface charge (leukocytes have a negative
surface charge), the surface wettability, the surface morphology
(porosity, curvature, texture, roughness.), the protein adsorption
and the platelet adhesion. But the composition, the age and
temperature of the blood component play also a role in the
adhesive capacity and deformability of the leukocytes. Flow rate
and temperature at filtration will also affect the filter performance.

For a blood filtration application, a membrane requires a certain
hydrophilicity to allow the flux of aqueous solutions and to avoid
the adsorption of proteins or platelets. Our filtration experiments
have shown that the wettability of the PP membrane influences the
retention of the leukocytes. Indeed, the best results were obtained
with a multi-layer filter modified with the last layer being hydro-
phobic native PP. However, the filtration times are too long for an
industrial application in the biomedical field. The same efficiency
was reproduced by increasing the number of O2-PP layers of the
filter, with the last layer modified by the trifluoro-triazine method.
We also proposed to change a little bit the characteristics of the O2-
PP membrane by grafting the hydrophobic peptide G5 in very small
quantities [57]. On the other hand, two biologically active peptides
were similarly fixed: the first one is a promoter of cell adhesion by
the recognition of the integrin receptors; the second is more
particularly specific of leukocyte integrins b1 [58]. Weak differences
in their capacity to retain white cells were observed in comparison
with peptide G5. Finally, for similar filtration times, the adhesion of
leukocytes on PP materials depends mainly of the wetting prop-
erties of the membranes, a parameter also noticed and studied in
other substrates such as polyurethane [59] or glass [60].

4. Conclusions

In this article, we propose new methods to immobilize molec-
ular probes and peptides on the surface of PP meltblown
membranes via their activation by photo-grafting in the case of
native PP membranes or by wet-chemistry treatments for oxygen-
plasma treated PP membranes (O2-PP). The most efficient tech-
nique makes use of trifluoro-triazine reagent for the activation of
both hydroxyl- and carboxyl-functions of O2-PP. The following
protocol: (i) C3N3F3 (1 N) in dry CH3CN, 2 h, 20 �C; (ii) 10�3 M
peptide in (1/1, v/v) PB/CH3CN, 19 h, 20 �C, allowed the grafting of
700 pmol/cm2 from LSC analysis. With a view to reduce the costs
for applications, an alternative protocol using tiny amounts of
peptides and short reaction time is also proposed: (iii) 10�4 M
peptide in (1/1, v/v) PB/CH3CN, 1 h, 37 �C.

The morphological characteristics of the resulting membranes
are not modified; just a weak decrease of the hydrophilicity was
measured after the treatments and steam-sterilization. Moreover,
the PP membranes modified via the trifluoro-triazine method are
not cytotoxic.

This method was applied for the modification of O2-PP
membranes entering in the composition of filters dedicated to the
filtration of blood products. The expected effect of enhanced
leukocytes adhesion on RGD- and LDV-modified membranes was
not very pronounced under our severe experimental conditions, i.e.
whole blood filtration through multi-layer filters with only one or
four modified layers at low peptide concentration. The specific
effect of these peptides was also masked by the prevailing phys-
icoechemical effects of the O2-PP membranes modified according
to the trifluoro-triazine protocol. Indeed, the wetting properties of
these membranes (hydrophilicity between those of O2-PP and
native PP) increase the filtration times i.e. the times of contact
between the fibers and the white cells, and thus promote the non-
specific retention of leukocytes.
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Batch anionic ring-opening polymerization of octamethylcyclotetrasiloxane in emulsion using nonionic
and cationic emulsifiers was studied. The concentration of emulsifiers was set above their critical micelle
concentration. Effects of emulsifier concentration, nonionic/cationic emulsifier ratio and cationic emul-
sifier/initiator (KOH) ratio on the kinetics, average particle size and distribution and on the average
molecular weight and distribution were investigated and discussed. At the beginning of the polymeri-
zation, empty micelles, active micelles (polymer particles) and monomer droplets co-exist in emulsion.
The transport of monomer from monomer droplets toward empty micelles was confirmed by monomer
droplets and empty micelles disappearance and by formation of smaller particles. The transport of
monomer from monomer droplets toward polymer particles was not confirmed, since the average
polymer particle size did not increase during polymerization. It was proposed, that at lower conversions,
monomer diffuses from polymer particle interior to particle surface, while at higher conversions, the
monomer diffuses from larger to smaller polymer particles. Emulsifier concentration, nonionic/cationic
emulsifier ratio and cationic emulsifier/KOH ratio have an evident effect on the kinetics and on the
average molecular weight, thus demonstrating that cationic emulsifier participates to the initiation
reaction.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Polysiloxanes are widely used in industry because of their
excellent properties such as resistance to high and low tempera-
tures, weather-ability, good hydrophobicity, good electrical insu-
lation properties and good biocompatibility [1]. In 1959, Hyde and
Wehrly demonstrated a possibility of carrying out ring-opening
polymerization (ROP) of cyclosiloxanes inwater emulsion [2]. Since
then, the anionically initiated ring-opening polymerization of
cyclosiloxanes has been one of the most promising methods for
preparing polysiloxane emulsions. Particularly, a number of studies
have focused on the polymerization of cyclosiloxanes using cationic
[3e10], anionic [11,12] and nonionic [6,13,14] emulsifiers.

Systematic studies of anionic ring-opening polymerization
(AROP) in emulsion [7,9,10] showed that the process differs signifi-
cantly from free-radical emulsionpolymerization.Mechanism of the
anionic ring-opening polymerization is more complex. During AROP
in emulsion, different chemical reactions take place on the polymer
particle surface and inside the particle. These chemical reactions are
presented in Fig. 1 [9]. Main chemical reactions by which polymer is
: þ386 1 2419 541.
benik).

All rights reserved.
formed (initiation, propagation and termination) occur on the
particle surface. Chain growth is initiated by hydroxide anion of
water-soluble initiator which is coupled with cationic emulsifier on
the particle surface. The emulsifier cation remains associated to the
active center (hydroxide anion) of growing polymer chain during the
propagation step. Termination occurs through protonation by water
to give silanol end-groups. The reversibility of termination reaction
is a key factor for long chain generation [9]. Backbiting reactions
produce small oligomeric cycles accumulating on the particle
surface,where the steric constraints imposedby the ion-pairing limit
the size of the obtained rings. Indeed, it was observed [7] that pol-
ydimethylsiloxane (PDMS) polymer obtained by AROP in emulsion
contained only relatively small amounts of small cycles, such as
octamethylcyclotetrasiloxane (D4), decamethylcyclopentasiloxane
(D5) and dodecamethylcyclohexasiloxane (D6), when compared to
bulk polymerization, and only traces of higher cycles. When
a growing polymer chain reaches a critical degree of polymerization
(DP) and its termination occurs, the chainpenetrates into the particle
interior. For PDMS a critical DP value 30 D units was determined [9].
Once the chains have penetrated into the particle core, they cannot
undergo further propagation due to the absence of the active center.
In the particle interior, condensation and redistribution reactions
take place. De Gunzbourg et al. [7,15] and Zhang et al. [3e5], who
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Fig. 1. Chemical reactions [9] on the particle surface and in the particle interior.
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studied polymerization of D4, observed a significant increase in
average molecular weight and polydispersity index above 70 and
60% monomer conversion, respectively, what clearly indicated
condensation reactions. Redistribution reactions are difficult to
follow as they do not affect the number of polymer chains or
monomer conversion nor the cycle formation [9]. For a polymerwith
narrow molecular weight distribution to be prepared, backbiting,
condensation and redistribution reactions have to be controlled.
Nevertheless, condensation reactions are not always undesirable
sinceby thempolymerof higheraveragemolecularweight is formed.

D4 has been the most widely used cyclosiloxane monomer in
academic researches [1,4,7,9,16], patents [17e19] and in organo-
silicone industry. First detailed studies of AROP polymerization of
D4 in emulsion were done by Zhang et al. [3] who studied the
anionic polymerization of D4 in emulsionwith potassium hydroxide
(KOH) as an initiator and benzyldimethylammonium bromide (NBr)
as a cationic emulsifier. They proposed a hypothetical mechanism
for AROP of D4. On the basis of their results [3e5], De Gunzbourg
et al. [7] used benzyldimethyldodecylammonium hydroxide which
acted as initiator and emulsifier. One of the main issues has been to
find conditions for better emulsion stability. To obtain stable
monomer droplets dispersed in the water phase many research
groups [7,9,15,20] used sonication previous to polymerization.
Benefit of pre-emulsification of the system is monomer scattering
to smaller droplets, which can act as independent mini-reactors
during polymerization process. To prepare emulsions of small and
monodisperse particles with high polymer content various para-
meters like monomer [10,15,21,22], initiator [14] and emulsifier
[13e15,21] concentrations, type of emulsifier [13e15,21], combi-
nations of different emulsifiers [13e15,21] and monomer feeding
rate during semi-batch process [21,22] were varied and controlled.

So far, most research groups investigated how the properties of
the final products depend on the emulsion recipe and/or process
parameters. Fewer groups studied kinetics of the polymerization
and/or emulsion properties, such as particle size and distribution
[21,22] or molecular weight and distribution [21,22], during the
polymerization process. They [7,9,15] were interested in the control
of molecular weight distribution and in the prediction of the
amount of linear and cyclic compounds formed during AROP
polymerization of D4. Barrère et al. [21] compared particle sizes and
distributions of polysiloxane emulsions during batch and semi-
batch AROP and cationic ROP (CROP) of D4 using photon correlation
spectroscopy, while Lin et al. [20] studied Ostwald ripening effect
and size evolution of PDMS particles during CROP by using dynamic
light scattering (DLS). Recently, Zhuang et al. [16] investigated the
kinetics and physical mechanism of micro emulsion polymerization
of D4. In their research [16] light transparence of the emulsion,
monomer conversion and particle sizes and distributions were
recorded as a function of polymerization time.

In this work, batch AROP of octamethylcyclotetrasiloxane in
emulsion was investigated. Cationic emulsifier, hexadecyltrime-
thylammoniumbromide (CTAB), andnonionic emulsifier, secondary
alcohol ethoxylate, were used. The concentration of emulsifiers was
above their critical micelle concentration (CMC). Effects of emulsi-
fier mixture concentration, nonionic/cationic emulsifier ratio and
cationic emulsifier/initiator (KOH) ratio on the kinetics, on the
evolution of average particle size and distributionwith time and on
the evolution of average molecular weights and distribution with
timewere studied and discussed. The results obtained contribute to
a better understanding of the complex mechanism of batch emul-
sion AROP with emulsifier concentration above CMC.

2. Experimental

2.1. Materials

Octamethylcyclotetrasiloxane (D4, 98%) was used as received
from Aldrich, without further purification. The cationic emulsifier,
hexadecyltrimethylammonium bromide (CTAB, Aldrich, �98%) and
nonionic emulsifier, secondary alcohol ethoxylate, with trade name
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Tergitol, Type 15-S-9 (p.a., Aldrich) were used as received. Deion-
ized water was used to prepare all the solutions and emulsions.
Potassium hydroxide (p.a., Merck) was used as initiator. Hydro-
chloric acid (p.a., Merck, 0.5 M) was used in order to stop the
reaction.

2.2. Emulsification and polymerization

Polysiloxane emulsions were synthesized isothermally at 80 �C
by batch emulsion polymerization in a 250 ml glass reactor with
four necks equipped with a reflux condenser, a mechanical stirrer,
a digital thermometer, and a nitrogen gas inlet. An adjustable
cooling temperature system was used.

The monomer pre-emulsion was prepared at room temperature
by dissolution of ionic and nonionic emulsifiers in various
proportions in deionized water in the reactor. Monomer was added
to the emulsifier solution and the pre-emulsion was stirred at
1000 rpm for 15 min. After 15 min, the mixture was heated up to
80 �C and the stirring speed was lowered to 500 rpm. To initiate the
polymerization KOH was added. The reactor content was sampled
during the polymerization at scheduled times. To stop the poly-
merization pH value of the withdrawn samples and emulsion at the
end of the process was adjusted to 7.5e8 using HCl (0.5M). Detailed
recipes for the preparation of polysiloxane emulsions are given in
Table 1.

2.3. Monomer conversion determination

The conversion was determined by gravimetric analysis. The
samples, which were taken out of the reactor during the poly-
merization and neutralized in order to stop the polymerization,
were dried to constantmass at 50 �C in vacuum oven. During drying
all volatile components, water, monomer and small oligomeric
cycles, were removed from the sample. To obtain the polymermass,
the masses of emulsifiers and inorganic salts were subtracted from
the mass of dried sample. Therefore, by the gravimetric method
only the amount of monomer converted to large, non-volatile
polymeric chains was determined and the monomer conversion
should be interpreted accordingly.

2.4. Emulsion and polymer characterization

29Si NMR spectra were recorded on a Varian Unity Inova 300
NMR Spectrometer equipped with a 29Si probe (5 mm diameter) at
60.19 MHz. The dried samples were diluted in chloroform con-
taining TMS which was used as a chemical reference. Samples of
PDMS emulsions were measured directly, without solvent use.

The particle size of emulsion samples was measured on 3D DLS
Spectrometer, LS Instruments. The experimental setup consisted of
an Ar laser (wavelength l¼ 670 nm), a thermostated sample holder
and a photomultiplier mounted at a detection angle of 90�. The
measurement temperature was 25 �C. Before each particle size
Table 1
Recipes of PDMS emulsions.

PDMS emulsions PDMS1 PDMS2 PDMS2a PDMS2b

D4 (g) 10.0 10.0 10.0 10.0
CTAB (g) 0.251 0.504 0.756 0.255
Tergitol (g) 0.263 0.501 0.260 0.763
KOH (g) 0.260 0.205 0.204 0.201
Deionized water (g) 60.0 60.4 60.0 60.0
Overall mass (g) 70.7 71.6 71.3 71.2

CTAB/Tergitol mass ratio 1.0:1.0 1.0:1.0 3.0:1.0 1.0:3.0
Monomer/Emulgators mass ratio 10:0.5 10:1.0 10:1.0 10:1.0
KOH/CTAB molar ratio 6.7:1.0 2.6:1.0 1.8:1.0 5.1:1.0
measurement, emulsion samples were diluted by deionized water
to rule out interaction and multiple scattering effects. Average
particle diameters were calculated from the intensity of auto-
correlation function by Stokes-Einstein equation using the Contin
method. The diameter measured by DLS was a hydrodynamic
diameter.

Average molecular weights of polymer were determined by gel
permeation chromatography (GPC) using polystyrene standards
(between 1060 and 750,000 g/mol). The determination of average
molecular weights was performed with aWaters 2690 (separations
module) instrument with a refractive-index detector. Three Waters
Styragel columns (300 � 4.6 mm) were used in series. The 0.2%
(w/v) solutions were prepared in tetrahydrofuran (THF), which was
also used as carrier solvent at a rate of 0.2 ml min�1.

3. Results and discussion

3.1. Polymer formation and conversion of monomer

The formation of PDMS was confirmed by 29Si NMR analysis of
emulsions and dried samples. NMR spectra of PDMS emulsions
showed signals at �19, 64 ppm and �22, 28 ppm, which were
attributed [23] to D4 and PDMS unit of polymer chain, respectively.
In the NMR spectra of dried samples, the D4 signal was absent,
which proved that themonomerwas efficiently removed by drying.

By gravimetric analysis only the amount of monomer converted
to large non-volatilizable polymeric chains was determined. Here,
all volatile oligomeric cycles, which are formed during polymeri-
zation [7,9,21,22], were treated as monomer in conversion calcu-
lations. De Gunzbourg et al. [7], who studied AROP of D4, observed
that the amount of other than D4 cycle species reached only 4.2 wt%
at equilibrium and it was essentially composed of D5 (3.3 wt%), D6
(0.8 wt%) and D7 (0.1 wt%).

The conversion curves of D4 at different reaction temperatures
are presented in Fig. 2. Increasing the reaction temperature
significantly increased the polymerization rate. On the basis of
these results, the reaction temperature of 80 �Cwas used for further
investigations. Raising the temperature above 80 �C was not
reasonable due to water evaporation.

The conversion of D4 at 80 �C versus polymerization time curves
for syntheses PDMS1, PDMS2, PDMS3 and PDMS4 are presented in
Fig. 3. These syntheses differed in the total amount of emulsifier
used, while the ratio between nonionic and cationic emulsifier
remained unchanged. It was observed (Fig. 3) that polymerization
rate of D4 increased with increasing concentration of emulsifiers.
After 4 h of polymerization the reached conversions for samples
PDMS1, PDMS2, PDMS3 and PDMS4 were 42%, 59%, 65% and 68%,
respectively.

Also the effect of cationic/nonionic emulsifier ratio on the poly-
merization rate was investigated. The syntheses PDMS2, PDMS2a,
and PDMS2b did not differ in the total amount of emulsifier used,
but in the ratio between nonionic and cationic emulsifier (Fig. 4).
PDMS2c PDMS2d PDMS2e PDMS2f PDMS3 PDMS4

10.0 10.0 10.0 10.0 10.0 10.0
0.503 0.508 0.503 0.503 0.624 0.750
0.503 0.494 0.515 0.511 0.626 0.759
0.300 0.078 0.043 0.022 0.201 0.213

60.0 60.0 60.0 60.0 60.7 60.6
71.3 71.1 71.1 71.1 72.1 72.3

1.0:1.0 1.0:1.0 1.0:1.0 1.0:1.0 1.0:1.0 1.0:1.0
10:1.0 10:1.0 10:1.0 10:1.0 10:1.25 10:1.5
3.9:1.0 1.0:1.0 0.6:1.0 0.3:1.0 2.1:1.0 1.9:1.0



Fig. 4. Effect of cationic/nonionic emulsifier ratio on the conversion as a function of
the polymerization time at 80 �C.

Fig. 2. Conversion versus polymerization time plot for PDMS2 syntheses at different
temperatures.
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It can be observed in the Fig. 4, that the conversions for syntheses
with higher amount of cationic emulsifier were higher.

The increase of monomer conversion and therefore the increase
of polymerization rate with overall emulsifiers’ concentration and
with increasing ratio between cationic and nonionic emulsifier at
fixed overall emulsifier concentration may be explained by the
polymerization mechanism proposed by Zhang [3] and De Gunz-
bourg [7]. The AROP in emulsion has been explained by the kinetic
scheme (Fig. 1), which involves three reactions, which effect the
monomer consumption: initiation, propagation and reversible
termination. As it was stated previously, all the three reactions take
place at the particle/water interface [7]. The polymerization is
initiated by hydroxide anions which are coupled with CTAB cations.
Chains propagate by adding monomer molecules on the active
centers associated with CTAB cations. Reversible termination
occurs through active center protonation by water to give silanol
end-groups. Usually, when the emulsifier concentration in the
emulsion is increased smaller particles are formed and their
number is higher [4,7,16]. Consequently, also the surface areas of
the particle/water interface where above mentioned reactions
occur is larger, what enables higher monomer consumption rate.
Moreover, in the case of AROP, the use of higher amount of CTAB
increases the number of polymerization sites and therefore also
the polymerization rate. To investigate solely the effect of CTAB
concentration on polymerization kinetics the total amount of
emulsifiers was kept constant and the ratio between cationic and
Fig. 3. Conversion versus polymerization time plot for samples containing different
amount of emulsifiers at 80 �C.
nonionic emulsifier was varied (Fig. 4). As mentioned before, the
polymerization rate decreased with decreasing cationic/nonionic
emulsifier ratio. This result is consistent with competitive adsorp-
tion between nonionic and cationic emulsifiers on the particle
surface. The instantaneous concentration of silanolate active
centers, which determined the propagation rate, was a function of
the number of hydroxide anions localized at the interface (first
ionic layer) [15]. By decreasing the amount of cationic emulsifier
the concentration of hydroxide anions on the particle surface was
reduced, therefore also the initiation and propagation rates were
decreased. However, the differences between samples with
different nonionic/cationic emulsifier ratio were minimal at low
reaction times, but they became important when the monomer
conversion between 30 and 40% was reached. This observationmay
be explained by free emulsifier consumption and empty micelle
disappearance. The existence and disappearance of empty micelles
at these conversions was confirmed by particle size and distribu-
tion evolutions, which are presented in the next section.

To prove that the number of hydroxide anions localized at the
interface is a function of concentration of CTAB, the molar ratio
between initiator and CTAB was varied. The syntheses PDMS2,
PDMS2c, PDMS2d, PDMS2e and PDMS2f differ in the molar ratio
between initiator and cationic emulsifier. The curves of D4
conversion versus time are presented in Fig. 5. It was observed that
the polymerization rate was practically the same when equimolar
ratio (synthesis PDMS2d, nKOH ¼ nCTAB) and higher initiator/CTAB
molar ratios (syntheses PDMS2 and PDMS2c, nKOH nCTAB) were
used. Nevertheless, when the molar amount of initiator was lower
than the molar amount of CTAB (syntheses PDMS2e and PDMS2f,
nKOH nCTAB) the polymerization rate decreased. Therefore it may be
stated, that the KOH concentration affected polymerization kinetics
only when the ratio KOH/CTAB was lower than equimolar ratio.

3.2. Average particle size and distribution

For polysiloxane emulsions obtained by experiments PDMS1,
PDMS2, PDMS3 and PDMS4 average particle size and particle size
distribution (PSD) during polymerization were followed. It was
observed, that the average particle size altered significantly
between 60 and 130 nm during the initial period of the polymeri-
zation (Fig. 6). Similar behavior was observed by Lin et al. [17]. After
the initial period the particle size stabilized when conversion of
monomer was between 30 and 40%. Thereafter, for emulsions
PDMS1, PDMS2 and PDMS3 the average particle size of polymer
particles remained relatively constant (between 70 and 85 nm).



Fig. 7. a. Particle size distributions of sample PDMS1 after 10 min, 1 h and 4 h of
polymerization. b. Particle size distributions of sample PDMS4 after 10 min, 1 h and 4 h
of polymerization.

Fig. 5. Effect of molar ratio between initiator and cationic emulsifier on the monomer
conversion as a function of the polymerization time at 80 �C.
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On the other hand, the average particle size for emulsion PDMS4,
which contained the higher amount of emulsifiers, continued to
decrease slowly with time of reaction (at about 68% conversion the
particle size value of about 50 nm was reached).

It seems that at the beginning of the polymerization, when the
monomer conversion was still low, the particles were not stable.
The observed increase in average particle size during initial period
may be explained by particle coalescence through collision and by
Ostwald ripening effect (transfer of monomer from small particles
to larger particles to reduce the surface energy of the system) [21].
The ripening was a consequence of the absence of a hydrophobic
stabilizer in the reaction mixture. However, upon polymerization,
polymer molecules were formed and particles containing enough
hydrophobic polysiloxane became stabilized against ripening.
Thereafter, a decrease in average particle size was observed. The
decrease may be related to an increase of the number of particles
and may be explained by the relatively high amount of emulsifier
used in our research. In all the syntheses, concentrations of cationic
emulsifier were above the critical micelle concentration (CMC)
which is 1 mM at room temperature (producer’s data) and about
2 mM at 80 �C (CMC was determined in our lab by performing
conductivity measurements.).

Multimodal PSD curves shown in Fig. 7a,b clearly indicate that
after 10 min of polymerization three different kinds of particles co-
existed in the emulsion. The three peaks detected in PSDs were
Fig. 6. Average particle size versus polymerization time plot for samples containing
different amount of emulsifiers at 80 �C.
attributed to empty micelles (3e15 nm), active micelles or polymer
particles (30e120 nm), and monomer droplets (>300 nm). It was
observed (from the number and volume PDSs of these samples not
presented in figures), that after 10 min of polymerization the great
majority of the particles had a diameter between 3 and 15 nm, that
there was a smaller fraction of particles with size between 30 and
300 nm and that only a limited number of particles was larger than
300 nm. The average sizes shown in Fig. 6 correspond to average
sizes of polymer particles (active micelles). Since the initiation and
propagation take place on the particle surface, where the cationic
emulsifier participates in the initiationprocess, polymerization took
place in all kinds of particles that contained monomer and were
stabilized by emulsifier molecules. After 10 min of polymerization
polymer particles and monomer droplets contained mainly mono-
mer and only small percent of polymer (monomer conversion was
about 10% for PDMS4, 6.5% for PDMS3, 4.5% for PDMS2 and only
about 3% for PDMS1). Because the total surface of polymer particles
was higher than that of monomer droplets, monomer droplets
contained even lower percent of polymer than polymer particles.
Consequently, the following processes, which could contribute to
the decrease of average particle size of polymer particles, were
envisaged: (i) nucleation of new particles via monomer diffusion
frommonomer droplets and larger polymer particles toward empty
micelles [16]; (ii) monomer diffusion from larger polymer particles
toward smaller polymer particles to compensate for their rapid
monomer consumption by interfacial polymerization, which is



Fig. 8. Number average molecular weight (plain symbols) and polydispersity index
(open symbols) as a function of monomer conversion for syntheses PDMS1, PDMS2
and PDMS4.
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faster in particles exhibiting large specific surface [16]; (iii) re-
nucleation due to emulsifier diffusion from empty micelles toward
large polymer particles (containing mainly monomer) and/or
monomerdroplets. Increased emulsifier densityon theparticles and
droplets surface together with continuous stirring of the emulsion
may enable the formation of smaller particles from larger ones.

To investigate the observed phenomena further and to prove the
likelihood of all above listed options PSDs of emulsions at different
times of polymerization were compared. In Fig. 7a,b PSDs of
samples PDMS1 and PDMS4 after 10 min, 1 h and 4 h of polymer-
ization are shown. As explained above, after 10 min of reaction,
when the conversions for samples PDMS1 and PDMS4 were 3 and
10%, respectively, three peaks corresponding to empty micelles,
polymer particles and monomer droplets in PSDs were observed.
After 1 h of polymerization conversion of sample PDMS1 was
around 21% and its PSD curve did not differ significantly from that
after 10 min. The main difference was in monomer droplets size
which was smaller. However, after 4 h the conversion was above
40% and the PSD curve changed noticeably, although the average
size of polymer particles did not change significantly; after 4 h the
PSD was monomodal and no peaks corresponding to either empty
micelles or monomer droplets were observed. For sample PDMS4
no peak corresponding to monomer droplets was noticed already
after 1 h of polymerization, when the monomer conversion was
already about 42%. On the other hand, a shoulder between 15 and
30 nm was observed which indicated the probability of nucleation
of new particles via monomer diffusion toward empty micelles.
However, the empty micelles in sample PDMS4 existed yet after 4 h
(at 68% conversion) because of the very high emulsifier concen-
tration in the synthesis. PSDs of samples PDMS2 and PDMS3, which
are not presented in the figure, showed intermediate behavior
between samples PDMS1 and PDMS4.

The results of particle size and distribution analysis showed that
the size of monomer droplets and the number of empty micelles
was decreasing during polymerization, while the average size of
polymer particles was not increasing. Despite extremely low
monomer solubility in water (2.4 � 10�7 mol/l) and slow diffusion
rates of cyclosiloxanes in a high ionic strength medium [22], the
transport of monomer from monomer droplets and larger polymer
particles toward empty micelles was confirmed by monomer
droplets disappearance, by formation of smaller particles (see PSD
of PDMS4 after 1 h of polymerization) and by empty micelles
disappearance (see PSD of PDMS1 after 4 h of polymerization). On
the other hand, the transport of monomer from monomer droplets
toward polymer particles, which is typical for classical emulsion
polymerization and causes polymer particle growth, could not be
confirmed, since the average size of polymer particles did not
increase. However, driving force for monomer diffusion toward
polymer particles is to compensate for rapid monomer consump-
tion by interfacial polymerization. Therefore, there are two possi-
bilities for this compensation to occur; monomer diffusion from
monomer droplets through water toward particle surface and/or
monomer diffusion from polymer particle interior toward particle
surface. Especially at lower conversions the second possibility is
more plausible, due to extremely low monomer solubility in water.
At higher conversions the first possibility becomes likely, of course,
if monomer droplets still exist. If there are no monomer droplets
left, the monomer can diffuse from larger polymer particles toward
smaller polymer particles, as the monomer consumption by inter-
facial polymerization is faster in particles exhibiting larger specific
surface. This process narrows PSD, while the decrease of average
particle size would happen only, if the number of smaller particles
was significantly higher than that of larger particles and/or if empty
micelles still exist. This explains the differences between PSDs of
sample PDMS4 after 1 and 4 h of polymerization and why the
average particle size for emulsion PDMS4 continued to decrease
slowlywith time of reaction. A change in particle size due to density
increase as a consequence of polymerization is not expected, since
monomer and polymer exhibit comparable densities [22].

Even though the above discussion, which justifies experimental
observations by monomer diffusion, seems very feasible and for
this reason most of the research articles explain such observations
exclusively by monomer diffusion, the possibility of emulsifier
diffusion and its continuous rearrangements between phases
cannot be ignored. Nevertheless, empty micelles are dynamic
entities and an individual emulsifier molecule might only reside for
10�6 s in a particular micelle [24]. Therefore, it is also possible that,
when the conversion of monomer is still low, free emulsifier
molecules (from empty micelles) diffuse toward large polymer
particles and even larger monomer droplets, where they adsorb on
their surface. Consequently, the increased emulsifier density on the
surface, together with continuous stirring of the emulsion, could
enable the formation of smaller particles from larger ones.
3.3. Average molecular weights and distributions

Fig. 8 shows the evolution of the number average molecular
weight (Mn) and polydispersity index (PDI) as a function of
conversion for samples PDMS1, PDMS2 and PDMS4. As it was
expected, and as it has been shown elsewhere [3,4], both Mn and
PDI increased with conversion and time of reaction continuously.
The continuous increase of average molecular weights and poly-
dispersity index was explained by chain growth by successive
polyaddition of D4 and reversible termination on active centers at
the particle surface and by chain growth by condensation reactions
in the particle interior. In Fig. 8, at given monomer conversion
values, Mn values of samples containing higher amount of emul-
sifier were lower than values for samples containing less emulsifier.
By raising the amount of emulsifiers, the number of initiation sites
increased what resulted in an increased number of polymer chains.
Hence, at a given conversion, i.e. when an explicit part of monomer
was consumed, the average length of chains was smaller while
their number was larger.

The evolution of the number of polymer chains (N) with poly-
merization time is shown in Fig. 9. It can be observed how
N increases during polymerization and how the increase depends
on the amount of emulsifier used; the higher the ratio between
emulsifier and monomer, the faster the initiation reaction at the



Fig. 9. Number of polymer chains as a function of polymerization time for syntheses
PDMS1, PDMS2 and PDMS4.
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beginning of the polymerization and the larger the number of
polymer chains formed. However, the initiation is not the only
reaction that affects the N value. Especially at higher conversions,
condensation reactions become important as well. Each initiation
reaction leads to the formation of one chain and each condensation
reaction leads to the disappearance of one chain. Since N increased
during the entire time (4 h) and conversion interval (up to 68%), it
may be concluded that initiation reactions prevailed over the
condensation reactions during the period under investigation.
Nevertheless, the rate of N growth slowed down with time (Fig. 9)
and conversion. In other words, condensation reactions became
important when the concentration of polymer was high enough.
Similar behavior was observed by Zhang et al. [3] and De Gunz-
bourg et al. [7]. De Gunzbourg et al. [7] noticed a linear increase in
N up to 10% conversion, a slow down in the N growth between 10
and 70% conversion and a sharp decrease in N above 70% monomer
conversion. However, we believe that the monomer conversion is
not the only factor that affects the extent of condensation reactions.
Since it has been proved that condensation reactions take place in
the particle interior, the particle size must play an important role as
well. In our study, average particle sizes of different samples under
investigation were similar and the effect of particle sizes on
molecular weight could not be studied in detail.

4. Conclusions

Batch emulsion AROP of octamethylcyclotetrasiloxane using
nonionic and cationic emulsifiers above their critical micelle con-
centrationwas studied. At the beginning of the polymerization, three
different kinds of dispersed objects containing emulsifier were
detected in the reaction system: empty micelles, active micelles
(polymer particles), and monomer droplets. The transport of mono-
mer from monomer droplets and larger polymer particles toward
empty micelles was confirmed by monomer droplets and free
micelles disappearance and by formation of smaller particles. On the
other hand, the transport of monomer from monomer droplets
toward polymer particles, which is typical for classical emulsion
polymerization, was not confirmed, since the average particle size of
polymer particles did not increase during polymerization. It was
proposed that at lower conversions, monomer diffuses from poly-
mer particle interior toward particle surface to compensate for rapid
monomer consumption by interfacial polymerization. This seems
reasonable also due to the extremely low monomer solubility in
water. However, at higher conversions, when the possibility of
monomer migration from monomer droplets toward polymer
particles becomes more likely, the monomer droplets vanished.
Thereafter, theobserved changes inparticle sizedistributionspointed
toward the monomer diffusion from larger polymer particles toward
smaller ones, because the monomer consumption by interfacial
polymerization is faster in particles exhibiting large specific surface.

Emulsifier concentration, nonionic/cationic emulsifier ratio and
cationic emulsifier/initiator (KOH) ratio have an evident effect on
the kinetics and on the average molecular weights, clearly showing
that cationic emulsifier has an important function in initiation
reaction, as it was stated previously. An increase of KOH molar
concentration above the cationic emulsifier molar concentration
did not affect the polymerization rate.

To conclude, when batch emulsion AROP is compared to a batch
free-radical emulsion polymerization, particular attention must be
paid to the significant differences between the processes and the
comparisonmay not be done straightforwardly.We believe that the
results of the present study contribute to a better understanding of
the complex mechanism of the batch emulsion AROP with emul-
sifier concentration above critical micelle concentration.
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Elif Okutan a, Gülşah Ozan Aydın a, Ferda Hacıvelio�glu a,c, Adem Kılıç a,*, Saadet Kayıran Beyaz b,
Serkan Yeşilot a
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Poor solubility of carbon nanotubes (CNTs) in water and organic solvents offers a significant problem for
their applications. Macromolecules can be suitable solubilizing agents and a structural component of
composite materials for CNTs. Several polymers were tested for the preparation of CNT dispersions. In this
study, a poly[(4-pyridineoxy)(phenoxy)phosphazene] (3) was prepared by sequential treatment of poly
(dichlorophosphazene) (2) with sodium 4-pyridineoxy and sodium phenoxide in THF. Multi-walled carbon
nanotube/poly(organophosphazene) composites (f-MWCNT/PZS) with different feed ratios [Rfeed¼ 1:1,1:3,
1:5 and 1:10 (w/w)] were obtained by the treatment of the functionalized multi-walled carbon nanotube
(f-MWCNT) with the protonated poly(organophosphazene) (PZS). Excellent dispersions of the f-MWCNT/
PZS nanocomposites in water and common organic solvents were achieved. The influence of feed ratio on
polymer coating and the stability of composites were investigated by thermal gravimetric analysis (TGA).
f-MWCNT/PZS1:5 nanocomposite was characterized by 31P, 1H NMR, FTIR, XRD, EDX and Raman Spectros-
copy. The morphologic characterizations of f-MWCNT/PZS1:5 were carried out by HRTEM and SEM
methods.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

CNTs exhibit unique electronic, mechanical, and thermal prop-
erties [1]. Due to their wide range of applications in nanotech-
nology, they have attracted attention in materials science,
electronics, and biomedical devices [2e6]. Unfortunately, the key
problem for the application of CNTs in industry is still their poor
wettability/dispersibility which reduces their great potential. The
surface functionalization and modification of CNTs, improve their
dispersibility in liquids, which gave them new properties for
different applications. In this regard diverse strategies for CNTs
functionalization continue to emerge for functionalization of CNTs
[7]. The functionalization of CNTs with polymers may yield samples
compatible with solvents and with feasible applications. Many
polymers have been successfully used for the coating of CNTs by
this approach, based on the pep stacking and ionic interactions
between polymers and the graphitic surface of the CNTs [8].
: þ90 2626053101.
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Phosphazene-containing polymers are a class of organice
inorganic hybrid materials. Depending upon the nature of their
substituents, stable or hydrolytically degradable polymers can be
prepared [9]. The mechanical properties and the rate of degrada-
tion can be varied by a proper choice of chemical composition of the
polymer backbone. The presence of eP]Ne structural units in the
macromolecular backbone provide tremendous flexibility to func-
tionalize the materials through chemical modification for various
applications. It is known that phosphazene-containing materials
have been used as biomaterials, [10,11] membranes, [12] electrical
and electro chromic materials, [13] ceramics, [14] and hybrid
materials [15]. Even though the researches about polymer/CNT
composites grow rapidly, the preparation of polyphosphazene/CNT
composites remains rare. Unfortunately, little research has been
reported for the fabrication of polyphosphazene/CNT containing
hybrid materials. Recently, cyclomatrix-type polyphosphazenes
have been used to functionalize MWCNTs [16,17]. The use of linear
type polyphosphazene as a dispersing agent of single-walled
carbon nanotubes (SWCNTs) has been reported by Park et al. [18].
They used noncovalent method for dispersing SWCNTs in water
solution of sulfonated polyorganophosphazene by supramolecular
association between the single-walled carbon nanotube and the
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sulfonated poly(organophosphazene) which was soluble in DMSO
and water. Therefore, designing a poly(organophosphazene) by
a simple synthetic route to modify MWCNTs and preparing
f-MWCNT/PZS composites with better solubility and thermal
property could be an attractive approach.

In this paper the f-MWCNT and protonated poly(organo-
phosphazene) (PZS) were used for synthesizing f-MWCNT/PZS
composites with different feed ratios. The surface activation
(eCOOH groups) of MWCNTs was obtained by acid treatment
[19e22] which also imparts strong negative charge to MWCNT
dispersions. Poly[(4-pyridineoxy)(phenoxy)phosphazene] (3) was
prepared by sequential treatment of poly(dichlorophosphazene) (2)
with sodium phenoxide and sodium 4-pyridineoxy in THF.
Protonated poly(organophosphazene) (PZS) was obtained by the
reaction of compound (3) with HCl(g). f-MWCNT/PZS composites
with different feed ratios from PZS and f-MWCNTwere prepared by
stirring and sonicating in dichloroethene. The influence of feed ratio
on polymer coating and the stability of composites were investi-
gated by TGA. An example of prepared nanocomposites, f-MWCNT/
PZS1:5 was characterized by 31P, 1H NMR (Nuclear Magnetic Reso-
nance Spectroscopy), SEM (Scanning Electron Microscopy), HRTEM
(High Resolution Transmission Electron Microscopy), FTIR (Fourier
Transform Infrared Spectroscopy), XRD (X-Ray Diffraction), EDX
(Energy-dispersive X-ray) and Raman Spectroscopy. The morpho-
logic characterizations of the (f-MWCNT/PZS1:5) nanocomposite
were carried out by HRTEM and SEM methods.

2. Experimental section

2.1. Materials

Hexachlorocyclotriphosphazene (Otsuka Chemical Co., Ltd) was
purified by fractional crystallization from n-hexane. The crystal-
lized hexachlorocyclotriphosphazene was further purified by
vacuum sublimation before the ring opening polymerization and
only 60% of the material was allowed to be sublimed. Sodium
hydride, (60% dispersion in mineral oil Merck); prior to use the oil
was removed by washing with dry heptane followed by decanta-
tion. The deuterated solvents [CDCl3 (�99.8%) and THF-d8
(�99.5%)], tetrahydrofuran (�99.0%), dichloromethane (�99.0%),
n-hexane (�95.0%), acetone (�99.8%), phenol (�99%), Ni
(NO3)2.6H2O, MgO, H2SO4 (95e98%) and HNO3 (65%) were obtained
fromMerck. 4-Hydroxypyridine (�95.0%) was obtained from Fluka.
Acetylene (99.8%), helium (99.98%), hydrogen (99.998%) gases were
purchased from Yalız Industrial Medical Gases Inc. All other
solvents and reagents were reagent grade and obtained from
commercial suppliers.

2.2. Methods

The structures of PZS and f-MWCNT/PZS1:5 were characterized
by Nuclear Magnetic Resonance and Fourier Transform Infrared
spectroscopy. Infrared spectra were recorded on a Bruker Tensor 27
spectrophotometer in the range 4000e400 cm�1, with a 2 cm�1

resolution over 30 scans, using Ge ATR. 31P and 1H NMR spectra
were recorded in CDCl3 and tetrahydrofurane-d8 solutions on
a Varian 500 MHz spectrometer. Morphology of the f-MWCNT/
PZS1:5 composite was characterized using a Philips XL30 SFEG SEM
and JEOL 2100 HRTEM. Gel permeation chromatography was per-
formed with an Agilent 1100 series GPC system equipped with
CHEMSTATION with the addition of ‘GPC Add On’ software to
calculate the average molecular weights (Mw and Mn) against to
polystyrene standards. Thermal properties of compounds were
investigated on a Mettler Toledo TGA/SDTA 851 Thermogravimetric
Analysis (TGA) equipped with METTLER TOLEDO STARe software at
a heating rate of 10 �C min�1 under nitrogen flow (50 ml min�1).
The glove box (Plas Labs. 855-AC/220) was equiped with spec-
trograde N2. The structural analysis was performed on HORIBA
Jobin-Yvon HR 800UV Raman Spectrometer. The X-ray diffraction
(XRD) patterns of samples were taken at room temperature
between 2 ¼ 5e40� on a Bruker C2 X-ray diffractometer equipped
with a sealed tube copper target (lCu�ka ¼ 1.54056 Å) and driven
by Bruker GADDS software.

2.3. Synthesis

Poly(dichlorophosphazene) (2) was prepared by ring opening
polymerization of hexachlorocyclotriphosphazatriene (1) at 250 �C
in a sealed tube as described else where [23,24].

2.4. Synthesis of poly[(4-pyridineoxy)(phenoxy)phosphazene] (3)

Phenol (1.2 g, 12.7 mmol) was dissolved in 5 mL of THF and
added dropwise to a suspension of NaH (0.31 g, 12.9 mmol) in
15 mL THF and let to stir over 2 h. 4-hydroxypyridine (1.22 g,
12.8 mmol) was dissolved in 10 mL of THF and added dropwise to
a suspension of NaH (0.31 g, 12.9 mmol) in 15 mL THF and let to stir
over 3 h. The sodium phenoxide was added dropwise a stirring
solution of poly(dichlorophosphazene) (2) (1.48 g, 12.7 mmol) in
100 mL of THF and stirred for 1 h. The sodium salt of 4-hydrox-
ypridine was then added dropwise and the reaction heated to
reflux for 5 days. The polymer solution was then cooled to room
temperature and concentrated by using rotary evaporator until
becoming viscous. The polymer (3) was precipitated into 500 mL of
water and washed with ultra pure water (2 � 250 mL) and ethanol
(2 � 100 mL) and n-hexane (2 � 100 mL) respectively. Then the
polymer (3) was dried in a vacuum oven for 36 h at 60 �C to yield
2.43 g (82.4%) of pale yellow solid (Anal. Calc. for [C11H9N2O2P]n: C,
56.91; H, 3.91; N,12.07. Found: C, 56.88; H, 3.95; N,12.02%). 1H NMR
(d8-THF) d ¼ 8.64 (br.s, aromatic protons). 31P NMR (d8-THF)
d ¼ �19 to �16 (br.m, phosphazene phosphorus). GPC:
Mw ¼ 2.32 � 105with PDI ¼ 2.6.

2.5. Synthesis of PZS

HCl(g) was generated by dropwise addition of H2SO4 with
a dropping funnel onto NaCl powder [25] placed in a two necked
round bottomed 250 mL flask and generated HCl(g) was directly fed
into the THF solution of poly[(4-pyridineoxy)(phenoxy)phospha-
zene] and allowed to bubble for 2 h. The protonation reaction of poly
[(4-pyridineoxy)(phenoxy)phosphazene]withHCl(g)was confirmed
by the precipitation of PZS in the solution.

2.6. Synthesis and functionalization of MWCNT

MWCNTs were synthesized by the catalytic decomposition of
acetylene (C2H2) over the nickel/magnesium oxide catalyst (Ni/
MgO, 5 wt% Ni). The catalyst was prepared via impregnation
method from Ni(NO3)2.6H2O solution in ethanol. Supported cata-
lyst was placed in a horizontal fixed-bed flow reactor in a quartz
boat which was inserted in a quartz tube and was calcined in air at
600 �C. After the calcination, the catalyst was reduced in hydrogen
flow (20 mL/min) for 2 h at 600 �C. To grow the MWCNTs, the
decomposition of acetylene flow (60 mL/min) was carried out at
650 �C for 30 min, after that the reactor was cooled to room
temperature under helium atmosphere and MWCNTs were
collected from the quartz boat. The MWCNTs were oxidated ther-
mally at 350 �C and sonicated in a mixture of concentrated sulfuric
and nitric acid (3:1 by volume) for 24 h at 40 �C. The solution was
centrifuged at 4000 rpm for 1 h and the excess of acid was removed.



Fig. 2. TGA results of PZS, f-MWCNT and f-MWCNT/PZS composites.

Fig. 1. Schematic formation mechanism of f-MWCNT/PZS nanocomposite.
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The acid treated material was redispersed in ethanol to remove the
acid by at least 5 times and with the help of ultrasonic bath. The f-
MWCNTs were collected by centrifugation at 4500 rpm for 30 min
and dried under vacuum overnight at 60 �C.

2.7. Preperation of f-MWCNT/PZS nanocomposites

f-MWCNT/PZS composites were prepared by similar synthetic
procedure at different feed ratios [Rfeed ¼ 1:1; 1:3; 1:5; 1:10 (w/w)]
of the PZS. In a typical experiment f-MWCNTs and PZS were placed
in a 50 mL round bottomed flask in dichloroethene. The mixture
was treated with an ultrasonic bath for 3 h and then placed on
a magnetic stirrer with an oil bath. The reaction mixture was then
heated and maintained around 88 �C for 5 h. After cooling to room
temperature the product was isolated by precipitation into acetone.
The resulting precipitates were redispersed in acetone with the aid
of an ultrasonic bath and then collected by centrifugation. This
centrifugation was repeated until the upper layer was nearly
colorless. The separated solid was sequentially redispersed inwater
and dichloromethane and purified by at least 5 centrifugation
cycles. All these centrifugations were performed at a rotation speed
of 4500 rpm for 1 h. The supernatant was decanted and the black
solid was dried under vacuum at 60 �C overnight to give f-MWCNT/
PZS composite.

3. Results and discussion

Diverse strategies designed to functionalize CNTs continuously
emerge, such as end and defect-chemistry [26], endohedral func-
tionalization [27], ionic chemistry (doping) [28], covalent sidewalls
functionalization [29,30], noncovalent functionalization [31] and
ionic functionalization [32]. In this study the ionic functionaliza-
tion has been preferred over other strategies, depending on the
following advantages. For example ionic functionalization approach
generally gives much higher yield than the covalent
functionalization approach [33]. Furthermore the presence of ionic
interactions can significantly improve the solubility of f-MWCNTs
[34,35]. And also the acidebase reaction represents the simplest
possible route to soluble MWCNTs and can be readily scaled-up at
lowcost. Unlike the covalent amide bond, the cation PZS in the ionic
bond of f-MWCNT/PZS composite can be easily exchanged with
other organic or inorganic cations. Thus it is possible to adjust the
solubility of the MWCNTs and use soluble f-MWCNTs as versatile
building blocks for advanced MWCNT-based materials. Further-
more, such ionic feature may allow electrostatic interactions
between MWCNTs and PZS and serve as the basis for direct meth-
anol fuel cells because interactions between polymer and CNT may
enable homogeneous distribution of the CNT [8,36,37].
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Linear type poly(organophosphazene)s are synthesized by three
principal routes [24]. First route is the reaction of organophos-
phorus halides with ammonium halides or metal azide. The poly-
mers produced by this method generally contained very low
number of monomer units. The second and third routes involve
both the thermal ring opening polymerization and condensation
reactions. The second route is the thermal polymerization of hex-
achlorocyclotriphosphazene (NPCl2)3, to hydrolytically unstable,
high molecular weight polydichlorophosphazene, [NPC12]n, fol-
lowed by replacement of the halogen atoms in the polymer by
organic groups. Within the third route polymerization of cyclic
organophosphazene trimers and tetramers are carried out under
similar conditions with route two. By this route open-chain low
molecular weight polymers have been prepared. Hence, poly
(dichlorophosphazene) (2) have been prepared by the second route
to obtain high molecular weight polymer. Poly[(4-pyridineoxy)
(phenoxy)phosphazene] (3) has been prepared by sequential
treatment of poly(dichlorophosphazene) (2) with sodium phen-
oxide and sodium salt of 4-hydroxypridine in THF. We have chosen
phenoxide, a bulky aromatic hydrophobic group as a substituent to
enhance p-peinteraction between the polymer and f-MWCNT and
also as to impart flexibility [24]. 4-hydroxypridine have been
chosen to impart ionic interaction between protonated poly(orga-
nophosphazene) (PZS) and f-MWCNT. All f-MWCNT/PZS compos-
ites were prepared according to Fig. 1 with selected feed ratio of the
PZS.

Thermal gravimetric analysis (TGA) is extensively used method
to determine the percentage of organic groups in the functionalized
CNTs [38]. The thermal stability of f-MWCNT, PZS and all f-MWCNT
/PZS composites were investigated by determining the weight loss
of a sample upon linearly increasing the temperature by conven-
tional TGA at a heating rate of 10 �C/min up to 700 �C under
nitrogen flow (Fig. 2). TGA curve of f-MWCNT shows w%20 initial
decomposition between 220 and 320 �C, which can be attributed to
the loss of eCOOH functionality. The calculation of weight loss at
this temperature range (220e320 �C) givesw52eCOOH groups per
Fig. 3. Photographs of f-MWCNT/PZS1:5 nanocomposite (A) after ultrasonication, (B) after
dimethylformamide (e) dimethyl sulfoxide (f) 1,2-dichloroethene (g) chloroform.
1000 C atoms. TGA curve of PZS shows a preliminary decomposi-
tion between the 220e270 �C with a 12% weight loss. This low
temperature decomposition can be attributed to the loss of HCl
moiety bonded to quaternary nitrogen atom of 4-hydroxypyridine
groups on the PZS chain which gives a ratio of 0.75 HCl group per
repeating monomer unit. However, under vigorous reaction
conditions higher protonation of PZS could not be achieved more
than 0.75 HCl for per monomer unit (the reason can be the insol-
ubility of the precipitated polymer form the THF solution). Further
heating of PZS gives main decomposition in two steps between 320
and 450 �C and this is in the expected decomposition temperature
range of poly(aryloxyphosphazenes) [20]. Thermal decomposition
of the prepared materials varies by the supplied PZS ratio in the f-
MWCNT/PZS composites which can be related to the interaction
between the f-MWCNT and PZS. For eg., when the f-MWCNT and
PZS supplied in a 1:1 (w/w) ratio, the resulting material [f-MWCNT/
PZS1:1] has one step decomposition from 100 �C to 300 �C in
a similar tendency but lower decomposition temperatures that we
observe for f-MWCNT. The thermal stability of f-MWCNT/PZS1:3 is
better than the f-MWCNT/PZS1:1 but still lower than the starting
materials. However, thermal stability of the f-MWCNT/PSZ1:5 is
better than the lower feed ratios and shows similar thermal
decomposition character of parent materials and decomposition
temperature increases to 270e360 �C range. As expected increasing
the feed ratio of PZS after a certain limit does not affect the thermal
behavior of the resulting material due to the followed synthetic
procedure which includes washing, centrifugation and drying.
Hence there is no major thermal behavior difference between the f-
MWCNT/PZS1:5 and f-MWCNT/PZS1:10. When the percent weight
loss of all the samples calculated roughly between 25 and 500 �C
are evaluated together by considering PZS and f-MWCNT as part of
f-MWCNT/PZS composites it can be seen that f-MWCNT/PZS1:5 and
f-MWCNT/PZS1:10 have w1:3(w/w) composition ratio in the
beginning of TGA experiment. Therefore at the beginning of the
preparation reaction at least 1:5 (w/w) feed ratio should be used to
ensure better interaction and thermal stability of designed
3 weeks, in seven different solvents: (a) aceton (b) water (c) tetrahydrofuran (d) N,N-



Fig. 4. (a) 31P NMR, (b) 1H NMR spectra of f-MWCNT/PZS1:5 in d8-THF.
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composite. Thus f-MWCNT/PZS1:5 has been selected for the struc-
tural characterization of composite because it combines the given
properties.

The solubility test shows that the f-MWCNT/PZS nanocom-
posites are soluble in common solvents such as tetrahydrofuran,
N,N-dimethylformamide, dimethyl sulfoxide, and water. It is well
known that the solubility of poly(organophosphazenes) depend
mainly on the nature of the side groups [24]and the high efficiency
of the polymeric dispersing agent can be achieved on the basis of
structural optimization of the macromolecule. Hence, the surface of
f-MWCNT is wrapped with poly(organophosphazene) (PZS) pos-
sessing hydrophilic protonated pyridine groups. The hydrophobic
part of the chain (phenoxide groups) is bound to the CNT surface via
intermolecular interactions and provides solubility in organic
solvents, while the hydrophilic parts provide solubility in polar
Fig. 5. FTIR spectra of PZS and f-MWCNT/PZS1:5.
organic solvents and water. Solution of f-MWCNT/PZS1:5 composite
in different solvents such as acetone, deionized water, tetrahy-
drofurane, N,N-dimethylformamide, dimethyl sulfoxide, 1,2-
dichloroethene and chloroform with same concentration (5 mg/
mL) was prepared. f-MWCNT/PZS1:5 composite was dispersed in
each solvent by sonication in an ultrasonic bath for 10 min (Fig. 3a).
After 3 weeks from the preparation, the f-MWCNT/PZS solutions
showed great solubility in tetrahydrofuran, N,N-dimethylforma-
mide, dimethyl sulfoxide, and water while the f-MWCNT/PZS1:5
was less soluble in 1,2-dichloroethene and not soluble in chloro-
form and acetone (Fig. 3b).

Since f-MWCNT/PZS1:5 has good solubility in tested solvents, the
structure of f-MWCNT/PZS1:5 is investigated by NMR spectroscopy.
The 31P NMR spectrum of f-MWCNT/PZS1:5 clearly shows that there
is only one phosphorus resonance in the spectrum which is in the
expected resonance region of poly(aryloxyphosphazene)s [39]
(Fig. 4a). The aromatic hydrogen resonance of both pyridine and
Fig. 6. The X-ray diffraction patterns of the MWCNT, f-MWCNT, f-MWCNT/PZS1:5 and
PZS.



Fig. 7. Raman spectra of MWCNT, f-MWCNT and f-MWCNT/PZS1:5.
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phenoxy groups of PZS units are clearly observed as overlapping
broad resonance in 8.6e9.0 ppm region in the 1H NMR spectrum
(Fig. 4b).

The FTIR spectra of PZS and f-MWCNT/PZS1:5 can be seen in
Fig. 5. FTIR spectrum of f-MWCNT/PZS1:5 shows the structural
features of phosphazene, phenylene and PeOePh moieties in the
PZS. Comparing these two curves, the strong absorptions at 1587.6
Fig. 8. SEM images of (A) f-MWCNT, (B) f-MWCNT/PZS1:5,
and 1482.1 cm�1 are attributed to the vibrations of the benzene ring
skeleton. The characteristic peaks centered at 1235.7, 1184.1 and
911.0 cm�1 correspond to CeOeC, P]N and PeOePh respectively.
The characteristic absorption peak located at 3062.6 cm�1 can be
indexed to aromatic CeH moieties.

The X-ray diffraction patterns of the MWCNT, f-MWCNT,
f-MWCNT/PZS1:5 and PZS polymer are represented on Fig. 6. The
(C) EDX analysis of f-MWCNT/PZS1:5 nanocomposite.



Fig. 9. HRTEM images of (A) MWCNT, (B) f-MWCNT/PZS1:5 nanocomposite.
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typical peak of MWCNT structure centered at 2q ¼ 26� is clearly
observed and the influence of acid treatment and polymer attach-
ment on the MWCNT structure is shown on the diffraction patterns
of f-MWCNT and f-MWCNT/PZS1:5 composite. After functionaliza-
tion process, f-MWCNT exhibits a broad and low peak situated at
2q ¼ 26�, corresponding to low structural organization carbons as
expected [40,41]. Hence, we can say attachment of eCOOH func-
tional groups on the surface of nanotube have created disorder. This
peak also indicates that the interplanar distance is about 0.342 nm.
The PZS polymer shows two low and broad peaks at 2q ¼ 7� and
2q ¼ 20�. f-MWCNT/PZS1:5 sample shows the characteristics of
parent (PZS and f-MWCNT) compounds. Indeed, it exhibits three
broad peaks situated at 2q ¼ 7�, 20� and 26�.

The Raman spectra of MWCNT, f-MWCNT and f-MWCNT/PZS1:5
composite are represented on Fig. 7. MWCNT exhibits two peaks at
1345 cm�1 and 1580 cm�1. The first peak situated at 1345 cm�1 is
identified as D band and is assigned to disordered structures. The
second peak, centered at 1580 cm�1 is identified as G band and is
assigned to the active E2g vibration of graphite [42]. By determining
the intensity ratio between these two bands (I1350/I1580), a quanti-
tative measure of defect density in the CNT sidewall can be deter-
mined [42]. The Raman spectrum of f-MWCNT indicates that the
f-MWCNT have long-range order with defect sites along the side-
wall. The Raman spectrum of the f-MWCNT/PZS1:5 nanocomposite
shows that D band is displaced to 1325 cm�1 and the G band is
displaced to 1590 cm�1. It is interesting to notice that the intensity
ratio of the D and G bands is increased after the formation of
composite material. This result may indicate that the formation
of defect sites on the sidewalls and the enveloping of the polymer
on nanotube surface as observed on XRD pattern on Fig. 6. The
peaks of RBM mode have appeared for two samples between
210 cm�1 and 240 cm�1.

The morphological characterizations were carried out by
HRTEM and SEM methods. The SEM image of f-MWCNT (Fig. 8A)
shows homogeneously distributed nanotubes. The diameter of
nanotubes varies between 25 and 30 nm. The SEM image of
f-MWCNT/PZS1:5 (Fig. 8A) shows that the nanotubes are enveloped
by the PZS. Hence the mean diameter of the nanotubes increased to
35 nm in the nanocomposite material. Comparison of Fig. 8A and B
illustrates that a film of polymer is deposited homogeneously on
the nanotube surface. Energy-dispersive X-ray (EDX) analysis
shows that f-MWCNT/PZS1:5 nanocomposite possess an identical
composition with PZS whereas the nanotubes are composed of
carbon and oxygen (Fig. 8C).

HRTEM micrographs of the MWCNT and f-MWCNT/PZS1:5 are
shown in Fig. 9. Measured MWCNT diameter is 28.3 nm, and the
internal diameter is about 5.8 nm in Fig. 9A. However, it is clearly
observed that PZS shell uniformly covered the f-MWCNT surface
with the shell thickness of 3.3e4.7 nm and the lengths of several
micrometers in Fig. 9B. Hence, it is obvious that for surface modi-
fication of MWCNT using PZS is quite effective.

4. Conclusion

In conclusion, poly(organophosphazene)s are very attractive
candidate for an advanced dispersing agent of carbon nanotubes
because of the synthetic advantages allowing to control their
hydrophilic-hydrophobic balance by variation of side groups.
f-MWCNT/PZS composites with different mass ratios have been
fabricated. Comparative TGA experiments showed that when feed
ratio of PZS has been increased the thermal stability of the
composite increased until Rfeed ¼ 1:5 (w:w). The maximum coating
result of the polymer have been reached at Rfeed ¼ 1:5 (w:w). Based
on the structural and morphological analysis of the composite
material (f-MWCNT/PZS1:5), we have succeeded in evenly coating
poly(organophosphazene) (PZS) onto the f-MWCNT surface. We
have demonstrated that functionalized multi-walled carbon
nanotubes (f-MWCNT) can be soluble in common organic solvents
and water. Solubility of the f-MWCNT/PZS composite material
driven by the ionic interaction between the eCOO� and þNHR2
(quaternary pyridine) groups bonded to f-MWCNT surface and PZS
polymer respectively. It should be noted that the solubility of
f-MWCNT/PZS composite appears to be promising candidates for
applications in fuel cells and solar cells.
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This study focuses on economic preparation of a phosphinated dietheramine for soluble polyetherimides.
For this purpose, a phosphinated dietheramine, 1,1-bis(4-(4-aminophenoxy)phenyl)-1-(6-oxido-6H-
dibenz <c,e> <1,2> oxaphosphorin-6-yl)ethane (3), was prepared from the nucleophilic substitution of
a alkaline-stable biphenol,1,1-bis(4-hydroxyphenyl)-1-(6-oxido-6H -dibenz<c,e><1,2> oxaphosphorin-
6-yl)ethane (1), with 4-chloronitrobenzene using inexpensive potassium carbonate as catalyst, followed
by catalytic hydrogenation. Light color, and foldable polyetherimides (PEIs) with good thermal stability,
improved organo-solubility, and good flame retardancy were synthesized from the condensation of (3)
with various aromatic dianhydrides in DMAc, followed by thermal imidization. Properties of the resulting
PEIswere evaluated and comparedwith those of PEIs based on a commercially available dietheramine, 2,2-
bis (4-(4-aminophenoxy)phenyl) propane (BAPP). The Tgs of the resulting PEIs range from 271 �C to 314 �C
by dynamic mechanical analysis. The degradation temperatures (Td 5%) range from 453 to 467 �C in N2

atmosphere, and 435e451 �C in air atmosphere. The resulting PEIs also show good flame retardancy.
� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Due to the high glass transition temperature, high thermal
stability and good mechanical properties, aromatic polyimides are
widely applied in electronics and composites [1e8].

However, aromatic polyimides (PIs) are difficult to process due
to their poor solubility in organic solvents. It has been reported that
incorporating bulky pendants [9e13] in PIs can enhance the
organo-solubility without sacrificing Tg.

According to this principle, we developed phosphinated PIs [14]
with Tg as high as 392 �C. However, although a bulky phosphinate
pendent was present, the organo-solubility of the resulting PIs was
not good. Very recently [15], we developed asymmetric phosphi-
nated PIs with high Tg and excellent solubility. However, due to the
intramolecular charge transfer interaction between the alkyl and
phosphorus, the asymmetric PIs showed unexpected darker color,
limiting their applications.

It is well known that PIs with flexible ether linkages can impart
good solubility and lighter color [16e18]. In our another work [19],
we reported a phosphinated PIs based on a dietheramine, 1,4-bis
(4-aminophenoxy)-2-(6-oxido-6H-dibenz <c,e> <1,2> oxaphos-
phorin-6-yl) phenylene (3’) (Fig. 1), which was prepared by the
nucleophilic aromatic substitution of 2-(6-oxido-6H-dibenz <c,e>
: þ886 4 2285 4734.

All rights reserved.
<1,2> oxaphosphorin-6-yl)-1,4-dihydroxy phenylene (1’) with 4-
fluoronitrobenzene, followed by catalytic hydrogenation. However,
due to cleavage of PeAr bond at alkaline condition, the catalyst for
the nucleophilic substitution is limited to cesium fluoride, which is
very expensive compared with common inorganic bases such as
potassium carbonate. The expensive catalyst prohibits the appli-
cation potential of the resulting PIs. In addition, the nucleophilic
substitution did not succeed unless 4-fluoronitrobenzene, instead
of 4-chloronitrobenzene, was selected as reactant. It is known that
the former exhibits higher reactivity, but is much more expensive
than the latter. As shown in Fig.1, the reactivity of one phenol group
of (1’) was reduced due to the steric hindrance and electro-with-
drawing P]O bond of the ortho-substituted phosphinate pendent,
so the nucleophilic substitution of biphenol (1’) did not occur when
using less reactive 4-chloronitrobenzene. To reduce the steric
hindrance of phenol group, the phosphinate pendent must be
distanced from the phenol groups. In our recent work, we devel-
oped a new phosphinated biphenol, 1,1-bis(4-hydroxyphenyl)-1-
(6-oxido-6H -dibenz <c,e> <1,2> oxaphosphorin-6-yl)ethane (1).
As shown in Fig. 1, the two phenol groups of (1) were distanced
from the phosphinate pendent, so less steric hindrance and higher
reactivity for the nucleophilic substation is expected.

Here, continuing our work in organo-soluble, flame-retardant
phosphinated PIs, a phosphinated dietheramine, 1,1-bis(4-(4-ami-
nophenoxy)phenyl)-1-(6-oxido-6H -dibenz <c,e> <1,2> oxa-
phosphorin-6-yl)ethane (3), was economically prepared from the

mailto:linch@nchu.edu.tw
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2011.01.035
http://dx.doi.org/10.1016/j.polymer.2011.01.035
http://dx.doi.org/10.1016/j.polymer.2011.01.035


Fig. 1. Structures of (10), (1), (30) and (3).
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nucleophilic aromatic substitution of (1) with 4-chloronitrobe-
nzene using inexpensive potassium catalyst as catalyst, followed by
catalytic hydrogenation. Base on dietheramines (3), a series of
phosphinated PEIs (5) were prepared. The chemical structures,
solubility, crystallinity, thermal properties, and thermal stability of
the PEIs were investigated and compared with those of PEIs based
on a commercially available dietheramine, 2,2-bis [4-(4-amino-
phenoxy)phenyl] propane (BAPP), which exhibits a similar struc-
ture with (3) except for the phosphinate pendent.

2. Experimental

2.1. Materials

(1) was prepared according to a published procedure [20].
Potassium carbonate 10% palladiumon on carbon (Pd/C, from
Acros), 4-chloronitrobenzene (from Acros), 2,2-bis(4-(4-amino-
phenoyx)phenyl)propane (BAPP) (from Chriskev) and calcium
hydride (from Acros) were used as received. Pyromellitic dianhy-
dride (PMDA, from Acros) was dried at 170 �C overnight before use.
3,30,4,40-Benzophenonetetracarboxylic dianhydride (BTDA, from
Acros),, 4,40-oxydiphthalic anhydride (ODPA, from Chriskev), and
3,30,4,40-biphenyltetracarboxylic dianhydride (BPDA, from Chris-
kev) were recrystallized from acetic anhydride. N,N-dimethylace-
tamide (DMAc, from TEDIA) was purified by distillation under
reduced pressure over calcium hydride (from Acros) and stored
over molecular sieves. The other solvents used are commercial
products (HPLC grade) and used without further purification.

2.2. Characterization

NMR measurements were performed using a Varian Inova 600
NMR in DMSO-d6, and the chemical shift was calibrated by setting
the chemical shift of DMSO-d6 as 2.49 ppm. The assignment of
individual peak of (2e3) is assisted by the correlations shown in the
1He1H COSY and 1He13C HETCOR NMR spectra. IR Spectra were
measured by PerkineElmer RX1 infrared spectrophotometer. High-
resolution mass (HRMS) measurements were performed by a Fin-
nigan/Thermo Quest MAT 95XL mass spectrometer by fast atom
bombardment. Elemental analysis was performed on an Elementar
Vario EL III. Wide-angle X-ray diffraction measurements were per-
formed at room temperature by a MAC Science DMAX2000 X-ray
diffractometer with monochromatic Cu Ka radiation (l ¼ 1.5418 Å,
operating at 40 kV and 30 mA). The scanning rate was 3�/min over
a range of 2q¼ 5e40�. The stressestrain behavior of the polyimides
was characterized by an EZ tester at room temperature with film
specimens of 0.5 cmwide, 6 cm long and about 25 mm in thickness.
Differential scanning calorimeter (DSC) scans were obtained by
a PerkineElmer DSC 7 in a nitrogen atmosphere at a heating rate of
20 �C/min. Tg was taken as the midpoint of the heat capacity tran-
sition between the upper and lower points of deviation from the
extrapolated liquids and glass lines. Dynamic mechanical analysis
(DMA) was performed by a Perkin-Eimer Pyris Diamond DMA at
a heating rate of 5 �C/min. Thermo mechanical analysis (TMA) was
performed by a SII TMA/SS6100 at a heating rate of 5 �C/min.
Thermal gravimetric analysis (TGA)was performedbya Seiko Exstar
600 at a heating rate of 20 �C/min in a nitrogen or air atmosphere.
Flame retardancy of polyimides was performed by a UL-94VTM
vertical thin test. In that test, an 8"� 2" samplewaswrapped around
a 1/2" mandrel, and then taped on one end. The mandrel was
removed, leaving a cone-shaped sample that was relatively rigid.
The two flame applications were 3 s instead of 10 s. After the first
ignition, theflamewas removedand the time for thepolymer to self-
extinguish (t1) was recorded. Cotton ignition was noted if polymer
dripping occurred during the test. After cooling, the second ignition
was performed on the same sample and the self-extinguishing time
(t2) and dripping characteristics were recorded. If t1 plus t2 was less
than 10 s without any dripping, the polymer was considered to be
a VTM-0 material. If t1 plus t2 was in the range of 10e30 s without
any dripping, the polymer was considered to be a VTM-1 material.

2.3. Synthesis of (2)

To a round-bottom 100 mL glass flask equipped with a nitrogen
inlet, a condenser and a magnetic stirrer, (1) 10.0 g (23.3 mmol), 4-
chloronitrobenzene 7.25 g (51.4 mmol), potassium carbonate 6.45 g
(47 mmol) and DMAc 46mL were introduced. The reaction mixture
was heated to 120 �C and maintained at that temperature for 12 h.
Then, the reaction mixture was filtered, and the filtrate was poured
into 450 mL of enthanol/water (1/2, V/V) solution under stirring.
The precipitate was filtered and recrystallized from acetic anhy-
dride, and then dried in a vacuum oven at 110 �C. Light yellow
crystals 8.61 g (55% yield) were obtained. HR-MS(EI)m/z : calcd. for
C38H27O8N2P 670.1505; anal., 670.1509 for C38H27O8N2P. FTIR (KBr):
920 cm�1 (PeOePh),1203 cm�1 (P]O),1339 cm�1 (NO2 symmetric
stretch), 1543 cm�1 (NO2 asymmetric stretch), 1591 cm�1 (PePh).
1H NMR (ppm, DMSO-D6), d¼ 1.82 (3H, H1), 7.00 (2H, H17), 7.03 (2H,
H17’), 7.06 (2H, H20), 7.08 (2H, H20’), 7.17 (1H, H13), 7.20 (1H, H11),
7.38 (1H, H12), 7.40 (1H, H7), 7.41 (2H, H16),7.47 (1H, H6), 7.49 (2H,
H16’), 7.75 (1H, H5), 8.06 (1H, H10), 8.26 (2H, H21), 8.29 (2H, H21’). 13C



Scheme 1. Synthesis of (2) and (3).
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NMR (ppm, DMSO-D6), d ¼ 24.39 (C1), 52.94 (C2), 117.49 (C20,20’),
119.06 (C13), 119.72 (C17,17’), 120.60 (C3), 121.56 (C9), 123.50 (C4),
124.18 (C11), 125.34 (C10), 128.33 (C6), 126.18 (C21’21’), 128.33 (C6),
130.65 (C7), 130.83 (C16’), 131.60 (C16), 132.11 (C12), 133.99 (C5),
136.40 (C15,15’), 139.15 (C8), 142.41(C22,22’), 150.92 (C19,19’), 153.26
(C14), 162.39 (C18,18’).

2.4. Synthesis of (3)

(2) 6 g, 10% Pd/C 0.18 g, and DMF 50 mL were introduced into
a Parr autoclave at room temperature. The reaction system was
purged with nitrogen for 30 min before introducing hydrogen. The
pressure of the autoclave was maintained at about 140 psi under
hydrogen atmosphere for 24 h. Then, the reaction mixture was
filtered to remove Pd/C, and the filtrate was poured into 500 mL of
water under stirring. The precipitate was filtered and then dried in
a vacuum oven at 70 �C. Off white powders 4.37 g (80% yield) were
obtained. HR-MS(EI) m/z : calcd. for C38H31O4N2P 610.2021; anal.,
610.2028 for C38H31O4N2P. FTIR (KBr): 920 cm�1 (PeOePh),
1203 cm�1 (P]O), 1591 cm�1 (P-Ph), 1616 cm�1 (NH bend),
3339 cm�1 (NH symmetric stretch), 3439 cm�1 (NH asymmetric
stretch). 1H NMR (ppm, DMSO-D6), d¼ 1.67 (3H, H1), 4.97 (4H, NH2),
6.59 (2H, H21), 6.62 (2H, H21’), 6.63 (2H, H17), 6.68 (2H, H17’), 6.71
(2H, H20), 6.73 (2H, H20’), 7.11 (1H, H13), 7.16 (2H, H16), 7.20 (1H, H11),
7.26 (1H, H16’), 7.28 (1H, H7), 7.33 (1H, H12), 7.40 (1H, H6), 7.70 (1H,
H5), 7.95 (1H, H10),8.07 (1H, H4). 13C NMR (ppm, DMSO-D6),
d ¼ 24.34 (C1), 52.38 (C2), 114.99 (C17,17’), 115.75 (C21,21’), 120.76 (C9),
121.02 (C20,20’), 121.35 (C8), 122.11(C3), 123.45 (C4), 124.09 (C11),
125.36(C10), 128.18(C6), 129.88(C16’), 130.71(C12), 130.90(C16),
132.09(C15), 132.53(C15’), 133.81 (C7), 135.58(C22,22’), 136.41 (C5),
145.40 (C19,19’), 150.95 (C14), 1157.82 (C18,18’).

2.5. Preparation of PEIs

Phosphinated PEIs were prepared by reacting (3) with equal
mole of dianhydrides (aed). PEIs syntheses are exemplified by
specific synthesis of (5a) from the condensation of (3) and PMDA.
To a 100-mL three-neck round-bottom flask equipped with
a magnetic stirrer, nitrogen inlet, (3) 1.013 g (2 mmol), and CaH2-
dried DMAc 5.82 g were added. After the monomer had dissolved
completely, the reactor was placed into an ice-bath cooling system.
After the reaction mixture reached 3e5 �C, PMDA 0.436 g (2 mmol)
was added quickly and reacted at that temperature for 2 h. Then,
the viscous poly(amic acid) (4a) was diluted with DMAc 2.40 g and
then casted on glass by an automatic film applicator, The film was
dried at 80 �C overnight, and then imidized at 100 �C (1 h), 200 �C
(1 h) and 300 �C (1 h), respectively.

3. Results and discussion

3.1. Synthesis and characterization of (2)

(2) was synthesized from the nucleophilic substitution of (1)
and 4-chloronitrobenzene at 120 �C using potassium carbonate as
catalyst (Scheme 1). Liou and Hsiao [21] attempted to synthesize
a phosphorus-containing bis(ether-benzonitrile) from (1’) and p-
fluorobenzonitrile by the fluoro-displacement in the present of
potassium carbonate. However, according to the NMR and X-ray
analyses, the side-chain PeAr bond was cleaved by alkaline
hydrolysis during the nucleophilic fluoro-displacement reaction.
Furthermore, the cleavage of PeAr bond was observed when (1’)
was reacted with 4-chloronitrobenzene in the presence of potas-
sium carbonate [22]. Hoffmann et al. synthesized phosphinated
polyetherketones and polyethersulfones [23], and the cleavage of
PeAr bond was reported. Therefore, alkaline hydrolysis of PeAr
bond seems to be a problem for (1’) derivative compounds.

However, in this study, (2) can easily be prepared by a K2CO3-
catalyzed nucleophilic substitution of (1) and 4-chloroni-
trobenzene. Fig. 2 shows the 1H NMR spectrum of (2). Signals from
H20-H20’ and H21-H21’ indicate that (2) was successfully prepared.
Due to the inductive and anisotropic deshielding effect of the nitro
group, H21 and H21’ (ortho to the nitro group) show the largest
chemical shift at around 8.3 ppm. In contrast, H17 and H17’ (ortho to
the ether group) show the smallest chemical shift at 7.0 ppm
because of the shielding effect of the electron-donating ether
group. The other spectroscopic data such as 13C NMR, 31P, 1H-1H
COSY, and 1H-13C HETERCOSY spectra (Supporting information
Fig. S1-S4) support the structure and purity of (1). Biphenol (1)
exhibits a PeC (aliphatic carbon) bond, which is different from the
PeAr bond in (1’), might be responsible for the alkaline resistance
of (1). In addition, the nucleophilic substitution can be carried out
using less reactive 4-chloronitrobenziene. The less steric hindrance
of phosphinate on phenol groups might also be the reason for the
improved reactivity.

3.2. Synthesis and characterization of (3)

(3) was readily obtained by catalytic reduction of (2). Fig. 3
shows the 1H NMR spectrum of (3). An amino peak at 4.97 ppm
was observed. Because of the shielding effect of the electron-
donating amino groups, signals of H21 and H21’ upshifted from
8.3 ppm in (2) to 6.6 ppm in (3), demonstrating the successful
reduction of (2). The other spectroscopic data such as 13C NMR, 31P,
1He1H COSY, and 1He13C HETERCOSY spectra (Supporting
information Fig. S5eS8) support the structure and purity of (3).

3.3. Polyimide synthesis

PEIs (5) were prepared by the reaction of (3) with various
commercially available dianhydrides (a)e(d) in DMAc to form poly
(amic acid)s (4), followed by thermal imidization (Scheme 2).
According to the principle of NMR, a smaller chemical shift of an
amino proton means a higher electron density of nitrogen, corre-
sponding to a higher reactivity. The chemical shift of the amino
group of (3) is 5.0 ppm, which is almost the same as that of BAPP.
This suggests that the reactivity of (3) is not affected by the



Fig. 2. 1H NMR spectrum of (2).
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electron-withdrawing P]O group. As a result, PEIs with moderate-
to-high inherent viscosity, ranging from 0.59 to 0.80 dL/g (Table 1),
can be prepared. Fig. S9 shows the IR spectra of (5), the disap-
pearance of amic acid absorptions at 1650e1700 cm�1(C¼ONH)
and 2400e3400 cm�1(C¼OOH), together with the appearance of
characteristic imide absorption bands at 1776 cm�1 (C]O asym-
metric stretch), 1736 cm�1 (C]O symmetric stretch), 1438 cm�1

(CeN stretch), 1118 and 717 cm�1 (imide ring deformation) indicate
the transformation of o-carboxyl amide to the imide ring, therefore
confirming the complete imidization of the poly(amic acid).
Further, the absorptions of PePh absorption at 1583 cm�1, P]O
absorption at 1206 cm�1 and PeOePh absorption at 922 cm�1
Fig. 3. 1H NMR sp
indicate that the biphenylene phosphinate pendent did not
cleavage in the thermal imidization.

3.4. Properties of the PEIs

3.4.1. Organosolubility and crystallinity
The solubility properties of PEIs (5) are listed in Table 1.

Compared with the BAPP-based PIs [24], which are insoluble in
organic solvent, PEIs (5) show improved solubility. The crystallinity
of the prepared PEIs was evaluated by wide-angle X-ray diffraction
(Fig. S10). The patterns show that all the PEIs are amorphous. The
bulky biphenylene phosphinate, which retards the well-stacking of
ectrum of (3).



Scheme 2. Synthesis of PEIs (5).
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polymer chains, should be responsible for the amorphous charac-
teristic and improved solubility of (5).

3.4.2. Film quality and thermal properties
Fig. S11 shows a picture of (5b). As can be seen in the Figure, PEI

(5b) displays light color and is foldable. The other PEIs also show
light-color and foldable property. The tensile properties of PEIs (5)
are summarized in Table 1. The tensile strength, elongation at break,
and initial modulus range from 82 to 92 MPa, 8.1e14.2%, and
1.8e2.3 GPa, respectively. Since all PEIs (5) are tough and foldable,
DMA and TMA were applied to evaluate their thermal mechanical
properties and dimensional stability. Fig. 4 shows the DMAcurves of
PEIs (5), and the DMAdata are listed in Table 2. The Tg obtained from
Table 1
Inherent viscosity, mechanical and solubility data of PEIs (5).

Polymer hinh (dLg�1
)
a Tensile strength Elongation at break Initial modulu

(MPa) (%) (GPa)

(5a) 0.59 92 8.1 2.3
(5b) 0.69 82 14.2 1.8
(5c) 0.64 86 12.3 2.1
(5d) 0.78 86 9.6 1.9
(5d’) e e e e

a Measured at a polymer concentration of 0.5 g/dL in NMP at 30 �C.
b Solubility was tested with a 5 mg sample in 0.5 g of solvent at room temperature.
c þ, soluble at room temperature; þh, soluble on heating þ�, partially soluble on hea
the peak temperature of tan(delta) is 314, 271, 278 and 289 �C for
(5a)e(5d), respectively. Among the PEIs, (5a) shows the highest Tg
due to the rigid pyromellitic moieties. In contrast, (5b) displays the
lowest Tg because of the flexible ether linkage. The Tgs of PEIs (5) are
much higher than that (215 �C).of a commercially available poly-
etherimide, ULTEM. It is thought that the bulky phosphinate
pendentmakes polymer chains PEIs (5) difficult to rotate, increasing
the Tg. Fig. S12 shows the DMA curves of (5b) and (5b’). As can be
seen in the Figure, (5b) shows higher Tg than (5b’). It is thought this
phenomenon is related with the asymmetric/symmetric distribu-
tion of substituents. The bulky phosphinate pendent makes the
polymer chains of (5b) difficult to rotate. In contrast, the symmetric
isopropylidene eC(CH3)2e linkage makes PI (5b’) chains easier to
s Solvent for solubility testb

NMP DMAc DMF DMSO m-cresol CH2Cl2 CHCl3 THF

þhc þ� þ� e þ� e e e

þh þh þ� e þh þ� þe e

þh þ� þ� e þ� þ� þ� e

þh þ� þ� þh þ� þ� þ� e

e e e e e e e e

ting; e, insoluble on heating.
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Fig. 4. DMA curves of PEIs (5).

Fig. 5. TMA curves PEIs (5).

Table 2
Thermal Properties of PEIs (5).

Sample Film quality E’(GPa)a Tand (�C) Tg (�C) ( DSC)b

(5a) foldable 2.5 314 306
(5b) foldable 1.3 271 261
(5c) foldable 1.4 278 268
(5d) foldable 1.6 289 286
(5b’) foldable 1.3 241 234

a Measured by DMA at a heating rate of 5 �C/min.
b From the second DSC heating scan at a heating rate of 20 �C/min.
c Measured by TMA at a heating rate of 5 �C/min.
d Coefficient of thermal expansion are recorded from 100 �C to 200 �C.
e Temperature corresponding to 5% weight loss by thermogravimetry at a heating rat
f Residual weight % at 800 �C.
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rotate. The lowering of Tg by symmetric distribution of substituents
can be supported by the fact that the Tg of poly(vinyl dichloride)
(Tg w �17 �C) is much lower than that of poly(vinyl chloride)
(Tgw 89 �C). Another example is that the Tg of poly(vinyl difluoride)
(Tg w �40 �C) is much lower than that of poly(vinyl floride) (Tgw
40 �C). Fig. 5 shows the TMA curves of PEIs (5), and the TMAdata are
listed in Table 2. Tgs measured by TMA are in the range of
266e302 �C, which is slightly lower than those measured by DMA.
CTE at 100e200 �C are in the range of 49e53 ppm/�C, displaying
moderate dimensional stability. Fig. S13 shows the TMA curves of
(5b) and (5b’). As shown in the Figure, (5b) showhigher Tg and lower
thermal expansion, indicating that introducing the bulky phosphi-
nate pendent not only enhance the glass transition but also enhance
the dimensional stability. This result is rarely seen in the literature.

3.4.3. Thermal stability
The thermal stability of PEIs (5) was evaluated by TGA (Table 2).

The 5 wt% degradation temperatures of PEIs (5) in nitrogen atmo-
sphere range from 453 to 467 �C, and the char yields are in the
range of 56e58 wt%. In air atmosphere, the 5 wt% degradation
temperatures of polyimides 5 range from 435 to 451 �C, and the
char yields are in the range of 30e41 wt%. The degradation
temperature is relatively high compared with those of main-chain
type phosphinates [25,26].
Tg (�C) (TMA)c CTE (ppm/�C)d Td5%(�C)e Char yieldf

N2 air N2 air

302 50 459 450 56 38
260 53 467 451 56 41
266 51 453 431 58 35
274 49 459 441 58 30
231 64 522 537 30 21

e of 20 �C/min.



Table 3
Data of UL-94 test for PEIs (5) series and Kapton.

Sample
code

1st burning
time(sec)

2nd burning
time(sec)

dripping UL-94
grade

5a 0.6 0.1 No V-0
5b 1.4 0.3 No V-0
5c 1.1 0.3 No V-0
5d 0.8 0.2 No V-0
Kapton 4.6 1.8 No V-0
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The reason for the relatively high thermal stability of polyimides
5 may be attributed to the O¼PeO group being protected by the
two phenylene groups, and therefore the cyclic O¼PeO chain was
more thermally stable than the open O¼PeO chain. In addition, on
heating, the decomposition of the weak PeO bond decreases the
molecular weight rapidly for main-chain type phosphinates. In
contrast, the cleavage of the phosphorus pendent has little effect on
the integrity of polymer main chains, so they are thermally more
stable than the main-chain type phosphinates. The thermal
decomposition temperatures of PEIs (5) are higher than those of
our previous synthesized polyimides [15]. In our previous studies
[27,28], we reported that the thermal stability of phosphorus-
containing thermosets is related to the electron density of the
carbon adjacent to the phosphorus. The lower the electron density
of the carbon is, the lower its thermal stability. It is speculated that
PEIs (5), with two electron-donating ether groups, increased the
electron density of the carbon next to phosphorus, so they display
the higher degradation temperatures than the polyimides prepared
in our previous work [15]. However, although with higher 5%
degradation temperatures, the char yields of PEIs (5) are lower than
those of polyimides prepared in our previous work.15 It is specu-
lated the ether linkage reduces the oxidative resistance. As to the
flame retardancy, according to the UL-94VTM vertical thin test, the
t1þ t2 is less than 2 s for PEIs (5), so they belong to the VTM-0 grade
(Table 3). In contrast, the t1 þ t2 is higher than 6 s for Kapton.
Although wholly aromatic polyimides usually possess VTM-0 grade
without halogen and phosphorus components, they are usually
organo-insoluble. The combination of organo-solubility and flame
retardancy makes PEIs (5) attractive for industrial application.

4. Conclusions

We report an economic synthesis of phosphinated dietheramine
(3), which was prepared from a K2CO3-catalyzed nucleophilic
aromatic substitutionof (1)with less reactive4-chloronitrobenzene,
followed by catalytic hydrogenation. Biphenol (1) exhibiting an
alkaline-stable PeC (aliphatic carbon) bondmight be responsible for
the alkaline resistance of (1). In addition, the steric hindrance of
phenolic OH in (1) is less than that in (1’), so the nucleophilic
substitution can occur using less reactive (but inexpensive) 4-
chloronitrobenzene. All the PEIs (5) are light-color, tough and fold-
able. When compared with BAPP-based PEIs, PEIs (5) shows higher
Tg, lower thermal expansion, improved solubility, and better flame
retardancy. The combination of organo-solubility and flame
retardancy makes PEIs (5) attractive for industrial application.

Appendix. Supporting information

Supplementary data related to this article can be found online at
doi:10.1016/j.polymer.2011.01.035.
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Porous films were fabricated from nonporous layer-by-layer multilayers composed of a blend of posi-
tively charged disulfide-containing polyamidoamine and poly(allylamine hydrochoride), and negatively
charged poly(acrylic acid), followed by removal of cleavable disulfide-containing polycation after incu-
bation in 1 mM DTT solution. The thickness of original multilayered films decreased with the increase of
incubation time in DTT solution. Atomic force microscopy (AFM) measurements and electrochemical
analysis demonstrated the formation of nanopores with sizes ranging from 50 to 120 nm. The formed
porous films were stable in buffer solution at pHs ranging from 7.4 to 1.6, whereas they showed slight
changes in pore number and pore size when incubated in PBS buffer at a pH of 10.0. This research might
provide a universal method for the fabrication of noncrosslinked porous multilayered films.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The layer-by-layer (LBL) assembly technique, which was first
introduced byDecher and co-workers in 1991, has rapidly expanded
to become a premier method for the fabrication of nanoscale films
with tailored properties [1]. Due to its simplicity, versatility, and
systematical control over the structure and the thickness of the
obtained films, LBL technique has been extensively applied for the
preparation of multilayered films [2,3]. Although a variety of
interactions, such as hydrogen-bonding [4,5], charge transfer [6,7],
acidebase pairing, metal ion coordination and covalent bonding
[8,9], have been employed as driving forces for the LBL assembly,
electrostatic interaction has been most widely used to construct
multilayered films. These thin films can be prepared on substrates
including metals, glass, silicon, and polymers with varying
morphologies, such as flat macroscopic surface, nanopatterned
surface [10], porousmembranes, and colloids [11] by using a variety
of compounds including natural and synthetic polyelectrolytes [12],
nanoparticles [13], and carbon nanotubes [14]. The formed multi-
layered films have been widely used in sensing [15], nonlinear
optics [16], photoactive films [17], drug delivery [18,19], and selec-
tive area patterning [20]. Recently, porous films have receivedmore
Huang), bmp@whu.edu.cn

All rights reserved.
and more attention because their permeation properties could be
controlled by changing external pH [21], temperature [22], electric
field [23], concentration of starting polymers, or ionic strength of
their environments [24]. Two kinds of important methods have
been developed to fabricate microporous or nanoporous multilay-
ered films. One is to treat the constructed nonporous multilayers at
different pH value, temperature or ionic strength to form porous
structures by the breakage of the interchain ionic bonds and rear-
rangement of the polyelectrolytes inside the films. Thus formed
pores are often reversible by changing pH, temperature or ionic
strength. It is necessary to chemically crosslink the film to fix the
formed pores. For example, Rubner et al. preparedmicroporous thin
films from the weak polyelectrolytes PAH and PAA by changing the
external pH [25], and found that the external pH affected the
morphology of the resulted films [26]. Immersion of PAA/PAH
multilayered films in ultrapure water, prepared from salt-contain-
ing polyelectrolyte, resulted in the formation of nanopores [27].
Similarly, hydrogen-bonding-directed porous PAA/poly (4-vinyl-
pyridine, P4VP) multilayered film was prepared by post-treatment
in basic aqueous solution at different temperatures [28e30]. In the
second kind of method, P4VP was used as a template to be incor-
porated into the multilayered films via layer-by-layer deposition of
PAA and a blend of PAH and P4VP. After crosslinking of the con-
structed multilayers by 1-ethyl-3-(3-dimethylaminopropyl) carbo-
diimide (EDC) activation, the hydrogen-bonded component (P4VP)
was removed from the crosslinked film in a basic solution (pH 10.0)
to obtain nanoporous films [31].
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In our previous work, we have developed a simple method for
fabrication of noncrosslinked, porous polyelectrolyte multilayered
films via the removal of reducible template from nonporous multi-
layers prepared by LBL deposition of poly(sodium4-styrenesulfo-
nate) (PSS) and a blend of reducible polycation and nonreducible
polycation [32]. The pores in the films, composed of strong poly-
electrolyte (PSS) and weak polyelectrolyte (polyamine), are stable
and irreversible at pH 5.5e7.4. In this work, we used the reducible
templatemethod to fabricate porousmultilayers composed of weak
polyelectrolyte PAH and PAA (Scheme 1). Different from the porous
PAH/PAAfilms prepared bychanging pHor using P4VP template, the
pores in the noncrosslinkedPAH/PAAfilms, prepared fromreducible
template, are stable and irreversible at pH 1.6e10.0.

2. Experimental part

2.1. Materials

Poly (allylamine hydrochloride) (PAHMw¼ 70,000 gmol�1) and
poly (acrylic acid) (PAAMw¼100,000gmol�135wt.% inwater)were
purchased fromSigmaeAldrichandusedwithout further treatment.
Dithiothreitol (DTT, Merk, Germany) was used directly. Other
reagents and solvents were of analytical grade and used as received.
Polymer 1 (Mw¼ 1.22�104 gmol�1,Mw/Mn¼ 1.26)was synthesized
as previously described [32]. Quartz substrates (0.8 cm � 2.0 cm)
werecleanedwithmethylenechloride, ethanol,methanol, ultrapure
water, and dried under a stream of nitrogen. Subsequently, the
surface of quartz substrates was activated by immersion in a 1:1 (v/
v)mixture of H2SO4 andH2O2 (30wt.% inwater) solution at 80 �C for
2 h, rinsing with ultrapure water, dipping into a 5:1:1 mixture of
water, H2O2 (30 wt.% in water) and a 29 vol.% ammonia solution at
80 �C for 1 h, rinsing again, and drying under a stream of nitrogen.

2.2. Preparation of multilayered films

Multilayered films were prepared by the alternate dipping
method: the activated quartz substrates were immersed in PBS
buffer (0.1 M, pH 7.4) containing 0.5 mg ml�1 of PAH (polymer 2)
and 0.5 mg ml�1 of polymer 1 (or with one of them) for 10 min,
followed by rinsing with ultrapure water for three times and dried
with a gentle stream of nitrogen. The substrates were then
immersed into the oppositely charged polyelectrolyte solution in
PBS buffer (0.1 M, pH 7.4) containing 1 mg ml�1 of PAA (polymer 3)
for 10 min, followed by the same rinsing and drying protocol. This
cycle was repeated until the desired number of layers had been
built on the activated substrates. Films to be used in thickness
measurements, degradation experiments, and AFM measurements
were dried under a gentle stream of nitrogen, placed in desiccators
and stored dry until use.
Scheme 1. Procedure used to produce porous polymer film from (1 þ 2)/3 multilay-
ered film. First, a polycation adsorbed quartz substrate is followed by adsorbing PAA in
a repeated manner. Then, polymer 1 degraded in DTT solution to disrupt SeS bonds.
Finally, polymer 1 and excess PAA released, and films rearranged to form pores.
2.3. Thickness measurement

The thickness of multilayered films with different numbers of
bilayers was determined in three different locations on the sub-
strate surface by using profilometry (TayloreHobson S4C-3D).

2.4. Reductive degradation

A quartz substrate coated with ten bilayers of (1 þ 2)/3 or 2/3
films was placed in a plastic tube and a sufficient 1 mM solution of
DTT in PBS buffer (0.1 M, pH 7.4) was added to cover the substrates.
The film-coated substrates were incubated at room temperature for
appointed time, and then the films were washed with ultrapure
water and dried under a stream of nitrogen. The reductive degra-
dation of multilayered films in 1.5 mM, 2 mM, 2.5 mM DTT solution
and PBS without DTT was similar to the procedure described above.

2.5. Atomic force microscopy (AFM)

The surface topography of the nitrogen-dried films on quartz
substrates after different treatments was recorded by AFM (SPM-
9500J3. Shimadzu, Japan) in air, which was operated in tapping
mode.

2.6. Electrochemical measurements

Cyclic voltammetry was made using a three-electrode standard
system consisting of a saturated calomel reference electrode (SEC),
a platinum wire counter electrode, and a film-supporting ITO-
coated working electrode at a scan rate of 25 mV/s. A CH-Instru-
ments 830 electrochemical analyzer was used to perform cyclic
voltammetry measurements. A 0.005 M K3Fe(CN)6 solution (with
0.1 M KCl, PBS (0.1 M, pH 7.4), as solvent) was purged with a flow of
nitrogen for 30 min prior to any measurement.

3. Results and discussion

3.1. Preparation and thickness analysis of multilayered films

The multilayered films, composed of a blend of polycations
includingpolymer 1 andpolymer 2 (PAH), andpolyanion (polymer 3,
PAA), were fabricated by the alternate dipping method [1]. The
chemical structures of polymer 1, 2, and 3 are shown in Fig. 1. It is
known that both PAH and PAA are weak polyelectrolytes. The PAA
chain could be fully ionized at pH6.5 or above. In the case of PAH, the
polymeric chainsare fully ionizedunderacidic conditions andstart to
loseprotonsat a pHof7.0 [33]. Similarly, theprimaryaminogroups in
the side chains of polymer 1 are ionized at a pH of 7.0, however, the
tertiary amines in the mainchain of polymer 1 are free. In this work,
we used a blend solution of polymer 1 and PAH in PBS (0.1M, pH7.4),
Fig. 1. The chemical structures of polymer 1, 2 (PAH) and 3 (PAA).
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and the solution of PAA in PBS (0.1 M, pH 7.4) to construct (1 þ 2)/3
multilayered films. Under these conditions, theweak polyelectrolyte
PAAwas fully ionized, and PAH and the side chains of polymer 1 was
largely ionized [34]. The complexation of PAHePAA and polymer 1-
PAAwere mainly attributed to electrostatic interaction.

The thickness of multilayers prepared by layer-by-layer deposi-
tion of the polycation and polyanion onto the activated quartz
substrateswasmeasuredbyprofilometry. Fig. 2 displays the increase
of thickness as a function of the number of 1/3, 2/3, and (1 þ 2)/3
bilayers for films deposited on quartz substrates. The results indi-
cated that the thickness of (1 þ 2)/3, 1/3, and 2/3 films gradually
increased with the increase of respective bilayer numbers when the
activated substrateswere submerged alternately into polycation and
polyanion solutions. As shown in Fig. 2a, an exponential increase of
thickness of the 1/3 films with an increase of deposited bilayer
numbers was observed. The possible explanation for this phenom-
enon was that polymer 1 containing the disulfide linkages in the
backbone can diffuse “in and out” of the film during the process of
LBL buildup. The hypothesis of polyion’s diffusion “in and out” of the
film during the LBL assembly was experimentally confirmed in the
PLL/HA system [35]. It was proposed that polymer 1 diffused
through-out the film down into the quartz substrate after each new
polymer1deposition andoutof thefilm after eachpolymer1 rinsing
and further after each PAA deposition. Because polymer 1molecules
(Mw ¼ 1.22 � 104 g mol�1) were much smaller than PAA
(Mw ¼ 1.0 � 105 g mol�1), it is possible that polymer 1 was easier to
diffuse out of the film in the presence of PAA (polymer 3) in solution,
which increased the amount of polycation and the charge density on
the surfaceof thefilm. This resulted that theamountof PAAadsorbed
in the new forming bilayerwas larger than that in the former bilayer,
leading to a nonlinear increase of film thickness. In contrast, a linear
increaseof thickness of the2/3filmson thequartz substrateswith an
increase of bilayers was observed (shown in Fig. 2b). Because the
polyion in the films, either 2 or 3, were difficult to diffuse outside in
the process of construction. In the case of (1 þ 2)/3 multilayers,
similar resultswere observed. In (1þ2)/3 film, polymer 1, polymer 2
and PAA entwined to form tighter polyelectrolyte complexes, which
Fig. 2. Thickness of multilayered films as a function of 1/3 (a), 2/3 (b), and (1 þ 2)/3 (c) bi
resulted in that polymer 1 was fixed inside the films and difficult to
diffuse out. The thickness of 1/3, 2/3 and (1 þ 2)/3 (in Fig. 2c)
multilayers with 10 bilayers was 258, 75 and 104 nm, respectively.
The results indicated that the thickness of polycation/PAA multi-
layered films was greatly dependent on the chemical structures and
molecular weights of polycations used.

3.2. Reductive degradation and pores formation in (1 þ 2)/3
multilayered films

3.2.1. Film thickness decrease
It is known that the disulfide bond is cleavable under reductive

conditions. We first study the effect of incubation of the film in
a solution without DTT, and found that there was no significant
decrease of thickness when (1 þ 2)/3 film was immersed in the
solutionwithout DTT. Then, we investigated the thickness change of
films incubated in DTT solution. Dry (1 þ 2)/3 film on a quartz
substrate with 10 bilayers was immersed in PBS (0.1 M, pH 7.4)
containingDTT.After23h, 26h, 29h, and34h incubationof thefilms
in PBS (0.1M, pH 7.4) containing 1mMof DTT, the thickness of films,
measured by profiler, decreased by 44.2%, 65.5%, 66.3%, and 69.4%
(shown in Fig. 3) with reference to the original films, respectively.
Similar results have also been observed from disulfide-containing
polycation/DNA multilayers incubated in DTT solution in our
previouswork [36]. The disulfide bond in the backbone of polymer 1
in (1 þ 2)/3 multilayered film was reduced by DTT to yield low-
molecular-weight polycation or small molecules, which lost the
ability to bind negatively charged PAA via electrostatic interaction.
As a result, low-molecular-weightpolycationor smallmolecules and
excess PAA diffused out from the multilayered film. The loss of
polymer1 andpartof 3 resulted in the thicknessdecreaseof (1þ2)/3
filmwhen incubated in reductive solution. The thickness decrease is
dependent on the incubation time.

3.2.2. Pores formation
Atomic force microscopy (AFM) was used to monitor the surface

morphological change of (1þ2)/3 film and 2/3 film after incubation
layer numbers for films deposited on quartz substrates. The outermost layer was PAA.



Fig. 3. Thickness of original (1 þ 2)/3 films with 10 bilayers and films after 23 h, 26 h,
29 h, and 34 h incubation in PBS containing 1 mM DTT at room temperature.
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in PBS (0.1 M, pH 7.4) containing DTT. Fig. 4 shows AFM images of
the surface of (1 þ 2)/3 films with 10 bilayers in 1 mM of DTT for
different incubation time. Before treated with DTT solution, the
surface of the (1 þ 2)/3 film was relatively flat, and no pores were
observed (Fig. 4a). After incubation of (1 þ 2)/3 film in 1 mM of DTT
solution for 23 h, a small number of pores formed on the surface of
the film (Fig. 4b). With increasing incubation time from 23 h to
26 h, large number of pores formed on the surface of the film.
Further increase of incubation time from 26 h to 34 h resulted in
neither increasing pore numbers nor significantly changing pore
sizes (Fig. 4cee). The sizes of pores, fromed by incubation in 1 mM
DTT solution for 26, 29 and 34 h, ranged from 50 to 120 nm.

AFM measurment also provided the surface roughness changes
of (1 þ 2)/3 multilayered films incubated in 1 mM DTT solution,
Fig. 4. AFM images of (1 þ 2)/3 films with 10 bilayers after incubation in 1 mM DTT for (a) 0
immersion in 1 mM DTT for 34 h (f). Image size ¼ 5 � 5 mm.
which is shown in Fig. 5. The original (1 þ 2)/3 multilayered film
exhibited very low surface roughness (2.4 nm) before reductive
degradation. However, after incubation of the (1 þ 2)/3 multilay-
ered film in 1 mM DTT solution for 23 h or longer, the surface
roughness increased significantly above 10 nm, accompanying
formation of pores. This observation in increasing surface rough-
ness was consistent with the results of surface morphological
changes. As a reference, treatment of 2/3 films without disulfide
bonds did not result in pores formation. No difference was found in
the surface morphologies of 2/3 films before and after incubataion
in DTT solution (Fig. 6a and b). The results demonstrated that the
formation of pores in (1 þ 2)/3 films in DTT solution was triggered
by the cleavage of disulfide bonds in polymer 1. The mechanism of
pore formation using cleavable polymer 1 as a template is similar to
that discussed in our previous work [32]. Briefly, polymer 1 was
cleaved into small molecules when (1 þ 2)/3 multilayered film was
incubated in a DTT solution, which lost the ability to bind PAA via
electrostatic interaction, and diffused out from the film. Subse-
quently, the excess of PAA released from the film, and rearrange-
ment of polycation and polyanion occurred, which resulted in the
formation of pores inside the film.
3.3. Electrochemical analysis

We used cyclic voltammetry to provide further evidence for the
formation of nanoporous thin films. We first constructed (1 þ 2)/3
films with 10 bilayers on the surface of ITO (indium tin oxide)
substrate, and then fabricated porous multilayers by incubating the
films in 1 mM DTT solution. The permeability of nonporous and
porousmultilayerswas then electrochemically evaluated using K3Fe
(CN)6 as a probe. K3Fe(CN)6 was widely used as an electrochemical
probe to investigate the characteristics of films on the various elec-
trode surfaces [27,31,37,38]. The formation of nanopores in multi-
layers on the surface of ITO would allow the accessibility of
ferricyanide complexes to the surface of the electrode, which
h; (b) 23 h; (c) 26 h; (d) 29 h; and (e) 34 h, and 3D-AFM images of (1 þ 2)/3 films after



Fig. 7. Cyclic voltammograms of ITO-coated electrodes coated with a ten bilayer
(1 þ 2)/3 film in a 0.005 M K3Fe(CN)6 solution (with 0.1 M KCl, PBS 7.4, 0.1 M as
solvent), prior to (a) and after exposure to 1 mM DTT for 23 h (b), and 34 h (c).Fig. 5. RMS surface roughness of original (1 þ 2)/3 films with 10 bilayers and films

after 23 h, 26 h, 29 h, and 34 h incubation in PBS containing 1 mM DTT at room
temperature.
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resulted in a higher redox current. Fig. 7 shows the change of elec-
trochemical behaviors of multilayered film-coated ITO electrode in
the process of pore formation. A freshly-prepared electrode coated
with a [(1 þ 2)/3]10 filmwas first immersed into 0.005 M K3Fe(CN)6
solution containing 0.1MKCl. A quasi-reversible cyclic voltammetry
wasdetected,witha reductionpeakcurrentof61.4mA/cm2 (shown in
Fig. 7a). To quantify the influence of cleavage time on the multilay-
ered film structure, the same electrodewas re-immersed into 1 mM
DTTsolution for 23h andwashedwithultrapurewater and reused to
examine the permeability in the same electrolytic solution. As sug-
gested in Fig. 7b, compared to 7a of original multilayer-coated-ITO
electrode, a dramatic increase in reduction peak current (188.6 mA/
cm2, a3-fold increasing) after 23h incubationof (1þ2)/3multilayers
in 1 mM DTT solution was detected. The degraded [(1 þ 2)/3]10-
coated ITOwas incubated for further 11 h in 1mMDTT solution, and
reused in the same electrolytic solution for cyclic voltammetry
measurement. The reduction peak current of multilayer-coated-ITO
electrode after 34 h cleavage increased to 231.7 mA/cm2 (Fig. 7c),
which was significantly higher than that after 23 h cleavage. The
higher current suggested that better diffusion of ferricyanide
complexes to the surface of the electrode after cleavage of multi-
layers when incubated in 1 mM DTT, and the film permeability
increased with the increase of incubation time. The electrochemical
analysis results providedadditional evidences for thepore formation
throughout the film after incubation in DTT solution, which is
consistent with that measured by AFM.
Fig. 6. AFM images of PAH/PAA multilayered films with 10 bilayers: (a) origina
3.4. Effect of DTT concentration on reductive degradation of (1 þ 2)/
3 multilayered films

To investigate the effects of DTT concentration on reductive
degradation of (1 þ 2)/3 multilayered films, (1 þ 2)/3 multilayered
films with 10 bilayers were separately incubated in PBS buffer
containing DTT at concentrations of 1.5 mM, 2 mM and 2.5 mM for
23 h. Fig. 8 shows the AFM images of the reductively degraded
films. We found that the degradation rate of (1 þ 2)/3 films
dramatically increased with increasing DTT concentration from
1 mM to 2.5 mM. After 23 h incubation of (1 þ 2)/3 multilayered
films in DTT solution at 1.5 mM, 2 mM and 2.5 mM, large area of
film shed and large pores formed. The results were different from
that we previously reported in the case of reductive degradation of
multilayers prepared from disulfide-containing polycation and
strong polyelectrolytes, such as DNA and poly(sodium4-styr-
enesulfonate) [32,36]. Because both of poly(allylamine hydro-
chride) and poly(acrylic acid) are weak polyelectrolytes, the weak
electrostatic interaction in poly(allylamine hydrochride)/poly
(acrylic acid) multilayered films resulted in shedding of film after
rapid cleavage of disulfide when incubated in DTT solution at high
concentration. In contrast, relatively slow degradation of disulfide
bonds in DTT solution at a concentration of 1 mM allowed the
occurrence of polyelectrolyte rearrangement and the formation of
nanopores in the multilayers. In this work, we found that only
1 mM DTT solution is suitable for the fabrication of nanoporous
PAH/PAA multilayered films.
l film; (b) after incubation in 1 mM DTT for 23 h. Image size ¼ 5 � 5 mm.



Fig. 8. AFM images of (1 þ 2)/3 multilayered films with 10 bilayers after incubation in 1 mM DTT (a), 1.5 mM DTT (b), 2 mM DTT (c), and 2.5 mM DTT (d) solution for 23 h. Image
size ¼ 3 � 3 mm.

Fig. 9. AFM images of (1 þ 2)/3 porous film: original (a); after immersion in PBS 7.4 for 6 h (b); in pH 10.0 for 6 h (c); in pH 2.8 for 4 h (d); in pH 2.1 for 4 h (e); and in pH 1.6 for 4 h
(f). Image size ¼ 5 � 5 mm.
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3.5. Stability of pores formed in PAH/PAA multilayers

The nanopores or micropores in previously reported multilayers
composed of weak polyelectrolyte, PAH and PAA, are completely
and repeatedly reversed by changing the pH value of incubation
buffer solution. It is necessary to heat the films at 180 �C to crosslink
the films and lock the pores in the films. To investigate the stability
of porous structures in multilayers fabricated from (1 þ 2)/3 films
by treatment with 1 mM DTT solution for 34 h, we first submerged
the porous films in PBS (0.1 M, pH 7.4) at room temperature for 6 h,
Then, the films were washed with ultrapure water, blown dried
under a stream of nitrogen, and placed in a desiccator for AFM
measurement. This film was successively re-incubated in PBS
(0.025 M, pH 10) for 6 h, sodium acetate buffer (0.2 M, pH 2.8) for
4 h, sodium acetate buffer (0.2M, pH 2.1) for 4 h and sodium acetate
buffer (0.2 M, pH 1.6) for 4 h at room temperature. After each
incubation, the filmwas washed and dried for AFMmeasurements.
Fig. 9 shows the AFM images of the porous films after incubation in
various buffer solution. Compared to the original film (Fig. 9a), the
AFM image of the film after 6 h immersion in PBS (0.1 M, pH 7.4)
(Fig. 9b) showed no significant surface morphological changes.
When the porous film was re-incubated in PBS (0.025 M, pH 10.0),
some changes were observed, including the decrease of the pore
number and pore size. When the PBS 10.0 treated porous film was
successively incubated in sodium acetate buffer (0.2 M, pH 2.8),
sodium acetate buffer (0.2 M, pH 2.1) and sodium acetate buffer
(0.2 M, pH 1.6), we found that the pore number and pore size
became same as that of original film. The results indicated that the
noncrosslinked PAH/PAA porous film prepared via a cleavable
template is stable in buffer solution at pHs ranging from 7.4 to 1.6.
However, the porous film showed slight changes in pore number
and pore size when incubated in PBS buffer at a pH of 10.0. The
results are greatly different from the porous PAH/PAA film prepared
by changing pH value of incubation buffer solution. The reason of
the difference is easily understood that the cleavage of disulfide
bonds induced loss of polycation and polyanion is irreversible,
which resulted that the formed pores are irreversible. The results
demonstrated that the cleavable template is suitable not only for
the fabrication of stable weak polyelectrolyte/strong polyelctrolyte
porous multilayers, but also for stable weak polyelectrolyte/weak
polyelctrolyte porous multilayers.

4. Conclusions

In conclusion, we have successfully applied the cleavable
template for the fabrication of weak polyelectrolyte(PAH)/weak
polyelectrolyte (PAA) porous multilayers by selective cleavage of
disulfide-containing polycation in themultilayers composed of PAA
and a blend of PAH and disulfide-containing polycation. Different
from porous PAH/PAA multilayers prepared by changing the pH
value of incubation buffer, the pores in porous PAH/PAAmultilayers
prepared via cleavable template are stable at pHs ranging from 7.4
to 1.6. This study may provide a general cleavable-polycation
template for the construction of noncrosslinked porous multilay-
ered films from any kind of polycation/polyanion, either weak
polyelectrolytes or strong polyelectrolytes.
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Poly(butadiene)-b-poly(ethylene oxide) vesicles were successfully loaded with hydrophilic dye Phloxine
B. Dye addition during vesicle formation leads to Phloxine B encapsulated inside the water filled vesicle
core as well as to freely diffusing dye molecules. The removal of uncapsulated substrate involves time
consuming methods like dialysis or harsher methods like ultra filtration or selective precipitation, posing
the risk of irreversible sample manipulation. Here used Phloxine B as pH sensitive fluorescence indicator
allows the characterization of hydrophilic loading without separation procedure by adjusting the pH
value. Additionally membrane blocking efficiency can be studied by time dependent fluorescence
measurements. Cryogenic TEM studies showed that the self-assembled structure remained unchanged
when the hydrophilic dye was incorporated within the vesicles. Fluorescence microscopy imaging
proved the encapsulation of the hydrophilic dye inside the core volume. The combination of fluorescence
correlation spectroscopy (FCS) and dynamic light scattering (DLS) measurements as ensemble methods
confirmed those results additionally.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Amphiphilic block copolymers tend to self-assemble in selective
solvents like water. Depending on parameters like overall average
molecular weight, volume fraction of each block or effective
interaction energy between monomers in the blocks, vesicles with
bilayer shell and solvent interior volume similar to liposomes can
be formed [1]. Such block copolymer vesicles in aqueous media
have attracted increasing interest due to their enhanced stability
compared to classical liposomes and due to the potential to control
vesicle properties like bilayer thickness, permeability or surface
functionalities by appropriate chemical copolymer adjustment [2].

The block copolymer poly(butadiene)-block-poly(ethylene oxide)
(PB-b-PEO) isa frequentlystudied systemunder this regard [3e6]as it
offers several advantages. Forexample, thePEO that forms the surface
of the assembled structures in water is in general regarded as
biocompatible [7,8]. Furthermore, depending on the PB block length
the assembled vesicles can exhibit a thicker hydrophobic membrane
core and therefore higher stability compared to liposomes [9]. Addi-
tionally this copolymer features the possibility of being crosslinked
thereby stabilizing the assembled structure [10e12].
stry, University Mainz, Jakob-
131 3924190.
s@uni-mainz.de (M. Maskos).

All rights reserved.
Drug delivery is mainly based on successful encapsulation of
substrates with different solubility parameters. Micellar structures
are favored in case of hydrophobic substrates solubilized within the
hydrophobic core of the micelle [13,14]. Hydrophilic substrates are
typically encapsulated by solubilization within the water filled
cavity of liposomes or vesicles. With the additional hydrophobic
domain in the shell, such vesicles offer the possibility of loading
hydrophobic and hydrophilic substrates at the same time into the
very same particle.

The hydrophobic encapsulation into the vesicle shell of various
polymer systems has been reported before [15e24]. For the poly-
mer under study the hydrophobic loading with fluorescent dye Nile
Red as well as with hydrophobic semi-conductor nanocrystals was
already investigated by our group and published recently [25].

The hydrophilic loading of the vesicles core volume has been
successful for several polymer systems including the PB-b-PEO
[26,27]. By substrate addition into the aqueousmedia during vesicle
formation the hydrophilic substrates are encapsulated inside the
vesicles core volume and are also freely diffusing in the surrounding
solution. Crucial step is always the removal of uncapsulated
substrate for detailed characterization. Such separation procedure
involve time consuming methods like dialysis or harsher methods
like ultra filtration or selective precipitation, posing the risk of
irreversible sample manipulation. We here report on a system
allowing the characterization of hydrophilic loading possibilities

mailto:michael.maskos@bam.de
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Fig. 2. Emission spectra of PhB-loaded vesicle solution P_VC_Ph1 after preparation at
pH ¼ 6.5 (line) and after HCl addition at pH ¼ 2 (dashed line) and pH ¼ 1.5 (dotted
line), normalized at l ¼ 560 nm for pH ¼ 6.5.
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without separating procedure. The hydrophilic dye Phloxine B is
used whose fluorescence is pH sensitive and quenched at pH values
smaller 2. By adjusting the surrounding pH the emission of freely
diffusing dye molecules can be quenched and the measurement of
fluorescence originating from the encapsulated molecules alone
becomes possible. An additional feature is the possibility tomonitor
the proton diffusion through the vesicles membrane time depen-
dent. Apart from spectroscopic and microscopic techniques we
utilized fluorescence correlation spectroscopy in combination with
dynamic light scattering to further characterize loading properties.

2. Experimental section

2.1. Materials

All vesicle solutions were produced in purified water (Waters
MilliQ system) and tetrahydrofuran (THF, uvasol grade, Riedel-de
Haën, destabilized by distillation). The fluorescent dyes Nile Red
(99%, Acros) and Phloxine B (Aldrich) were used without purifica-
tion. Hydrochloric acid (0.1M, Acros) was usedwithout purification.
The synthesis of poly(butadiene)-b-poly(ethylene oxide) was
published before [6]. The copolymer PB130-b-PEO66eCOOH was
characterized by MALDI-TOF mass spectrometry and 1H NMR
resulting in Mn ¼ 10 kg/mol, Mw/Mn ¼ 1.05 and 29%w/w PEO (the
indices represent the number average degree of polymerization of
the individual blocks as determined by 1H NMR).

2.2. Methods

Transmission Electron Microscopy imaging was performed at
a FEI Tecnai 12 on carbon coated copper grids. Cryogenic TEM
imaging was done under liquid N2 cryo conditions on holey carbon
coated copper grids. The microscope was used with 120 kV accel-
eration voltage and the images were taken with a CCD camera.

Fluorescence Correlation Spectroscopy was performed with
a commercial FCS setup (Zeiss, Germany) consisting of the module
ConfoCor 2 and an invertedmicroscopemodel Axiovert 200. A Zeiss
C-Apochromat 40x/1.2Wwater immersion objective was used. The
fluorophores were excited by an argon-ion laser at l ¼ 488 nm and
emission was collected after filtering with a LP505 long pass filter.
For detection, avalanche photodiodes were used to enable single-
photon counting [25,28].

The calibration of the confocal observation volume was done
using a reference standard with known diffusion coefficient, in our
case orange fluorescent carboxylate-modified microspheres (Fluo-
Spheres, Invitrogen) with a hydrodynamic radius of 54 nm (as
obtained by dynamic light scattering).

Fluorescence Microscopy imaging was performed at an Axio
Imager A1 Microscope (Zeiss, Germany), equipped with a 100�
pH = 6.5

+ HCl

pH < 2

Fig. 1. Schematic drawing: (a) vesicle preparation atpH¼ 6.5,fluorescingPhB (green) and
vesicle shell (red); (b) sample after HCl addition, surrounding solution at pH < 2 causes
quenched fluorescence of freely diffusing PhB molecules. (For interpretation of the refer-
ences to colour in thisfigure legend, thereader is referred to thewebversionof this article).
water-objective (Zeiss) and an Alexa filter set, lex ¼ 488 nm,
lem¼550nmwithadichroicplate (EdmundOptics,Germany).Colour
pictures were taken using a Canon Camera.

Fluorescence Spectroscopy was performed at a FP-6500 Spec-
trofluorometer (Jasco, Germany) with external temperature control.

Dynamic Light Scattering was performed with a SpectraPhysics
SP2080 argon-ion laser (l ¼ 514 nm), an ALV-SP125 goniometer
with single-photon detector SO-SIPD and an ALV-5000 Multiple-
Tau digital correlator, or with a JDS Uniphase helium-neon laser
(l ¼ 623.8 nm), an ALV-SP-86#060 goniometer with Avalanche
photodiodes and an ALV-3000 digital correlator. Angle dependent
measurements were carried out between 30� and 150� in steps of
20� at a temperature of 20 �C. Data evaluation was done according
to the literature [29,33].
2.3. Procedure

Vesicle solutions were produced following two different routes,
as already published [25]. The cosolvent method yields small
vesicles with narrow size distribution. Standard final polymer
Fig. 3. Emission spectra of PhB/H2O solution (C ¼ 0.1 mg/l) after HCl addition at
pH ¼ 1.5 (gray line) in comparison to PhB-loaded vesicle solution P_VC_Ph1 at pH ¼ 1.5
(dotted black line).



Fig. 4. Cryogenic TEM images of PhB-loaded vesicles P_VC_Ph1 in aqueous solution at pH ¼ 6.5 (left) and pH ¼ 1.5 (right).
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concentration was Cp ¼ 1 g/L in water. Hydrophilic Phloxine B
loading of those vesicles was achieved by addition of dye/water
solution (CPhB¼ 0.1 g/L) to the starting copolymer/THF solution. The
rehydration method leads to huge vesicles with broad size distri-
bution. Hydrophilic Phloxine B loading of those vesicles was ach-
ieved by addition of dye/water solution (CPhB ¼ 0.1 g/L) to the
starting copolymer/THF solution. For additional hydrophobic
loading, Nile Red (NR) was added to the starting copolymer/THF
solution (final concentration cNR ¼ 0.1 mg/L).

Fluorescence quenching of freely diffusing Phloxine B was ach-
ieved by adjusting the pH to a value of <2 by addition of hydro-
chloric acid.

3. Results and discussion

The loading of PB130-b-PEO66 vesicles with the hydrophilic dye
Phloxine B (PhB) was successfully realized. The addition of PhB as
hydrophilic substrate during vesicle formation leads to an equal
distribution of dye molecules inside the water filled vesicle core
volume and the surrounding aqueous environment. For character-
ization of hydrophilic loading properties the separation of freely
diffusing dyemolecules from encapsulated substrate is essential. The
fluorescence of here used PhB is pH sensitive and quenched at pH
values <2. This allows for loading characterization without separa-
tion step. By adjusting the surrounding pH after vesicle formation
below pH ¼ 2 the fluorescence emission of freely diffusing dye
molecules is quenched whereas the polymeric vesicle membrane
shields the dyemolecules inside the vesicle core volume fromproton
Fig. 5. Fluorescence microscopy image of PhB-loaded vesicles prepared via film
rehydration in aqueous solution at pH ¼ 1.5 (true color).
contact. Measurement of fluorescence originating from the encap-
sulated molecules alone becomes possible without physical sepa-
ration procedure. Fig. 1 shows a schematic drawing.

Hydrophilic loaded vesicles with PhB inside the core volume
were prepared using the ‘cosolvent method’ starting from a solution
of PB-b-PEO copolymer in THF, dropwise addition of PhB solution in
water (0.1 g/l) at pH ¼ 6.5 and THF evaporation as described above.
This leads to homogeneous coloured vesicle solutions with average
hydrodynamic radii in the range of 60e80 nm (samplesP_VC_Ph)
and PhB located inside the vesicles core volume and in the
surrounding solution. The partial fluorescence quenching is achieved
by addition of HCl thereby adjusting the pH to values <2. Fig. 2
shows the emission spectra in dependence of pH.

The emission of Phloxine B with the maximum at l ¼ 560 nm is
decreasing due to the addition of HCl. At pH ¼ 1.5 (dotted line) only
7.2% of the emission intensity of the neutral sample (line) is detected.
This effect cannot be attributed to the dilution process alone. An
analogous 0.1 mg/l PhB/H2O solution as blind sample (blind1)
diluted with water to the equivalent content results in an even
higher emission intensity as reabsorption occurs at 0.1 mg/l (see SI).
The fluorescence emission of this blind sample was also measured
after HCl addition at pH¼ 1.5 (gray line, Fig. 3). The comparisonwith
the emission intensity of the PhB-loaded vesicle sample at pH ¼ 1.5
indicates nearly complete fluorescence quenching in the purely
aqueous system as shown in Fig. 3. Normalized to the emission of the
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Fig. 6. Residual emission intensity of a PhB-loaded vesicle solution (pH ¼ 1.5) at
fluorescence maximum l ¼ 572 nm in percent of the initial intensity (pH ¼ 6.5),
measured time dependent after HCl addition at t ¼ 0.



Fig. 7. Normalized emission spectra of PhB- and NR-co-loaded vesicle solution
P_VR_PhNR after preparation at pH ¼ 6.5 (line, black) and after HCl addition at
pH ¼ 1.5 (dotted line, black); additionally shown are the corresponding spectra of
individually NR- and PhB-loaded vesicles at pH 1.5 (dotted line, gray; line gray).
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PhB/H2O solution at pH ¼ 6.5 the intensity decreases to 3% of the
initial value due to HCl addition.

Analog experiments were done for a blind sample (blind2) of
PhB in PEO/H2O solutionwith CPEO ¼ 2 g/l (MPEO ¼ 3.5 kg/mol) and
CPhB¼ 0.1 mg/l. The fluorescence intensity after HCl additionwas as
well below 3% of the initial value at pH¼ 6.5 (see SI). Dissolving PhB
in linear polybutadiene (M ¼ 1.5e2 kg/mol) was not possible even
by harsh ultrasonic use. This partial protection of PhB molecules
from proton contact in the PhB-loaded vesicle sample is therefore
not due to interactions with the hydrophilic vesicle shell or incor-
poration into the hydrophobic polybutadiene area but due to the
PhB position inside the vesicles core volume. The vesicular struc-
ture could be verified by cryogenic TEM imaging as shown in Fig. 4.

A vesicle sample prepared with pure water and Phloxine B
addition after vesicle formation (blind3) could not shield dye
molecules from proton contact. After HCl addition only below 3.1%
of the initial fluorescence intensity were detected (see SI).
Compared to 7.2% detected emission intensity of the loaded vesicle
sample, this implies no PhB diffusion through the vesicle
membrane within the experimental duration of less than 30 min.

For further investigations, starting from a dried copolymer film
as described above, PhB-loaded vesicles were prepared via the
‘rehydration method’ (sample P_VR_Ph). This method leads to
vesicles with very broad size distribution and diameters ranging
from 60 nm up to several mm. By fluorescence microscopy imaging
the dye loading can be visualized. Fig. 5 shows an image of
PhB-loaded vesicles with a size of about 15 mm (far above the
microscope resolution limit of about 3 mm, see ref. [25]). The high
fluorescence intensity inside the vesicle supports the model of
hydrophilic loading into the vesicle core volume and protection
from proton contact by the vesicle membrane. Fluorescence origi-
nating from PhB molecules in the surrounding solution is not
detectable.

To supplement characterization by imaging methods, fluores-
cence correlation spectroscopy (FCS) was used for measuring
diffusion coefficients of fluorescent particles (details see SI)
[28,30e32]. The hydrodynamic radii of the PhB-loaded vesicles is
Rh ¼ 87 nm. Dynamic light scattering (DLS) measurements of the
same solution resulted in an average hydrodynamic radius of
<Rh> ¼ 63 nm with a very broad size distribution (m2 ¼ 0.1). The
experimental angle dependent DLS data were evaluated by biex-
ponential fitting and q ¼ 0 extrapolation [29].

The discrepancy between the particle size in FCS and DLS is
probably due to the particles very broad size distribution. The DLS
result ‘hydrodynamic radius’ is the inverse value of a reciprocal
z-average (Rh¼<1/Rh>z

�1), whereas the FCS theory is derived for
monodisperse samples and is highly dependent on equal particle
brightness [28]. The bigger PhB-loaded vesicles can superimpose
the result as they contain more dye molecules and therefore show
brighter fluorescence signals. Nevertheless the FCS result proves,
that the PhB molecules do not freely diffuse in the sample solution
but travel with bigger particles. These results combined with the
cryogenic TEM images showing vesicles with comparable sizes,
allow to conclude the successful hydrophilic vesicle loading for
Phloxine B without separation procedure.

Additional to loading verification, the proton diffusion through
the vesicle membrane can be studied. Time dependent detection of
the emitted fluorescence signal after acid addition gives access
to the blocking efficiency of the vesicle membrane. Fig. 6 shows the
residual fluorescence at l ¼ 572 nm in percent of the initial
intensity monitored for the first 24 h after pH adjustment. Most of
the PhB molecules inside the vesicles core volume fluoresce
unchanged even after 24 h in an acidic environment at pH ¼ 1.5.
This proves that those vesicle membranes have an excellent
blocking ability for protons.

The pH induced quenching of the PhB outside the vesicles can
even be used to detect e.g. Nile red loaded into the hydrophobic
vesicle shell, which before acidification is not detectable [25]. An
example of the corresponding fluorescence spectra is shown in
Fig. 7.

After adjustment of the pH to 1.5, the clearly detected shoulder
in the spectrum of P_VR_PhNR observed at approximately 540 nm
can be related to the presence of NR.

4. Conclusion

Polymeric vesicles of poly(butadiene)-b-poly(ethylene oxide)
were successfully loadedwithhydrophilic substrates. Thehydrophilic
dye Phloxin B, whose fluorescence is sensitive to pH, was distributed
inside the water filled vesicle core volume and the surrounding
solution. By adjusting the pH of the surroundingmedia the emission
of freely diffusing dye molecules could be quenched and fluorescent
measurement of the encapsulated substrates alone became possible.
In addition, the hydrophobic loading employing small amount ofNile
Red becomes detectable after pH sensitive quenching. Time depen-
dent fluorescence measurements showed the membranes efficient
blocking ability for proton diffusion. Cryogenic TEM imaging
confirmed that the vesicular structure is not affected by the hydro-
philic substrates encapsulation. Fluorescence microscopy measure-
ments visualized the substrates positions inside the vesicles core
volume. Results of fluorescence correlation spectroscopy and
dynamic light scatteringmeasurementsasensemblemethods further
support these results.
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Sequence length heterogeneity (SLH) is defined as the change, as a function of copolymer molar mass
(M), in the average number of continuous monomers of a given repeat unit. SLH can influence polymeric
properties such as thermal stability, mechanical behavior, transparency, and the ability of copolymers to
reduce interfacial surface tension. Here, we demonstrate the relation between SLH and the change as
a function of molar mass of a dimensionless size parameter, the ratio of the viscometric radius and the
radius of gyration, irrespective of chemical heterogeneity or molar mass polydispersity. Multi-detector
size-exclusion chromatography (SEC) provides for a convenient method by which to experimentally
establish this relation and, consequently, a method by which to determine whether SLH is present in
a copolymer, whether the degree of randomness of a copolymer changes across the molar mass distri-
bution (MMD), or whether two copolymers differ from each other in degree of randomness at a given M
and/or across their MMDs. Results from our SEC and FT-IR measurements of block, random, alternating,
and gradient copolymers of styrene (S) and methyl methacrylate (MMA) and their respective homo-
polymers agree with results from a probability theory based model of SLH in linear random copolymers.
The multi-detector SEC method employs instrumentation available in most polymer separations
laboratories and the relations developed should be applicable to copolymers other than the S-MMAs
studied here.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Sequence length heterogeneity (SLH) is the change with
copolymer molar mass (M) in the average number of continuous
monomers of a given type (i.e., of a given chemistry or of a given
repeat unit). This type of heterogeneity exists in the case of
a random copolymer, i.e., a polymer comprising two different types
of monomers randomly distributed within the chain. A random
copolymer is shown in Fig. 1c, along with the other types of
copolymers used in this study. The arrangement of monomers in
the polymeric chain is uniform in the case of alternating and block
copolymers, not so in the case of random copolymers, where the
random arrangement of monomers in the chain results in a distri-
bution of the number of continuous monomers of a given type
(either white or black, for the generic cases in Fig. 1). The change in
this distribution as a function of molar mass is given the term
“sequence length heterogeneity” and abbreviated as SLH.
el).

All rights reserved.
The ability to detect SLH is important for understanding both its
sources and its influence on structure-property relationships.
Examples of the polymeric properties affected by SLH are the ability
to reduce interfacial surface tension via copolymeric adsorption at
a liquideliquid interface [1]; conformation and folding of protein-
like copolymers [2e7]; and the thermal stability [8], melting point
[9], mechanical behavior [10], and transparency of films [11,12].
Sequence length heterogeneity originates from the different prob-
abilitieswithwhichmonomers arrange in a copolymeric chain, from
chemical heterogeneity (i.e., from the change in the relative
percentage of the various monomers among copolymeric chains of
differentmolarmass) [13], and fromthe change inmutualmiscibility
of monomers during the copolymerization process. Here, we show
a new, semi-quantitative method for determining SLH in random
copolymers. This method provides an approach to understanding
the “randomness”, and change therein, of a random copolymer, i.e.,
for determining whether a random copolymer is of preferentially
blocky, statistical, or alternating nature, and to ascertaining how this
randomness changes as a function of molar massM.

In this study, we relate SLH to a change in copolymer solution
conformation as a result of intrachain repulsion. This intrachain

mailto:striegel@chem.fsu.edu
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2011.01.032
http://dx.doi.org/10.1016/j.polymer.2011.01.032
http://dx.doi.org/10.1016/j.polymer.2011.01.032
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Fig. 1. Types of copolymers used in this study. (a) Block copolymer, (b) alternating
copolymer, (c) random copolymer, and (d) gradient random copolymer. Arrow indi-
cates junction point in the block copolymer.
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repulsion occurs at the junction points between dissimilar mono-
mers (as indicated by the arrow in Fig. 1a) [14e16]. Consequently,
the change in the dispersion of the monomers in a copolymeric
chain, i.e., the SLH, results in a change in intrachain repulsion along
the copolymeric chain due to the variation in the percentage of the
number of junction points as a function of the degree of polymer-
ization. These intrachain enthalpic interactions force the chain to
adopt a conformation that minimizes intrachain repulsion. The
change in enthalpy is therefore balanced by a change in entropy in
the form of conformational change [15]. In this project, we use the
ratio of the viscometric radius to the radius of gyration, Rh/RG, to
determine the conformation of the copolymer in solution and to
detect the SLH by detecting the change in conformation (as will be
explained subsequently). Our conclusions are supported by results
from infrared spectroscopy experiments and from a model based
on probability theory.

At this point it is, perhaps, useful to distinguish between SLH
and the more commonly encountered parameter “sequence length
distribution” or SLD. If the average value of the SLD at eachM in the
copolymer is plotted as a function of copolymer M, and if this
average value changes with M, then the copolymer is said to
possess SLH. Conversely, a plot with sequence length as the abscissa
and either the differential or cumulative weight fraction as the
ordinate, is the SLD. (The distinction between SLD and SLH is thus
akin to that between chemical composition distribution and
chemical heterogeneity).

The dimensionless ratio Rh/RG is known to depend on polymer
architecture and dilute solution conformation. This ratio increases
with increasing polymer compactness and decreases as the poly-
mer becomes more extended. Highly extended polymers (e.g., poly
(g-benzyl-L-glutamate) in helicogenic solvents) have Rh/RG values
in the 0.3e0.4 range [17]. At the other extreme, the Rh/RG for a hard
sphere is

ffiffiffiffiffiffiffiffi
5=3

p
. Random coil polymers adopt a flexible conforma-

tion in solution, corresponding to Rh/RG values in the range of
approximately 0.7e0.9 [18e21]. Previous work in this area has
focused on using either the sequence length distribution [22e24]
or the instantaneous monomer sequence length to study how
copolymeric randomness changes as a function of M [25,26]. A
distinct advantage of the present method is that it relies solely on
physical properties (angular dissymmetry and intrinsic viscosity) of
the copolymer solutions; i.e., success is not contingent upon exis-
tence of chemical properties such as preferential UV absorption of
one monomer over another in a copolymer (except for the case of
gradient copolymers, as described in Section 2.6). An additional
advantage of the method presented here is that it does not rely on
specialized equipment. Rather, it utilizes a type of separation-
detector combination that is nowadays commonplace in most
polymer characterization laboratories.

Needed for our approach is a separation technique capable of
fractionating polymers according to molar mass, and which can
also measure Rh and RG as a continuous function of M. Size-
exclusion chromatography (SEC) using multi-angle static light
scattering (MALS), differential viscometry (VISC), and differential
refractometry (DRI) detection meets these requirements and is,
thus, our method of choice [27,28]. This triple-detector SEC tech-
nique can be used to obtain the Rh/RG ratio as a continuous function
of M, a novel approach which, to our knowledge, provides the first
experimentally established link between a dimensionless size
parameter and SLH.

2. Experimental

2.1. Materials

Homopolymers of polystyrene (PS) and poly(methyl methacry-
late) (PMMA) were obtained from Varian/Polymer Laboratories
(now Agilent) and Toyo Soda; copolymers of styrene (S) andmethyl
methacrylate (MMA), and of S and t-butyl methacrylate (t-BMA),
were obtained from Polymer Source. Unstabilized THF was
obtained from EMD, methylene chloride from VWR. All materials
were used as received, without further purification.

2.2. Multi-detector size-exclusion chromatography: SEC/MALS/
VISC/DRI and SEC/MALS/UV/DRI

For the multi-detector SEC experiments, a concentration of
1 mg/mL of each copolymer in THF was prepared and left on
a laboratory wrist-action shaker overnight to ensure dissolution.
For increased precision, two different 1 mg/mL solutions of each
sample were prepared and, from each dissolution, two 100 mL
injections were performed, for a total of four injections per
sample. The SEC system consisted of a Waters 2695 Separations
Module (Waters), three PLgel 10 mm particle size Mixed-B SEC
columns, (Varian/Polymer Laboratories), and three detectors con-
nected in series: A DAWN EOS multi-angle static light scattering
(MALS) photometer (Wyatt Technology Corp.), followed by either
a Model 166 UV detector (Beckman-Coulter) or a ViscoStar
differential viscometer (Wyatt), followed by an Optilab rEX
differential refractometer (Wyatt). The wavelength of the lamp in
the UV detector is set to 260 nm, where styrene (S) absorbs
strongly and methyl methacrylate (MMA) does not absorb. A
31,400 g/mol narrow polydispersity (Mw/Mn ¼ 1.02) linear PS
standard was used for normalization of the MALS unit photodi-
odes as well as for calculating interdetector delays and for inter-
detector band broadening correction [29]. Data acquisition was
performed using Wyatt’s ASTRA software (V.5.3.2.1), plotting and
calculations were performed with OriginPro 7.5 (V.7.5885, Origin
Lab Corp.).

2.3. Specific refractive index increment (vn/vc) determination

The specific refractive index increments (vn/vc) of the polymers
in THF at 25 �C are given in Table 1. The samples were dissolved in
THF and left overnight on a wrist-action shaker to ensure full
dissolution and solvation. For offline vn/vc determination, six
dilutions of each sample, ranging from 1.0e6.0 mg/mL, were
injected directly into the Optilab rEX differential refractometer
(Wyatt) using a Razel model A-99EJ syringe pump. Flow rate was
0.08 mL/min. Sample solutions were gently filtered through
0.45 mm Teflon syringe filters, neat THF for baseline determination
through a 0.02 mm Teflon syringe filter. The wavelength of the
lamp in the DRI detector is filtered to match the vacuum wave-
length of the laser in the MALS detector (l0 ¼ 685 nm). Data
acquisition and processing were done with Wyatt’s ASTRA V
software (V. 5.3.2.1).



Table 1
Homo and copolymers studied.

Polymer Mw/Mn
a % of styrene (%S) vn/vc (mL/g) Manufacturer

PS (186k)b 1.07 100 0.195 � 0.002 Toyo Soda
PS (533k)b 1.05 100 0.194 � 0.002 Varian/Polymer Laboratories
PS (723k)b 1.05 100 0.198 � 0.004 Varian/Polymer Laboratories
PMMA (343k)b 1.02 0 0.087 � 0.001 Varian/Polymer Laboratories
PMMA (467k)b 1.06 0 0.086 � 0.002 Varian/Polymer Laboratories
P(S-b-MMA) (46k, 138k)c 1.16 25d 0.109 � 0.001 Polymer Source
P(S-b-MMA) (131k, 46k)c 1.10 75d 0.168 � 0.001 Polymer Source
P(S-ran-MMA) (Mn 126k)b 1.39 20a 0.108 � 0.004 Polymer Source
P(S-ran-MMA) (Mn 186k)b 1.43 25a 0.111 � 0.002 Polymer Source
P(S-alt-MMA) (Mn 235k)b 1.85 50a 0.136 � 0.002 Polymer Source
P(S-co-MMA) (Mn 140k)e 1.42 24.4a,f 0.114 � 0.002g Polymer Source
P(S-coet-BMA) (Mn 96k)b 1.7 50.0a 0.128 � 0.002g Polymer Source

a Values from the manufacturer.
b Value in parenthesis represents number-average molar mass Mn, as reported by manufacturer.
c First value in parenthesis represents Mn of styrene block, second value represents Mn of the methyl methacrylate block, both values as reported by manufacturer.
d Percentages are calculated using the molar mass of each block.
e Gradient random copolymer.
f Average value. %S in this copolymer extends from w30% at the low end of the MMD to w20% at the high end of the MMD.
g Denotes average value. Due to chemical heterogeneity, vn/vc varies across the MMD of gradient copolymers.
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2.4. Fraction collection

To collect elution fractions of the random copolymers for
subsequent characterization by FT-IR (see below), we employed the
above SEC system with only the MALS photometer and an F203B
fraction collector (Gilson). A solution of 6 mg/mL of each the 126k
and the 186k random copolymers P(S-ran-MMA) (see Table 1) in
uninhibited THF was prepared and left on a laboratory wrist-action
shaker overnight to ensure dissolution. For each copolymer, twenty
injections were performed and, from each injection, three fractions
were collected: Fraction 1was collected between an elution volume
range of 35.6 and 39.6 mL, fraction 2 between a range of 40.1 and
42.1 mL, and fraction 3 between a range of 42.6 and 46.6 mL.
Table 2
Area under FT-IR peak at 1074 cm�1, indicative of JPR in copolymer.
2.5. FT-IR

The solvent from the fractions collected in the previous exper-
iment was evaporated using a rotary evaporator and the remaining
dried polymer was dissolved in w3 mL of methylene chloride. This
solution was then added dropwise to the surface of a KBr crystal
and left until the solvent evaporated completely. FT-IR spectra of
the copolymer deposited on the surface of the crystal were
obtained using a Thermo Nicolet Avatar 360 FT-IR (Thermo Nicolet
Corp.). Data acquisition was performed using OMNIC (V.6.0,
Thermo Nicolet Corp.), peak fitting and calculation of areas under
the peaks at 1074 and 1730 cm�1 were performed with the PeakFit
module of OriginPro 7.5 (V.7.5885, Origin Lab Corp.). Peak fitting
was performed to calculate the area under the peak at 1074 cm�1,
because of the partial overlap of two peaks at 1074 and 1064 cm�1

in the spectra of the random copolymers. The standard deviations
shown in Table 2 represent the precision associated with repeat
measurements of peak areas in the IR spectra.
Fraction
number

Normalized 1074 cm�1 peak areaa

186k random
copolymer

126k random
copolymer

Alternating
copolymer

Fraction 1b 0.148 � 0.003e 0.080 � 0.001 0.216 � 0.014
Fraction 2c 0.137 � 0.003 0.057 � 0.001
Fraction 3d 0.057 � 0.002 0.032 � 0.001

a As per Eq. (4).
b For SEC slices eluting between 35.6 mL and 39.6 mL.
c For SEC slices eluting between 40.1 mL and 42.1 mL.
d For SEC slices eluting between 42.6 mL and 46.6 mL.
e Standard deviations based on replicate determinations of peak areas, as

described in Section 2.5.
2.6. Correction for chemical heterogeneity

A classical approach to obtaining the chemical heterogeneity-
corrected molar mass and radius of gyration of a copolymer relies
on determining the apparent molar mass (i.e., M not corrected for
chemical heterogeneity) in two different solvents followed by
a correction, as explained in references [30] and [31]. The approach
we have taken for the gradient random copolymers P(S-co-MMA)
and P(S-co-t-BMA) relies on the fact that only the styrenemonomer
in these copolymers absorbs at a given UVwavelength. Adding a UV
detector to the experimental SEC set-up thus allows calculation of
the molar mass of each SEC elution slice according to the S:MMA
ratio of that particular slice (or, more specifically, using the vn/vc
corrected for this ratio), rather than using the S:MMA ratio of the
bulk copolymer (and, thus, using the vn/vc of the bulk copolymer).
Using the SEC/MALS/UV/DRI and SEC/MALS/VISC/DRI systems
described above, we are able to correct the M averages, MMD,
intrinsic viscosity, radius of gyration, and viscometric radius of the
gradient random copolymers for the effects of chemical heteroge-
neity. The magnitude of the correction in M for the gradient
copolymers studied is w5%, the correction in RG,z of the bulk
copolymers is less than 1 nm (no correction is needed for the RG,z of
the individual slices). No correction for chemical heterogeneity was
performed for the alternating, random, and block copolymers, in
the first two cases because of a lack of chemical heterogeneity (see
Fig. 7), in the latter case due to the narrow M polydispersity of the
block copolymers (Table 1).
3. Results and discussion

Polystyrene, poly(methyl methacrylate), and their respective
random, block, alternating, and gradient random copolymers were
used in this study. Polystyrene is denoted as PS, poly(methyl
methacrylate) as PMMA, random copolymers as P(S-ran-MMA),
block copolymers as P(S-b-MMA), alternating copolymer as P(S-alt-
MMA), and gradient random copolymer as P(S-co-MMA). We shall
denote the gradient random copolymer of styrene and tert-butyl
methacrylate as P(S-co-t-BMA). Table 1 gives relevant properties of
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Fig. 2. a) Plot of RG versus molar mass of alternating, gradient, and random copolymers
studied. b) Plot of Rh versus molar mass of alternating, gradient, and random copoly-
mers studied. Data markers represent averages of replicate determinations of each
sample, as described in Section 2.2, with standard deviations substantially smaller than
data points and, therefore, not shown.
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the copolymers used in this study, while Fig. 1 shows generic
versions of the different types of copolymers.

Because our study relies on the ratio of the viscometric radius
and the radius of gyration, we define both of these briefly. As
customary, our study employs the weight-average viscometric
radius Rh,w and the z-average radius of gyration RG,z. For simplicity,
and because SEC slices are assume to be virtually monodisperse
(i.e., .Rh,n,i z Rh,w,i z Rh,z,i. and .RG,n,i z RG,w,i z RG,z,i.), the
subscripts w and z are omitted throughout the paper.

The radius of gyration RG, the square of which is determined via
multi-angle static light scattering, is defined as per [19,32e35]:

RG ¼
 
1
n

X
i

ðri � RcmÞ2
!1

2

(1)

where n is the number of monomers in the chain, ri is the location
of the ith monomer, and Rcm is the location of the polymer center of
mass. (Strictly speaking, equation (1) should include the molar
mass of the constituent homopolymers [30]. This complication can
be safely ignored here, however, due to the negligible effect of
chemical heterogeneity on RG, as explained in Section 2.6).

The viscometric radius Rh, determined using MALS, VISC, and
DRI detection combined, is the radius of a hard sphere that alters
the viscosity of the solvent by the same amount as does the poly-
mer. This radius is defined as [19, 32, 34]:

Rhh
�
3½h�M
10pNA

�1
3

(2)

where [h] is the intrinsic viscosity of the solution, NA is Avogadro’s
number, and M is the molar mass of the analyte.

A comparison of the radii of gyration at a givenM (Fig. 2a) helps
in determining whether the intrachain repulsion is different among
copolymers. The difference in the RG values of the different copol-
ymers at a given molar mass can be related to the difference in the
degree of polymerization (DP) of the copolymers, in the hydrody-
namic volume of the constituent monomers, or in the intrachain
repulsion along the copolymeric chain. At any given M, the differ-
ence in DP is expected to be negligible because of the similarity in
the molar masses of styrene and methyl methacrylate (w4%
difference). The two homopolymers polymers, PS and PMMA,
occupy very similar hydrodynamic volumes in solution under the
present solvent/temperature conditions, as shown in previous
work [13]. The similarity between the dilute solution size of PS and
that of PMMA is supported by the information obtained from
Fig. 2b, the plot of the viscometric radius (Rh) versus molar mass,
where the difference in the Rh values between the copolymers at
any given M is shown to be negligible. To better judge the relation
between the RG values and intrachain repulsion, the ratio of the
viscometric radius to the radius of gyration will be plotted versus
molar mass, for reasons that will be explained subsequently.

In Fig. 3, we observe a variation in the Rh/RG ratio as a function of
molar mass for the two random copolymers studied. (The ripples in
the plots are due to small pump pressure fluctuations in the
chromatographic system used). The ratio varies from a maximum
value of 0.94 at low M to a minimum value of 0.66 at high M. This
result indicates that chains in the low-M portion of the MMD of the
random copolymers appear to behave in dilute solution as either
homo- or block copolymers, whereas chains in the high M portion
of the MMD appear to adopt a structure resembling that of the
alternating copolymer studied (the block and the alternating
copolymers are studied here as limiting cases, as are their
respective homopolymers). We will show that the observed
decrease in Rh/RG and the accompanying increase in chain exten-
sion are due to sequence length heterogeneity SLH in the copoly-
mers. A change in the Rh/RG ratio as molar mass increases can be
related to a change in the degree of polymerization DP of the
copolymer (because the number of junction points between S and
MMA increases with increasing DP), to the presence of SLH, or to
both. To factor out the effect of degree of polymerization, a quantity
termed the junction point ratio or JPR will be used to relate the Rh/
RG and supporting FT-IR results to the SLH. The JPR is explained
next.

3.1. Junction point ratio (JPR)

The junction point ratio JPR of a copolymer is defined as the ratio
of the total number of junction points between dissimilar mono-
mers to the total number of junction points between any two
monomers in the copolymer. The latter is equivalent to the degree
of polymerization minus one (i.e., to n�1). For large degrees of
polymerization (n >> 1), the total number of junction points
between any two monomers is essentially equal to the degree of
polymerization. The junction point ratio is defined as per:



Junction point ratio ¼ JPR ¼ total number of junction points between dissimilar monomers
total numbers of junction points

¼ total number of junction points between dissimilar monomers
degree of polymerization� 1

(3a)
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Fig. 3. Rh/RG ratio of block, alternating, random, and gradient random copolymers studied, based on data in Fig. 2. Shown also is the theoretical hard sphere limit.
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and for large degree of polymerization as:
Junction point ratio ¼ JPRz
total number of junction points between dissimilar monomers

degree of polymerization
(3b)
The value of the JPR shown in Equation (3b) varies between two
limiting cases: Alternating copolymers, for which the JPR ¼ 1, and
block copolymers, for which the JPR z 0. For both types of copoly-
mers, alternating and block, at large n the JPR is expected to bemolar
mass-independent, i.e., to remain constant as a function ofM. In the
case of random copolymers, the JPR changes depending on the
distribution of monomers in the chain. As a random copolymer
becomes more alternating than blocky, the JPR approaches 1; as the
copolymer becomes more blocky than alternating, the JPR
approaches 0. The change in the JPR value as a function of M is
indicative of the presence of sequence length heterogeneity in
copolymers, as seen in the generic copolymers represented in Fig. 4.
In this figure, the SLH is manifested as a change in the JPR value, as
shown in thechange from3ato3candfrom3a to3d.The change from
3a to 3c results in an increase in the JPR value, i.e.,
DJPR¼ JPRfinal� JPRinitial¼ 0.83�0.64¼ 0.19> 0,which indicates that
the distribution of monomers in copolymer 3c is more alternating
than it is in copolymer 3a. The change from 3a to 3d results in
a decrease in the JPR value, i.e., DJPR ¼ JPRfinal � JPRinitial ¼
0.39�0.64¼�0.25<0, indicating that thedistributionofmonomers
in copolymer 3c is more blocky than that in 3a. The change in the
monomeric distribution from 3a to 3b is negligible, i.e.,
DJPR ¼ JPRfinal � JPRinitial ¼ 0.65 � 0.64 ¼ 0.01 z 0, which indicates
a virtual absence of SLH. From the preceding discussion, it should be
evident that a change in JPR as a function of copolymer M indicates
the presence of sequence length heterogeneity in the copolymer.

Using the JPR as expressed in Equations (3a) and (3b) normalizes
out the effect of degree of polymerization on the change in Rh/RG as
a function of M. This isolates the effect of SLH on Rh/RG and on the
change in the latter withM or DP. Additional complications that can
arise due to the presence of chemical heterogeneity are addressed
in Sections 3.6.4 and 3.6.5.

3.2. Quantitative FT-IR analysis of the junction point ratio

As seen in Fig. 5, the FT-IR spectra of alternating copolymers of
styrene and methyl methacrylate show a significant peak at
w1074 cm�1, which is absent in the spectra of the block copolymers
(shown) and of the constituent homopolymers (not shown). As
demonstrated by Mori [36], the area under this peak is affected by
the presence of a styrene monomer next to a methyl methacrylate
monomer. As a result, the area under the peak at w1074 cm�1 in
a random copolymer of styrene and methyl methacrylate is
proportional to the JPR of the copolymer. For both random
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Fig. 5. FT-IR spectra of alternating (thick red line) and block (thin black line) copoly-
mers of styrene and methyl methacrylate. See Section 2.5 for experimental details. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article).

JPR = 7/11 = 0.64 JPR = 15/23 = 0.65

JPR = 19/23 = 0.83 JPR = 9/23 = 0.39 

a b

c d

Fig. 4. Sequence length heterogeneity SLH and its relation to change in the junction point ratio JPR of copolymers. (a) Random copolymer of molar mass M; (b), (c), and (d) random
copolymers of molar mass 2M. There is absence of SLH in the change from (a) to (b), where DJPR z 0, whereas SLH occurs in the change from (a) to (c) and from (a) to (d). In the
change from (a) to (c) the copolymer becomes more alternating and DJPR > 0, whereas in the change from (a) to (d) the copolymer becomes more blocky and DJPR < 0. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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copolymers used in this study, the area under the peak at 1074 cm�1

is expected to increase as a function of molar mass due to the
expected increase in JPR with increasing M. In order to verify this
hypothesis, three fractions of different Mwere collected for each of
the two random copolymers studied (see Section 2.4); the fractions
are numbered according to their elution from the SEC column; i.e.,
fraction 1 elutes first and has the highestM, while fraction 3 elutes
last andhas the lowestmolarmass. Fraction2 is intermediate inboth
elution volume and molar mass relative to fractions 1 and 3.

Table 2 compares the normalized peak areas of the 1074 cm�1

FT-IR peaks for the alternating copolymer and both random
copolymers studied. Normalization (done with respect to the peak
atw1730 cm�1, which corresponds to the carbonyl stretch inMMA)
was performed to account for differences in the concentration of
the different fractions while also accounting for the percent MMA
in the sample. Normalization was performed as per

Normalized1074cm�1 peakarea

¼ areaunderpeakat1074cm�1

areaunderpeakat1730cm�1�
100%

%methylmethacrylate
(4)

As seen in Table 2, for both random copolymers the normalized
peak area decreases gradually from fraction 1 (highest M) to frac-
tion 3 (lowest M). This decrease indicates that the percentage of
styrene-methyl methacrylate interaction sites in the random
copolymers increases with increasingM. In Table 2 we also observe
that the normalized area of the 1074 cm�1 peak of the alternating
copolymer in substantially larger than the areas of any of the
fractions of either random copolymer. This agrees with the alter-
nating copolymer possessing the maximal junction point ratio of
any copolymeric arrangement of dissimilar monomers. All the
above results confirm our conclusions regarding the presence of
SLH in random copolymers, as discerned from the M-dependence
of the Rh/RG ratio.

Also noted in Table 2 are the larger peak areas of fractions 1e3 of
the 186k random copolymer, as compared to the same fraction of
the 126k random copolymer. Because each fraction was collected
over the same elution volume of each copolymer, an explanation of
these differences is warranted. Two main factors contribute to the
observed differences in normalized peak areas: First, the
percentage of styrene monomer is somewhat (w5%) higher in the
186k random copolymer than in its 126k counterpart. As seen in
Fig. 6, this corresponds to a higher percentage of “2 interaction”
sites (i.e., sites in which a styrene monomer is bonded to methyl
methacrylate monomers at both ends; see Appendix for an expla-
nation of themodel) for a particular degree of polymerization in the
186k random copolymer as compared to the 126k random copol-
ymer. It is these “2 interaction” sites that contribute maximally to
intrachain repulsion in dilute solution. Therefore, for a given degree
of polymerization, larger normalized FT-IR 1074 cm�1 peak areas
are expected for the same fraction of the 186k random copolymer
as compared to the 126k copolymer, due to higher styrene content
in the former as compared to the latter.

A second, more prosaic reason for the differences in normalized
FT-IR peak areas among the same fractions of the different random
copolymers is quite simply that, because of differences in chemical
composition as well as in MMD of the copolymers, the same frac-
tion (e.g., fraction 1) will encompass a different region of the MMD
of each copolymer. As seen in Figs. 2 and 5, all other factors being
equal, more intramolecular repulsion (resulting in larger normal-
ized peak areas) is experienced by copolymers of higher M relative
to those of lower M, with consequent effect on hydrodynamic
volume and, thus, SEC retention.
3.3. A probability theory model of SLH

The experimental evidence in favor of SLH in random copoly-
mers is supported by results from a probability theory model,
details of which are given in the Appendix. The model is based on
the change in the percentage of junction points (bonds) between
different types of monomers as the degree of polymerization of
a linear random copolymer increases. Monomers with different



Fig. 6. Changes in the percentage of interaction sites of A with B, as a function of molar mass, in a generic random AB linear copolymer, as calculated using the probability theory
model described in the Appendix. nrep represents the number of virtual repeat units, proportional to molar mass. Also shown is the dependence of the number of interaction sites of
any particular A monomer on the nature of the neighboring monomers. See Appendix for details.

Fig. 7. Chemical heterogeneity (given as weight percent styrene) of alternating,
gradient, and random copolymers studied, as measured by SEC/MALS/UV/DRI. See
Section 2.2 for experimental details.
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interaction sites in a copolymeric chain are shown in Fig. 6, where
the interactions are of A with respect to B. A monomer with “0
interactions” either corresponds to a monomer located between
two monomers of the same type of repeat unit (e.g., monomer 7 in
Fig. 6), or to a monomer located at the end of a chain and next to
a monomer of the same type (monomer 1 in Fig. 6). A monomer
with “1 interaction” is located between two monomers of different
chemistries (monomers 2, 6, and 8 in Fig. 6), or at a chain end and
next to a monomer of a different chemistry (monomer 10 in Fig. 6).
A monomer with “2 interactions” corresponds to a monomer
located between two monomers of different chemistry than the
monomer itself (monomer 4 in Fig. 6). For a given random copol-
ymeric arrangement, our model predicts the changes in the relative
percentages of 0, 1, and 2 interactions as a function of “generic”
molar mass, i.e., the latter is expressed in the form of a virtual
repeat unit “nrep” representing several sequential monomeric units
in the copolymeric chain (further specificity is not required at this
time, as the model is meant to represent the development of SLH
during chain growth, it is not meant to quantitate the SLH). As
observed in Fig. 6, which shows the development of SLH in two
generic random AB copolymers with 1:3 and 1:4 ratios of A:B, the
percentage of “0” and “1” interactions decreases as molar mass
increases, while the percentage of “2 interactions” increases with
increasing M (again, interactions are of A with respect to B, though
the opposite case can also be derived and plotted. See Appendix for
details). The decrease in the percentage of “0” and “1” interaction
sites, along with the increase in “2 interaction” sites, as the degree
of polymerization increases indicates that, as the chain grows, the
monomers are becoming more dispersed within it. These results
support the conclusion that the change in Rh/RG of random copol-
ymers is related to an increase in the ratio of junction points
between dissimilar monomers that accompanies an increase in M.

3.4. Could the observed Rh/RG change be due to chemical
heterogeneity?

Sequence length heterogeneity can originate from the progres-
sive enhancement in the mutual miscibility of two monomeric
solutions during a copolymerization reaction, due to the compati-
bilizing ability of the synthesized copolymer [38e43]. This gradual
enhancement in mutual monomer miscibility impacts the distri-
bution of monomers in solution and during copolymeric chain
growth, resulting in SLH. A different source of SLH is chemical
heterogeneity, defined as the change in the relative percentages of
monomers in a copolymer as a function of molar mass.

To determine whether chemical heterogeneity is responsible for
theM-dependent structural changes (and, consequently, for theM-
dependent changes in the Rh/RG ratios) of the random copolymers,
we measured the chemical heterogeneity of these copolymers
using SEC with on-line MALS, UV, and DRI detection. The detailed
procedure for obtaining the percentage composition at each slice
eluting from the SEC columns is described in reference [13]. Fig. 7
shows the lack of chemical heterogeneity in the random and
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alternating copolymers. Both random copolymers show a virtual
constancy in the % styrene (and, therefore, in the relative
percentages of styrene and methyl methacrylate) as a function of
molar mass. This indicates that chemical heterogeneity is not
responsible for the SLH, structural changes, and related Rh/RG
variability, of the random copolymers studied.
3.5. Behavior of other S-MMA copolymer classes and their
constituent homopolymers

3.5.1. Styrene and methyl methacrylate homopolymers
In the case of homopolymers JPR ¼ 0 by definition, due to the

absence of junction points between dissimilar species. As shown in
Table 3, in spite of differences in chemistry and molar mass the Rh/
RG of narrow polydispersity standards of PS and PMMA are all
similar to each other (0.81e0.86) and within the range expected for
linear random coils in dilute solution (w0.7e0.9). The Rh/RG values
of the homopolymers are also similar to values of the random
copolymers in their low-M region, where the JPR of the copolymers
is smallest. This coincidence agrees with our hypothesis that, when
the JPR of copolymers is minimal, the structure of the copolymers
most resembles the homopolymeric structure.

3.5.2. Block copolymers of styrene and methyl methacrylate
Because there is only a single junction point in diblock copoly-

mers (see Fig. 1a), intrachain repulsion should have a negligible
effect on the overall solution structure of these macromolecules. If
each block adopts a random coil structure at the same given
solvent/temperature condition, we would expect the Rh/RG values
of the block copolymers to be similar to those of the constituent
homopolymers, i.e., in the w0.7e0.9 range. For a set of generic AB
block copolymers, this should hold true regardless of the ratio of
AeB, as long as the conformation adopted by each block in solution
resembles the conformation of both the other block and of the
constituent homopolymers.

The above is exactly what we observe when examining two
block copolymers of styrene and methyl methacrylate of similar
molar masses but with vastly different S:MMA ratios. As seen in
Table 3, in spite of their compositional difference the Rh/RG ratios
of the two block copolymers are nearly identical to each other,
0.87 and 0.88. These values are quite close to the Rh/RG values of PS
and PMMA homopolymers with molar masses similar to those of
the respective blocks in the block copolymers, which are in the
range 0.81e0.86. This is because THF is a good solvent for both the
constituent homopolymers and their resultant diblock copoly-
mers. The near-coincidence in values between the two block
copolymers, and between the block copolymers and their
respective homopolymers, indicates that the block copolymers
adopt a random coil structure in solution that is governed by the
structure of the individual blocks and is not influenced by the
Table 3
Rh/RG value of the homo and block copolymers studied.

Polymer Rh/RG

PS (186k) 0.86 � 0.02a

PMMA (343k) 0.82 � 0.01
PMMA (467k) 0.81 � 0.01
PS (533k) 0.82 � 0.01
PS (723k) 0.82 � 0.01
P(S-b-MMA) (46k, 138k) 0.87 � 0.01
P(S-b-MMA) (131k, 46k) 0.88 � 0.01

a Standard deviations based on measurements of individual radii,
Rh and RG, for repeat injections of duplicate sample dissolutions, as
described in Section 2.2.
minimal intrachain repulsion provided by the single junction point
between blocks.

3.5.3. Alternating copolymer of styrene and methyl methacrylate
The Rh/RG versus M relationship for the S-MMA alternating

copolymer examined in this study is shown in Fig. 3. As predicted in
Section 3.1, the Rh/RG value is virtually constant as a function of
molar mass. The low Rh/RG value of the alternating copolymer
(w0.65), as compared to the Rh/RG values of the constituent
homopolymers and of the block and random S-MMA copolymers
(see Table 3 and Fig. 3), is an indication of the relatively extended
structure alternating copolymers can adopt in solution. The latter is
a direct consequence of the maximal value of the JPR in alternating
copolymers, which results in maximum repulsion between the
dissimilar, alternating monomers which constitute the chain. For
alternating copolymers, the constancy in Rh/RG as a function ofM is
due to the independence of the JPR on degree of polymerization;
JPR ¼ 1, regardless of n, in alternating copolymers. As explained in
Section 3.1, for the different types of copolymers, block, alternating,
and gradient, the JPR is expected to be highest, and the Rh/RG lowest,
for alternating copolymers. This agrees with the results shown in
Fig. 3.

3.5.4. Gradient random copolymer of styrene and methyl
methacrylate

In a gradient random copolymer, the relative ratio of the two
chemical functionalities present changes gradually and unidirec-
tionally with increasing M. The Rh/RG ratio of a gradient random
copolymer of styrene and methyl methacrylate, P(S-co-MMA), was
observed to decrease as a function of M. When compared to the
other types of S-MMA copolymers discussed above we see in Fig. 3
that, at low M, the Rh/RG ratio of the gradient copolymer resembles
that of a block copolymer while, at high M, the Rh/RG ratio of the
gradient copolymer resembles that of the alternating copolymer
examined. However, the decrease in Rh/RG as a function of M does
not occur as quickly for the gradient copolymer as it does for the
random copolymers P(S-ran-MMA) (“non-gradient” random
copolymers), i.e., at a given M, the Rh/RG of the gradient copolymer
is smaller than that of the random copolymers, signifying that, at
a given M, the gradient copolymer adopts a slightly more extended
structure than do the random copolymers. Moreover, the Rh/RG
value of the gradient copolymer approaches that of the random
copolymers with increasing M.

The explanation for the above is as follows. As seen in Fig. 6, the
percentage of “2 interaction” sites increases with degree of poly-
merization. This accounts for the random and gradient copolymers
of S and MMA becoming more extended (Rh/RG becoming smaller)
as M increases. We also observe in Fig. 6 that the percentage of “2
interaction” sites increases with decreasing ratio A:B (because the
plot and calculations in the Appendix are with respect to A,
a smaller percentage of A in the polymer corresponds to a higher
probability that a particular A monomer will be between two B
monomers, as compared to a polymer with a higher percentage of
A. It is these “2 interaction” sites, where an A monomer is located
between two Bmonomers, that contribute maximally toward chain
expansion in solution. Equivalent results are obtained if the
calculations are performed with respect to B). In Fig. 7, we see that
the percentage of styrene (%S) in the gradient copolymer P(S-co-
MMA) decreases, from approximately 30 to 20%S, with increasing
M. Two factors are now operational in the gradient copolymer: 1)
Probability theory, which indicates that the percentage of “2
interaction” sites will increase with increasing M, and 2) chemical
heterogeneity, which further increases the percentage of these
same sites with increasing M (as, from Fig. 6, we see that as the %S
decreases, the percentage of “2 interaction” sites increases). Both
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these factors contribute additively to the gradient random copol-
ymer adopting a more extended conformation in solution, for
a given M, than does a “non-gradient” random copolymer of the
same M. As the %S in the gradient copolymer approaches the %S in
the random copolymers, the conformation adopted by the gradient
and “non-gradient” random copolymers should be similar to each
other. This behavior is evidenced in Fig. 3, where the Rh/RG of the
gradient copolymer is seen to (a) decrease with increasingM, (b) be
lower than the Rh/RG of the random copolymers, and (c) to approach
the Rh/RG value of the random copolymers asM increases (i.e., as the
%S in the gradient copolymer decreases, approaching the %S in the
random copolymers).

3.5.5. Gradient random copolymer of styrene and t-butyl
methacrylate

Seemingly contradictory behavior to that just described for the P
(S-co-MMA) gradient copolymer is displayed by a gradient copol-
ymer of styrene and t-butyl methacrylate, P(S-co-t-BMA). As seen in
Fig. 3, the Rh/RG ratio of the latter copolymer increases with
increasing M, from a value close to that of the alternating copol-
ymer to a value close to that of the block copolymers. (Comparison
in both cases is to block and alternating copolymers of S and MMA,
as we have been unable to obtain block and alternating copolymers
of S and t-BMA. We expect the difference between the two types of
block and of alternating copolymers to be small, however, and the
qualitative behavior to be identical).

While probability theory leads to a higher percentage of “2
interaction” sites with increasing M for the P(S-co-t-BMA), from
Fig. 6 (assuming, as has been done throughout, that styrene
corresponds to A, so that B now corresponds to t-butyl methacry-
late)we see that 1) A random copolymerwith 50%Swill have less “2
interaction” sites that will a random copolymer of the sameMwith
a smaller %S, and 2) the increase in %S (from approximately 50 to
65%S) with increasing M leads to a concomitant decrease in these
same sites. Point 1 means that, at low M, this particular gradient
copolymer of S and t-BMAwill adopt a more extended structure in
solution than will the random P(S-ran-MMA) copolymers of the
same M. This corresponds to the Rh/RG of the P(S-co-t-BMA) being
lower than the Rh/RG of the P(S-ran-MMA)s at lowM, which is what
is observed in Fig. 3. Point 2 means that the P(S-co-t-BMA) which,
apparently, possesses a near-alternating structure at low M,
becomes more blocky and experiences less intramolecular repul-
sion as M increases. This behavior is reflected in the Rh/RG versus M
relationship: At low M, Rh/RG of the P(S-co-t-BMA) is 0.59 while, at
high M, the ratio is around 0.82.

4. Conclusions

Knowledge of the existence of sequence length heterogeneity
SLH in copolymers is important for understanding macromolecular
properties that are dependent on the distribution of the monomers
in a copolymer. Examples of such properties are the adsorption of
copolymers at liquideliquid interfaces, the conformation and
folding of protein-like copolymers, the transparency of films, and
the ability of copolymers to compatibilize blends.

In this project, we have employed results from multi-detector
SEC and FT-IR experiments, in conjunction with a probability
theory model, to relate the decrease in the dimensionless size
parameter Rh/RG as a function of molar mass M to the presence of
SLH in random copolymers, independent of molar mass poly-
dispersity and chemical heterogeneity effects. The Rh/RG change
with M can be used as a semi-quantitative metric of the SLH in
random copolymers.

Extension of this work to copolymers other than those studied
here is contingent upon several factors. First is the ability to
measure the individual radii, RG and Rh, across the MMD of the
copolymer, or across that portion of the MMD of interest in
a particular study. Second is the need to determine whether or not
chemical heterogeneity is present in the copolymer (accomplished
here through the use of SEC/MALS/UV/DRI). Third, the individual
homopolymers corresponding to the various chemical functional-
ities in the copolymer should be well-solvated at the experimental
solvent/temperature conditions. Fourth, the intrachain interaction
(i.e., the energy of interaction between two monomers due to non-
covalent bonding, mismatching size or shape, etc.) between the
different types of monomers in the copolymer should be different
from the intrachain interactions between monomers of the same
type. Lastly, the architecture of the copolymer should remain
constant as a function of M.

To our knowledge, this is the first demonstration of a relation-
ship between a dimensionless size parameter (and its change with
M) and the existence of SLH in copolymers. This project adds to
our understanding of the conformation-dependent properties of
random copolymers, of monomeric distribution within copoly-
mers, and of dilute solution thermodynamics, by providing an
experimental method by which to detect sequence length
heterogeneity.
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Appendix 1. Probability theory model of sequence length
heterogeneity

Let A and B be two species comprising a linear random copol-
ymer. Let n be the total number of monomers in the chain and xi,
where i ˛ [1, n], be the ith monomer. Assuming there is a fixed
percentage p of A and 1�p of B found in the copolymer, the prob-
ability of the number of interactions I can be determined. Without
loss of generality, the probability of an individual A monomer A0
having 0, 1, or 2 interactions with a Bmonomer will be found. There
are three cases to explore: A0 has no adjoining B monomer (I ¼ 0),
A0 has one adjoining Bmonomer (I¼ 1), and A0 has two adjoining B
monomers (I ¼ 2).

Case 1: I¼ 0. Zero interactions occur when A0 is located at an end
position and the adjoining monomer is an A monomer, or when A0
is located at an interior position and both adjoining monomers are
also A. Hence,

P(I ¼ 0) ¼ P(x1 ¼ A0 X x2 ¼ A) W P(xn ¼ A0 X xn�1 ¼ A) W P
(xi ¼ A0, where i ˛ [2, n � 1] X xi�1 ¼ A X xiþ1 ¼ A)

This simplifies to

PðI ¼ 0Þ ¼ 1
n
pþ 1

n
pþ n� 2

n
p2 ¼ pð2þ np� 2pÞ

n
(A1)

Case 2: I¼ 1. One interaction occurs when A0 is located at an end
position and the adjoining monomer is a Bmonomer, or when A0 is
located at an interior position and one adjoining monomer is a B
monomer and the other adjoining monomer is an A monomer.
Thus,

P(I ¼ 1) ¼ P(x1 ¼ A0 X x2 ¼ B) W P(xn ¼ A0 X xn�1 ¼ B) W P
(xi ¼ A0, where i ˛ [2, n � 1] X xi�1 ¼ B X xiþ1 ¼ A) W P(xi ¼ A0,
where i ˛ [2, n � 1] X xi�1 ¼ A X xiþ1 ¼ B)
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This simplifies to

PðI ¼ 1Þ ¼ 1
n
ð1�pÞþ1

n
ð1�pÞþn�2

n
ð1�pÞpþn�2

n
pð1�pÞ

¼ 2ð1�pÞð1þnp�2pÞ
n

(A2)

Case 3: I ¼ 2. Two interactions occur when A0 is located at an
interior position and the adjoining monomers are both B mono-
mers. Accordingly,

P(I ¼ 2) ¼ P(xi ¼ A0, where i ˛ [2, n � 1] X xi�1 ¼ B X xiþ1 ¼ B)
This simplifies to

PðI ¼ 2Þ ¼ ðn� 2Þ
n

ð1� pÞ2 (A3)

As the number of monomers in the chain increases (i.e., as
n / N), the probability of interactions approaches a steady state.
This can be found by taking the limits of Equations (A1)e(A3) as n
approaches N, resulting in

forzero interactions ðI ¼ 0Þ; lim
n/N

pð2þnp�2pÞ
n

¼ p2 (A4)

for one interaction ðI ¼ 1Þ; lim
n/N

2ð1� pÞð1þ np� 2pÞ
n

¼ 2pð1� pÞ
(A5)

for two interactions ðI ¼ 2Þ; lim
n/N

ðn� 2Þð1� pÞ2
n

¼ ð1� pÞ2

(A6)

Note that the model is based on the population of A. It describes
the number of interactions that A has. It does not describe the total
number of interactions, though this can be calculated using
a similar approach.

As an example, let n ¼ 10 and assume there is a 1:4 ratio of
monomer A to monomer B (hence, p ¼ 0.2). Using Equations (A1)e
(A3), 7.2% of A monomers will have no interactions with monomer
B, 41.6% of A monomers will have one interaction with monomer B,
and 51.2% of Amonomers will have two interactions withmonomer
B. When n is large (using Equations (A4)e(A6)), 4% of monomer A
will have no interactions with monomer B, 32% of monomer Awill
have one interaction with monomer B, and 64% of monomer Awill
have 2 interactions with monomer B.

Again, it is an increase in the number of 2 contact point inter-
actions (“2 interaction” sites) that leads to intramolecular repul-
sion. For a constant ratio of A:B (e.g., of S:MMA; because the
reactivity ratios of PS and PMMA are quite similar [37] they need
not be included in the model), the number of 2 contact point
interactions increases with increasing chain length, while the
number of 0 and 1 contact point interactions both decrease with
increasing chain length. Letting “nrep” denote the total number of
virtual repeat units (proportional, though not necessarily equal, to
degree of polymerization) and “% Interactions” the relative
percentages of 0, 1, and 2 contact point interactions of Awith B, the
probability theory we developed yields the plots in Fig. 6 for cases
of 1:4 and 1:3 ratios of A:B (p ¼ 0.2 and 0.25, respectively),
assuming a linear copolymer with a random distribution of
monomers. In each case, the number of 2 contact point interactions
increases with degree of polymerization (while approaching an
asymptotic value that depends on the A:B ratio). This increase leads
to increased chain expansion with increasing nrep (increasing M),
corresponding to a steady decrease in the ratio Rh/RG asM increases.
As seen in Fig. 3, this is exactlywhat we observe for the two random
copolymers examined.
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Applicability of STEM-in-SEM for polymer characterization, particularly for a manufacturing environ-
ment, was explored through analysis of a wide range of commercially significant polymer systems.
STEM-in-SEM studies of engineering thermoplastic blends and composites, using samples prepared for
TEM studies, showed excellent comparison to TEM micrographs. Important structural details of multi-
phase polymer systems could be easily obtained, even when using a thermionic SEM. High quality
images were obtained from STEM-in-SEM, and enabled the study of commonly monitored features such
as overall morphology, identification of component phases, assessment of compatibility between discrete
and continuous phases, and the dispersion and distribution of the discrete components. STEM-in-SEM
proved to have additional advantages for polymer systems with low contrast between phases, or beam-
sensitive samples, which are highly challenging for TEM imaging. Combining the large field of view with
the high magnification range in an SEM, it was also possible to successfully study large-scale phenomena,
such as crack propagation. High flexibility of STEM-in-SEM over TEM for design changes is also
demonstrated to allow for handling of a large number of samples and a lower turnaround time per
sample. An increase in productivity by about 50% was obtained for STEM-in-SEM with a 12-sample
carousel vs. a conventional single-sample STEM-in-SEM or TEM.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The use of polymeric materials in an ever-increasing range of
applications has resulted in the growing demand for comprehen-
sive information of morphology of polymer systems in order to
derive structure e property correlations. In the microstructure
analysis of polymer systems, oftentimes multi-phase blends or
composites, the phase structure is studied in detail to generate
a mechanistic understanding of the end performance of the
material. This, in turn, is critical for optimization of formulations
and processing conditions. In a typical multi-phase polymer
system,morphological factors such as size, shape and orientation of
the phases, identification of the components in the formulation
that form continuous or dispersed phase, preferred phase of
rubbers, fillers or additives, compatibility and interfaces of the
components etc. are sought, usually, with electron microscopy
techniques [1].

Transmission electron microscopy (TEM) is the most frequently
used technique to study morphology of polymer systems. TEM,
however, presents some limitations: the equipment is expensive;
: þ1 518 475 5101.
se).

All rights reserved.
analysis is time-consuming and is somewhat skill-intensive. In
addition, many polymer materials are highly beam-sensitive, and
imaging them under the acceleration voltage conditions used in
conventional TEMs becomes a challenge. Another difficulty with
TEM analysis is that e since some of the polymer materials cannot
be stained with known standard staining agents e adequate
contrast is not observed from the small differences in the inherent
density of the component polymer phases. In other words, TEM
methods fall short for these materials. Most importantly, in an
industrial production environment, where samples need to be
analyzed in large numbers for quick morphology analysis as part of
quality control, TEM is not always a practical and affordable option.

Alternative methods to obtain fast and detailed morphological
information of polymers have been well explored and documented
[1e5]. A large fraction of these efforts has been focused on scanning
electron microscopy (SEM) methods. SEM is an important tool for
polymer analysis, since it is extensively used to study fracture and
failure mechanics, particles size and shape, filler orientation and
dispersion in polymer matrices. As a result, polymer research and
manufacturing laboratories are usually equipped with SEMs.
Traditional methods to study micro-structural information of
polymer systems via SEM involve preferential etching of phases by
exposure to plasma or solvents, in order to generate the necessary

mailto:olivier.guise@sabic-ip.com
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2011.01.030
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topographical contrast. However, the extent of information that can
be obtained is fairly limited with use of these etching methods.
Details such as interface adhesion and compatibility of component
phases are lost. SEM methods are especially insufficient in the case
of polymer systems with three or more components. In the case of
solvent etching applied to such formulations, use of multiple
solvents is required to identify the phases. In the case of complex
microstructures such as co-continuous or heterogeneous morp-
hologies, identification or assignment of phases can be difficult
with solvent etching based sample preparation. Use of plasma as an
etching medium is a better choice as different phases can be
differentially etched. This, though, is quite tedious and intricate,
because the etching rate depends on various factors such as the
source gas for plasma, the etching parameters (power, rate of
etching etc.), the sample composition and also the morphology of
the material itself. A large number of experiments and correlations
with other techniques are usually required to validate the method.

Another approach for quick morphology analysis of polymers
has been achieved through the use of low voltage imaging in special
equipment such as the low voltage electron microscope [6]. At such
low voltages of the order of units of kV, enhanced imaging contrast
of nearly 20 times higher than at 100 kV, has enabled imaging of
low-Z materials such as polymers, thus completely evading the
need for heavy metal staining [7]. Morphology analysis of a wide
range of polymer blends and block copolymers has been reported
with excellent phase contrast, and density differences as low as
0.04 g/cm3 were seen to be sufficient to identify the phase struc-
ture. However, resolution of the low voltage electron microscope is
lower than that of a conventional TEM, at about 2 nm, being limited
by the considerably low accelerating voltage. Preparation of ultra-
thin sections of 30e40 nm required for this analysis can also be
highly challenging for most polymer systems. Finally, a combina-
tion of low voltage imaging with backscatter electron detector on
stained blocks was demonstrated [5]. This method is fairly time
consuming as it involves block-staining and re-polishing of the
blocks prior to imaging. In addition bulk staining of blocks will only
work for limited compositions in order to achieve sufficient
contrast.

The fairly recent commercial introduction of STEM-in-SEM, i.e.
scanning transmission electronmicroscopy in the scanning electron
microscope, presents various benefits over TEM for morphology
analysis of polymers, and is particularly suited for an industrial
environment. This method combines the advantages of high-
contrast generation consequent of low voltage analysis with the
information-rich transmission imaging of a TEM, at a resolution
equal to that of the host SEM, extending to the sub-nanometer range
in a modern day SEM [8e10]. STEM-in-SEM imaging characteristi-
cally uses electron detectors positioned side-by-side underneath
a thin section of the sample. The detector directly underlying the
sample captures electrons that aremostly unaffected by the sample,
and forms bright-field images dominated by mass-thickness
contrast. Detectors that are offset from the sample, i.e. dark field or
high angle annular dark field detectors, capture electrons scattered
by interactions with sample electrons or atomic nuclei. Most of the
commercially available SEMs now have STEM as an optional
attachment, available for a fraction of the cost of a new TEMunit. An
unparalleled advantage of STEM-in-SEM over TEM, especially in
industrial environment, is its “high output TEM-like imaging”. The
extensive, nonvalue-added, downtimebetween samples inTEMcan
be eliminated to a great extent in STEM-in-SEMwith the addition of
amultiple-sample carousel. Thus, STEM-in-SEMcanbe thoughtof as
an affordable and fast morphology analysis tool, suited for
manufacturing as well as research laboratories.

The value of the STEM-in-SEM technique has already been
demonstrated in a few published papers in the areas of mineralogy
and petrology [11], semiconductors[12], nanomaterials[13,14],
polymers [15,16] and catalysts. STEM-in-SEM was shown to be
a quick and easy method for characterizing the morphology and
internal structure of mineral and rock samples andwas shown to be
especially useful in geomicrobiology research[17]. An exhaustive
high-resolution STEM-in-SEM study of laser-machined silicon
structures was carried out to characterize defects in the crystal
lattice, thermal-mechanical damage, internal structure, composi-
tion, and dimensions of the laser-machined structures [18]. A
powerful extension of STEM-in-SEM e the “wet STEM” in an
environmental SEMe has been reported, with high quality analysis
of nano-objects embedded in liquid phase [19e21]. Different types
of materials suspended in water, such as colloidal gold and silica
nanoparticles, nanoclay, carbon nanotubes, soot, acrylic latex, and
aqueous emulsions of styrene and polystyrene, grafted colloidal
aqueous lattices such as natural rubber, bacteria, etc. could be
imaged. A brief study of the method application to polymers and
catalysts in a field-emission SEM has also been reported [16].
Another important report discusses three dimensional imaging of
filled Polyvinyl chloride and Polyurethane foams using STEM-in-
SEM. The capability for obtaining missing information at the
mesoscopic scale with STEM-in-SEM was shown, with a very good
compromise between the size of the analyzed volume and spatial
resolution [22].

In this work, we demonstrate applications of STEM-in-SEM to
a wide range of polymer systems of high commercial and scientific
importance. Many examples of engineering thermoplastics and
composite materials are presented, with emphasis on the study of
blendmorphology,filler dispersion, etc., which are routinely probed
with TEM. Imaging of these materials was carried out in STEM-in-
SEM andwas compared to the images obtained from a conventional
TEM. TEM-like imaging of high quality e both in terms of degree of
information and imagefinesseewas established tobe feasible, even
with a thermionic SEM. Successful imaging of unstained or highly
beam-sensitive materials, which is a real challenge in a TEM, is also
established. Finally, design flexibility of STEM-in-SEM to signifi-
cantly increase productivity is demonstrated by the addition of
a custom-made carousel system that can currently hold up to 12
samples.

2. Experimental e instruments and materials

2.1. Instruments

A Zeiss EVO40 XVP thermionic SEM equipped with a STEM
detector from K.E. Developments (KED) was used throughout this
study. STEM-in-SEM evaluations were also conducted using the
“poor man’s detector” (Ernest Fullam e images not shown)
[23e25], however, the signal-to-noise was far better with the KED
detector. The STEM detector unit is a cost-effective compact unit
containing the specimen and the detector, which consists of
a photodiode electron detectormounted at the bottom of a cylinder
and positioned under an electron transparent thin specimen in
a pre-aligned holder. The specimen, a standard TEM section
collected on a copper grid, was mounted at the top of the cylinder
and is clamped. The STEM-in-SEM unit was mounted onto the SEM
stage and could therefore be precisely positioned under the elec-
tron column for imaging. The STEM-in-SEM detector uses the
electronic system of the quadrupole back-scattered detector
(QBSD) and can bemanually connected or disconnected from inside
the SEM chamber when vented.When the STEM-in-SEM detector is
connected the user simply needs to image in “QBSD mode” to get
STEM-in-SEM imaging. Typical operating conditions in STEM-in-
SEMmodewere 30 kV, and a probe current ofw20 pA. Theworking
distance was optimized at 4 mm. High acceleration voltage of 30 kV
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was required, in order to improve the electron penetration and the
brightness of the source.

A few STEM-in-SEM studies were also carried out with a Zeiss
SUPRA 40VP field-emission electron microscope (FEM), as a way to
further compare STEM-in-SEM with a thermionic SEM and FEM
with TEM.

TEM studies to compare and validate STEM-in-SEM analysis
were done on a FEI Tecnai G2 TEM with a LaB6 source, operated at
100e120 kV.

2.2. Materials

In this study, a wide range of commercially available grades of
engineering thermoplastics and high performance composites
manufactured by SABIC Innovative Plastics was investigated. As
typical examples of engineering thermoplastics, materials of high
commercial importance due their high-volume applications were
analyzed, such as blends of Polypropylene/Polyphenylene Ether (PP/
PPE), Polyphenylene Ether/Styrene-ethylene-butadiene-styrene
(PPE/SEBS), Styrene Acrylonitrile/Acrylonitrile-butadiene-styrene
(SAN/ABS), Polyphenylene Ether/Polyamide/Styrene-ethylene-buta-
diene-styrene (PPE/PA/SEBS), Polycarbonate/Styrene Acrylonitrile/
Acrylonitrile-butadiene-styrene (PC/SAN/ABS) and Polycarbonate/
Fig. 1. Comparison of STEM-in-SEM and TEM images for two-phase immiscible polymer
respectively, while (d), (e) and (f) are the TEM images of the same samples. In the PP/PPE blen
dispersed in the continuous PPE phase; finally in the SAN/ABS blend, SAN is the matrix ph
Poly-butylene Terephtalate/Methacrylate-Butadiene-Styrene (PC/
PBT/MBS). Some of the high performance polymer composites
considered for STEM-in-SEM analysis were single or multi-phase
polymers reinforced with inorganic or organic fillers. An example of
such composites was a blend of polycarbonate/polybutylene ter-
epthalate and talc (PC/PBT/Talc). All samples mentioned above were
preparedona LeicaUCTultramicrotome, at roomtemperatureor cryo
conditions, dependingon sample composition. Thin sections of about
80e90 nmwere collected on copper TEM grids. For identification of
component phases, standard staining procedures, adjusted as
a function of sample compositions, were also carried out. For each
sample, the same section was used for TEM as well as STEM-in-SEM
analysis.

In addition to the above samples, a few polymer systems that are
usually very challenging to study by TEM were explored, for
instance, highly beam-sensitive materials or those multi-phase
polymers wherein differential contrast cannot be introduced into
the component phases using standard staining agents. A blend of
polyphenylene ether/polyvinilydene difluoride and tri-block
copolymer styrene-butadiene-methylmethacrylate (PPE/PVDF/
SBM)was chosen as a beam-sensitive candidate, whereas a blend of
PPE and siloxane filled with fumed silica was considered as an un-
stainable system.
blends. (a), (b) and (c) are STEM-in-SEM images of PP/PPE, PPE/SEBS and SAN/ABS,
d, PP is the matrix phase and PPE is the dispersed phase; in the PPE/SEBS blend, SEBS is
ase while the dispersed phase is bulk ABS rubber.
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In order to demonstrate feasibility and benefits of low magni-
fication imaging, a result of the large field of view in the SEM,
samples having large micron-scale morphology or those repre-
sentative of large-scale phenomena such as crack propagation or
failure were studied. As an example, an impact-tested sample was
imaged in the STEM-in-SEM to understand how the crack propa-
gation affected the surrounding morphology.

3. Results and discussion

3.1. (a) Polymer blends

Comparison of STEM-in-SEM and TEM micrographs for three
sets of two-phase immiscible polymer blends of PP/PPE, PPE/SEBS
and SAN/ABS is shown in Fig. 1. In the PP/PPE blend, PP is thematrix
phase and PPE is the dispersed phase; in the PPE/SEBS blend, SEBS
is dispersed in the continuous PPE phase; finally in the SAN/ABS
blend, SAN is the matrix phase while the dispersed phase is bulk
ABS rubber. Comparable image quality and level of information
between STEM-in-SEM and TEM were readily seen. All the impor-
tant morphological details that are sought through with TEM
analysis of polymer systems, i.e. phase morphology, dispersion and
Fig. 2. Comparison of STEM-in-SEM and TEM images for three-phase immiscible polymer b
images. (a) PC/SAN/ABS, with PC as the matrix phase, SAN the discontinuous phase and the
the matrix phase, PPE the dispersed phase and SEBS is seen within PPE (c) PC/PBT/MBS, wit
darker gray phase. MBS is dispersed within the PC phase. (d), (e) and (f) are TEM images f
distribution of the discrete features, were easily observed by STEM-
in-SEM. It should be noted that such high quality information could
be attained even when using a thermionic SEM, as was our case
throughout this study (unless noted otherwise).

The same approach was successfully applied to image the
morphology of more complex systems as highlighted in Fig. 2,
which shows three sets of 3-phase immiscible polymer blends of
PC/SAN/ABS, PPE/PA/SEBS and PC/PBT/MBS. In the first case, PC is
the matrix phase, SAN is the continuous phase, and the features
within SAN are emulsion ABS; in the second case PA is the matrix
phase, PPE is the discontinuous phase and the features within PPE
are SEBS rubber; finally in the third case, PC is the dark gray phase,
PBT is the light gray phase and the dispersed particles in the PC
phase are MBS rubber. In all three examples, STEM-in-SEM can
provide morphological information related to phase morphology,
phase dispersion and preferential phase aggregation. It even allows
us to distinguish the finer features within a specific phase.

STEM-in-SEM images were also acquired for a few samples with
a Field-Emission Microscope as the host SEM, i.e., the STEM-in-
FEM. Images displayed in Fig. 3 highlight the differences in image
quality between a TEM, thermionic STEM-in-SEM and a STEM-in-
FEM. Fig. 3(a) shows the STEM-in-FEM image for a PPE/PE blend,
lends. The left column shows STEM-in-SEM images and the right column shows TEM
dispersed features within the SAN phase are emulsion ABS. (b) PPE/PA/SEBS with PA as
h a co-continuous PC/PBT morphology. PBT is the white/light gray phase and PC is the
or the same samples.



Fig. 3. STEM-in-SEM images acquired with a host field-emission microscope. (a) Two-
phase immiscible polymer blend of PP/PPE (b) Three-phase immiscible blend of PPE/
PA/SEBS.
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and the thermionic STEM-in-SEM image for the same sample is
given in Fig. 1(a). Similarly, Fig. 3(b) shows the STEM-in-FEM image
for a PPE/PA/SEBS material, and can be compared to the thermionic
STEM-in-SEM image given in Fig. 2(b). As is readily seen, the FEM
provides higher image contrast in combination with improved
resolution, compared to the thermionic SEM. Moreover, the image
quality of the STEM-in-FEM nearly matches that of the TEM, which
is not unexpected, because the resolution of the STEM-in-SEM
directly depends on that of the host SEM itself. Nonetheless, at the
length scales of interest for common polymer blends, it can be seen
that even a thermionic SEM is quite sufficient.

The large magnification range of the SEM, i.e., from very low
magnification to very high magnification, combined with high field
of view, can also be an important advantage for STEM-in-SEM,
Fig. 4. Investigation of a notched PPE/HIPS sample by STEM-in-SEM e a thin section was m
STEM-in-SEM image showing the depth of the notch. (b) High magnification STEM-in-SEM
dispersed phase.
compared to TEM. The large field of view is especially relevant for
crack propagation or failure analysis mechanisms, which typically
span from mm scale to sub-mm scale. An example for such an
application is shown in Fig. 4, where a microtomed thin section of
notched sample of PPE/HIPS was collected on a supported grid, and
imaged at very low magnification (Fig. 4(a)) to get a clear repre-
sentation of the crack. The same sample was then imaged at high
magnification (Fig. 4(b)), and shows how the dispersed HIPS
domains were affected in the vicinity of the crack. Thus, with the
STEM-in-SEM, regions of interest from a very large section can be
quickly selected, for further analysis at higher magnifications.
3.2. (b) High performance polymer composites

Similar STEM-in-SEM analysis was carried out on composite
samples, results of which are given in Fig. 5, which shows a PC/PBT/
Talc system. In this composite, PC is the continuous phase, PBT is
the discrete phase and the dark features within PBT are talc.

Dispersion of the inorganic filler, preferred phase of the filler and
overall morphology could be easily observed with this method. In
the case of such composites, this method has numerous practical
advantages. First, thicker sections can be used for STEM-in-SEM
imaging as compared to the TEM.Asmentioned earlier, electrons are
not required to pass through a lens after crossing the specimen. The
spread of velocities caused by absorption in the specimen therefore
does not give rise to chromatic aberration induced loss of resolution,
as is the case in a conventional transmission microscope: it is thus
possible to examine a thicker specimen [26]. Second, in the case of
filled samples, especially systemswith largemicron-size fillers such
as CaCO3, glass fiber, talc, mica etc., TEM analysis to obtain
comprehensive information is not easily feasible on a routine basis,
mainly due to ultramicrotomy limitations. This is because TEM
analysis needs sections of less than 100nm thickness. To obtain such
sections of good quality, diamond knives are typically used, and
sectioning through inorganic filler particles damages the diamond
edge during sectioning and can even tear apart the very thin
sections. Even smaller fillers such as ultratalc or silica damage the
diamond knife to a great extent. It is often difficult to prepare good
TEM sections of the thicknesses needed for TEM analysis with the
cheaper alternative, i.e., the “use and throw” glass knives, particu-
larly for samples that are highly crystalline or non-conductive.
Therefore, inmost cases, such samples are studiedwith SEM, which
leads to limited information pertaining to filler dispersion alone.
Etching methods can be employed to obtain further information on
preferred phase and overall morphology through SEM, however,
they lead to sophistication of sample preparation routes and
icrotomed in cross-section and deposited on a supported grid. (a) Low magnification
image showing the effect of the notch on the surrounding morphology. HIPS is the



Fig. 5. Comparison of (a) STEM-in SEM and (b) TEM images for a typical filled system: PC/PBT/Talc where PC is the matrix phase, PBT is the discrete phase and the dark features
within PBT are Talc.
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increased time of analysis. With the feasibility to image thicker
sections with the STEM-in-SEM method, TEM-like analysis can be
performed on sections of thickness much above 100 nm, even up to
a micron [21,26], which can be easily prepared with glass knives.

3.3. (c) Unstained and beam-sensitive materials

An additional benefit of STEM-in-SEM over TEM could be
demonstratedwith a class of polymericmaterials or polymer blends
wherein little or no differential contrast can be induced with stan-
dard staining agents, owing to their chemical nature. The lower
electron energies used in STEM-in-SEM therefore come to high
significance, since considerable contrast enhancement over a TEM
can be obtained, resulting from the increased electron scattering
cross-section at lower accelerationvoltages. This proves tobe crucial
in the detection of even very small differences in density of the
component phases of multi-phase materials, of low atomic number
components such as polymer blends, often eliminating the need for
heavy metal stain applications. Low voltage imaging of unstained
polymer blends has beenwell exploited with a low voltage TEM, i.e.
the LVEMandwasdemonstratedwithmanyblend systems [7]. As an
example the STEM-in-SEM micrograph corresponding to an
unstained sample of PPE-siloxane blend is shown in Fig. 6 (a). It can
be seen that siloxane (white domains) forms the discrete phase in
the continuous PPE phase, and silica particles are found to be
dispersed in siloxane domains. In this case of low voltage trans-
mission imaging in the SEM, it may be noted that no specific sample
Fig. 6. Examples of unstained and beam-sensitive materials imaged by STEM-in-SEM: (a) U
dispersed phase (white domains). The dark features within siloxane are fumed silica; (b) Bea
phase and SBM are the features seen within PVDF.
preparation is involved, contrary to the approach required with the
LVEM. Imaging with the LVEM requires preparation of ultra-thin
sectionsof thicknesses in the rangeof 30e50nm,which inpractice is
extremely difficult for most polymer systems. Regular TEM samples
with thickness in the range80e120nmprovide adequate contrast to
understand thephasemorphologyof suchun-stainable systems. For
these samples, thinner sections of <80 nm is expected to provide
improved image contrast in STEM-in-SEM. However, due to the
presence of inorganic fillers, sectioning at such low thicknesses
generally leads to fall out of fillers and introduces artifacts such as
tearing. Another class of challengingpolymer systems for traditional
TEM imaging is the beam-sensitive polymer material. A number of
these materials were successfully imaged with STEM-in-SEM. Fig. 6
(b) shows such an example, a blend of PPE/PVDF/SBM, which is
highly beam-sensitive under TEM. It can be seen that STEM-in-SEM
imaging of this type of materials, known to collapse on exposure to
the electron-beam in TEM in a matter of a few seconds, even under
low dose or cryo conditions, could be carried out without any diffi-
culty. We were also able to image fibrillated PTFE samples in the
STEM-in-SEM (not shown). Imaging these samples by TEM is awell-
known challenge as PTFE fibrils tend to snap under prolonged
exposure to the electron-beam.

4. Industrial considerations

Themain highlight of STEM-in-SEM over TEM is its suitability as
the ideal equipment for environments that need rapid morphology
nstained PPE/Siloxane material, where PPE is the continuous phase and siloxane is the
m-sensitive blend of PPE/PVDF/SBM. PPE forms the matrix phase, PVDF is the dispersed



Fig. 7. Schematic illustrating the STEM-in-SEM system. The schematics highlights the
3 main parts of the assembly: (A): Flange-manipulator assembly; (B): Manipulator
extension and holder for the photodiode detector; (C): 12-sample carousel system.
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analysis of samples in large numbers, and at low cost of analysis.
Such is the case in a typical production environment of high
performance polymers, where morphological parameters need to
be monitored and critically controlled as quality control factors in
manufacturing processes. In reality, extensive morphology analysis
to that extent is not carried out, even in the most advanced
manufacturing plants, since it indeed is not practical to carry out
TEM analysis in large numbers and with fast turnaround. This
situation can be overtly simplified with STEM-in-SEM: man-
ufacturing and quality control laboratories in polymer industry and
research laboratories are often equippedwith SEM, which can fairly
easily be retrofitted with STEM units for a fraction of the cost of
a new TEM unit. As mentioned earlier, with the STEM-in-SEM, it is
possible to conduct “high throughput, TEM-like imaging” in an
industrial environment.

In this work, a single-sample STEM was re-designed to
a homemade carousel system, which could handle up to 12 samples
Fig. 8. Top part: Schematic showing the top view of parts (A), (B) and (C). Bottom part: Pictu
top part. The 12-sample carousel is aligned with the electron column, and the linear manip
shows the electron column, the 12-sample carousel and the photodiode detector aligned a
(the same system could easily be expanded to accommodate 24
samples). The throughput of the systemwas therefore considerably
higher than that of a TEM, and without any loss in imaging quality.
Most of the commercial SEM manufacturers now offer STEM as an
attachment, with the capability to handle up to twelve samples. In
our setup, cost incurred for a STEM system with a 12-sample
carousel was an order of magnitude lower than the commercial
units, and therefore, it could easily be fitted in multiple micro-
scopes as a low-cost and high return-on-investment application.
Use of this multi-sample carousel has enabled remarkably higher
equipment productivity and better utilization of operator time.

Figs. 7 and 8 provide an overview of the re-designed system and
illustration of its principle. The 12-sample carousel is mounted on
the SEM stage, which has 5 degrees of freedom, X, Y, Z, q and 4, with
q and 4 respectively the rotational degree of freedom and the tilting
degree of freedom. By a precise control of the position of the SEM
stage, the carousel can be moved to close proximity of the aperture
of the electron gun. Because the SEM stage will have to rotate from
sample to sample, the detector cannot be mounted on the SEM
stage, and hence was physically disconnected from the SEM stage
so as to stay in place as the stage is rotated to the next sample. The
solution was to mount the detector on a linear manipulator, which
itself could bemounted on a flange on the side of the SEM chamber,
schematics of which is given in Fig. 7. The linearmanipulator carries
the detector back and forth between a “rest” position and an
“active” position when imaging. In the active imaging mode, the
electron gun, the 12-sample carousel and the detector are perfectly
aligned (Fig. 8 (right)). In “rest”mode the detector is “parked” away
by simply retracting the detector by a safe distance (Fig. 8 (left)).

An estimate of the time saving from deployment of the STEM-
in-SEM carousel, in comparison to a single-sample STEM-in-SEM
systemwas derived from a careful analysis of the steps involved in
the STEM-in-SEM process, and was compared to TEM. Steps
involved in either of these methods can be divided into 3 main
res showing the inside of the SEM chamber and corresponding to the schematics of the
ulator is extended to bring in the photodiode detector (left). The picture on the right
nd ready for imaging.
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categories. (1) Sample preparatione this step involves the standard
microtomy procedures to prepare TEM sections. (2) Staining e

using chemicals such as osmium tetraoxide (OsO4) and ruthenium
tetraoxide (RuO4) to enhance the contrast between the various
phases composing the material. This step is required in most cases.
Staining time depends on the composition of the sample, although
many samples can be stained in parallel. (3) Imaging e involves
loading the specimen holder into the microscope, loading the
STEM-in-SEM unit on the SEM sample holder, evacuating the
chamber/column and waiting to reach a suitable vacuum level,
locating the region of interest and acquiring images of relevant
features, and finally removing the sample. While steps 1 and 2 are
common for TEM and STEM-in-SEM and were optimized in terms
of speed and quality, major differences were seen in productivity
estimates between the two techniques when a 12-sample carousel
system is added to the STEM-in-SEM. We estimate that the time
saving per sample resulted in a 50% increase in imaging produc-
tivity vs. TEM imaging. An added benefit of the carousel system is
that it contributes to increasing the lifetime of the equipment by
limiting the number of occurrences of pumping & venting cycles
and by limiting filament warm-up.

5. Conclusion

A STEM-in-SEM system with a 12-sample carousel allowed
straightforward analysis of many common polymer systems,
matching TEM in terms of quality of information, with remarkable
improvement in speed of analysis. This makes the STEM-in-SEM
a very practical and affordable alternative to TEM analysis in an
industrial environment for the characterization of polymer mate-
rials. In addition, STEM-in-SEM was shown to be successful for the
study of large-scale phenomena, and for imaging low contrast or
beam-sensitive multi-phase samples. Although TEM imaging at
higher accelerating voltages is capable of providing more detailed
images, analysis of almost all polymer systems could be realized by
STEM-in-SEM, with appropriate choice of host SEM. Use of a field-
emission SEM was shown to provide only slight improvement in
image quality at the magnification up to 50,000X commonly
required for most polymer blend systems. High-resolution SEM
becomes very relevant for polymer systems composed of nano-
sized-phases, as is the case with block copolymers, elastomeric
nanoparticles or nano-fillers. High-resolution STEM-in-SEM could
be combined with elemental analysis and high angle annular dark
field detectors, so that its analysis capability will ultimately match
with that of a 120 kV TEM with high-contrast optics, which is
typically used for the majority of polymer applications.
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In this study nanocrystalline hydroxyapatite (nHA) was synthesized and characterized by means of FT-IR,
XRD and TEM techniques and a series of proton exchange membranes based on Nafion� and nHA
were fabricated via solvent casting method. Thermogravimetric analysis confirmed thermal stability
enhancement of the Nafion� nanocomposite due to the presence of nHA nanopowder. SAXS and TEM
analyses confirmed the incorporation of nHA into ionic phase of Nafion�. Furthermore, the incorporation
of elliptical nHA into the Nafion� matrix improved proton conductivity of the resultant polyelectrolyte
membrane up to 0.173 S cm�1 at 2.0 wt% of nHA loading compared to that of 0.086 S cm�1 for Nafion�

117. Also, the inclusion of nHA nanoparticles into nanocomposite membranes resulted in a significant
reduction of methanol permeability and crossover in comparison with pristine Nafion� membranes.
Membrane selectivity parameter of the nanocomposites at 2.0 wt% nHA was calculated and found to be
106,800 S s cm�3, which is more than two times than that of Nafion� 117. Direct methanol fuel cell tests
revealed that Nafion�/nHA nanocomposite membranes were able to provide higher fuel cell efficiency
and also better electrochemical performance in both low and high concentrations of methanol feed.
Thus, the current study shows that nHA enhances the functionality of Nafion� as fuel cell membranes.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Fuel cell technology is becoming one of the critical technolo-
gies of the current century to provide power supply for stationary
and portable applications and for transportation [1]. Among the
various kinds of fuel cells, polymer electrolyte membrane fuel
cells (PEMFCs), direct methanol fuel cells (DMFCs) and biological
fuel cells (BFCs) include solid proton conducting membranes [2].
In fact, proton exchange membranes (PEMs) are considered as the
central and often the performance-limiting component of such
fuel cells [3]. DMFCs, due to their advantages of high-energy
density and low weight, are believed to be the most promising
energy conversion devices for future portable electronic
devices.
& Fiber Engineering, Georgia
SA. Tel.: þ1 404 894 2541;

cob).

All rights reserved.
Over the past years, Nafion� membranes from DuPont have
been emerged as the most common and commercially available
proton exchange membrane for PEMFC, DMFC and BFC technolo-
gies. Nafion�, as a perfluorosulfonic acid polymer, combines the
high hydrophilicity of the sulfate pendant groups with the high
hydrophobicity of the fluorinated backbone. Such an amphiphilic
behavior of the Nafion� chains enables their nanoscopic phase
separation in hydrated state [4,5]. Nafion� stands out for its
selective permeability to water, intrinsic ion conductivity, dimen-
sional stability in harsh acidic conditions, suitable flexibility and
water uptake capacity. However, the high methanol crossover of
the Nafion� prohibits its large-scale application in DMFC devices
[6]. Methanol permeation causes poisoning at the cathode side and
consequently diminishes fuel efficiency. Therefore, the develop-
ment of novel membranes with lowmethanol permeation rate is in
progress and many studies have been employed to synthesize
novel polymeric membranes to fulfill low methanol crossover
and high proton conductivity [7]. In the meantime, different
approaches such as coating with thin polyelectrolyte barrier layers
have been also conducted to reduce the methanol permeation

mailto:karl.jacob@ptfe.gatech.edu
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2010.11.033
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across the Nafion� membranes [8,9]. Another approach to achieve
a remarkable reduction in methanol permeability of the PEMs is
to modify the size of the proton transport nanochannels through
dispersing inorganic fillers and introducing tortuous pathways
[10e17]. This is achieved by dispersing inorganic fillers, such as
silica [18], titania [19], zirconia [20], zeolite [21e23], zirconium
phosphate [24], zirconium hydrogen phosphate [25], laponite [26],
montmorillonite [11e17] and carbon nanotube [27,28] into the
polymeric matrices.

It has been known that calcium hydroxyl phosphate (Ca5
(PO4)3OH) shows proton conductivity [29e31], good compatibility
with various polymers [32,33], high thermal stability and high
crystallinity. Park and coworkers [34e37] have reported the
incorporation of micron-size calcium phosphate particles into
Nafion� matrix and investigated the morphological and transport
properties of fabricated composite membranes.

With recent developments in the nanotechnology related fields,
the relationships between filler size and specific properties of the
resultant composites have become a subject of great interest [38].
It has been demonstrated that decreasing the size of the filler from
micron to nanometer leads to a significant increase of surface-
to-volume ratio resulting in high-energy surfaces [39] and
enhanced ionic conductivity [40e42]. Moreover, owing to the
nanoparticles’ high interfacial energy, the bonding between the
polymer and filler is enhanced [39].

Our objective in the current study was to develop a series of
novel polyelectrolyte membranes by incorporating nanocrystalline
hydroxyapatite (nHA) in Nafion�. Subsequently, proton conduc-
tivity and methanol permeability of the fabricated nanocomposite
membranes in the presence of various amounts of nHA were
investigated. Finally, the DMFC single cell performance of the pre-
determined optimum sample among Nafion�/nHA nanocomposite
membranes was evaluated.

2. Experimental

2.1. Synthesis of nanocrystalline hydroxyapatite

The wet chemistry method involving direct precipitation of
nanocrystalline hydroxyapatite (nHA) powder from aqueous solu-
tions and a freeze drying stepwas adapted for the synthesis [32,33].
A 0.09 M diammonium hydrogen phosphate solution [(NH4)2HPO4,
99%, Merck, Germany] and 0.15 M calcium nitrate tetrahydrate
solution [Ca(NO3)2$4H2O, 98%, VWR Prolabo, France] were
prepared and the pH of both solutions was adjusted to 11 by
addition of 1 M sodium hydroxide solution (NaOH, 99%, Merck,
Germany). Then, diammonium hydrogen phosphate solution was
added drop-wise to calcium nitrate solution at room temperature
to provide the precipitation of nanocrystalline HA (nHA). In the
next step, the precipitated nHA was centrifuged and washed with
deionized water to remove the unwanted ions. The resultant nHA
particles were finally dried in a freeze-drier system (Alpha 1-2 LD,
Germany) for 10 h.

2.2. Nanocomposite preparation

At first, definite amounts of nHA powder were suspended in
deionized water (purified with Millipore�) at 25 �C, stirred for 2 h
and ultra-sonicated for 1 h. The nHA suspensions were then added
to Nafion� (Nafion� 5 wt% solution in water and low molecular
weight alcohols supplied by E.I. DuPont de Nemours company) at
25 �C and stirred for 3 h to obtain various loading weights of 1.0,
2.0, 3.0, 5.0 and 10.0 wt% of nHA to polymer content. The resultant
mixtures were ultra-sonicated for six successive intervals of
30 min, cast on glass-made Petri dishes, incubated at 25 �C
overnight and then dried at 70 �C for 12 h. Finally, fabricated
membranes were annealed at 120 �C overnight. Subsequently, the
newly prepared membranes were treated according to the
following procedure: first, all membranes were boiled in 3 vol%
hydrogen peroxide (H2O2, Merck, Germany) for 30 min, washed
several times with deionized water and boiled for 1 h in deionized
water. Membranes were then boiled in 0.5 M sulfuric acid (H2SO4,
Merck, Germany) for another hour and washed several times with
deionized water. The pristine recast Nafion� membranes were
also treated by the same modification procedure. Nafion� 117
membranes, from DuPont were treated similarly and used for
comparison of properties.
2.3. Characterization

2.3.1. Fourier transform infrared spectroscopy
The FT-IR spectroscopy was performed on the newly synthe-

sized nHA nanoparticles using a BomemMB 100 spectrometer (ABB
Bomem Inc., Quebec, Canada). One milligram of the sample powder
was carefully mixed with 300 mg of potassium bromide (KBr)
(infrared grade) and pelletized under vacuum. Then, the pellet
was analyzed in the range of 500e4000 cm�1 at the scan speed of
23 scans min�1 with 4 cm�1 resolution.

2.3.2. X-ray diffraction
The X-ray diffraction (XRD) analysis was carried out bymeans of

a SiemenseBrucker D5000 diffractometer (Germany) with voltage
and current settings of 40 kV and 40 mA, respectively and Cu-Ka
radiation (1.540600 Å). For qualitative analysis, the XRD patterns
were recorded in the interval of 20� � 2q � 60� at the scan speed of
2� min�1 and the step size and step time of 0.02� and 1 s, respec-
tively. Crystallographic identification of the synthesized powder
was accomplished by comparing the experimental XRD patterns to
standards compiled by the International Centre for Diffraction Data
(ICDD), in which, card #09-0432 for HA was used. In addition, the
average size of the individual crystallites was calculated from XRD
data using the DebyeeScherrer approximation

t ¼ 0:9l
b1=2 cos q

where t is the crystallite size, l is the wavelength of Cu-Ka
radiation (1.540560 Å), and b1/2 is full width at half maximum
intensity. The crystallinity of nHA based nanocomposite
membranes was also investigated using WAXS apparatus as
reported by Park et al. [34,35]. Small angle X-ray scattering (SAXS)
analysis of the membranes was carried out by using a diffractom-
eter equipped with Cu K source and Kratky SAXS apparatus. The
water swelled samples were used in a sealed sample holder at
25 �C. The chamber was maintained under vacuum. The intensity
of the X-ray scattering is plotted versus the scattering vector, q,
defined as q ¼ (4p/l) sin q, where l is the X-ray wavelength and 2q
is the scattering angle.

2.3.3. Transmission electron microscopy
Transmission electron microscopy (TEM; CM200-FEG-Philips,

the Netherlands) was also used to characterize the nHA particles.
A dilute suspension of nHA particles in ethanol was prepared from
which the particles were deposited onto the Cu grid that supported
a carbon film. The particle shape and sizes were characterized via
diffraction (amplitude) contrast and, for crystalline materials, by
high resolution (phase contrast) imaging.

For the TEM characterization themembranewas embedded into
epoxy, and then cut into thin slices using an ultramicrotome (Leica
Ultracut E) at room temperature. The thickness of each slice was
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50 nm. The slices were examined in a Philips/FEI CM20. TEM with
LaB6 source operated at 200 kV accelerating voltage.

2.3.4. Water uptake
To study the swelling behavior of the membranes, the dried

samples were first soaked in deionized water at room temperature
for a day, and then quickly weighed at different time intervals after
carefully removing the excess water or methanol with filter paper,
and immersed back in the water. This process was repeated several
times until no further weight gain was observed. Finally, the water
uptake was calculated using the following equation: Water
uptake ¼ (Wsw � Wdry)/Wdry � 100, where Wsw and Wdry are the
weights of membranes in the swelled and dried states, respectively.

2.3.5. Thermogravimetry analysis (TGA)
The degradation process and thermal stability of the nHA and

the nanocomposite membranes were investigated through ther-
mogravimetry analysis (PerkineElmer Pyris1) and approximate
amounts of 10e20mg of the fully dried samples were characterized
at heating rate of 10 �C min�1.

2.3.6. Proton conductivity
The proton conductivity of the fully hydrated membranes was

measured at room temperature via the AC electrochemical imped-
ance spectroscopy method, using a Solartron Interface 1260 gain
phase analyzer over the frequency range of 1e106 Hz. The conduc-
tivity valueswere calculated from the formula s¼ L$R�1$Ae

�1, where
L is the membrane thickness, Ae is the cross-sectional area of the
membrane and R is the resistance. A four-point probe apparatus
(Bekktech Conductivity Cell) has been used tomeasure the in-plane
conductivity of membranes. For conductivity measurements, the
samples were immersed in water to reach to their equilibrium
hydrated state and then put in the conductivity cell equipped with
humidity control at 95% RH. The reported data are the average of at
least three sampleswith the standarddeviation (S.D.) not beenmore
than 10%. In the case of higher S.D. values, the measurements were
repeated with more samples.

2.3.7. Methanol permeability
The methanol permeability was determined by means of a two-

compartment glass diffusion cell. Prior to testing, the membranes
were equilibrated in deionized water for 24 h. Methanol solution
was poured into one side of the diffusion cell (cell A) and the other
side (cell B) contained pure water. The solution in each compart-
ment was stirred continuously to ensure the homogeneity. The
concentration of the methanol in cell B was measured via the gas
chromatography method. The methanol permeability was deter-
mined using the following equation:

P ¼ 1
CA

�
DCBðtÞ
Dt

� �
L$VB

A

�

where P is the methanol permeability of the membrane
(cm2 s�1), CA is the methanol concentration in cell A (mol L�1),
DCB/Dt is the slope of the molar concentration variation of
methanol in the cell B as a function of time (mol L�1 s�1), VB is
the volume of each diffusion reservoir (cm3), A is the membrane
area (cm2) and L is the membrane thickness (cm). The surface
area of the membrane samples for permeability measurements
was 2.5 cm2, and a 2 M methanol solution was used for methanol
permeability measurements. Methanol permeability measure-
ments were performed on at least three separate samples and the
results are reported as the average of at least three samples with
standard deviation (S.D.) lower than 10%. In the case of higher
S.D. values, the measurements were repeated for more samples.
2.3.8. Performance tests for a single cell fuel cell
The DMFC single cell was composed of stainless steel as the end

plates and flow fields, two carbon papers as the gas diffusion layers
(GDL, TGP-H-120 Toray), silicon rubber sheets as the sealants and
a membrane electrode assembly (MEA). MEAs were prepared via
the catalyst painting technique as same as our previous reports
[14e17,20]. Pt and Pt/Ru-black were used as catalysts for the anode
and cathode, respectively. The catalysts were mixed with Nafion�

solution and several drops of glycerol. The suspensionwas brushed
directly (4 mg cm�2) onto the membranes, and hot-pressed to
increase the contact area between the catalysts and membranes.
The area of the tested membranes was 3 � 3 cm2 and MEAs were
fabricated using a 200 kg cm�2 hot-press at 120 �C for 90 s for each
membrane’s side.

The performance of the single cell was evaluated at two meth-
anol concentrations (1 and 5 M) and oxygen flow rates into the
anode and cathode sides at 70 �C. The cell temperature as well as
the temperature of anode and cathode sides was fixed at 70 �C,
which was controlled by preheating the fuels (air and methanol
solution). The relative humidity (RH) was fixed at 70% RH.Methanol
was fed to the anode side at 20 psi back pressure for 1 h and oxygen
was introduced to the cathode side with gradual pressure increase
to 20 psi, and the cell was allowed to run for half an hour before
collecting the polarization curves data [43,44]. All single cell
performance tests were performed on multiple samples and the
results are presented as the mean values.

For methanol crossover measurements, humidified nitrogen
was fed to cathode side at 70 �C, and the fuel cell was performed
until a limiting current occurs. This limiting current obtained at the
open circuit condition indicates the oxidation current of methanol
crossover from anode to cathode.

3. Results and discussion

3.1. nHA powder

The FT-IR spectrum of the synthesized HA powder is shown in
Fig. 1. The characteristic bands are marked, which are: (a) two
bands at 3555 cm�1 and 622 cm�1 associated with the stretching
and vibration mode of hydrogen-bonded OH� ions, respectively,
and (b) the band at 1040 cm�1 arises from n3 PO4, and the bands at
603 cm�1 and 561 cm�1 correspond to n4 PO4. All of these charac-
teristic bands shown in FT-IR spectrum are typical for hydroxyap-
atite [32]. The peak around 1600 cm�1 could be attributed to the
formation of carbonated apatite, which indicates carbonate content
(CO3

�2) originated from the absorption of carbon dioxide from
atmosphere during the reaction.

The straight base line and the sharp peaks of the diffractogram
in Fig. 2 confirm that the product was well crystallized. All of
the observed peaks in the XRD pattern coincide with typical HA
ceramic peaks and trace of no other compoundwas detected by this
technique. According to DebyeeScherrer approximation, crystallite
size for this powder was about 12 nm.

TEM was used to examine shape and also estimate size of
the synthesized hydroxyapatite crystallites. The TEM micrograph
of the hydroxyapatite powder is shown in Fig. 3. As seen, the
morphology of nHA nanoparticles presents agglomerated elliptical
crystallites. Moreover, it was found that the average dimensions of
the single crystallites and agglomerates to be in the range of
8e13 � 20e40 nm and 75e90 � 120e170 nm, respectively.

3.2. Ionomeric nanocomposite

The thermograms of nHA, Nafion� 117 and Nafion�/nHA nano-
composite membranes are plotted in Fig. 4. It can be seen that nHA



Fig. 1. FT-IR spectra of the synthesized hydroxyapatite powder.

M.M. Hasani-Sadrabadi et al. / Polymer 52 (2011) 1286e1296 1289
starts to lose weight by increasing temperature to higher than
220 �C (inset of Fig. 4). As displayed in Fig. 4, the first degradation
step of Nafion� 117 starts at about 300 �C, which is attributed to the
decomposition of the Nafion� sulfonic side chains [12], and a sharp
decreasing region occurs after 360 �C due to the degradation of
PTFE backbone of the Nafion� polymer. Nafion�/nHA nano-
composite also exhibited a two-step degradation pattern. The
weight loss curve of the nanocomposite sample showed a slight
falling region at about 330 �C. The enhanced thermal stability of the
nanocomposite sample compared to the Nafion� 117 could be
ascribed to the possible interactions of active surfaces of nHA
particles with ionic side chains of Nafion�.

The TEM micrograph of a nanocomposite sample comprising
5 wt% of nHA is shown in Fig. 5. As seen, the nHA particles are
quite homogeneously dispersed in the Nafion� matrix and no
significant agglomeration is observed. Accordingly, it could be
found out that at lower loadings of the nHA particles, better is
achieved.
Fig. 2. XRD pattern of the synthesiz
The swelled nanocomposite membranes were also investigated
with the SAXS method to elucidate the contribution of nHA parti-
cles into the microstructure of Nafion�. As shown in Fig. 6, the
ionomer peak at 2 wt% of nHA has shifted from 0.6 nm�1 for the
pristine Nafion� to 0.45 nm�1 for the nanocomposite sample. Such
an observation implies that the size of Nafion�’s nanochannels in
hydrated state has swelled from 10.5 nm to 14 nm in the presence
of nHA particles. It should be mentioned that the measured
nanochannel size is in accordance with the literature [45]. As
mentioned before, the width of the elliptical-shaped nHA particles
is in the range of 8e13 nm, which is consistent with the size of
swelled ionomeric nanochannels and thus the nHA particles have
active contribution into the ionic phase of Nafion�.

The water uptake and membrane thickness values of Nafion�-
based nanocomposite membranes as well as crystallinity of these
membranes at different nHA loading weights are shown in Table 1.
The thickness of all nanocomposite membranes as well as recast
Nafion� samples was in the range of 55e66 mm.
ed hydroxyapatite nanopowder.



Fig. 5. TEM micrograph of Nafion�/nHA-5 wt% nanocomposite membrane.

Fig. 3. TEM image of synthesized nHA nanopowder.
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It is well known that the water molecules, which reside in the
hydrophilic domains of a polyelectrolyte structure, facilitate proton
transport [43]. As seen in Table 1, the presence of nHA particles at
lower contents (below 5 wt%) does not affect significantly the
extent of water swelling ratio and crystallinity.

The crystallinity of nanocomposite samples as well as neat
Nafion� membranes was investigated using WAXS method and the
results are summarized in Table 1. It was found that the crystallinity
of Nafion� membranes is not considerably affected after inclusion
of nHA particles at lower than 5.0 wt% loadings. However, at the
higher loading weights (>5.0 wt%) the crystallinity is increased,
which is consistent with the previously reported corresponding
microparticulate systems [34e37]. Park et al. [34] have speculated
that such an observation is attributed to the formation of new
crystalline regions in the amorphous domains of Nafion� due to the
nucleation effect. Proton conductivity in ionomers is considered as
Fig. 4. Thermal stability of Nafion�/nHA nanocomposite in comparison
the key parameter in the development of polymeric electrolyte
membrane for fuel cell applications. An ideal electrolyte should be
able to conduct protons across itself rapidly. Therefore, conductivity
measurements were carried out to assess the contribution of the
components of nanocomposite ionomers.

As mentioned in Introduction part the HA structure has an
intrinsic ionic conductivity, it has been found that the conductivity
of HA is due to the ion hopping ability induced by the ions in
the crystal structure of HA, which is increased at elevated
temperature [31,46]. Actually, the charge mobility carriers in oxy
with that of Nafion� 117. The inset shows the thermogram of nHA.



Fig. 7. The effect of nanoparticle’s loading weight on the proton conductivity of the
Nafion�/nHA nanocomposite membranes.

Fig. 6. SAXS of Nafion�/nHA-2 wt% at swelled state in comparison with that of recast
Nafion�.
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and hydroxyapatite structures are affected by anionic vacancies in
the channels and that of O2� ions. The analysis of the frequency
dependant conductivity allows visualizing the effect of the struc-
turally disordered mobile ions on the conduction properties of
these types of materials [47]. At low temperatures (lower than
120 �C), proton conduction is supposed to occur through the
adsorbed water molecules. With increasing temperature and
gradually elimination of the adsorbed water molecules, the surface
conduction is limited, whereas the mobile carriers are increased
[48]. The synthesized nHA particles were pressed into a disk with
the thickness of 1 mm and characterized via AC two-probe through
electrochemical impedance spectroscopy (EIS) at 80 �C. The bulk
conductivity of nHA was found to be in the order of 10�9 S cm�1,
which is not comparable with that of Nafion�. However, proton
conductivity characterization of the nanocomposite samples has
revealed that the intrinsic conductivity of nHA particles provides
a synergistic effect on the total conductivity after their inclusion
into the proton conducting nanochannels of Nafion�.

The effect of nHA’s loading weights on the conductivity of
corresponding membranes is shown in Fig. 7. The proton conduc-
tivity values are in the same range with the reported results from
Park et al. [34,35] which is a work on Nafion� and micron-size
hydroxyapatite. Moreover and as shown in Table 1, the water
uptake of nanocomposite membranes is considerably lower than
that of Nafion� 117, which implies that the improved conductivity
of nanocomposite samples is not associated with the water uptake.

Amaximum in conductivity is observed at 2wt% of nHA content,
which is followed by a decrease in conductivity values at higher
inorganic filler concentration. Such an observation could be
Table 1
Membrane thickness, water uptake and crystallinity values for Nafion�/nHA based
nanocomposites.

Sample nHA loading
weight (%)

Membrane
thickness (mm)

Water
uptake (%)

Crystallinity
(%)

Recast Nafion� 0.0 60 � 4 18 � 5 33.5 � 6
Nafion�/nHA-1.0% 1.0 63 � 5 16 � 3 31.6 � 5
Nafion�/nHA-2.0% 2.0 66 � 5 18 � 5 32.8 � 5
Nafion�/nHA-3.0% 3.0 55 � 4 17 � 6 34.1 � 4
Nafion�/nHA-5.0% 5.0 61 � 3 22 � 4 35.7 � 6
Nafion�/nHA-10.0% 10.0 60 � 6 24 � 3 47.2 � 7
Nafion� 117 0.0 178 � 9 32 � 4 18.4 � 9
interpreted with the incorporation of the nHA nanoparticles into
nanochannels of Nafion� ionomers.

Recently, Schmidt-Rohr and Chen have proposed a 3Dmodel for
the nanostructure of Nafion�, comprising an array of oriented
ionomeric nanochannels embedded within a locally aligned poly-
meric matrix [3]. In accordance with this model, Nafion� comprises
parallel cylindrical nanochannels with diameters of about 12 nm.
Hence and according to SAXS results, it could be expected that the
elliptical nHA particles owing to their size to be included into
nanochannel of Nafion� and provide strong interaction with the
ionic cylindrical walls. Accordingly, such a presumptive micro-
structure of the Nafion�/nHA nanocomposite polyelectrolyte is
helpful to explain the enhancement of their ionic conductivity at
lower contents of nHA. On the other hand, with increasing nHA
loading weight to higher than 2 wt%, the conductivity decreases.
In fact, at higher contents of nanofiller, nHA particles tend to
agglomerate in the Nafion� matrices and consequently interfere
with the formation well-organized conducting pathways. So, the
highest conductivity value of 0.173 S cm�1 at 25 �C among Nafion�/
nHA nanocomposite membranes is provided at the optimum
content of 2.0 wt% nHA. These results are in accordance with the
crystallinity values of Nafion�.

To get an insight into the temperature dependency of proton
conduction across the nanocomposite membranes, proton conduc-
tivitymeasurementswere also performed at different temperatures
at constant humidity (95% RH). As seen in Fig. 8-a, the proton
conductivity is improving remarkably as the temperature increases.
The conductivityetemperature relationships of the nanocomposite
membranes in the temperature rangeof 25e80 �Cwere investigated
based on the Arrhenius equation (s ¼ s0 exp(�Ea/RT)), where s, s0,
Ea, R and T are the proton conductivity (in S cm�1), pre-exponential
parameter, activation energy of proton migration through the
sample (in kJ mol�1), universal gas constant (8.31 J mol�1 K�1) and
the absolute temperature (in K), respectively. From the Arrhenius
plots of conductivity C depicted in Fig. 8-b, it is found that all the
membranes exhibit positive temperatureeconductivity depen-
dency, which implies a thermally activated process for proton
conduction. Moreover, the activation energy of proton conduction
process was calculated based on the Arrhenius equation. The acti-
vation energy of nanohybrid membranes, recast Nafion� and
Nafion� 117 is shown in Fig. 9. The lower proton conduction acti-
vation energy of recast Nafion� compared to that of Nafion� 117
originates from the differences in membrane formation via melting



Fig. 8. a) Proton conductivity of the Nafion�/nHA membranes as a function of temperature at various loading weights of nanofiller. b) Arrhenius plots of proton conductivity for
Nafion� based nanocomposite membranes.
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and solution casting methods. As seen in Fig. 9, the incorporation of
nHA up to 5.0 wt% into Nafion� matrices results in the lower acti-
vation energy of the resultant nanocomposite membranes in
comparison with pristine recast Nafion� membrane. The activation
energy of Nafion�/nHA membrane at 2.0 wt% content of nanofiller
was obtained to be about 5.05 kJ mol�1 compared to 8.96 kJ mol�1

for Nafion� 117, which implies that the ionic nanochannels in the
Nafion� microstructure might have been regulated in the presence
of nHA particles.
Since methanol and water molecules have similar properties,
these molecules transfer to the cathode through the electro-
osmotic drag. Methanol causes mixed potential at the cathode and
interferes with the oxygen reduction reaction and consequently the
performance of the fuel cell is remarkably decreased [13,20].
Therefore, a methanol barrier property is considered as another
major issue of the solid electrolytes for DMFC application. The
results of methanol permeability measurements in Fig. 10 clearly
demonstrate the methanol crossover of the Nafion� matrices has



Fig. 9. The activation energies of proton conduction process across the nanocomposite
membranes at different nHA content compared to that of recast Nafion� and Nafion�

117 membranes.
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been decreased significantly due to the addition of nHA. In fact,
nHA nanoparticles provide longer diffusive pathway against
diffusing methanol molecules [14] and also decrease the free
volume by occupying amorphous domains, which were originally
possessed by water and methanol molecules in Nafion� micro-
structure [37]. Higher loading weights of inorganic filler result in
blocking and termination of pathways’ formation for penetrant
molecules such as methanol.

As discussed above and confirmed by SAXS characterization, the
major difference between the nano-sized and micro-sized HA
particles is the ability of HA nanoparticles to incorporate into the
Nafion� nanochannels, which has resulted in the considerably
improved transport properties. Such effects are not possible for the
corresponding micro-sized particles.

Proton conductivity and methanol permeability are the two
transport properties of proton exchange membranes, which deter-
mine the performance of the corresponding DMFCs. As both trans-
port properties of the Nafion� were affected with the inclusion
Fig. 10. Effect of nHA loading on methanol permeation and memb
of an inorganic component, membrane selectivity parameter (ratio
of proton conductivity to methanol permeability) was used to
determine the optimum composition of the inorganic filler. The
higher selectivity value leads to a better membrane performance in
DMFC application. The membrane selectivity of the nanocomposite
membranes at various nHA loadings was calculated and is shown in
Fig. 10. The maximum selectivity was obtained at 2.0 wt% of nHA
loading. Indeed, the nanohybrid membrane at this composition not
only provides the highest proton conductivity (1.73 S cm�1), but
also fulfills a low methanol permeability (1.62 � 10�6 cm2 s�1). In
other words, modification of Nafion� microstructure with nano-
crystalline hydroxyapatite might have led to better nanochannel
formation and improvement in membrane selectivity. It has been
found that methanol crossover through PEMs at DMFC operational
conditions causes catalyst poisoning at cathode, low efficiency of
fuel cell due to methanol losses, hindrance of oxygen reduction at
cathode and consequently a drastic decrease of open circuit voltage
(OCV). Therefore, methanol crossover current density, IC, was
calculated according to IC ¼ IC,OC (1 � I/IL), where IC,OC, I and IL are
methanol crossover current density at open circuit, operating
current density and anode mass transport limiting current density,
all inmA cm�2 [49]. The DMFCmethanol crossover of Nafion�/nHA-
2.0% was measured at 1 M (Fig. 11-a) and 5 M (Fig. 11-b) methanol
concentrations and compared with recast Nafion� and Nafion� 117.
As shown in Fig. 11, methanol crossover current density at open
circuit condition for recast Nafion�, Nafion� 117 and Nafion�/nHA-
2wt%membraneswasmeasured to be 184,156 and 151mA cm�2 at
1 Mmethanol concentration, and 630, 518 and 474 mA cm�2 at 5 M
methanol concentration, respectively. Moreover, limiting current
density for recast Nafion�, Nafion� 117 and Nafion�/nHA-2 wt% at
anode side was obtained as 306, 363 and 376 mA cm�2 at 1 M
methanol concentration, and 187, 447 and 525 mA cm�2 at 5 M
methanol concentration, respectively. Therefore, methanol cross-
over experiments revealed that introducing 2 wt% of nHA into
Nafion� matrix has appreciably reduced its methanol crossover,
especially at elevated methanol concentration.

Fuel efficiency of cells, hFuel, was also calculated using methanol
crossover results via following equation: hFuel ¼ I/(I þ IC) [49].
rane selectivity of Nafion� based nanocomposite membranes.



Fig. 11. A comparison between methanol crossover current and fuel cell efficiency of recast Nafion�, Nafion� 117 and Nafion�/nHA-2 wt% membranes at two methanol concen-
trations of 1 M (a) and 5 M (b).
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Thermodynamic efficiency, hTherm, is defined as the ratio of Gibbs
free energy change per mole of methanol, Dg, to enthalpy change
per mole of methanol, Dh. The voltage efficiency of fuel cell, hVolt, is
determined as ratio of the real operating voltage, VCell, to theoret-
ical maximum voltage, VTh, of fuel cell. Accordingly, real efficiency
of fuel cell, hReal, is obtained by the combination of fuel efficiency,
thermodynamic efficiency, and voltage efficiency [49]. In this
work, the methanol crossover current density and real efficiency of
the DMFC were performed and found to depend on methanol
concentration and membrane types. The results of real efficiency
assessment of fuel cell at 1 M and 5 Mmethanol concentrations for
Nafion�117, recast Nafion� and Nafion�/nHA-2 wt% have been
displayed in Fig. 11. As shown, in the case of recast Nafion� and
Nafion�117, the maximum efficiency is decreased from 12.2% to
8.5% and from 22.7% to 18. 2% as methanol concentration is
increased to 5 M. However, lower real fuel cell efficiency reduction
from 24.7% to 20.1% is observed with increasing methanol
concentration from 1 M to 5 M, which is associated with the
beneficial role of nHA in reduction of methanol crossover through
fabricated nanocomposite membrane.

The single cell DMFC performance tests of the fabricated
membranes were performed at two methanol concentrations of 1
and 5 M at 70 �C. Fig. 12 shows the polarization curves of Nafion�/
nHA membranes (with 2.0 wt% nHA loading) compared to Nafion�

117 and recast Nafion�.
At the potential of 0.5 V and 1 M methanol feed, the current

densities for the Nafion�/nHA membranes and Nafion� 117 were
measured as 77 and 68 mA cm�2, and at 5 M methanol concen-
tration the current densities were obtained as 131 and 72mA cm�2,
respectively. In addition, the power density at the potential of
0.5 V for the nanocomposite membranes and Nafion� 117 was
measured to be 77 and 34mWcm�2 (at 1M fuel concentration) and
65 and 36 mW cm�2 (at 0.5 V potential and 5 M methanol
concentration), respectively. Accordingly, 2 wt% nHA filled Nafion�



Fig. 12. Electrochemical performance of DMFC single cells consisted of Nafion�/nHA-2 wt% compared to recast Nafion� and Nafion� 117 as polyelectrolyte membrane. The
performance tests were performed using two methanol concentrations of (a) 1 M and (b) 5 M to anode and oxygen flow to cathode at 70 �C.
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membrane is able to supply over 80% more power output than
commercial Nafion� 117membrane at a typical operating voltage of
0.5 V and at elevated methanol concentration of 5 M.

The open circuit voltage (OCV) of the single cell for the nano-
composite, Nafion� 117 and recast Nafion� at 1 M methanol was
measured as 0.71, 0.68 and 0.571, and 0.70, 0.66 and 0.571 at 5 M
methanol feed, respectively. The OCV for the composite membrane
was higher than that of Nafion� 117 and recast Nafion� at both
methanol concentrations. OCV is closely related to the methanol
crossover and increases by decreasing methanol crossover. The
higher OCV clearly indicates that the Nafion�/nHA membrane
significantly decreases the rate of methanol crossover, which is in
accordance with the already obtained methanol permeability
values. Indeed, crossover of methanol hinders oxygen reduction at
cathode and consequently leads to a decrease in the OCV of the
DMFC single cell comprising Nafion� 117 as polyelectrolyte
membrane. It has been found that methanol permeation across
PEM in DMFCs not only causes catalyst poisoning at the cathode,
but also reduces fuel efficiency due to methanol loss. In addition,
methanol crossover hinders oxygen reduction at the cathode and
consequently leads to a drastic decrease in open circuit voltage
(OCV). So, thick Nafion� membranes (Nafion� 117 with 178 mm
thickness) are usually utilized to alleviate the adverse effects of
methanol crossover. Accordingly, it seems that the recast pristine
Nafion�membraneswith same thickness of nanocomposite sample
results in remarkably lower power density.

As seen in Fig. 12, nanocomposite membrane is able to provide
maximumpower density of 102mW cm�2 and 133mW cm�2 at 1M
and 5 M methanol concentrations respectively compared to
90mWcm�2 and108mWcm�2 forNafion�117and40mWcm�2 and
28mWcm�2 for recastNafion� at the samemethanol concentrations.

Generally, from the DMFC performance results, it is found that
the presence of nanocrystalline hydroxyapatite has improved the
electrochemical performance of the Nafion� ionomer at both fuel
concentrations, which is not usually observed in the case of layered
inorganic nanofillers at the condition of low methanol concentra-
tion feed [14e17]. Although two-dimensional structure of layered
silicates such as montmorillonite is favorable to reduce methanol
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permeability, such impermeable nanosheets also obstruct diffusion
pathways of protons across the nanocomposite membranes
[12e17]. In spite of layered silicates, the conductivity results in
Fig. 7 revealed that hydroxyapatite nanocrystalline particles at the
optimum content of 2 wt% improve the conductivity properties of
the Nafion� matrix. Accordingly, the superior electrochemical
performance of the Nafion�/nHA membranes compared to Nafion�

117 at both tested methanol concentrations might have originated
from the conductive nature of the nHA particles.

4. Conclusion

In this work nanocrystalline hydroxyapatite (nHA) was
synthesized and incorporated in Nafion� matrices. The resulting
nanocomposite membranes were investigated for thermal stability,
transport properties and DMFC performance as a function of nHA
loading. The results indicate that the inclusion of nHA at optimum
content not only improves proton conductivity as well as thermal
stability of the Nafion� matrix, but also reduces methanol perme-
ation and crossover rate. Moreover, performance test of the DMFC
single cell comprising Nafion�/nHA as polyelectrolyte exhibited
higher overall cell efficiency and performance compared to Nafion�

117 at both low and high methanol concentrations.
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This communication reports a uniquemorphology of dispersed clay particles in a polymer nanocomposite.
A nanocomposite of poly[butylene succinate)-co-adipate] (PBSA) with 3 wt% of organically modified
montmorillonite was prepared by melt-blending in a batch mixer. The focused-ion beam cross-sectioning
at 36� to the sample surface, followed by delineation etching with water revealed a unique dispersed
morphology of the clay particles in PBSA nanocomposite. The scanning electronmicroscopy image showed
a unique structure, where the vertically embedded stacked silicate layers fall down to the PBSA matrix,
forming a corn-flake like structure. This unique structured was called as “nano-flake”.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Our ongoing research efforts have shown that the mechanical
and material properties of poly[(butylene succinate)-co-adipate]
(PBSA) increased concurrently upon nanocomposite (PBSACN)
formation with a suitable surface modified montmorillonite
(OMMT) [1,2]. For example, the flexural storage modulus of PBSACN
became w63% higher than that of neat PBSA. The elongation at
break of neat PBSA increased 66% upon nanocomposite formation
with 3 wt% OMMT. The oxygen permeability of PBSACN film
decreases almost by one-third as compared with the neat PBSA
film [3].

The structural analysis by focused-ion beam (FIB) tomography
has shown that the clay particles were completely embedded
within PBSA matrix and forming an interconnected network like
structure [3]. Such an interconnected network is responsible for the
effective transfer of load and improved mechanical properties of
PBSACN containing 3 wt% OMMT. Tomography results have also
supported the significantly improved oxygen-barrier property of
PBSACN by creating a long “tortuous path” that slowing down the
progress of gas molecules through the PBSA matrix [3].

Recently, small-angle X-ray scattering (SAXS) studies in associ-
ation with the transmission electron microscopy (TEM) analyses
have shown that the enhanced tenacity in the case of the PBSACN is
due to the orientation of the dispersed clay layers in the direction of
the applied tensile strain [4,5]. Such an orientation allows a better
).

All rights reserved.
energy-dissipation mechanism which in turn is responsible for the
concurrent improvement in tensile properties.

This communication reports a unique morphology of dispersed
clay particles in 3 wt% OMMT containing PBSA nanocomposite
using FIB surface delineation etching technique. Previously, Usuki
et al. [6] have used oxygen plasma treatment to etch the nylon 6
surface and reported a novel structure of highly delaminated sili-
cate layers. This is the first report where water from FIB gas injec-
tion system has been used to etch the surface and imaged a unique
morphology using scanning electron microscopy (SEM).
2. Experimental part

PBSA is a synthetic aliphatic polyester and is generally synthe-
sized by the polycondensation of butane-1,4-diol in the presence of
succinic and adipic acids with relatively low production cost and
satisfactory mechanical properties equivalent to that of polyolefins
[7e9]. The PBSA used in this study is a commercial product from
Showa Highpolymer (Japan), with the designation BIONOLLE
#3001. Organoclay used in this study was Cloisite� 30B (C30B).
Detailed information about PBSA and C30B can be found in our
previous publications [4]. The PBSACN containing 3 wt% of C30B
was prepared in a Polylab Thermohaake-batch mixer at 135 �C (set
temperature) and a rotor speed of 60 rpm for 8 min. The dried
PBSACN strands were then compression moulded at 135 �C for
10 min to prepare a PBSACN film of w100 mm thick and w200 mm
wide, using Craver Laboratory compression moulder.

The dispersion characteristic of the clay particles in PBSAmatrix
was investigated by means of a high-resolution TEM (JEOL
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Fig. 1. The schematic view of sample stage positioned at 0� tilt and FIB is at 36� with
respect to the sample surface. The schematic also show the gas injection system used
for water etching.
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JEM2100), operated at an accelerating voltage of 100 kV. The ultra-
thin sections with a thickness of w100 nm were microtomed at
�80 �C using a Reichert Ultracut cryo-ultramicrotome without
staining.

To investigate the dispersion of silicate layers in PBSAmatrix, the
middle section of the compression-moulded film was used for FIB
Study. The Zeiss FIB-SEM cross-beam workstation, NVision 40 was
used for cross-sectioning. Cross-section milling was conducted
using Gallium ion beamwhich was at 36� to the sample surface, see
Fig. 1. To avoid damage that may be caused by the beam, the sample
was sputter coated using PtPd alloy for 60 s at 40 mA. Cross-
sectioning at 36� to the sample surface using an accelerating voltage
of 30 kV was carried out with following successive steps: (i) Coarse
milling at 13 nAwhich was for roughmilling, (ii) mediummilling at
Fig. 2. Schematic view of water assisted delineation etching process in focused-ion bea
1.5 nA was used polishing the cross-sectioned area, and (iii) fine
milling at 150 pA and 80 pAwere employed to get a highly polished
cross-sectioned area. SEM imagingwas done on the cross-sectioned
area. Finally, delineation etching on the sectioned area was per-
formed using water for 240 s and 150 pA current. The water mole-
cule assisted etching process is presented schematically in Fig. 2.

3. Results and discussion

In the case of clay-containing polymer nanocomposite, the TEM
is one of the most commonly used techniques to determine the
dispersed structure of the clay particles. Fig. 3 represents TEM
images of PBSACN at two different magnifications, in which dark
lines correspond to the stacked and intercalated silicate layers. TEM
images show that most of the silicate layers are intercalated and
randomly dispersed in the PBSA matrix, and also most of them are
overlapping each other, which increase the stacking of the silicate
platelets. However, the information along the thickness direction of
the sample is an accumulated one which makes it very difficult to
conclude on the exact degree of dispersion of silicate layers in the
polymer matrix. Such a drawback is due to the fact that TEM
projects a three-dimensional (3D) information onto a two-dimen-
sional (2D) plane.

To view the real distribution of dispersed silicate platelets in
nanocomposite, the 2D cross-sectioning at 36� to the sample surface
by FIB, followed by delineation etching on the cross-sectioned area
usingwater and SEM imagingwere conducted. Parts (a)e(c) of Fig. 4,
respectively, represent the SEM images of PBSACN sample surface,
cross-sectioned, and polished cross-sectioned surface at two
different magnifications. From the elemental analysis using energy-
dispersive X-ray spectroscopy analysis, Si, Al, Mg, and oxygen were
mainly detected and from the elemental compositional analysis, the
m 3 (partially based on information available in wikipedia.org about FIB etching).



Fig. 3. Transmission electron microscopy images of PBSACN at two different magnifications, in which dark lines correspond to the stacked and intercalated silicate layers.
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white particles were found to be MMT used for the preparation of
PBSACN. It is clear from the SEM images (Fig. 4c and c0) that most of
the stacked and intercalated silicate layers embedded vertical to the
sectioned surface. However, some faces of stacked silicate layers can
be seen. This observation is quite consistence with the FIB-tomog-
raphy result as recently reported by us [3].

Now to expose the stacked and intercalated silicate layers, the
delineation etching process was conducted using water for 240 s at
150 pA current. The SEM images of delineation etched surfaces are
reported in Fig. 5. It can be seen from SEM images that vertically
embedded silicates layers fall down to the PBSA matrix. Such an
observation is natural because during etching process all PBSA
matrices around each stacked silicate layers were removed and
there was no support for the silicate layers to stand vertically. These
Fig. 4. (a) Scanning electron microscopy image of nanocomposite film surface without pro
coated and milled surface (cross-sectioned at 36� to the sample surface) of the nanocompos
different magnifications where white lines are clay particles.
stacked and intercalated silicate layers forming a corn-flake like
structure on the matrix surface and such a unique morphology of
dispersed clay particles was named as “nano-flake”.

To have a rough idea about the clay particles size distribution in
PBSA matrix, Image J software was used to analyze the SEM image
of etched surface (Fig. 5(c)). In Fig. 5(d), the size of the stacked
silicate layers (in nm) is plotted against the number of the stacked
silicate layers. It is clear from the figure that nanocomposite
consists of a maximum number of dispersed silicate layers with
a size of about 58 nm. This result is not consistent with our previous
calculation based on scanning transmission electron microscopy
images [4]. This may be due to the fact that previously we have
considered only edges (or thickness cross-sections) of the dispersed
silicate layers for calculation. However, here mostly faces (length
tective PtPd alloy coting, (b) scanning electron microscopy images of both PtPd alloy
ite film, and (c and c0) scanning electron microscopy images of polished surface at two



Fig. 5. (a) SEM image of cross-sectioned (36� to the sample surface) nanocomposite film where white lines are silicate layers, (b) SEM image of the same cross-sectioned surface
after delineation etching using water, (c and c0) SEM images of etched surface at two different magnifications, and (d) dispersed clay particles size distribution (calculated using (c))
histogram analyzed using Image J software. In (a) and (b) the red circle indicates the marked position, i.e. the same sample. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article).
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and or width of platelets) of the dispersed silicate layers have taken
to account for analysis.
4. Conclusions

This study reports a different but completely new approach to
observe the fate of silicate layers in a polymer nanocomposite by
FIB delineation etching usingwater. This work also shows that FIB is
a very powerful and versatile instrument in determining the real
distribution of nano-fillers in a polymer nanocomposite. Our
ongoing research is focusing on finding out the answer of a very
challenging but very important question � is it possible to achieve
a true exfoliation of silicate layers in a polymer matrix?
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Electrochemical deposition of the conjugated polymer poly(3,4-ethylenedioxythiophene) (PEDOT) forms
thin, conductive films that are especially suitable for charge transfer at the tissueeelectrode interface of
neural implants. For this study, the effects of counter-ion choice and annealing parameters on the
electrical and structural properties of PEDOT were investigated. Films were polymerized with various
organic and inorganic counter-ions. Studies of crystalline order were conducted via X-ray diffraction
(XRD). Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) were used to inves-
tigate the electrical properties of these films. X-ray photoelectron spectroscopy (XPS) was used to
investigate surface chemistry of PEDOT films. The results of XRD experiments showed that films poly-
merized with certain small counter-ions have a regular structure with strong (100) edge-to-edge
correlations of PEDOT chains at w1.3 nm. After annealing at 170 �C for 1 h, the XRD peaks attributed to
PEDOT disappeared. PEDOT polymerized with LiClO4 as a counter-ion showed improved impedance and
charge storage capacity after annealing at 160 �C.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Poly(3,4-ethylenedioxythiophene) (PEDOT) is an electrically-
conducting conjugatedpolymer that combinesexcellent conductivity
[1] and demonstrated biocompatibility [2]. PEDOT is chemically
stable in its oxidized form, is relatively insensitive to pH changes, and
can form nearly transparent thin films [1]. These unique character-
istics make PEDOT a desirable material in a variety of applications,
including solar cells [3], organic light emitting devices [4], and
biosensors [5]. Recently, PEDOT has been used as a bioactive coating
for the electrode sites of chronic neural implants and other bio-
stimulation devices [6].

The electrical characteristics of PEDOT coatings have important
consequences for neural stimulation devices. Small electrode areas
are desirable for neural stimulation because they provide more
spatial selectivity. However, as electrode size decreases, impedance
increases and hinders charge transfer for both neural recording and
cience and Engineering, The
E 19716, USA. Tel.: þ1 (302)

All rights reserved.
stimulation [6]. Low-impedance electrodes that have been coated
with PEDOT films can therefore be made smaller and can have
more-acute neural specificity. In addition to low impedance,
a PEDOT film delivers a large charge storage capacity (CSC) and
a flat frequency dependence curve. Large CSC values indicate that
PEDOT films can mediate the transfer of greater electrical charges
between electrical and ionic charge carriers. Flat frequency
dependence curves are important to ensure that filmsmaintain low
impedance at all relevant frequencies and to improve signal fidelity.
The 300e1000 Hz range is especially important because bio-
stimulation is most often performed with pulses in this frequency
range [7].

Experiments have shown that annealed PEDOT films can have
conductivities as much as three times higher than unheated films
[8]. Annealing can also decrease surface roughness [9] and induce
a phase transition characterized by the loss of long-range
p-stacking in the PEDOT films [10]. All these experiments were
performed on chemically polymerized PEDOT films. Less is known
about the results of annealing electrochemically polymerized
PEDOT films, which are more desirable for neural stimulation
electrodes because deposition can be targeted directly to electrode
sites.
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A number of counter-ions have been used in the electrochemical
polymerizationofPEDOT,mostnotably LiClO4 andPSS [7,11]. Previous
work has shown that variation of the counter-ion in PEDOT poly-
merization changes macroscopic properties such as morphology,
color, and electrical impedance [7,11]. The macroscopic differences
betweenPEDOTsamplespolymerizedwithdifferentcounter-ionscan
be attributed to differences in the microstructure of the PEDOT
samples [12].

PEDOT films polymerized with poly(styrene sulfonate) (PSS)
and lithium perchlorate (LiClO4) have also been used as ionic
actuators that facilitate controlled drug delivery, and these counter-
ions have different actuator responses. PEDOT/LiClO4 films actuate
by transporting mobile perchlorate counter-ions, while PEDOT/PSS
films have an immobile counter-ion and actuate by transporting
cations. These unique actuator responses can make either LiClO4 or
PSS a more desirable counter-ion for the delivery of drugs with
different charges [13]. Other considerationsdsuch as the high
surface area provided by fibrillar PEDOT polymerized with PAA and
LiClO4dmay also influence counter-ion selection [14].

The selection of a counter-ion for PEDOT deposition is an
important consideration, and this selection affects both the elec-
trical properties and morphology of a film. Thus it is valuable to
systematically explore how variation of counter-ion affects the
microstructure and electrical performance of electrochemically
polymerized PEDOT.

In this study, we present work detailing the influence of
counter-ion selection and heat treatment steps on the structural
and electrochemical properties of electrochemically polymerized
films of PEDOT. X-ray diffraction (XRD) of electrochemically poly-
merized films of PEDOT reveals a strong edge-to-edge (100)
correlation at w1.3 nm in samples containing certain small
counter-ions. X-ray photoelectron spectroscopy (XPS) shows that
some sulfur oxidation takes place in the PEDOT films above 130 �C.
Electrical characterization of PEDOT films polymerized on Pt/Ir ball
electrodes indicates that films polymerized with large counter-ions
demonstrate lower electrical impedance and higher charge storage
capacity than those polymerized with small counter-ions. PEDOT
films with large counter-ions show a decrease in charge storage
capacity and an increase in impedance when annealed. However,
annealing of films polymerized with small counter-ions disrupts
the edge-to-edge packing, decreases the impedance, anddin some
casesdincreases charge storage capacity. Only PEDOT/LiClO4 films
benefit from simultaneous decreases in impedance and increases in
charge storage capacity, making these films especially suitable for
heat treatment. An even more dramatic improvement was man-
ifested in the decreased saturation frequency at which PEDOT/
LiClO4 films approach their asymptotic, minimum impedances.
2. Experimental

2.1. Materials

The3,4-ethylenedioxythiophene (EDOT)monomerwasobtained
from H. C. Stark, PSS was obtained from Acros Organics, and phos-
phate buffered solution (PBS) (10� concentration containing
KH2PO4, NaCl, and Na2HPO4) was obtained from Fisher Scientific.
PBS was diluted to a 1� concentration (0.15 M NaCl, 0.0057 M
NaH2PO4, and 0.001 M KH2PO4). Sodium chloride (NaCl), LiClO4,
sodium phosphate (NaH2PO4), heparin, bovine serum albumin
(BSA), hyaluronic acid (HA), poly(d-lysine) (PDL), para-toluene-
sulfonic acid (PTS), poly(acrylic acid) (PAA) and methylene chloride
(CH2Cl2)were all obtained fromSigmaeAldrich. L-glutamic acidwas
obtained from M-P Biomedicals, tetrabutylammonium perchlorate
(TBAP) was obtained from Fluka, and biotin was obtained from
Pierce. All reagents except PBSdas noted abovedwere used as
received.

Planar substrates for XRD and XPS were fabricated both from
SiO2 glass and poly(styrene) substrates sputtered with Au/Pd to
a thickness of approximately 60 nm with a Hummer VI sputter
system. Indium-doped tin oxide (ITO) on 25 � 25 � 1.1 mm
unpolished float glass from Delta Technologies (Rs ¼ 6 � 2 U/sq,
#CG-40IN-0115) was also used as substrate for some XRD and XPS
trials. Pt/Ir ball electrodes were utilized for electrochemical
measurements; these substrates were fabricated by flaming the tip
of Teflon-coated, 90/10 Pt/Ir wire from A-M Systems with an
oxygen torch.
2.2. Electrochemical polymerization

PEDOT was electrochemically polymerized on planar substrates
under galvanostatic conditions from an aqueous monomer solution
containing approximately 0.01 M EDOT and 0.01 M counter-ion.
PEDOT films for XRDwere grown at a current density of 0.5mA/cm2

for 12 min on Au/Pd-sputtered glass and ITO on glass. PEDOT films
for electrochemical characterization were deposited at a current
of 2 mA for 5 min on Pt/Ir ball electrodes. An AutoLab PGSTAT12
Potentiostat/Galvanostat (EcoChemie, The Netherlands) was used
for all electrochemical polymerizations. The counter-ions usedwere
PSS, PBS, NaCl, LiClO4, NaH2PO4, TBAP, and PTS and the biologically
derived counter-ions heparin, glutamate, HA, BSA, PDL, and biotin.
Methylene chloride was used as solvent for the tetrabutylammo-
nium perchlorate solution. Deionized water was used as solvent for
all other EDOT solutions. Fibrillar PEDOTwas polymerizedwith PAA
and LiClO4 as previously reported [14]. All samples were extensively
rinsed with deionized water after deposition to wash away excess
monomer and counter-ion.
2.3. Structural characterization

Structural characterization was performed via 2-D XRD using
a Bruker D8 Discover diffractometer equipped with a HISTAR 2D
wire array area detector. X-rays were generated using a fixed-tube,
copper target source operated at 40 kV, 40 mA for all experiments.
A 500 mm monocapillary collimator was used to generate a point-
focused beam. The instrument was calibrated using a NIST1976 flat
plate standard or silver behenate powder as appropriate. Data were
collected with a camera length of 15 cm.

XPS chemical characterization was performed using a Kratos
Axis Ultra DLD X-ray Photon Spectrometer (Kratos Analytical Ltd.,
Manchester, UK). A Monochromatic Aluminum source was used
with the CeC/CeH reference set at 285 eV.
2.4. Electrochemical measurements

Pt/Ir ball electrodes were used as the deposition substrate for
electrochemical characterization of PEDOT films. Impedance spec-
troscopy (EIS) and cyclic voltammetry (CV) were performed using
an Autolab PGSTAT12. For EIS, the sample acted as the working
electrode, a platinum plate as the counter electrode, a saturated Ag/
AgCl electrode as the reference electrode, and PBS as the electro-
lyte. A sinusoidal AC signal with 5 mV amplitude was applied over
a frequency range of 1e105 Hz. Both impedance and phase angle
data were collected over the frequency range. Impedance values
at 1 kHz are used as a benchmark when testing PEDOT films
because the frequency range of neural activity, from 300 Hz to 1
kHz, is especially important in biological stimulation applications
[7,15].
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CV was performed with the same electrode setup. The voltage
was swept from �0.6 V to 0.8 V with a scan rate of 100 mV/s. CSC
values were calculated by the Autolab software.

2.5. Annealing

Planar PEDOT/NaCl samples, which demonstrated the most
significant structural regularity as discussed in the results section,
were annealed at temperatures up to 200 �C in both ambient and
N2 atmospheres. The structural changes of the annealed samples
were investigated with XRD. When annealing in N2 atmosphere at
low temperatures, Au/Pd-sputtered poly(styrene) substrates were
used. For temperatures above 90 �C, Au/Pd-sputtered glass
substrates were used. PEDOT films polymerized on ball electrodes
with PSS, heparin, LiClO4, and NaCl as counter-ions were annealed
at temperatures between 70 �C and 220 �C in ambient atmosphere
ovens. Annealing was performed for 1 h and all testing was per-
formed after cooling and within three days of annealing.

3. Results and discussion

3.1. Structural analysis

The 2D XRD patterns for electrochemically polymerized PEDOT
films with select counter-ions are shown in Fig. 1aei. XRD patterns
of PEDOT polymerized with NaCl, TBAP, and PTS (Fig. 1aec) show
a distinctive low angle peak near w1.3 nm that is not present in
background scans (Fig. 1d). The peak in the PEDOT/NaCl sample
(Fig. 1a) corresponds to a first-order d spacing of 1.27 nm. This
d spacing value is similar to the 1.40 nm d100 (edge-to-edge)
spacing of chemically polymerized PEDOT/Fe(III)Cl3 reported by
Aasmundtveit et al. [16] and the d100 values between 1.30 nm and
1.40 nm for PEDOT prepared via chemical vapor phase deposition
with various counter-ions by Winther-Jensen et al. [10]. Given its
similarity to these published results, the diffraction peak observed
with electrochemically polymerized PEDOT/NaCl was attributed to
intermolecular edge-to-edge (100) correlations between the rela-
tively stiff PEDOT molecules. Fig. 1e shows a diffraction pattern of
Fig. 1. 2-D X-ray Diffraction data of PEDOT samples electrochemically polymerized
with various counter-ions.
PEDOT/TBAP. In this sample, the low angle (100) peak is very
uniform in intensity over the observed azimuthal angle range
(Fig. 2). PEDOT/PTS shows this same lack of preferred orientation
(Fig. 1c). PEDOT/NaCl shows a strong preferred orientation of (100)
planes whereas PEDOT/TBAP does not.

These PEDOT diffraction patterns show no indication of d010 or
d001 spacings. Diffraction patterns were collected with the samples
tilted about the axis of the beam to access diffraction data lying off
the meridian; these data also show no indication of (010) or (001)
peaks. The lack of evidence for these spacings and the minimal
azimuthal variation of the PEDOT/TBAP and PEDOT/PTS (100) peaks
indicate that individual PEDOT chains have a regular edge-to-edge
correlation with only limited order in the other crystallographic
directions. This edge-to-edge (100) correlation indicates a tendency
for the chains to organize into ribbon-like structures in which
a number of PEDOT chains stack edge-to-edge and remain locally
parallel. The absence of other diffraction peaks indicates little or no
regularity in face-to-face packing. Therefore, we propose a molec-
ular model of PEDOT chains that are locally organized in the edge-
to-edge direction but remain otherwise disordered.

In contrast to PEDOT/TBAP and PEDOT/PTS, Figs. 1a and 2 show
the greater azimuthal variation of the peak for PEDOT/NaCl. The
PEDOT/NaCl peak has a maximum intensity along the plane
perpendicular to the sample stage, which indicates that the chains
prefer to organize parallel to the plane of the substrate. XRD
patterns of PEDOT films polymerized with PSS and PBS do have
faint peaks in the same region as the peaks seen in PEDOT/NaCl,
PEDOT/PTS, and PEDOT/TBAP. These faint peaks are evidence of
a preferred orientation similar to that found in PEDOT/NaCl.
Despite any preferred orientation, films polymerizedwith NaCl, PSS
and PBS have no indication of face-to-face nor backbone regularity,
so the model of edge-to-edge packing between PEDOT chains that
are otherwise disordered is still applicable to these films.

PEDOT samples prepared with LiClO4, NaH2PO4, and the bio-
logically derived counter-ionsdheparin, glutamate, HA, BSA, PDL,
and biotindand fibrillar PEDOT prepared with PAA/LiClO4 do not
show similar lowangle peaks to those present in the other samples;
for example Fig.1h and i compare the diffraction pattern for PEDOT/
heparin and PEDOT/LiClO4. Evidently, in these samples, the larger
counter-ions disrupt the lateral order of the PEDOT films.
Fig. 2. Azimuthal integration of XRD spectra for low angle (100) peaks of PEDOT/TBAP
and PEDOT/NaCl.
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3.2. Structural analysis after heat treatment

The low angle (100) X-ray diffraction peaks from PEDOT/NaCl
samples that have been annealed in ambient atmosphere are
shown in Fig. 3a. The (100) diffraction peak in PEDOT/NaCl
decreases in intensity when annealed at 150 �C and is completely
absent at 200 �C. This monotonic decrease in peak intensity with
increased annealing temperature indicates that heat treatment
causes a disordering in the PEDOT film. To determine whether this
change was due to reactions with the atmosphere, samples were
annealed at similar temperatures in N2 atmosphere. The low angle
XRD data for these samples annealed in N2 atmosphere (Fig. 3b) are
consistent with the data from the ambient atmosphere annealing:
the intensity of the diffraction peak decreases monotonically as
annealing temperature increases. This similarity indicates that the
structural changes in the films are not caused by a chemical inter-
action with atmospheric gasses.

Winther-Jensen et al. reported a similar loss of intensity in X-ray
diffraction peaks when PEDOT films were annealed to 140 �C [10]. It
is important to note that Winther-Jensen’s measurements were
taken during the annealing process. Therefore, the complete loss of
peak intensity at 140 �C that they reported does not conflict with
our findings. Their experiments showed that diffraction peaks
Fig. 3. XRD of PEDOT showing low angle (100) peak of PEDOT/NaCl, (a) annealed in
ambient atmosphere and (b) annealed in N2 atmosphere.
reappeared with less intensity after films had cooled from 140 �C,
and this finding is directly comparable to our data for PEDOT
annealed to 130 �C and 150 �C and cooled (Fig. 3a and 3b).

Those PEDOT samples that showed no evidence for long-range
ordering prior to heat treatment (PEDOT polymerizedwith heparin,
glutamate, HA, BSA, PDL, biotin, LiClO4, NaH2PO4, and PAA/LiClO4)
did not exhibit any XRD evidence of heat-induced ordering after
heat treatments were performed.

In order to analyze the chemical changes that took place during
annealing, XPS analysis of the PEDOT/NaCl samples was performed
on samples annealed in both ambient atmosphere and N2 atmo-
sphere. The spectra for unannealed PEDOT are consistent with
Spanninga et al. [17]. After annealing at 130 �C in N2 atmosphere,
changes were seen in both sulfur and oxygen spectra (Fig. 4a and b).
The sulfur 2p spectra exhibited an increase in intensity in the small,
broad peak near 168 eV. This may be an indication of sulfur
oxidation in the PEDOT thiophene ring [18]. In the oxygen 1s
spectra, an increase was observed in the lower binding energy
shoulder at w532 eV. Similar results were seen for annealing in N2
atmosphere. These results are not conclusive, but they suggest that
some sulfur oxidation is taking place. However, oxidation does not
begin to occur until films reach 130 �C. Structural changes in
PEDOT/NaCl samples were seen at temperatures as low as 70 �C,
indicating that the structural changes observedwith XRD cannot be
entirely attributed to oxidation.
Fig. 4. XPS spectra for PEDOT/NaCl samples annealed in ambient atmosphere; (a)
sulfur (2p) and (b) oxygen (1s).



Fig. 6. Total charge storage capacity as a function of annealing temperature for PEDOT/
PSS, PEDOT/Heparin, PEDOT/LiClO4, and PEDOT/NaCl. Mean values for three samples
are plotted, and error bars indicate one standard deviation.

Z.A. King et al. / Polymer 52 (2011) 1302e13081306
3.3. Electrical characterization before and after heat treatment

To further investigate the affects of annealing on PEDOT films,
electrical studies were performed on samples before and after
annealing. EIS and CV were performed on PEDOT samples poly-
merized on Pt/Ir ball electrodes with four different counter-ions:
PSS, heparin, LiClO4, and NaCl. PSS and heparin were chosen for
their low impedance and large CSC [1,19,20]. LiClO4 was chosen for
its previous use in neural probe coating and drug delivery inves-
tigations [13,14] and NaCl for its interesting structural properties as
discussed in the previous section. PEDOT samples polymerized
with PSS, heparin, LiClO4, and NaCl were annealed at temperatures
from 70 �C to 220 �C. Fig. 5 shows EIS impedance at 1 kHz plotted
against annealing temperature, and Fig. 6 shows CSC values plotted
against annealing temperature. Table 1 provides a summary of
electrical data for these for counter-ions.

PEDOT/PSS and PEDOT/heparin films show variations in imped-
ance with annealing temperature comparable to the random fluctu-
ations in the untreatedfilms. No significant change in impedancewas
observed in these films in the temperature ranges examined, save
amodest increase in the PEDOT/heparin samples annealed at 220 �C.
CV plots of both of these samples show a 44e50% decrease in CSC
when annealed at any temperature compared to the unheated
sample. These results indicate that heat treatment is detrimental to
the electrical performance of PEDOT films polymerized with PSS and
heparin. Given the high temperatures involved, thermal degradation
of the biological counter-ion heparin could have contributed to these
changes in electrical performance.

However, PEDOT films polymerized with LiClO4 and NaCl, two
smaller counter-ions, have much higher impedances and lower CSC
values before annealing than PEDOT polymerized with PSS and
heparin. These results correspond well with CSC measurements
reported by Winther-Jensen et al. [10]. Heat treatment of PEDOT/
LiClO4 causes a decrease in 1 kHz impedance when annealed at
Fig. 5. Magnitude of impedance at 1 kHz as a function of annealing temperature for
PEDOT/PSS, PEDOT/Heparin, PEDOT/LiClO4, and PEDOT/NaCl. Mean values for three
samples are plotted, and error bars indicate one standard deviation.
70 �Ce190 �C, reaching a minimum of 320 U when annealed at
190 �C (Fig. 5). This impedance is comparable to the 319 U for
unheated PEDOT/PSS.

The large error bars for the impedance of unannealed PEDOT/
LiClO4 are representative of 1 kHz impedance values of 459 U,
711 U, and 1345 U. However, after annealing at 70 �C those films
had impedances of 539 U, 553 U, and 625 U, respectively. The
impedances of those films retain a low standard deviation (less
than 50 U) up to 190 �C. It seems that annealing LiClO4 films both
decreases their impedance and results in a tighter distribution of
electrical properties. Film stability in annealed films is a potential
issue, however; 25% of films annealed between 130 �C and 190 �C
failed during electrical testing.

Even more distinct than the decrease in impedance of PEDOT/
LiClO4 samples is the reduction of the frequency at which they
approach their lowest impedance. All PEDOT films show similar
frequency dependence in their impedance: an asymptotic, low
impedance at high frequencies that increases rapidly at frequencies
below a critical frequency, fc (Fig. 7a). The value of fc depends on
counter-ion and deposition parameters. It can be arbitrarily rep-
resented by the frequency at which the impedance reaches 1000 U.
Table 1
Comparison of PEDOT films polymerized with different counter-ions and annealed.

Counter-
ion

Molecular
weight

d100
spacing

1 kHz impedance
and CSC before
annealing

1 kHz impedance and
CSC after annealing
1 h at 160 �C

PSS w70,000 Da w1.3 nm 319 U
26.1 mC/cm2

335 U
14.7 mC/cm2

Heparin 12,000e15,000 Da 309 U
20.9 mC/cm2

304 U
11.2 mC/cm2

LiClO4 106.4 Da 839 U
8.6 mC/cm2

335 U
11.3 mC/cm2

NaCl 58.4 Da 1.27 nm 981 U
19.3 mC/cm2

3168 U
12.7 mC/cm2



Fig. 7. (a) Impedance of bare Pt/Ir, PEDOT/LiClO4, PEDOT/LiClO4 annealed at 160 �C,
and PEDOT/PSS on Pt/Ir ball electrodes. Dotted line indicates the 1000 U benchmark
used to calculate fc (b) Frequency at which PEDOT/LiClO4 samples reach 1000 U versus
annealing temperature. Mean values for three samples are plotted, and error bars
indicate one standard deviation.

Z.A. King et al. / Polymer 52 (2011) 1302e1308 1307
Calculated this way, the fc of PEDOT/LiClO4 films decreases from
698 Hz in the unheated sample to just 14 Hz when the samples are
annealed at 190 �C (Fig. 7b). For comparison the fc of unheated
PEDOT/PSS films is 3.2 Hz.

Cyclic voltammetry of PEDOT/LiClO4 shows an increase in CSC
when samples are annealed, reaching a maximum of 11.3 mC/cm2

when samples are heated at 160 �C (Fig. 6, Table 1). For comparison,
the polymer film with the best electrical properties in our exper-
imentsdunheated PEDOT/PSSdhas a CSC value of 26.1 mC/cm2.
Impedance and fc values have not reached a minimum when
PEDOT/LiClO4 is annealed at 160 �C, but they are within 15 U and
4.9 Hz, respectively, of their minimum values, and above 160 �C the
charge storage capacity decreases significantly. Finally, these
PEDOT/LiClO4 films are stable up to 160 �Cdthe degradation of
electrical properties described above only begins at 190 �C.
Therefore, 160 �C is an optimal annealing temperature for these
PEDOT/LiClO4 films.
PEDOT/NaCl samples demonstrate considerably lower imped-
ance when annealed at 70e130 �C, with a minimum impedance of
just 287 U at 70 �C (Fig. 5b). This value is lower than the impedance
of unheated PEDOT/PSS, the benchmark for low-impedance PEDOT.
The fc values are also significantly lower in this range, having
decreased from 2200 Hz to only 7 Hz when annealed at 100 �C (see
Supp. 2). The CSC in this temperature range, however, is signifi-
cantly lower, having decreased by more than 40% (Fig. 6). Above
160 �C, the charge storage capacity increases slightly, but the
impedance when annealed above 160 �C is much higher than even
that of the unheated samples. Thus, impedance of PEDOT/NaCl
films can be reduced with heat treatment, but not without
a significant loss in charge storage capacity.

3.4. Correlation between structural and electrical properties

The observed relationship between structural and electrical
properties is quite different for each of the four counter-ions. XRD
data shows that planar PEDOT/NaCl films become more disordered
when annealed above 150 �C. At these temperatures, the PEDOT/
NaCl films on ball electrodes demonstrate both increased imped-
ance and decreased charge storage capacity (Fig. 5b and 6). These
results suggest that regular polymer packing in unheated films
supports PEDOT’s ability to mediate charge transfer at the interface
between ionic and electronic conduction. However, Figs. 5 and 6
also show that impedance and charge storage capacity have
different relationships to annealing temperature and that neither
exhibits a monotonic dependence on annealing temperature.
Therefore, some other structural, thermodynamic, or chemical
change must also be taking place to account for the complex effects
that annealing has on electrical properties.

PEDOT/LiClO4 shows no evidence of crystallinity before or after
annealing, but its electrical properties change dramatically with
temperature. PEDOT/PSS and PEDOT/heparin also showno evidence
of crystallinity and demonstrate some changes in electrical proper-
ties when annealed, though to a lesser extent than the other two
PEDOT films. As is the case for PEDOT/NaCl, these changes in elec-
trical properties must be attributable to some structural, thermo-
dynamic, or chemical change. Changes in surface morphology,
structural changes within the PEDOT films, and chemical changes at
the polymeresubstrate interface are all possible causes of the
changes seen in these PEDOT films. Investigation of each of these
phenomenaand its affect on electrical properties couldbe anavenue
for future research.

As demonstrated by Winther-Jensen et al., chemically poly-
merized films that have been annealed are unstable in their
disordered state. After one month with no further heat treatments,
annealed films were observed to regain their crystallinity [10]. The
effect that this time-dependent return to a more stable thermo-
dynamic state may have on electrochemically polymerized PEDOT
was not studied in these experiments and could be another focus of
future research.

3.5. Application of results

The results discussed here, specifically the improvements in
electrical properties seen with annealed PEDOT/LiClO4 films, could
be particularly advantageous for neural stimulation. Stimulation is
most often performed in the 300e1000 Hz range and these heat
treatments decrease electrode impedances to below 1000 U across
that entire frequency range (fc values decreased from 2200 Hz to
7 Hz for annealed PEDOT/LiClO4). Additionally, the heat treatments
applied to PEDOT/LiClO4 films produce extremely flat impedance
curves over the relevant frequency range (Fig. 7a). These flatter
impedance curves can improve signal fidelity: when impedance
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varies across the relevant frequency range, the variations distort
output signals. Heat treatment of PEDOT/LiClO4 films could limit
this problem in stimulation devices. Large CSC values are desirable
as they indicate the amount of charge available for transfer from
electrical to ionic current [19], so the larger CSC values of annealed
PEDOT/LiClO4 films are also advantageous. Empirical studies of this
type of heat treatment for PEDOT films on neural devices could
ultimately lead to smaller electrode sites that more efficiently
stimulate neural tissues.

4. Conclusions

PEDOT samples electrochemically polymerized with NaCl, PTS,
and TBAP contain a structural regularity associated with regular
(100) edge-to-edge alignment of PEDOT chains. Heat treatment of
PEDOT/NaCl between 160 �C and 220 �C causes these edge-to-edge
correlations to disappear. Electrical testing indicates that the
annealing also decreases impedance and increases CSC of PEDOT
samples prepared with LiClO4 as a counter-ion. In particular,
annealing PEDOT/LiClO4 to 160 �C for 1 h decreases impedance at
1 kHz by 60%, decreases by nearly two orders of magnitude the
lowest frequency at which impedance reaches 1 kU, and increases
CSC by 25%. PEDOT/NaCl films also demonstrate a 39e42% decrease
in impedance when samples are annealed in the 70 �Ce130 �C
range, but this decrease in impedance is accompanied by an
undesirable 39e42% decrease in CSC. PEDOT polymerized with
larger molecular weight counter-ions (PSS, heparin, etc.) do not
show the structural regularity observed in PEDOT polymerized
with smaller counter-ions. PEDOT polymerized with large counter-
ions also do not exhibit any improvement in electrical properties
when annealed.

These findings indicate that PEDOT coatings that have under-
gone heat treatments may be valuable for neural stimulation
devices or any PEDOT applicationwhere characteristics such as low
impedance, high CSC, and flat frequency dependence curves are
important. Annealing of small counter-ion PEDOT films could allow
these characteristics to be fine-tuned for particular applications.
Further studies will be necessary to determine the usefulness of
PEDOT heat treatments for any particular device. Future research
could also focus on the deposition and optimization of biological
counter-ions such as those investigated here.

LiClO4 is particularly interesting as a PEDOTcounter-ion because
it is smaller and more mobile than PSS. Axelsson showed that
PEDOT/LiClO4 films have a larger deflection under actuation than
PEDOT/PSS films. Furthermore, PEDOT/LiClO4 films transport
perchlorate anions during actuation whereas PEDOT/PSS films
transport cations from solution [13]. This difference could make
PEDOT/LiClO4 films preferable for controlled delivery of certain
charged drugs. The annealing process described here can improve
the electrical properties of PEDOT/LiClO4 films to levels comparable
to PEDOT/PSS. In applications such as neural stimulation devices
where both drug delivery and charge delivery are important,
annealed PEDOT/LiClO4 films could prove to be an ideal solution.
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In this study, we investigate the isolated effect of anion type on the chemical, thermal, and conductive
properties of imidazolium-based polymerized ionic liquids (PILs). PILs with various anions at constant
average chain length were prepared by ion exchange with a water-soluble PIL precursor, (poly(1-
[(2-methacryloyloxy)ethyl]-3-butylimidazolium bromide) (poly(MEBImeBr)). NMR, IR, and elemental
analysis confirm that anion exchange of ploy(MEBImeBr) with bis(trifluoromethanesulfonyl) imide
(TFSI), tetrafluoroborate (BF4), trifluoromethanesulfonate (Tf), and hexafluorophosphate (PF6) in water
resulted in nearly fully exchanged PILs. As a function of anion type, the glass transition temperature plays
a dominant role, but not the sole role in determining ion conductivity. Other factors affecting ionic
conductivity include the size and symmetry of the anion and dissociation energy of the ion pair. Both the
Vogel-Fulcher-Tammann (VFT) and Williams-Landel-Ferry (WLF) equations were employed to investi-
gate the temperature dependent ionic conductivities. The Cg

1 (9.03) and Cg
2 (168 K) values obtained from

the WLF regression of these PILs greatly deviate from the classical WLF values originally obtained from
the mechanical relaxation of uncharged polymers (Cg

1 ¼ 17.44, Cg
2 ¼ 51.6 K) and the WLF values obtained

from the conductive properties of other polymer electrolytes. This suggests that the fractional free
volume (f (Tg) ¼ B/(2.303Cg

1)) and Vogel temperature (T0 ¼ Tg � Cg
2) are strong functions of ion

concentration, where high free volume allows for ion mobility at temperatures farther below the glass
transition temperature of the polymer.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Polymerized ionic liquids (PILs), or polymers synthesized by
polymerizing ionic liquid monomers, have attracted recent atten-
tion and their application as polymer electrolytes, sorbents,
dispersing agents, and nanomaterials has recently been reviewed
[1,2]. Overall, the interests in PILs are many fold, but in general, PILs
are of interest due to the unique properties of ionic liquids (ILs) (e.g.,
negligible vapor pressure, nonflammability, high ionic conductivity,
a wide electrochemical window, and good chemical and thermal
stability) and the broad range of new polymer electrolytes that can
be realized with a highly tunable and facile synthesis [3e7]. Unlike
ionic liquid (IL)/polymer mixtures, the IL moiety is covalently
attached to the macromolecule in a PIL (see Scheme 1). Therefore,
PILs differ in that the organic cation or anion is restricted inmobility
compared to its more mobile counterion (i.e., single ion conductor),
unlike ILs or IL/polymer mixtures where both the cation and anion
: þ1 215 895 5837.

All rights reserved.
are mobile. The former alleviates shortcomings of liquid electrolytes
in electrochemical devices (e.g., leakage, stability), but usually
results in lower ionic conductivity when compared to the latter.
Although PILs are of great interest as solid-state polymer electro-
lytes, surprisingly, there are relatively few reports on the ionic
conductivity of PILs [6e12]. It is evident based on these few inves-
tigations that a number of factors can impact ionic conductivity in
PILs, such as polymer chemistry, glass transition temperature,
molecular weight, and polymer morphology. However, there is still
a limited fundamental understanding of ion transport in PILs.

One method for increasing the ionic conductivity in a PIL is to
replace themobile ionwith another via ion exchange. Chen et al. [6]
observed enhancements in ionic conductivity in a PIL when the
tetrafluoroborate (BF4) anion was replaced with the bis(tri-
fluoromethanesulfonyl) imide (TFSI) anion. This was the result of
a significant reduction in the glass transition temperature of the
polymer, which facilitated higher segmental motion of the polymer
and therefore higher anion mobility. This is unique to PILs, where
these anion differences typically do not have the same effect in ILs.
Therefore, with a wide variety of anions available, understanding
ion conduction as a function of anion type in PILs is of great interest.

mailto:elabd@drexel.edu
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2011.01.031
http://dx.doi.org/10.1016/j.polymer.2011.01.031
http://dx.doi.org/10.1016/j.polymer.2011.01.031
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However, there are only a few investigations that have focused on
the effects of anion type on ionic conductivity in PILs.

In several previous studies [9,13e15], PILs with different anions
were prepared by anion exchange of the IL monomer followed by
polymerization under different reaction conditions. This resulted in
PILs with a variety of molecular weights or different average chain
lengths, which also can affect the glass transition temperature and
ionic conductivity. Therefore, anion type and molecular weight
were convoluted parameters in these studies. These two parame-
ters can be deconvoluted if the PILs undergo anion exchange at the
polymer stage. Only a few investigations have produced PILs with
this method [16]. However, these investigations did not explore the
effect of anion type on ion conduction.

The purpose of this study was to synthesize PILs with different
anions at constant average polymer chain length and investigate the
effect of anion type on ion conductivity as well as other properties
related with these anion exchanged single ion conductors. The
effectiveness of exchanging anions at the polymer stage in PILs is
largely dependant on the anion type, PIL, and the experimental
procedure. In order to achieve a high purity exchange, solubility of
the PIL before and after exchange in the solvents used can be
a critical issue. In general, imidazolium-based ILs and PILs neutral-
ized with halide anions are water soluble, while these same ILs and
PILs neutralizedwith fluorine-containing anions are water insoluble
[17]. We utilize this difference in solubilities to achieve high purity
anion exchanged PILs.

Specifically, in this study, an imidazolium-based IL monomer,
1-[(2-methacryloyloxy)ethyl]-3-butylimidazolium bromide (MEBIme

Br), was synthesized and subsequently polymerized using conven-
tional free radical polymerization. This PIL precursor, poly
(MEBImeBr), was subsequently exchanged with other fluoride-
containing anions, TFSI, BF4, trifluoromethanesulfonate (Tf), and
hexafluorophosphate (PF6), in water, where the resulting PIL
precipitated out of solution. For comparison, the same procedure
was also performed on the IL monomer. The chemistry, molecular
weight, glass transition temperature, thermal decomposition
temperature, and ion conductivity were characterized in all of these
PILs, where anion type was the sole variable. The effect of temper-
atureon ion conductivitywasexploredwith theuseof regressions to
both the VFTandWLFmodels. Interestingly, theWLF parameters (C1
and C2) for PILs are uniquely different than neutral polymers and
other salt doped polymer electrolytes (e.g., Li salt-poly(ethylene
oxide) (PEO)), which suggest that fractional free volume at the glass
transition temperature and Vogel temperature are significantly
different in single ion conductor PILs.
2. Experimental

2.1. Materials

2-Bromoethanol (95%), methacryloyl chloride (97%, stabilized
with 200 ppm monomethyl ether hydroquinone (MEHQ)), triethyl-
amine (�99.5%), dichloromethane (ACS reagent, �99.5%, contains
50 ppm amylene stabilizer), magnesium sulfate (anhydrous,
ReagentPlus�, 99%), 1-butylimidazole (98%), 2,6-di-tert-butyl-4-
methylphenol (99%), diethyl ether (anhydrous, �99.7%, contains
1 ppm BHT inhibitor), azobisisobutyronitrile (AIBN, 97%), acetone
(HPLCgrade,�99.9%), sodiumtetrafluoroborate (NaBF4, 98%), lithium
bis(trifluoromethanesulfonyl) imide (LiTFSI, 97%), lithium tri-
fluoromethanesulfonate (LiTf, 96%), lithium hexafluorophosphate
(LiPF6, 98%), lithiumbromide (LiBr, 99.995%metals basis), acetonitrile
(anhydrous, 99.8%), N,N-dimethylformamide (DMF, ACS reagent,
�99.8% andHPLCgrade,�99.9%), andmethyl sulfoxide-d6 (DMSO-d6,
99.9%, contains 0.03% v/v TMS) were purchased from Aldrich. Ultra-
pure deionized (DI) water (resistivity w 16 MU cm) was used as
appropriate.
2.2. Synthesis of ionic liquid (IL) monomer

The synthesis method for the imidazolium-containing mono-
mer, 1-[2-(methacryloyloxy)ethyl]-3-butylimidazolium bromide
(MEBImeBr), is shown in Scheme 1. A typical reaction included
adding a mixture of 39.37 g (0.315 mol) of 2-bromoethanol and
50 mL of dichloromethane to a three-neck 500 mL flask in an ice
bath. Under nitrogen, a mixture of 33.39 g (0.33 mol) of triethyl-
amine and 50mL of dichloromethanewas slowly added to the flask,
followed by a slow addition of a mixture of 31.36 g (0.3 mol) of
methacryloyl chloride and 50 mL of dichloromethane using an
addition funnel. The reaction mixture was stirred at room temper-
ature for 18 h and then filtered. The liquid filtrate was washed with
300 mL DI water four times. The water layer was removed using
a separation funnel and the residual water in the organic layer was
further removed with anhydrous magnesium sulfate. The organic
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solventwas then removedbyvacuum,whichyielded a clear liquid of
2-bromoethyl methacrylate (70% yield).

A typical quaternization reaction consisted of adding 40.46 g
(0.21 mol) of 2-bromoethyl methacrylate, 26.03 g (0.21 mol, equi-
molar) of 1-butylimidazole, and a small amount of 2,6-di-tert-
butyl-4-methylphenol (inhibitor) to a 250 mL flask. The mixture
was stirred in an oil bath at 40 �C for 24 h and yielded a viscous
liquid. The resulting MEBImeBr monomer was dissolved in 30 mL
dichloromethane and then re-precipitated three times in 200 mL
diethyl ether in an ice bath. The purified MEBImeBr monomer was
a clear viscous liquid (82% yield). 1H NMR (UNITYINOVA 500 MHz,
DMSO-d6, ppm) and elemental analysis: 9.37 (s, 1H, NeCH]N),
7.86e7.88 (d, 2H, NeCH]CHeN), 6.03 (s, 1H,HCH]C(CH3)), 5.76 (s,
1H, HCH]C(CH3)), 4.53 (m, 2H, NeCH2eCH2eO), 4.48 (m, 2H,
NeCH2eCH2eO), 4.21 (t, 2H, NeCH2eCH2eCH2eCH3), 1.84 (s, 3H,
CH2]C(CH3)), 1.76 (m, 2H, NeCH2eCH2eCH2eCH3), 1.22 (m, 2H,
NeCH2eCH2eCH2eCH3), 0.89 (t, 3H, NeCH2eCH2eCH2eCH3).
Anal. Found (Anal. Calcd.): C, 46.35 (49.21); H, 7.11 (6.69); O, 14.98
(10.09); N, 8.21 (8.83); Br 23.62 (25.18).

2.3. Synthesis of polymerized ionic liquid (PIL)

The imidazolium-containing polymer, poly(MEBImeBr), was
synthesized by the conventional free radical polymerization as
shown in Scheme 1. A typical polymerization included adding
a mixture of 30.04 g (9.27 � 10�2 mol) MEBImeBr monomer and
63.0 g DMF to a 250mL flask. The reaction mixture was then purged
with nitrogen for 30 min followed by an addition of 31.4 mg
(1.91�10�4mol)AIBN initiator to initiate polymerization,whichwas
carried out at 60 �C for 6 h. The reaction mixture was then diluted
with DMF and precipitated into acetone followed by washing with
fresh acetone several times. The precipitate was then dried under
vacuum at 60 �C for 72 h yielding 16.80 g of poly(MEBImeBr) (56%
yield). 1H NMR (UNITYINOVA 500 MHz, DMSO-d6, ppm) and
elemental analysis: 9.97 (s,1H, NeCH]N), 8.10e8.17 (d, 2H, NeCH]
CHeN), 4.32e4.67 (m, 6H, NeCH2eCH2eO, NeCH2eCH2eCH2),
1.84 (s, 4H, CH2eC(CH3), NeCH2eCH2eCH2eCH3), 1.30 (s, 5H,
NeCH2eCH2eCH2eCH3, CH2eC(CH3)), 0.91 (s, 6H, NeCH2eCH2e

CH2eCH3, CH2eC(CH3)), 0.32e0.64 (m, 3H, CH2eC(CH3)). Anal.
Found (Anal. Calcd.): C, 47.69 (49.21); H, 6.89 (6.69); O,13.08 (10.09);
N, 8.10 (8.83); Br 23.64 (25.18).

2.4. Anion exchange reactions

The anion exchange reactions for PILs (Scheme 1) and IL mono-
mers (see Supplementarydata SchemeS1)wereperformed inwater.
A general procedure for the preparation of PILs by anion exchange
with poly(MEBImeBr) is given as follows: 3.16 g (2.87 � 10�2 mol)
NaBF4 was dissolved in 10mL of DI water and this solutionwas then
added dropwise into 1.01 g poly(MEBImeBr) aqueous solutionwith
an anion mole ratio of BF4/Br ¼ 9/1 mol/mol. The resulting water-
insoluble polymer, poly(MEBImeBF4), precipitated out of the water
phase immediately. The reaction mixture was stirred for 48 h, fol-
lowed by re-precipitating and washing in fresh DI water for 72 h.
Silver nitrate testing showed that the Br anion was present in the
aqueous phase immediately after the exchange reaction, but no
AgBr precipitated after the washing step. The resulting anion
exchanged PIL was dried in vacuum oven for at least 24 h. A similar
procedurewas carried out with other salts, LiTFSI, LiTf, and LiPF6, to
produce poly(MEBImeTFSI), poly(MEBImeTf), and poly
(MEBImePF6), respectively. 1H NMR and elemental analysis results
for all four PIL samples are shownbelow,where a residual amount of
Br was present in each sample (<4 mol%). 1H NMR (UNITYINOVA
500 MHz, DMSO-d6, ppm) and elemental analysis: poly
(MEBImeBF4): 9.11 (s, 1H, NeCH]N), 7.70e7.78 (d, 2H, NeCH]
CHeN), 4.20e4.48 (m, 6H,NeCH2eCH2eO,NeCH2eCH2eCH2),,1.79
(s, 4H, CH2eC(CH3), NeCH2eCH2eCH2eCH3), 1.28 (s, 5H, NeCH2e

CH2eCH2eCH3, CH2eC(CH3)), 0.90 (s, 6H, NeCH2eCH2eCH2eCH3,
CH2eC(CH3)), 0.40e0.66 (m, 3H, CH2eC(CH3)). Anal. Found (Anal.
Calcd.): F, 21.15 (20.76); Br, 0.51 (0). poly(MEBImeTFSI): 9.18 (s, 1H,
NeCH]N), 7.66e7.78 (d, 2H, NeCH]CHeN), 4.19e4.47 (m, 6H,
NeCH2eCH2eO, NeCH2eCH2eCH2), 1.78 (s, 4H, CH2eC(CH3),
NeCH2eCH2eCH2eCH3), 1.27 (s, 5H, NeCH2eCH2eCH2eCH3,
CH2eC(CH3)), 0.90 (s, 6H, NeCH2eCH2eCH2eCH3, CH2eC(CH3)),
0.44e0.71 (m, 3H, CH2eC(CH3)). Anal. Found (Anal. Calcd.): F, 21.09
(22.02); Br, < 0.25 (0). poly(MEBImeTf): 9.19 (s, 1H, NeCH]N),
7.74e7.81 (d, 2H, NeCH]CHeN), 4.20e4.50 (m, 6H, NeCH2e

CH2eO, NeCH2eCH2eCH2), 1.79 (s, 4H, CH2eC(CH3), NeCH2eCH2e

CH2eCH3), 1.28 (s, 5H, NeCH2eCH2eCH2eCH3, CH2eC(CH3)), 0.89
(s, 6H, NeCH2eCH2eCH2eCH3, CH2eC(CH3)), 0.42e0.69 (m, 3H,
CH2eC(CH3)). Anal. Found (Anal. Calcd.): F,14.47 (14.75); Br, 0.81 (0).

poly(MEBImePF6): 9.11 (s, 1H, NeCH]N), 7.64e7.75 (d, 2H,
NeCH]CHeN), 4.18e4.43 (m, 6H, NeCH2eCH2eO, NeCH2e

CH2eCH2), 1.78 (s, 4H, CH2eC(CH3), NeCH2eCH2eCH2eCH3), 1.28
(s, 5H, NeCH2eCH2eCH2eCH3, CH2eC(CH3)), 0.90 (s, 6H,
NeCH2eCH2eCH2eCH3, CH2eC(CH3)), 0.43e0.66 (m, 3H, CH2eC
(CH3)). Anal. Found (Anal. Calcd.): F, 28.47 (29.81); Br, 0.57 (0).

2.5. Characterization

1H NMR spectra were collected using a UNITYINOVA 500 MHz
spectrometer at room temperature with DMSO-d6 as the solvent.
Elemental analysis was conducted at Atlantic Microlab, Inc. in Nor-
cross, GA. The infrared spectra were collected at room temperature
using a Fourier transform infrared spectroscopy (FTIR) spectrometer
(Nicolet 6700 Series; Thermo Electron) equipped with a single-
reflection ATR attachment (Specac, Inc., Silver Gate�, zinc selenide
crystal). The molecular weights of PILs were determined by gel
permeation chromatography (GPC) at 40 �C using a Waters GPC
system (breeze 2) equipped with two Styragel columns (Styr-
agel@HR 3 and Styragel@HR 4) and a 2414 reflective index (RI)
detector. PILs were dissolved in a mixture of DMF and 0.05 M LiBr.
GPC measurements were performed at a flowrate of 1.0 mL/min at
40 �C using polyethylene glycol/polyethylene oxide (PEG/PEO) as
standards. Thermal degradation temperatures (Td) were measured
by thermal gravimetric analysis (TGA, TA Instruments, Q50) at
a heating rate of 10 �C/min under nitrogen environment. Glass
transition temperatures (Tg) were measured with a differential
scanning calorimeter (DSC) (TA Instruments, Q2000) under nitrogen
environment (50mL/min) using themethod of heat/cool/heat at the
same rate of 10 �C/min over a temperature range of �40 to 180 �C.
The Tg was determined using the mid-point method on the second
heating cycle thermogram. Ionic conductivity of PIL films and IL
monomers was measured with an AC impedance system (Solartron,
1260 impedance analyzer, 1287 electrochemical interface, Zplot
software) between 102 Hz and 106 Hz. PIL films with thickness
ranging between 100 and 400 mmwere prepared by solution casting
from acetonitrile on Teflon Petri dishes at ambient conditions. The
films were dried in a fume hood at room temperature and films
were cut to w30 mm � 5 mm before they were completely dried.
The polymer films were further dried under vacuum at 120 �C for at
least 24 h, and then stored in a desiccator until use. The conductivity
of IL monomers and PILs was measured in a cell with four-parallel
electrodes (four-point method) in an environmental chamber
(Tenney, BTRS model) with controlled temperature at the fixed
relative humidity of 10%. An alternating current was applied to
the outer electrodes and the real impedance or resistance, R, was
measured between the two inner reference electrodes. Resistance
was determined from the x-intercept of the imaginary versus real
impedance data over a high frequency range. The conductivity
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values were calculated from the equation s ¼ L/AR, where s is
conductivity (S/cm) and L and A are the distance between two inner
electrodes and cross section area of the polymer film (A ¼Wl, W is
the film strip width and l is the film thickness), respectively. For
conductivity experiments, samples were equilibrated for 2 h at each
temperature followed by 12 measurements over 3 h taken over
15 min increments. The values reported are an average of these
steady-state measurements. Measurements for PIL films and IL
monomers were carried out in a Teflon-coated stainless steel cell
and a solid Teflon well-like cell, respectively. More details on these
two cells and experimental procedures can be found elsewhere [18].
A small amount of di-tert-butyl-4-methylphenol (inhibitor) was
added into the cell with the IL monomers to prevent polymerization
during conductivity experiments.
3. Results and discussion

3.1. Synthesis and chemical characterization of anion exchanged
PILs

The synthesis of the IL monomer, MEBImeBr, is shown in
Scheme 1. The resulting IL monomer was a water-soluble clear
viscous liquid. The homopolymer, poly(MEBImeBr), was synthe-
sized by conventional free radical polymerization (also shown in
Scheme 1). This resulting polymer was soluble in water or meth-
anol, but not soluble in acetone or diethyl ether. Thus, in this work,
poly(MEBImeBr) was chosen as the PIL precursor to exchange with
other anions in water. A general anion exchange reaction scheme is
also shown in Scheme 1. The chemical structures of the anion
exchanged PILs were confirmed by chemical shifts in the 1H NMR
spectra as listed in Table 1, e.g., from 9.97 ppm (NeCH]N of poly
(MEBImeBr)) to 9.11 ppm (NeCH]N of poly(MEBImeBF4)). The 1H
NMR spectra shown in Fig. 1 also indicate that the C(2)-proton peak
(9.97 ppm) associated with Br anion is not present in exchanged
PILs, suggesting that Br has been replaced with a new anion and the
amount of Br was reduced to a low level that was not detectable by
1H NMR. Further, elemental analysis shows that the halide residue
was negligibly small in the resulting anion exchanged PILs (<4 mol
%). This data provides evidence that anion exchange reactions in
water resulted in nearly fully exchanged PILs.

Fig. 2 shows the IR spectra for the exchanged PILs at ambient
conditions. The characteristic infrared bands found in this study
(BF4, 1046, 1011 cm�1; TFSI, 1346, 1130 cm�1; Tf, 1025, 755 cm�1;
PF6, 810 cm�1) are consistent with literature (BF4, 1045, 1015 cm�1

[19]; TFSI, 1348, 1136 cm�1 [20]; Tf, 1032, 755 cm�1 [21,22]; PF6,
808 cm�1 [20]). Note that at the ambient conditions, there is
significant amount of water (OeH stretching band at 3407 cm�1) in
the precursor, poly(MEBImeBr), while there is a negligible amount
of water in the exchanged PILs.

Molecular weight and distribution of polyelectrolytes is often
measured by GPC with a small amount of salt added to screen
electrostatic repulsions and therefore minimize polymer chain
aggregation [23]. In this work, results from dynamic light scattering
(DLS) indicate that the addition of LiBr salt reduced the aggregation
Table 1
Chemical shifts in 1H NMR spectra for PILs.

PIL NeCH]N (ppm) NeCH]CHeN (ppm)

Poly(MEBImeBr) 9.97 8.10, 8.17
Poly(MEBImeBF4) 9.11 7.70, 7.78
Poly(MEBImeTFSI) 9.18 7.66, 7.78
Poly(MEBImeTf) 9.19 7.74, 7.81
Poly(MEBImePF6) 9.11 7.64, 7.75
of the PILs in DMF, where there was a monomodal distribution of
hydrodynamic size at 0.05 M LiBr salt concentration (see Supple-
mentary data Fig. S2a). A bimodal distribution in hydrodynamic size
was observed without the addition of salt (see Supplementary data
Fig. S2b). Fig. 3 shows the GPC chromatograms for PILs measured in
this study, where monomodal peaks were observed indicating good
separationwith 0.05 M LiBr salt concentration. In literature, both PS
[24] and PEG/PEO [25] have been used as standards for molecular
weight measurements on polyelectrolytes. Table 2 lists the molec-
ular weight average and distribution of PILs against both PS and
PEG/PEO standards, respectively. Interestingly, themolecular weight
average and distribution against PS standards are much higher and
narrower than those against PEG/PEO standards. The poly-
dispersities against PS standards ranged from 1.21 to 1.31 and are
much smaller than what is typically observed for polymers
synthesized by free radical polymerization. The reason for this is
that there is a significant interaction between PS and the Styragel
packing materials (crosslinked poly(styrene-divinylbenzene) parti-
cles) in the DMF solvent [26,27]. As a result, the elution time for
polystyrene becomes longer (see Supplementary data Fig. S3). Thus,
the molecular weight averages and polydispersities against PS
standards are often significantly larger than their true values. In
contrast, polydispersity values against the PEG/PEO standards give
more reasonable values, ranging from 2.45 to 2.77. This indicates
that molecular weights of PILs measured against PEG/PEO standards
are closer to their true molecular weights when compared to PS
standards, which interact with column packing materials.

3.2. Thermal properties of PILs

Fig. 4 shows the thermal stability of PILs characterized by TGA
under nitrogen environment. The thermal decomposition temper-
atures (Td) of PILs weremeasured at 5% loss and are listed in Table 3.
The precursor PIL with Br anion has the lowest decomposition
temperature of all PILs (Td ¼ 534 K), while the TFSI-exchanged PIL
has the highest decomposition temperature (Td ¼ 636 K). The
overall thermal stability of these PILs scales with anion type as:
Br < PF6 < BF4 < Tf < TFSI. The order of relative stability follows
a similar trend reported in literature for ILs [28e30] suggesting that
the decomposition temperature of the PIL is strongly dependant on
the anion type. With respect to the decomposition mechanism, it is
generally accepted that the nucleophilicity of an anion affects the
thermal stability and a low decomposition temperature associated
with a halide anion is attributed to the attack of highly nucleophilic
halide on the primary alkyl group via an SN2 reaction with an alkyl
halide as a byproduct [31]. As compared with Br anion, it is well
known that other anions are more thermally stable than halides.
However, the detailed decomposition mechanism for these are still
not well understood. For example, the TFSI anion is a weak or non-
nucleophilic anion and one possible pathway for the decomposi-
tion of the TFSI anion is that it undergoes degradation via sulfur
dioxide release instead of dealkylation or proton transfer [32],
which makes it more difficult to thermally decompose. Also, from
Fig. 4, it is clear that PILs paired with PF6, BF4, Tf, and TFSI anions
undergo a one-step thermal decomposition, while the precursor PIL
paired Br appears to undergo a two-step thermal decomposition.
The two-step decomposition agrees with the work of Vygodskii
et al. [33] For the poly(MEBImeBr), the first thermal decomposition
step (Td ¼ 261 �C) can be attributed to the degradation of the Br
anion, while the second decomposition step at w 340 �C is in good
agreement with the thermal decomposition temperature of poly
(vinylimidazole) (Td w 335 �C) [34].

The glass transition temperatures (Tg) of the PILs as a function of
anion type are listed in Table 3. For the same polymer chain length,
the Tg values follow the following order: Br > PF6 > BF4 > Tf > TFSI.



Fig. 1. 1H NMR spectra of the PIL precursor and anion exchanged PILs. X on figure represents the corresponding anion.

Fig. 2. Infrared spectra of PILs at ambient conditions. Spectra offset for clarity.
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Overall, there is a 95 K depression in Tg from poly(MEBImeBr)
(Tg ¼ 375 K) to poly(MEBImeTFSI) (Tg ¼ 280 K). Therefore by
removing the effect of polymer chain length (each PIL has the same
degree of polymerization), the value of Tg here is largely dependent
on the plasticizing effect of the anion. In particular, the TFSI anion
has a more significant impact on Tg depression compared to other
anions, such as Tf and BF4. This can be attributed to not only the
difference in size, but also lower symmetry, extensive charge
delocalization [35], and the flexibility of the TFSI anion [36]. Also, in
the temperature range from 233 K to 573 K, no melting behavior
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Fig. 3. GPC chromatograms for PILs using DMF columns: poly(MEBImeBr) (black), poly
(MEBImeBF4) (blue), poly(MEBImePF6) (green), poly(MEBImeTf) (magenta), poly
(MEBImeTFSI) (red). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article).



Table 2
Molecular weights and polydispersities of PILs.

PIL PEG/PEO standard PS standard

Mw PDI Mw PDI

Poly(MEBImeBr) 58,700 2.56 367,000 1.30
Poly(MEBImeBF4) 61,100 2.77 427,000 1.27
Poly(MEBImeTFSI) 43,080 2.54 312,000 1.21
Poly(MEBImeTf) 56,680 2.45 356,000 1.32
Poly(MEBImePF6) 54,970 2.53 340,000 1.32

Table 3
Thermal degradation temperatures (Td) and glass transition temperatures (Tg) of
PILs.

PIL Td (K) Tg (K)

Poly(MEBImeBr) 534 375
Poly(MEBImeBF4) 586 358
Poly(MEBImeTFSI) 636 280
Poly(MEBImeTf) 608 337
Poly(MEBImePF6) 579 367
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was observed for all of these PILs, which suggests that these PILs are
amorphous in nature.
3.3. Ionic conductivity

Fig. 5a shows the measured ionic conductivities of PILs as
a function of temperature. Note that the precursor polymer, (poly
(MEBImeBr)), is water soluble and thus only the hydrophobic PILs
are compared here under dry conditions (10% RH). The conductiv-
ities of the PILs follow the order: TFSI> Tf> BF4 > PF6, which is the
reverse order of Tg shown in Table 3. These results suggest that
polymer chain relaxation plays a dominant role in ion transport.
Specifically, the PIL with TFSI is significantly higher in ionic
conductivity compared to the other PILs and this coincides with the
significantly lower Tg (Table 3). Also, with increasing temperature,
the difference in ionic conductivity between PILs with different
anions decreases, suggesting that at a high temperature the
importance of Tg becomes less pronounced.

Compared to the PILs, the ILmonomers provide an upper limit of
ionic conductivity since the restriction of polymer chain relaxation
is eliminated and a large number of ions and their counter ions are
available for ion transport. Fig. S4 (see Supplementary data) shows
that the ionic conductivity of the IL monomers is approximately
two to three orders of magnitude higher than their corresponding
PILs. The conductivities of the IL monomers follow the order:
TFSI > BF4>Tf > PF6, where the difference in conductivity for TFSI
compared to the other anions is not as significant compared to the
Fig. 4. Thermal stability of PILs: poly(MEBImeBr) (black), poly(MEBImeBF4) (blue),
poly(MEBImePF6) (green), poly(MEBImeTf) (magenta), poly(MEBImeTFSI) (red). (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article).
PILs. Also, the order in conductivity differs from the PILs, where the
differences in Tg (see Supplementary data Table S4) are minor
compared to the PILs; maximum difference of 11 K for the IL
monomers compared to 95 K for the PILs. Unlike the glass transi-
tion-dependant PIL system, the IL monomer conductivity differ-
ences are dictated by other factors; most probably liquid viscosity,
which has been shown bymany other investigators for common ILs
[37,38].

The glass transition dependence for the PIL system can be seen
more clearly in Fig. 5b, where conductivity is plotted versus
a normalized temperature, Tg/T. However, the data does not
collapse onto one single curve. This suggests that other factors in
addition to Tg can impact ion transport. After normalizing for Tg,
poly(MEBImeTFSI) has the lowest conductivity, where it shows the
highest conductivity in Fig. 5a (before normalization). The differ-
ences in conductivitymay be attributed to the symmetry and size of
the anions and the dissociation energy of the ion pairs, where the
PILs with BF4 and PF6 have the highest conductivities when the
effects of Tg are removed [39].

3.3.1. VFT regression
For a solid polymer electrolyte system, the temperature

dependent ionic conductivity is often regressed to the Vogel-
Fulcher-Tammann (VFT) equation [40e42]:

sðTÞ ¼ s0exp
�
� b
T � T0

�
(1)

where s0 (S cm�1) is the infinite temperature conductivity, b (K) is
a constant that can be related to the Arrhenius activation energy,
and T0 (K) is the Vogel temperature. T0 has been interpreted as the
temperature at which the configurational entropy vanishes, [43] the
polymer relaxation time becomes infinite, [44] or the mobility of
ions goes to zero [45] and is typicallyw 50 K below the measured Tg
of the polymer [46]. The physical meaning of the VFT equation is not
straightforward, but has been explained in terms of the free volume
model [47] and the configurational entropy model [43]. Fig. 6a
shows the temperature dependant ionic conductivity for the PILs
regressed to the VFT equation (solid lines), which requires three
fitting parameters (regressed values listed in Table 4).

Alternatively, Eq. (1) can be recast into the following form:

sðTÞ ¼ sðTrÞexp
�
� b
�

1
T � T0

� 1
Tr � T0

��
(2)

where s (Tr) is the conductivity at a reference temperature, Tr. In
this study, we choose an experimentally measured value for the
reference temperature, Tr ¼ Tg þ 50 K. The introduction of Tr in Eq.
(2) reduces the number of fitting parameters in the VFT equation
from three to two, b and T0. Fig. 6b shows the PIL conductivity data
regressed to Eq. (2), where the resulting fitting constants are also
listed in Table 4. Interestingly, the three-parameter regression
results in Tg � T0 values close to the expected 50 K, whereas the
two-parameter regression results in Tg � T0 values that are much
larger (ranging from 116 to 146 K).
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3.3.2. WLF regression
The temperature dependence of ionic conductivity for solid

polymer electrolytes (e.g., Li salt-poly(ethylene oxide) (PEO)
mixtures) can also be regressed to theWilliams-Landel-Ferry (WLF)
equation:

log
�
sðTÞ
s
�
Tg
�
�

¼ Cg
1

�
T � Tg

�
Cg
2 þ �T � Tg

� (3)

where s (T) and s (Tg) are the conductivities at a given temperature,
T, and the glass transition temperature, Tg, and Cg

1 and Cg
2 (K) are

fitting parameters. Similarly, the WLF equation can be recast in
terms of an experimentally measurable reference temperature, Tr:

log
�
sðTÞ
sðTrÞ

�
¼ Cr

1ðT � TrÞ
Cr
2 þ ðT � TrÞ (4)

where Cg
1 and Cg

2 in Eq. (3) can be related to Cr
1 and Cr

2 with the
following equations:

Cg
1 ¼ Cr

1C
r
2

Cr
2 þ

�
Tg � Tr

� (5)

Cg
2 ¼ Cr

2 þ Tg � Tr (6)
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Fig. 6. VFT regression of the temperature dependent ionic conductivity of PILs: (a) three-
(MEBImeBF4) (blue diamonds), poly(MEBImePF6) (green squares), poly(MEBImeTf) (mage
color in this figure legend, the reader is referred to the web version of this article).
Fig. 7 shows a master regression of all the PIL conductivity data
to the modified WLF equation (Eq. (4)) and Table 5 lists the
regressed values, Cr

1 and Cr
2, from this master regression and also

each individual PIL (individual regressions not shown here). Table 5
also lists the Cg

1 and Cg
2 values calculated from Eqs. (5) and (6). Note

that although the WLF (Eq. (3)) and VFT (Eq. (1)) equations have
different origins, they are actually mathematically equivalent,
where b ¼ 2.303Cg

1C
g
2 and T0 ¼ Tg � Cg

2. Therefore, the Cg
2 and

2.303Cg
1C

g
2 values listed in Table 5 determined from the WLF

regression are in a good agreement with the Tg � T0 and b values
listed in Table 4 determined from the two-parameter VFT regres-
sion. This analysis confirms the high Tg � T0 (Cg

2) value observed
from the two-parameter VFT regression. Actually, the master WLF
regression shows that Cg

1 and Cg
2 values are 9.03 and 168 K,

respectively, which greatly deviate from the classical values origi-
nally obtained from mechanical relaxation of uncharged polymers
(Cg

1 ¼ 17.44, Cg
2 ¼ 51.6 K).

Based on the free volume theory developed by Doolittle [48],
Williams et al. [46] interpreted the physical meaning of Cg

1 and Cg
2

by relating them to the fractional free volume, f, and the thermal
expansion coefficient, a, at Tg.

f
�
Tg
� ¼ B

2:303 Cg
1

(7)
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parameter regression (Eq. (1)) and (b) two-parameter regression (Eq. (2)). PILs: poly
nta trianlges), poly(MEBImeTFSI) (red circles). (For interpretation of the references to



Table 4
VFT equation regression values of temperature dependent conductivity data for PILs.

PIL Three-parameter regression (Eq.
(1))

Two-parameter
regression (Eq. (2))

s0
(S cm�1)

b
(K)

T0
(K)

TgeT0
(K)

b
(K)

T0
(K)

TgeT0
(K)

Poly(MEBImeBF4) 0.029 302 303 55 2507 220 138
Poly(MEBImeTFSI) 0.152 466 215 65 2187 164 116
Poly(MEBImeTf) 0.061 373 282 55 2323 216 121
Poly(MEBImePF6) 0.009 232 318 49 2550 221 146

Table 5
WLF equation regression values of temperature dependent conductivity data for
PILs.

PIL Cr
1 Cr

2 Cg
1 Cg

2 2.303 Cg
1C

g
2 f(Tg) a(Tg)

Poly(MEBImeBF4) 5.79 188 7.89 138 2508 0.055 4.0 � 10�4

Poly(MEBImeTFSI) 5.72 166 8.18 116 2185 0.053 4.5 � 10�4

Poly(MEBImeTf) 5.75 175 8.05 125 2318 0.054 4.3 � 10�4

Poly(MEBImePF6) 5.61 196 7.53 146 2532 0.057 4.0 � 10�4

All PILs 6.97 218 9.03 168 3494 0.049 2.9 � 10�4
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a Tg ¼ B
2:303 Cg

1C
g
2

(8)

� �

In Eqs. (7) and (8), we assume B ¼ 1. Originally, Doolittle also
assumed B ¼ 1 [48]. Others have calculated B from volume-
temperature data of polymers (without pressure dependence) and
estimated B ¼ 0.9 � 0.3 or 1.6 � 0.6 depending on the estimation
method [49]. Most reports, however, have adopted B equal to unity,
including reports on charged polymers [50]. The values for f(Tg) and
a(Tg), calculated from theWLF regressed Cg

1 and Cg
2 values, are listed

in Table 5, where the fractional free volumes for the PILs are on
average double that of what has been classically observed for
uncharged polymers (f(Tg) ¼ 0.025).

One should note the universal parameters for uncharged poly-
mers (Cg

1 ¼ 17.44 and Cg
2 ¼ 51.6 K, f(Tg) ¼ 0.025) are based on

a master regression of data from many polymers. If one were to
determine these parameters from regressing data for each polymer
individually (data in Ref. [51]), the average and standard deviation
of all of these individual regressed values are Cg

1 ¼ 16.79 � 5.43;
Cg
2 ¼ 63.7 � 28.1 K; f (Tg) ¼ 0.028 � 0.01. For our PILs, regressions

from both individual polymers and a master regression are listed in
Table 5. The average and standard deviation from our individual
regressions are Cg

1 ¼ 7.92 � 0.28; Cg
2 ¼ 131 � 13 K; f

(Tg) ¼ 0.055 � 0.001. Therefore, despite the high deviation of the
WLF regressed values for uncharged polymers, there is still
a significant difference compared to theWLF values obtained in this
study on PILs.
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Fig. 7. WLF master regression (Eq. (4)) of the temperature dependent ionic conduc-
tivity of all PILs: poly(MEBImeBF4) (blue diamonds), poly(MEBImePF6) (green
squares), poly(MEBImeTf) (magenta triangles), poly(MEBImeTFSI) (red circles). (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article).
Understanding the considerable deviation of Cg
1 (9.03) and Cg

2
(168 K) for the PILs studied here compared to classical values
determined from uncharged polymers (Cg

1 ¼ 17.44 and Cg
2 ¼ 51.6 K)

is of great interest. WLF constants obtained from charged polymer
systems (solid polymer electrolytes) would serve as a better
comparison. There are few reports of WLF regressions to PIL
conductivity data. However, there are a number of studies that have
examinedWLF behavior of Li salt-PEO polymer electrolyte systems.
The Cg

1 and Cg
2 values were examined as a function of salt type [52],

salt concentration [53,54], as well as, polymer chain length [55].
However, there is no universal agreement on the Cg

1 and Cg
2 values

for these systems. Although some studies showed that Cg
1 values are

close to 17.44 [56] or Cg
2 values are close to 51.6 [57], most studies

showed deviations of Cg
1 or Cg

2 from these classical values. Specifi-
cally, numerous studies report values for Cg

1 at w7e12 for the Li
salt-PEO system (8.5e10.6 [58], 7.8e12.5 [52], 9.6e11.8 [59], 8.0
[60], 8.1e12.0 [50]). In particular, Watanabe et al. [53] studied the
effect of Li salt concentration in PEO on Cg

1 and Cg
2 values, where Cg

1
decreased from 13.5 to 10.1 and Cg

2 increased from 39.4 to 97.9 with
increasing salt concentration from 0.015 to 0.062 ([salt]/[EO unit]).
However, a detailed explanation for the reason behind these
deviations has not yet been presented.

In this work, we report Cg
1 values that are far from uncharged

polymers [46]. This suggests a higher fractional free volume at Tg for
PILs. Also, the Cg

2 value for the PILs in this study deviates signifi-
cantly from both uncharged polymers and the Li salt-PEO charged
polymer system, suggesting a lower Vogel temperature (the
temperature at which free volume becomes zero). At temperatures
below Tg, the interaction of the bulky cation and anion in imida-
zolium-based PILs results in increased free volume due to the
impact of steric hindrance on polymer chain packing [61]. It is
interesting to note that the typical Li salt-PEO systems investigated
has a salt concentration on the order of 0.1 mol Li salt/mol EO
repeat unit, whereas the PIL system in this study has an ionic
concentration on the order of 1 mol IL salt/mol MMA repeat unit. It
is also important to note that Li salt-PEO systems is PEO doped with
a Li salt, where both cation (Li) and anion (e.g., TFSI) are both
mobile compared to the PIL in this study, where the cation is
tethered to the polymer backbone and therefore is a single anion
conductor. Therefore, these results suggest that the higher ion
concentration and tethered cations (single anion conductor) in PILs
may be key factors that result in lower Vogel temperatures
compared to salt doped polymer electrolytes.
4. Conclusions

In this study, imidazolium-based PIL single ion conductors of
constant average chain length were paired with different anions,
BF4, TFSI, Tf, and PF6, at the polymer stage to solely explore the
effect of anion type on the chemical structures, thermal properties,
and ion conduction. Chemical analysis confirms that the anion
exchange reactions for both PILs and IL monomers inwater resulted
in nearly fully exchanged PILs and IL monomers. GPC results show
that the molecular weights of PILs measured against PEG/PEO
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standards are closer to their true molecular weights when
compared to PS standards, which interact with column packing
materials. Anion type had a significant effect on the degradation
and glass transition temperatures, where poly(MEBImeTFSI) had
the highest degradation temperature and the lowest glass transi-
tion temperature, indicating a much wider operating temperature
window for practical applications. The ionic conductivity of PILs
scales with the glass transition temperature, where poly
(MEBImeTFSI) had a significantly lower glass transition tempera-
ture and a significantly higher ionic conductivity compared with
PILs exchanged with other anions. Ion transport was also influ-
enced by other factors, including the size and symmetry of the
anion and dissociation energy of the ion pair.

The temperature dependent ionic conductivity of all PILs studied
follows VFT behavior. Interestingly, the results obtained from a
three-parameter VFT regression were different from those obtained
from a two-parameter VFT regression, where the latter was
consistent with the results obtained from a mathematically equiv-
alent WLF regression. The Cg

1 (9.03) and Cg
2 (168 K) values obtained

from theWLF regression for these PILs deviate significantly from the
classical values obtained from the mechanical relaxation of
uncharged polymers (Cg

1 ¼ 17.44, Cg
2 ¼ 51.6 K). The fractional free

volume for the PILs at the glass transition temperature, calculated
from Cg

1 value, was on average double that of what has been clas-
sically observed for uncharged polymers. While Cg

1 value obtained
here for PIL single ion conductors was close to some Li salt-PEO
charged polymer systems, the Cg

2 valuewas significantly higher than
any other charged polymer systems reported in the literature. This
suggests that the salt or ionic concentration in charged polymers can
affect free volume and the Vogel temperature (T0 ¼ Tg � Cg

2), where
ion mobility at temperatures farther below the glass transition
temperature can be achieved at higher salt or ionic concentrations
in single ion conductors. Therefore, anion type and salt or ion
concentration are two key parameters that can be tuned to affect the
temperature dependent ionic conductivity in PILs.
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The crystallization behavior of the stereoblock copolymer of substituted and non-substituted poly(lac-
tide)s, i.e., poly(D-2-hydroxybutyrate) and poly(L-lactide) chains having the opposite configurations [P(D-
2HB)-b-PLLA] and the reference block copolymer of poly(D-2-hydroxybutyrate) and poly(D-lactide)
chains with the identical configurations [P(D-2HB)-b-PDLA] was investigated. At the crystallizable
temperature range of 60e160 �C, the crystallized P(D-2HB)-b-PLLA contained solely the hetero-stereo-
complex crystallites as a crystalline species, without formation of poly(D-2-hydroxybutyrate) or poly
(L-lactide) homo-crystallites, in contrast with their polymer blends. On the other hand, at the crystal-
lizable temperature range of 60e140 �C, the crystallized P(D-2HB)-b-PDLA had only PDLA homo-crys-
tallites as crystalline species, reflecting no co-crystallites formation between poly(D-2-hydroxybutyrate)
and poly(D-lactide) chains having the same configurations. The equilibrium melting temperature of
hetero-stereocomplex crystallites in P(D-2HB)-b-PLLA was 189.0 �C, which was higher than 171.3 �C of
PDLA homo-crystallites in P(D-2HB)-b-PDLA. Although the final crystallinity of P(D-2HB)-b-PLLA was
higher than those of P(D-2HB)-b-PDLA, the spherulite growth rate of P(D-2HB)-b-PLLA was lower.The
regime analysis indicated unusual nucleation mechanism of P(D-2HB)-b-PLLA.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Homo-stereocomplex (HMSC) formation between isotactic and
syndiotactic polymers and between L- and D-polymers (S- and
R-configured polymers) are reported for some polymers including
poly(methyl methacrylate), poly(propiolactone), and non-subs-
tituted and substituted poly(lactide)s (PLAs) [1,2,3,4,5,6,7]. In the
case of PLA,HMSC formation enhances themechanical performance,
heat- and hydrolysis-resistance [1,2,3,4,5,6,7]. Also, the polymers
havingdifferent chemical structures and theopposite configurations
are known to form hetero-stereocomplex (HTSC). Such polymer
pairs reported so far are isotactic and syndiotactic vinyl polymers–
isotactic PMMA and syndiotactic poly(isobutyl-methacrylate) [8],
optically active and isotactic S- and R-polyketones–(þ)-poly
(propylene-carbon monoxide) and (-)-poly(1-butene-carbon
monoxide) [9], andoptically active and isotactic S- andR-polyesters–
poly(D-lactide) (PDLA) and poly(L-2-hydroxybutyrate) [10]. HTSC
formation between substituted and non-substituted PLAs can be
used as a versatile preparation method for biodegradable materials
All rights reserved.
having awide range of physical properties and biodegradability [10].
However, with the polymer blending method, the biodegradable
materials containing only HTSC crystallites as a crystalline species
can be prepared by the crystallization at a limited temperature range
from the melt.

On the other hand, stereoblock copolymers of poly(L-lactide)
(PLLA) and PDLA are known to form HMSC [1,2,3,4,5,11]. The neigh-
boring PLLA and PDLA chains in stereoblock copolymers is reported
to facilitate the HMSC formation. However, as far as we are aware,
there has been no report for HTSC formation of stereoblock copoly-
mers. In the present study, we first report the HTSC formation of
a stereoblock copolymer, i.e., poly(D-2-hydroxybutyrate)-b-poly
(L-lactide) [P(D-2HB)-b-PLLA] (Fig. 1), and the crystallization
behavior of P(D-2HB)-b-PLLA having two types of blocks with
different chemical structures and opposite configurations, in com-
parison with that of poly(D-2-hydroxybutyrate)-b-poly(D-lactide)
[P(D-2HB)-b-PDLA] having two types of blocks with different
chemical structures and the identical configurations. The crystalli-
zation behavior including HTSC formation was investigated by
differential scanning calorimetry (DSC), wide-angle X-ray scattering
(WAXS), and polarized optical microscopy (POM). The finding in the
present study indicated that the stereoblock copolymerization is
a very effective method for HTSC formation, avoiding the formation
of P(D-2HB) or PLLA homo-crystallites.

mailto:tsuji@ens.tut.ac.jp
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2011.01.040
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Fig. 1. Molecular structures of P(D-2HB)-b-PLLA and P(D-2HB)-b-PDLA copolymers.
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2. Experimental part

2.1. Materials

Synthesis of P(D-2HB)-b-PLLA and P(D-2HB)-b-PDLA copoly-
mers was performed in bulk according to the procedure reported
for the synthesis of PLLA-b-PDLA by Yui et al. [12] and by ourselves
[13,14]. A relatively low-molecular-weight poly(D-2-hydrox-
ybutyrate) [P(D-2HB)] prepolymer was synthesized by poly-
condensation of D-2-hydroxybutanoic acids (hydroxybutyric acids)
(�97.0%, enantiomeric ratio � 99:1, Sigma-Aldrich Co.) [7,15] and
purified [7,16,17] according to the previous literature. Ring-opening
polymerization of L- or D-lactide in the presence of stannous octoate
(0.03 wt% of lactide) and P(D-2HB) [Mw ¼ 1.3 � 104 g mol�1, Mw/
number-average molecular weight (Mn) ¼ 3.7] as the initiator and
coinitiator, respectively, at 140 �C for 10 h [16,17]. L- or D-lactide/P(D-
2HB) (w/w) ratio was 1/1, which ratio was determined by repeated
experiments for the synthesis of blockcopolymers having the
equimolar lactyl and hydroxybutyrate units. During polymerization,
P(D-2HB) [melting temperature (Tm) ¼ 100 �C] and L- or D-lactide
(Tm ¼ 95�99 �C) were in the melt and dissolved with each other.
Also, PLLA and PDLA homopolymers having Mw of about
1e2 � 104 g mol�1 were synthesized for evaluating the specific
optical rotation values. Synthesized polymers were purified using
chloroform and methanol as the solvent and non-solvent, respec-
tively. The synthesized polymers dissolved in chloroform were
precipitated into the stirred methanol. The purified polymers were
dried under reduced pressure for at least 7 days. For preparation of
melt-quenched and crystallized specimens, each of block copoly-
mers was packed in a DSC aluminum cell was sealed in a test-tube
under reduced pressure, melted at 200 �C for 3 min, and quenched
at 0 �C for 5 min (melt-quenched specimens) or crystallized at
Table 1
Characteristics and properties of homopolymers and block copolymers synthesized in th

Code Mw
a (g mol�1) Mw/Mn

a ½a�58925
b (deg dm�1 g�

P(D-2HB) 1.3 � 104 3.7 114
PLLA 1.9 � 104 1.2 �162
PDLA 1.6 � 104 1.9 161

P(D-2HB)-b-PLLA 3.5 � 104 1.4 �14
P(D-2HB)-b-PDLA 3.0 � 104 1.4 136

a Mn and Mw are number- and weight-average molecular weights, respectively.
b Specific optical rotation.
c xL(P) and xL(NMR) are lactyl unit mol fractions estimated by polarimetry and 1H NM
a predetermined Tc of 50e170 �C for 10 h, and quenched at 0 �C for
5 min (crystallized specimens).
2.2. Physical measurements and observation

TheMw andMn of the polymers were evaluated in chloroform at
40 �C with a Tosoh GPC system (refractive index monitor: RI-8020)
with two TSK Gel columns (GMHxL) using polystyrene standards.
The 400 MHz 1H NMR spectra of synthesized P(D-2HB)-b-PLLA and
P(D-2HB)-b-PDLA copolymers were obtained in deuterated chlo-
roform (50 mg mL�1) by a Bruker Biospin (Yokohama, Japan)
AVANCE III 400 Spectrometer using tetramethylsilane as the
internal standard. The methine triplet, methylene multiplet, and
methyl triplet peaks of P(2HB) segments were observed at around
5.1, 2.0, and 1.0 ppm, respectively [7], whereas the methine quartet
andmethyl doublet peaks of PLA segmentswere observed at around
5.2 and 1.6 ppm, respectively. Using the peak areas ofmethyl groups
of PLA and P(2HB) segments, the mol fraction of lactyl monomer
units were obtained. The specific optical rotation ([a]25589) of the
polymerswasmeasured in chloroform at a concentration of 1 g dL�1

and 25 �C using a JASCO (Tokyo, Japan) P-2100 polarimeter at awave
length of 589 nm. The mol fractions of lactyl and hydroxybutyrate
monomer units of the copolymers (xL and xB, respectively) were
estimated by the flowing two equations:

xL þ xB ¼ 1 (1)

�
½a�58925 per gram

�
� ð72:1xL þ 86:1xBÞ

¼
n
½a�58925 ðPLLA or PDLAÞ per mol

o
xL

þ
n
½a�58925 ½PðD� 2HBÞ� per mol

o
xB (2)

where 72.1 and 86.1 are molecular weights of lactyl and hydrox-
ybutyrate monomer units in the polymer, respectively. �1.17 � 104,
1.16 � 104, and 9.8 � 103 deg dm�1 mol�1 cm3 were used for
[a]25589(PLLA) per mol, [a]25589(PDLA) per mol, P(D-2HB) per mol
(Table 1), which are very similar to those reported in the literature
[7,10]. The evaluated molecular characteristics of the polymers are
shown in Table 1.

The glass transition and cold crystallization (Tg and Tcc, respec-
tively), melting temperatures of PLLA or PDLA homo-crystallites
[Tm(PLA)] and HTSC crystallties [Tm(SC)], and enthalpies of melting
of PLLA or PDLA homo-crystallites [DHm(PLA)] and HTSC [DHm(SC)]
of the specimens were determined by a Shimadzu (Kyoto, Japan)
DSC-50 differential scanning calorimeter with a cooling cover (LTC-
50). The specimens were heated from 0 to 200 �C at a rate of
10 �C min�1 under a nitrogen gas flow of 50 mL min�1 for DSC
measurements. The Tg, Tcc, Tm(PLA), Tm(SC), DHm(PLA) and DHm(SC)
of the specimens were calibrated using tin, indium, and benzo-
phenone as standards. In the present study, Tcc is defined as a peak
e present study.

1 cm3) ½a�58925 =104b (deg dm�1 mol�1 cm3) xL(P)c xL(NMR)c

0.98 e e

�1.17 e e

1.16 e e

�0.11 0.51 0.56
1.07 0.52 0.56

R spectroscopy, respectively.
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Fig. 3. 1H NMR spectrum of P(D-2HB)-b-PLLA copolymer.
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temperature. As stated in the Results and Discussion sections, the
melting temperature and enthalpies of P(D-2HB) homo-crystallites
were not observed.

The cystallinity of PLLA or PDLA [Xc(PLA)] and HTSC [Xc(SC)] of
isothermally crystallized specimens were estimated by the use of
WAXS. As stated in the Results and Discussion sections, the no crys-
talline diffraction of P(D-2HB) homo-crystalliteswas observed in the
present study, indicating the no significant homo-crystallite forma-
tion of P(D-2HB). TheWAXSmeasurementswere performed at 25 �C
using a RINT-2500 equipped with a Cu-Ka source (l ¼ 0.1542 nm),
which was operated at 40 kV and 200mA (Rigaku Co., Tokyo, Japan).
In a 2q range of 10e25�, the crystalline peak areas for PLLAor PDLAa-
or a0-form crystallites at 2q values around 16.5 and 19� and for HTSC
crystallites at 2q values around 11,19.5, and 22.5� relative to the total
area between a diffraction profile and a baseline were used to esti-
mate Xc(PLA) andXc(SC), respectively [2,10].We did not calculate the
crystallinity from the DSC results, because the HTSC crystallites can
be formed during DSC heating, as reported previously for the HMSC
crystallites in the PLLA/PDLA blend [18], which will disturb the
accurate evaluation of Xc(PLA) and Xc(SC).

The spherulite morphology and growth in the P(D-2HB)-b-PLLA
and P(D-2HB)-b-PDLA copolymers were observed by an Olympus
(Tokyo, Japan) polarization optical microscope (BX50) equipped
withaheating-cooling stage and temperature controller (LK-600PM,
LinkamScientific Instruments, Surrey, UK)under a constant nitrogen
gas flow. The P(D-2HB)-b-PLLA and P(D-2HB)-b-PDLA copolymers
were first heated from room temperature to 200 �C at 100 �Cmin�1,
held at the same temperature for 3 min to erase thermal history,
cooled to an arbitrary Tc in the range of 50e170 �C at 100 �C min�1,
and then held at the same Tc (spherulite growthwas observed here).

3. Results and discussion

3.1. Synthesis of block copolymers

The P(D-2HB)-b-PLLA and P(D-2HB)-b-PDLA copolymers were
synthesized with the previously reported procedure [12,13,14].
Fig. 2 shows the GPC curves of the P(D-2HB) prepolymer before and
after second polymerization of L- or D-lactide. Evidently, the
molecular weight of the GPC curves of the P(D-2HB) prepolymer as
a coinitiator shifted to higher molecular weights after L- or D-lactide
polymerization. This figure indicates that the PLLA or PDLA chain
grew from the P(D-2HB) coinitiator and thereby block copolymers,
the P(D-2HB)-b-PLLA and P(D-2HB)-b-PDLA copolymers were
synthesized. Fig. 3 shows the 1H NMR spectrum of the P(D-2HB)-
b-PLLA copolymer. Here, only the 1H NMR spectrum of the
P(D-2HB)-b-PLLA copolymer is shown because the 1H NMR spec-
trum of the P(D-2HB)-b-PDLA copolymer is very similar with that of
Fig. 2. GPC curves of P(D-2HB) before and after secon
the P(D-2HB)-b-PLLA copolymer. Each resonance line of lactyl and
hydroxybutyl units in the P(D-2HB)-b-PLLA and P(D-2HB)-b-PDLA
copolymers had the same chemical shift value as that of their
homopolymers. This supports the formation of the block copoly-
mers. However, the fractions of these block copolymers may have
had the multi-block structure, in addition to the non-trans-
esterified diblock structure because of the high catalytic effect on
polymerization utilized in the present study, which may have
induced transesterification [14]. The molecular characteristics of
synthesized P(D-2HB)-b-PLLA and P(D-2HB)-b-PDLA copolymers
were tabulated in Table 1. The L- or D-lactyl unit fractions of the
copolymers estimated from 1H NMR spectroscopy and polarimetry
are around 50 mol%, indicating that the block copolymers con-
tained equimolar L- or D-lactyl units and D-hydroxybutyrate units.

3.2. Wide-angle X-ray scattering

Fig. 4 shows the WAXS profiles of the P(D-2HB)-b-PLLA and
P(D-2HB)-b-PDLA copolymers quenched at 0 �C or crystallized at
different Tc values from the melt. In Fig. 4(a), the crystalline peaks
were observed at 2q values of around 11, 19.5, and 22.5� for HTSC
crystallites [10], but neither peaks at 2q values of around 16.5 and19�

for PLLA a- or a0-form crystallites nor those at 2q values of 14.7 and
17.2� for pure P(D-2HB) [7,10]. This is indicative of the fact that the
P(D-2HB)-b-PLLA copolymer contained only HTSC crystallites as
a crystalline species. This is in marked contrast with the result of
solution- and melt-crystallized polymer blends of P(L-2HB) and
d polymerization of L-lactide (a) and D-lactide (b).



Fig. 4. WAXS profiles of P(D-2HB)-b-PLLA (a) and P(D-2HB)-b-PDLA (b) copolymers crystallized at different Tc or quenched at 0 �C from the melt.
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PDLA [10] which should have the crystallization behavior identical
with that of P(D-2HB)/PLLAblends. In the blends, P(L-2HB) andPDLA
homo-crystallites were formed in addition to HTSC crystallites,
except for that crystallized at a selected Tc. Therefore, the block
copolymerization can be a very effective method for the HTSC
formation, avoiding the formation of poly(D-2HB) or PLLA homo-
crystallites, in agreementwith readyHMSC formation in stereoblock
copolymers of PLLA and PDLA [5,11e13]. On the other hand, the P(D-
2HB)-b-PDLA copolymer had only crystalline diffraction peaks for
PDLA a- or a0-form homo-crystallites but no peaks for P(D-2HB)
homo-crystallites, indicating only PDLA a- or a0-form homo-crys-
talliteswere formedas a crystalline species. This is very similar to the
solution-cast blend of P(L-2HB) and PLLA, but in contrast with the
melt-crystallized P(L-2HB) and PLLA blend [10] which should have
the crystallization behavior identical with that of P(D-2HB)/PDLA
Fig. 5. DSC thermograms of P(D-2HB)-b-PLLA (a) and P(D-2HB)-b-PDLA (b) copolymers c
crystallization peaks of the melt-quenched specimens.
blends. In these blends, both P(L-2HB) and PLLA homo-crystallites
were formed [10]. The difference in the crystallization behavior
between the block copolymers in the present study and the polymer
blends in the previous study may be ascribed to the multi-block
structure in the copolymers caused by transesterification during
synthesis of the block copolymers. The multi-block structure in the
copolymers may have reduced the monomer sequence lengths of L-
or D-lactide units and D-2-hydroxybutyrate units below crystalliz-
able lengths.

3.3. Differential scanning calorimetry

Fig. 5 shows the DSC thermograms of the P(D-2HB)-b-PLLA and
P(D-2HB)-b-PDLA copolymers crystallized at different Tc values or
quenched at 0 �C from the melt. The glass transition, cold
rystallized at different Tc or quenched at 0 �C from the melt. Arrows show the cold



Table 2
Thermal properties of melt-quenched P(D-2HB)-b-PLLA and P(D-2HB)-b-PDLA copolymers.

Code Tg
a (�C) Tcc

a (�C) Tm(PLA)a (�C) Tm(SC)a (�C) DHcc
b (J g�1) DHm(PLA)b (J g�1) DHm(SC)b (J g�1)

P(D-2HB)-b-PLLA 31.5 93.2 e 169.0 36.1 0 35.4
P(D-2HB)-b-PDLA 33.8, 44.5 114.0 151.0 e 28.3 27.5 0

a Tg, Tcc, and Tm are glass transition, cold crystallization, and melting temperatures, respectively. No melting peak of P(D-2HB) was observed.
b DHcc and DHm are cold crystallization and melting enthalpies, respectively.
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crystallization, andmelting of HSC crystallites or PDLA a- or a0-form
homo-crystallites are observed at 20e60, 70e120, and 150e180 �C,
respectively. The P(D-2HB)-b-PLLA and P(D-2HB)-b-PDLA copoly-
mers quenched at 0 �C or crystallized at 50 �C and at the highest Tc
had the cold crystallization peak, reflecting an amorphous nature or
an imperfectly crystallized state of these specimens. For the melt-
quenched specimens (Tc ¼ 0 �C), the cold crystallization of the
P(D-2HB)-b-PLLAcopolymerwas observed at the lower Tc compared
with that of the P(D-2HB)-b-PDLA copolymer, meaning the higher
crystallizability of the copolymer which can form HTSC crystallites
(See the arrows in Fig. 5). In the case of the melt-quenched speci-
mens, Tm was higher for the P(D-2HB)-b-PLLA copolymer (169 �C)
than for the P(D-2HB)-b-PDLA copolymer (151 �C) (Table 2). The
presence of melting peak of PDLA homo-crystallites at around
160 �C and the absence of melting peak of P(D-2HB) homo-crys-
tallites at around 100 �C in theDSC thermograms of the P(D-2HB)-b-
PDLA copolymer confirmed theWAXSfinding that only PDLA chains
were crystallizable in the copolymer. On the other hand, we could
not specify which crystallites (PLLA homo-crystallites or HTSC
crystallites) melted at around 170 �C in the P(D-2HB)-b-PLLA
copolymer only from the DSC thermograms, because the Tm values
of PDLA homo-crystallites and HSC crystallites were close to each
other. However, based on the WAXS result, the melting peak at
around 170 �Cwas ascribed to that of HTSC crystallites, not to that of
PDLA homo-crystallites.

3.4. Crystallinity and meting temperature

The Xc(SC), Xc(PLA), Tm(SC), and Tm(PLA) of P(D-2HB)-b-PLLA and
P(D-2HB)-b-PDLA copolymers were estimated from Figs. 4 and 5,
respectively, and are plotted in Fig. 6 as a function of Tc.When double
melting peak was observed in the DSC thermograms, the first peak
temperature is assumed to be Tm, because the second melting peak
should be due to the melting of crystallites re-crystallized during
heating. The most of Xc(SC) and Xc(PLA) values of the P(D-2HB)-b-
PLLA and P(D-2HB)-b-PDLA copolymers increased with an increase
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Fig. 6. Crystallinity (Xc) (a) and melting temperature (Tm) (b) of P(D-2
inTc andthegavemaximumvalues (59and33%, respectively)at theTc
values of 150e160 and 130e140 �C, respectively. Similar to Xc, the Tm
values of the P(D-2HB)-b-PLLA and P(D-2HB)-b-PDLA copolymers
gave maxima (180 and 160 �C, respectively) at Tc ¼ 160 and 140 �C,
respectively. Here, seemingly high Tmvalues of theP(D-2HB)-b-PDLA
copolymers for Tc range of 50e70 �C could not be considered as a real
Tm values, because these Tm values are melting temperatures of the
crystallites re-crystallized during DSC heating, as observed for other
Tc values. Such difference in Tc values giving maximum Xc and Tm
values should be due to the higher Tm value of the P(D-2HB)-b-PLLA
copolymer compared to that of the P(D-2HB)-b-PDLA copolymers.
The Xc values of the P(D-2HB)-b-PDLA copolymer were lower than
those of P(D-2HB)-b-PLLAcopolymer,whencomparedat the same Tc.
This is attributable to the fact that in P(D-2HB)-b-PLLA copolymer
both P(D-2HB) and PLLA chains with the opposite configuration
shouldhave co-crystallized to formHTSCcrystallites,whereas inP(D-
2HB)-b-PDLA copolymer only PDLA chains could crystallize.

The Tc-sensitive Tm values are expected to reflect the crystalline
sizes depending on Tc. In contrast, the Tc-insensitive Tm values of
P(D-2HB)-b-PLLA and P(D-2HB)-b-PDLA copolymers in the Tc
ranges of 50e110, and 170 �C and of 50e70, and 150 �C, respec-
tively, are not actual Tm values but those of the crystallites re-
crystallized during DSC heating. Therefore, we carried out the
Hoffman-Weeks plot of Tm values in Tc ranges of 120e160 �C and
80e140 �C for the P(D-2HB)-b-PLLA and P(D-2HB)-b-PDLA copol-
ymers, respectively (Fig. 7). The extrapolation of the experimental
Tm lines to Tm¼Tc gives equilibrium melting temperature (Tm0 )
values. The thus obtained Tm

0 values are 189.0 and 171.3 �C for HTSC
crystallites and PDLA homo-crystallites of the P(D-2HB)-b-PLLA
and P(D-2HB)-b-PDLA copolymers, respectively. The Tm

0 value of
PDLA homo-crystallites in the P(D-2HB)-b-PDLA copolymer is
much lower than the Tm

0 values reported for PLLA homo-crystallites
(191e227 �C) [19,20,21,22,23,24,25]. This can be ascribed to the low
molecular weight of PDLA chain (Mw < 3.0 � 104 g mol�1). Similar
to this, the Tm

0 value of HTSC crystallites of P(D-2HB)-b-PLLA
copolymer should be much lower than actual value. Also, the Tm
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value of HTSC crystallites is lower than those reported for HMSC
crystallites of PLLA and PDLA (233e237 and 279 �C) [26,27].
3.5. Spherulite morphology and growth

Fig. 8 shows the polarized optical photomicrographs of the
P(D-2HB)-b-PLLA and P(D-2HB)-b-PDLA copolymers crystallized at
different Tc. Themaximum radii of the P(D-2HB)-b-PLLA spherulites
were ca. 6 and 3 mm at Tc of 160 and 130 �C, respectively, whereas
those of the P(D-2HB)-b-PDLA spheruliteswere ca.140 and 10 mmat
Tc of 130 and 100 �C, respectively. A smaller, supercooling
(DT¼ Tm

0 �Tc) will decrease the number of spherulite nuclei per unit
Fig. 8. The polarized optical photomicrographs of P(D-2HB)-b-PLLA copolymer crystallized
crystallized at 130 �C for 20 min (C) and 100 �C for 3 min (D).
mass, resulting in the formation of larger spherulites. However,
despite the smallerDTof the P(D-2HB)-b-PLLAcopolymer (29.0 �C at
Tc¼160�C) compared with that of the P(D-2HB)-b-PDLA copolymer
(41.3 �C at Tc ¼ 130�C), the maximum radius of spherulites was
smaller for the former (ca. 6 mm) than the latter (ca. 140 mm). The
same trend was observed for P(D-2HB)-b-PLLA at Tc¼130 �C and P
(D-2HB)-b-PDLA at Tc¼100 �C. The observed lowermaximumradius
of the P(D-2HB)-b-PLLA copolymer than that of the P(D-2HB)-b-
PDLA copolymer can be ascribed to the higher nucleus density of
HTSC spherulites of the former. Well-defined Maltese crosses were
observed only for the P(D-2HB)-b-PDLA spherulites at the relatively
higher Tc of 130 �C, meaning the PDLA lamella was well-oriented
along the radius direction.

Fig. 9 shows the radius growth rate of spherulites (G) and the
induction period for spherulite growth (ti) of the P(D-2HB)-b-PLLA
and P(D-2HB)-b-PDLA copolymers. The G values of the P(D-2HB)-b-
PLLA copolymer were lower than those of the P(D-2HB)-b-PDLA
copolymer in the Tc range of 100e140 �C. It is interesting to note that
despite the lower G values of the P(D-2HB)-b-PLLA copolymer, the
final Xc values of the P(D-2HB)-b-PLLA copolymer were higher than
those of the P(D-2HB)-b-PDLA copolymer. On the other hand, the ti
values were practically zero for Tc range below 135 �C and showed
significant non-zero values when Tc approached Tm. The Tc which
caused a significant increase in ti was lower for the P(D-2HB)-b-
PDLA copolymer than for the P(D-2HB)-b-PLLA copolymer because
the Tm

0 was lower for the former (171 �C) than the latter (189 �C).
We estimated the nucleation constant (Kg) and the front constant

(G0) for the P(D-2HB)-b-PLLA and P(D-2HB)-b-PDLA copolymers by
the use of the nucleation theory established by Hoffman et al.
[28,29], in which G can expressed by the following equation:

G ¼ G0exp½ � U*=RðTc � TNÞ�exp�� Kg=ðTcDTf Þ
�

(3)

where U* is the activation energy for transportation of segments to
the crystallization site, R is the gas constant, TN is the hypothetical
temperature where all motion associated with viscous flow ceases,
and f is the factor expressed by 2Tc/(Tm þ Tc) that accounts for the
change in heat of fusion as the temperature is decreased below Tm

0 .
at 160 �C for 30 min (A) and 130 �C for 1 min (B) and of P(D-2HB)-b-PDLA copolymer
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Fig. 10 illustrates the ln G þ 1500/R(Tc�TN) of the P(D-2HB)-b-PLLA
and P(D-2HB)-b-PDLA copolymers as a function of 1/(TcDTf), using
the Tm

0 values of HTSC and PDLA crystallites (189 and 171 �C) and
the Tg values of the melt-quenched polymers in the present study
(Table 2). Also, we used the universal values of U* ¼ 1500 cal mol�1

and TN ¼ Tg�30 K.
Normally, the plot as in Fig. 10 gives Kg as a slope and the

intercept ln G0. The thus obtained values for the P(D-2HB)-b-PDLA
copolymer are summarized in Table 3. However, for the P(D-2HB)-
b-PLLA copolymer, Kg and G0 values could not be determined due to
the continuous change of the slope of the curve, reflecting the
persistent change of nucleating mechanism. Such unusual behavior
was not reported for PLLA-b-PDLA stereoblock copolymers [13].
Three Kg values observed for the P(D-2HB)-b-PDLA copolymer,
indicating the presence of three different nucleation mechanisms,
Table 3
Front constant (Go) and nucleation constant (Kg) of P(D-2HB)-b-PDLA copolymer.

Tc range (�C) G0 (mm min�1) Kg (K2) Regime

70e110 4.88 � 106 1.32 � 105 III
110e145 1.21 � 105 0.50 � 105 II
145e146 1.62 � 107 1.00 � 105 I
depending Tc. The smaller Kg value (0.50 � 105 K2) was about a half
of the larger Kg values (1.32 and 1.00 � 105 K2), strongly suggesting
that the smaller and larger Kg values are those for Regime II and for
Regimes I and III kinetics.
4. Conclusions

The conclusions derived from present study on the crystalliza-
tion of the block copolymers of substituted and non-substituted
PLAs, i.e., P(D-2HB)-b-PLLA and P(D-2HB)-b-PDLA having two
optically active blocks with the opposite and identical configura-
tions are summarized as follows:

(1) The P(D-2HB)-b-PLLA copolymer can crystallize in the Tc range
of 60e160 �C and the isothermally crystallized P(D-2HB)-b-
PLLA contained solely the HTSC crystallites as a crystalline
species, without formation of poly(D-2HB) or PLLA homo-
crystallites, regardless of Tc, in marked contrast with the
polymer blends. This indicates that the block copolymerization
is the very effective method for HTSC formation, avoiding the
formation of poly(D-2HB) or PLLA homo-crystallites.
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(2) The P(D-2HB)-b-PDLAcopolymer can crystallize in the Tc range of
60e140 �C and the isothermally crystallized P(D-2HB)-b-PDLA
copolymerhadonlyPDLAhomo-crystallites ascrystallinespecies,
irrespective of Tc, reflecting no-cocrystallites formation between
poly(D-2HB) and PDLA chains having the same configurations.

(3) The Tm
0 of HTSC crystallites of the P(D-2HB)-b-PLLA copolymer

was estimated to be 189.0 �C, which was higher than 171.3 �C
evaluated for PDLA homo-crystallites in the P(D-2HB)-b-PDLA.

(4) Although the final Xc was higher for the P(D-2HB)-b-PLLA copol-
ymer than for the P(D-2HB)-b-PDLA copolymer, the Gwas lower
for the P(D-2HB)-b-PLLA copolymer. The regime analysis indi-
cated that the nucleation mechanism of the P(D-2HB)-b-PLLA
copolymer persistently changed, depending on Tc, whereas the P
(D-2HB)-b-PDLAcopolymerhadthree typesofRegimes I, II, and III.
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To reveal the influences of fiber diameter and characteristics on the surface-induced matrix crystalli-
zation, four different fibers, i.e. syndiotactic polystyrene (sPS), Nylon 6, and polyhydroxyamide (PHA) and
poly(p-phenylene benzobisoxazole) (PBO) fibers, were used to study their nucleating abilities towards
isotactic polypropylene (iPP) matrix. Among them, micron-sized PBO fibers were obtained from the
supplier, whereas submicron-sized fibers of sPS, Nylon 6 and PHA were prepared by the solution elec-
trospinning process developed in this laboratory. To resolve the observation difficulty due to the fast
nucleation rate and crystal growth at high supercooling degrees (>60 �C), a high speed camera was
mounted on the polarized optical microscope equipped with a hot stage to successfully snapshot the
corresponding processes at various crystallization temperatures (Tc) in the range of 96e120 �C. For all the
active fibers, only a-form iPP transcrystallites were observed at the fiber/matrix interface. Two crucial
parameters were proposed for characterizing the fiber nucleating ability, i.e. the interfacial free energy
difference (Ds) based on the heterogeneous nucleation from a thermodynamic point of view, and the
maximum temperature for transcrystalline layer observed (Tmax) based on a kinetic consideration. Values
of Ds for different fibers were derived on the basis of the tertiary nucleation taking place in the selective
“grooves” at the fiber surface. It was found that the nucleating rate of sPS fibers was scaled with the fiber
diameter, and Ds showed a negligible diameter dependence, but Tmax slightly increased with increasing
fiber diameter. For all the fibers investigated, an intimate relation between the Ds and Tmax was derived
and used to compare their nucleating abilities.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

When fibers are introduced in a semicrystalline polymer matrix,
under certain circumstances, a highly oriented crystal layer with
the chain axis parallel to the fiber axis is observed at the fiber/
matrix interface. This distinct morphology is termed the trans-
crystalline layer (TCL) and is resulting from a profound nucleation
density at the fiber interface in comparisonwith that in the bulk, in
which conventional spherulites are developed. TCL exhibits
a higher Young’s modulus but less ductile behavior than the bulk
spherulites [1,2]. Due to the restricted lamellar growth in a direc-
tion perpendicular to the fiber surface, anisotropic modulus in the
TCL has recently been measured using the nano-scale shear and
indentation technique [3]. On the basis of the heterogeneous
nucleation theory, the interfacial free energy difference of the
crystallizing polymer chains at the fiber surface (DsTCL), and that in
the bulk (DsB) are readily determined and compared with each
other for predicting the TCL formation from a thermodynamic point
45; fax: þ886 6 2344496.
ng).

All rights reserved.
of view. By studying the ultra drawn PE fibers embedded in the PE
matrix, Ishida and Bussi [4] proposed that TCL is likely to develop at
the fiber surface provided that DsTCL is lower than DsB. However,
several investigations demonstrated that this criterion is merely
a sufficient condition, not a necessary one [5,6]. In other words, TCL
is also observed for a systemwith DsTCL larger than DsB, suggesting
that other kinetic factors should be taken into account for the TCL
development. Similar with the PE fibers/PE system, Sun et al. [7]
recently reported that isotactic polypropylene (iPP) fibers could
also induce the transcrystallization of iPP matrix at its surface.
Thomason and Van Rooyen [8] have carried out a detailed study on
the iPP transcrystallization on various fibers and they concluded
that TCL formation is relevant with themagnitude of thermal stress
at the fiber/matrix interface induced by the mismatch of thermal
expansion coefficient between the solid fiber and melt. In addition
to the fiber-pulling [8], temperature gradient is also a practical
means to generation TCL at various fiber surfaces [9]. Many
mechanisms have been suggested with an attempt to account for
the plausible origin for the TCL formation; however, none of them
could be successfully applied to all the cases reported. A review
article of the recent progress of TCL research provided a good
comparison among them [10]. Regarding the TCL effect on the
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interfacial strength, moreover, controversial results obtained from
different analytical techniques were often found in various fiber/
polymer composites. Basically, two principles are frequently
applied for characterizing the interfacial strength; one is based on
the stress criterion which is more readily to apply due to its
simplicity, the other is based on the fracture energy criterion, which
possesses more underlying physics and is independent of the
specimen geometry. Using the micro-debonding test, Chen and
Hsiao [11] showed that the presence of TCL could increase ca. 40% in
the debonding force in the poly-ether-ketone-ketone composites
with various fibers such as Kevlar, pitch-based carbon, and PAN-
based carbon fibers. However, the matrix crystallinity was varied in
the single-fiber composites with TCL (w28%) from that without TCL
(0%), suggesting the difference in the mechanical strength for
a comparison basis. Using a sophisticated method of asymmetric
double cantilever beam test, Cho et al. [12] were able to determine
the adhesive fracture energy (Ga) between iPP and the surface-
modified silicone substrate with the presence of TCL at the inter-
face. They found that the thicker the TCL thickness, the higher the
measured Ga due to the variation of failure lotus. By means of the
micro-bond test, Gati and Wagner [13] reported that the presence
of TCL produces little, if any, effect on the measured Ga in the Kevlar
149/poly(caprolactone) single-fiber composites. Based on the
conventional single-fiber pull-out test with the introduction of
frictional stress at the debonded region, we have shown that the
presence of TCL does not promote the level of adhesion in the PTFE
fiber/iPP single-fiber composites, whereas the frictional stress at
the interface is enhanced when samples are crystallized at high
temperatures [14].

Discovered by Iijima in 1991 [15], carbon nanotubes (CNTs) are
known as the strongest materials with a Young’s modulus of
w103 GPa, and a diameter of w2 nm for single-walled CNTs and
w20 nm for multi-walled CNTs. The nano-scale diameter together
with a large aspect ratio (w1000) makes the CNT-related
composites more attractive in the practical applications than the
conventional carbon fibers, which possess a diameter of w10 mm.
Although development of TCL at the single CNT surface has been
occasionally reported using electron microscopy [16], difficulties
have been encountered to monitor the evolution of TCL at the CNT
surfaces due to its extremely tiny diameter. Zhang et al. [17] have
used CNT bundles, instead of single CNT, with a diameter of 10 mm
to readily nucleate a columnar structure of iPP. An intriguing
question is immediately raised: what is the effect of fiber diameter
on the crystallizing matrix? Or, does the nucleation ability of fibers
depend upon its diameter? To resolve this unexplored issue left to
date, in this study a series of syndiotactic polystyrene (sPS) fibers
with various diameters in a range from 300 nm to 6 mm are
prepared using the electrospinning technique operated at an
elevated temperature. Fibers in such a diameter rangemake it more
feasible to trace the crystallization kinetics of TCL, if occurs, under
optical microscopy. In addition to electrospun sPS fibers, electro-
spun Nylon, and polyhydroxyamide (PHA) fibers together with the
commercial poly(p-phenylene benzobisoxazole) (PBO) fibers are
also used to investigate their abilities to induce the nucleation of
iPP. PBO fibers are noted for their better tensile strength and
modulus than the Kevlar fibers, whereas their nucleation ability
towards polypropylene matrix is still unknown yet. Combined with
previous findings on other fiber types (Kevlar, carbon, PET and
PTFE) [5], nucleation abilities of seven active fibers towards the
same batch of iPP are compared and the results will be discussed in
terms of Ds. Although plausible mechanisms for the TCL formation
have been offered by various authors in the past, none of them
could be applicable to all the reported circumstances. In this paper
we shall show that in quiescent crystallization the transient
thermal stress, which is associated with the transient temperature
evolution in the fibers, is the driving force to induce the aligned
segments of iPP chains adjacent to fibers. These oriented chain
segments are parallel with the fiber surface, serving as the nucle-
ation precursors for TCL formation. Since fiber surface consists of
many “grooves” (or steps) of various heights, the potential nuclei
are most likely to locate in these grooves provided that the groove
length is sufficiently larger than the critical lamellar thickness, l*, to
fulfill the tertiary nucleation, which is a less energy process than
the secondary nucleation.

2. Experimental

2.1. Materials

The same batch of iPP powder used for our previous TCL studies
[5] was applied in this study; it had a viscosity average molecular
weight (MW) of 2.8 � 105 g/mol. Commercial PBO fibers with
a diameter of 15 mm were supplied by Dow Chemical Co. Electro-
spinning process developed in this laboratory [18] has been
successfully performed to obtain sPS, Nylon, and PHA fibers. To
prepare sPS fibers with various diameters, electrospinning of sPS/
ortho-dichlorobenzene (o-DCB) solutions with various concentra-
tionswas carried out at a solution temperature ofw140 �C. The sPS
pellets were provided by Dow Chemical Co. with a weight average
MW of 2.0 � 105 g/mol. The as-electrospun sPS fibers possessed
a diameter ranging from 0.3 to 6.0 mm. For Nylon fibers, room-
temperature electrospinning of 18 wt.% Nylon/formic acid solu-
tions was conducted under the processing conditions of 0.1 mL/h,
15 kV and 7 cm for the tip-to-collector distance. The diameter of
electrospun Nylon fibers was 0.37� 0.12 mm. The pellets of Nylon 6
were purchased from Polysciences, Inc. and its weight averageMW
was 3.5 � 104 g/mol. BisAPAF-IC PHA powders kindly provided
by Prof. Hsu (NCKU) were synthesized from a low temperature
polymerization of 2,2’-bis(3-amino-4-hydroxyphenyl) hexa-
fluoropropane (BisAPAF) and isophthaloyl chloride (IC). They were
dissolved in the DMAc/THF co-solvent with a volume ratio of 1/9 to
form a 20 wt.% solution first, then the homogeneous solution was
electrospun at room temperature to prepare PHA fibers with
a diameter of 0.33 � 0.12 mm [19].

2.2. Measurements

The testing fibers were covered with iPP powders and placed in
a well-controlled hot stage (Linkam, THMS600) at a temperature of
200 �C for 10 min to homogenize the iPP melts. Then, the samples
were cooled at a rate of 100 �C/min to the desired temperature (Tc)
for isothermal crystallization. Dry nitrogen was introduced to
eliminate the plausible thermal degradation. Crystallization of iPP
on the fibers was monitored with a polarized optical microscope
(POM, Leica DMLP) equipped with phase contrast lens and two
different CCD systems. For the high Tc range above 125 �C,
a conventional CCD (Leica, DFC420) with a frame speed of 4 frames/
10 s was sufficient to catch the nucleation evolution of iPP at the
fiber surface. In contrast, a high speed CCD camera (Redlake,
Motion Pro 10000) was used for the low Tc range due to the rapid
nucleation and crystal growth of iPP at high supercooling degrees.
The number of iPP nuclei at the fiber surface was accounted at
selected time, and the nucleation density on fibers was expressed
by number of nuclei per unit length of fiber. The sample thickness
was controlled to be ca. 20 mm in all cases. At a given Tc, the
nucleation rate (I) was determined from the linear slope of the plots
of nucleation density versus elapsed time, and the intercept of the
time axis provided the induction time (ti). Experimental details
have been reported in our previous paper [5]. Fiber surface was
investigated by atomic forcemicroscopy (AFM) in the tappingmode



901cm-1

-1 (
a.

u.
)

1222 cm-1

A B

C. Wang et al. / Polymer 52 (2011) 1326e13361328
of operation. The AFM observations were performed in air at room
temperature with a Nanoscope Multimode IIIa (Digital instru-
ments) apparatus. FTIR spectra of samples were obtained at 1 cm�1

resolution by a Perkin Elmer Spectrum 100 spectrometer equipped
with a Mettler FP900 hot stage.
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Fig. 2. FTIR spectra of the electrospun sPS fibers experienced different annealing
history. Curve a: as-spun sPS fibers, b: after annealing at 200 �C for 60 min and then
cooling to 25 �C, c: heating to 260 �C and then cooling to 25 �C, d: heating to 270 �C
and then cooling to 25 �C. The heating rate is 100 �C/min and the cooling rate is 10 �C/
min. The absorbance peak at 1222 cm�1 is relevant with the crystalline phase with the
TTTT conformation, whereas the peaks at 901 and 911 cm�1 are related to the a- and b-
from crystals, respectively. The absorbance peak at 906 cm�1 is due to the amorphous
phase.
3. Results and discussion

3.1. Transcrystallization of iPP on electrospun sPS fibers

By the high-temperature electrospinning apparatus developed
in this laboratory [18], electrospinning of sPS/o-DCB solutions with
various concentrations became feasible to prepare sPS fibers having
different diameters. Fig. 1 shows the morphology of sPS fibers
electrospun from a 14 wt.% solution, together with the corre-
sponding histogram for the fiber diameter distribution. The fiber
diameter ranged from 100 to 450 nm, and the average fiber
diameter was 178 � 59 nm. The average fiber diameter was found
to be increased with increasing sPS concentration; for example,
electrospinning of a 25 wt.% solution yielded sPS fibers with
a diameter of w1190 � 340 nm. Detailed effects of the electro-
spinning conditions on fiber formation are provided in our previous
article [18]. In this paper, selected fibers with a pre-determined
diameter (df) ranging from 0.3 to 6.0 mm became available to study
the df effect on the iPP transcrystallization.

sPS is a polymorphic material possessing various crystal modi-
fications, e. g. thermodynamically stable b-formwith orthorhombic
lattices and kinetically favored a-formwith hexagonal lattices [20].
Due to the rapid solvent evaporation resulting from the high-
temperature electrospinning process, the as-spun sPS fibers were
amorphous according to their FTIR spectra shown in Fig. 2 (curve a).
It has been demonstrated that the absorbance peak at 1222 cm�1 is
associated with the crystalline phase with TTTT chain conformation
existing in both the a- and b-form sPS [21]. On the other hand, three
absorbance peaks are seen in the 870e920 cm�1 range, and the
corresponding peaks at 901, 911, and 906 cm�1 are attributed to the
a-forml, b-form and amorphous phase, respectively. Thermal
treatments on the as-spun amorphous fibers were performed at
various Tc and the corresponding FTIR spectra are also displayed in
Fig. 2 to detect the variation of fiber microstructure. After being
held at 200 �C for 10 min then cooling down to 25 �C, the as-spun
sPS fibers undergo the cold crystallization process and give rise to
formation of the a-form crystals (curve b). Repeatedly annealing by
the same thermal procedure (as that used for transcrystallization
process) does not alter the crystal structure and fiber crystallinity;
that is the a form is always preserved provided that the holding
Fig. 1. Typical SEM micrograph and corresponding fiber diameter distribution of electrospu
average fiber diameter is 178 � 59 nm.
temperature is maintained at 200 �C. On the other hand, some trace
of b-form crystals is detected as-revealed by the presence of
absorbance peak at 911 cm�1 (curve c) when the as-spun fibers are
rapidly raised to 260 �C and then are cooled at a rate of 10 C/min to
room temperature. More b-form crystals are developed when the
fibers are annealed to 270 �C (curve d). The transformation from the
as-spun amorphous fibers to the a-form crystalline fibers at low
temperatures (below 240 �C), and to the a/b- mixed form fibers at
high temperatures (above 260 �C) has been confirmed as well by
the electron diffraction technique conducted on the single ther-
mally-treated fiber [18]. Under SEM observations, however, the as-
spun fibers annealed at 270 �C exhibited a partial melting of the
skin layer, whereas those annealed at 260 �C kept their round
shape. Thus, the as-spun sPS fibers annealed respectively to 200
and 260 �C were used in the following studies with an attempt to
reveal the effect of fiber microstructure (crystal modification) on
the TCL formation.

Fig. 3 shows the TCL evolution of iPP on two sPS fibers with
different diameters at 116 �C (left column, under cross-polar) and at
118 �C (right column, under phase contrast) after 200 �C annealing.
It is evident that the fatter fiber on the left possesses higher iPP
nucleating density than the thinner fiber on the right. In addition,
the nucleating density of iPP is eventually lower at a higher Tc. Since
n sPS fibers obtained by electrospinning of 14 wt.% sPS/o-DCB solutions at 110 �C. The



Fig. 3. The evolution of iPP transcrystallization on two sPS fibers with different diameters. The diameter of fiber on the left is 2.0 mm and that on the right is 0.2 mm. Left column
shows the process at 116 �C under cross-polarized light, and right column is the results obtained at 118 �C under phase contrast. The scale bar is 50 mm.
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the nucleating rate of iPP on the fibers is rather fast, a high speed
camera is mounted on the OM to trace the time variation of iPP
nuclei. The number of iPP nuclei per unit fiber length is then
counted and plotted against the elapsed time as shown in Fig. 4,
from which the nucleating parameters are obtained. At a given Tc,
the nucleating rate (I) is determined from the linear slope, the time-
axis intercept gives the induction time (ti), and the saturated
nucleating density (NN) is derived as well. For TCL formation at
a higher Tc, ti is increased, but both I and NN are decreased. Similar
results are obtained for sPS fibers having different diameters. Fig. 5
shows the Tc dependence of I for fibers with different diameters. It
is of interest to note that I is increased with increasing df at a given
Tc. However, when the nucleating rate per unit fiber area (Is ¼ I/pdf)
is calculated for each fiber, they are all superimposed to one
another to form a master curve as shown in the inset, suggesting
that the difference in the nucleating density in Fig. 3 is simply due
to the diameter variation. It is intriguing to note that there exist
a highest temperature referred to Tmax, above which no preferential
nucleation of iPP at the fiber surface is observed, and TCL formation
is not seen. Tmax is slightly increased with increasing fiber diameter,
being 118 and 121 �C for fibers with a diameter of 0.3 and 6.0 mm,
respectively. To further characterize the fiber nucleating ability,
heterogeneous nucleation theory should be applied because the
fiber surface provides the active sites to transcrystallize iPP. Thus, it
is essential to address the surface morphologies of the sPS fibers
prior to further quantitative attempts. Hata et al. [2] concluded that
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it is surface roughness of substrate rather than the substrate species
or surface energy that plays the critical role in determining the
formation of TCL. Similar conclusions have been report in various
systems [5,6,22]. Fig. 6(a) shows the typical AFM image of the
electrospun sPS fibers, in which two morphological features can
bee seen. In addition to the “groove” extending along the fiber axis,
many protruding “ridges” surrounded by “valleys” are randomly
distributed at the surface, indicating the non-even characteristics of
the fiber surface. The random orientation of these ridges/valleys in
the electrospun sPS fibers is in striking contrast with the surface of
conventional fibers, such as Kevlar or carbon fibers [5], which
exclusively exhibit the presence of groove feature. In the conven-
tional spinning processes, mechanical stretching along the spin-
ning line is generally required to obtain a better chain orientation,
leading to the development of microfibrillar structurewithin fibers.
These microfibrils, in turn, potentially produce the groove
morphology at the fiber surface with its length parallel to the fiber
axis. In the electrospinning process, on the other hand, violent
whipping of the electrified jets associated with the repulsive
electric forces takes place in the bending instability region due to
the excess surface charges [18]. In the absence of a global stretching
direction, solvent evaporation of the local liquid segments becomes
the dominant role in determining the surface morphology of
electrospun fibers. Fig. 6(b) shows the df dependence of the root-
Fig. 6. (a) AFM height image of sPS fibers to reveal the presence of ridge and valley morpholo
fiber axis and indicates the presence of the groove. (b) The fiber diameter dependence of surf
segments to develop a stable nucleus in a suitable groove having the height and length ofw6
1.2 mm, and the arrow shows the fiber axis.
mean-square roughness (Rq) of fiber surface, which is used to
present the groove height. Rq is found to increase with fiber
diameter, and can be scaled by a power law relation: Rqwdf

0.61 for
a df lower than 10 mm. Rq for the fibers with a diameter of 0.3 mm is
w3 nm but that for the 6.0 mm fiber isw15 nm. In order to incubate
the iPP nucleus, the height and length of an active groove should be
larger than the nucleus dimensions, as shown in Fig. 6(c).

To take account of the energy change caused by the creation of
new surfaces on the top of foreign substrates, a quantity called
interfacial free energy difference, Ds, is incorporated and essen-
tially applied to determine the nucleating ability of the studied
substrate [23]; the lower value of Ds, the more likely for the
polymer chains to deposit on this active surface. Based on the
surface thermodynamics, Ds is theoretically derived to be 2
(s1=2 � s1=2s )(s1=2 � s1=2m ), where sm, ss and s are the surface ener-
gies of the melt, substrate, and lateral surface of lamellar crystals,
respectively [23]. From a pure thermodynamic standpoint, it has
been long considered that a substrate with a high surface energy
(ss) should promote its nucleating ability due to the possession of
low Ds. Such a concept contradicts the common observations that
PTFE fibers (or films) with a quite low ss are readily induce the TCL
in comparison with high energy metallic fibers (or films)
[2,5,24,25]. This fact implies that other factors should be taken into
account in consideration of the transcrystallization mechanism.
According to the heterogeneous nucleation theory, the nucleation
rate I is expressed as follows [23,26],

I ¼ Ioexp
h
� U*=RðTc � TNÞ

i
exp

h
� KnTo2m =kTc

�
DTDhf f

�2i

(1)

where Io is a constant, U* is the activation energy related to
molecules transporting across the phase boundary, R is the gas
constant, Tc is the crystallization temperature, TN is the tempera-
ture below which crystallization ceases, Tom is the equilibrium
melting temperature of iPP, DT is the degree of supercooling
(¼To

m � Tc), Dhf is the heat of fusion per unit volume of iPP, and f is
a correction factor given by 2Tc/(Tc þ To

m ) to estimate the heat of
fusion at large supercoolings. Although a different form of f has
recently been suggested for iPP to cover the whole temperature
range from glass transition to To

m [27], the present form still offers
a good approximation at a Tc higher than 100 �C. Kn is a parameter
associated with the type of heterogeneous nucleation; it can be
expressed by 16sseDs for nucleation taking place on a flat substrate
gies. The scan size is 3 � 3 mm and the fiber diameter is ca. 11 mm. The arrow shows the
ace roughness. (c) Schematic illustration of random coils, at the fiber surface, with chain
andw100 nm, respectively. The nucleus size is 3 � 3 � 10 nm. The fiber diameter is ca.
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for secondary nucleation, but becomes 8se(Ds)2 for tertiary
nucleation taking place in a step (groove) [23]. se is the fold surface
energy of the lamellar crystals. The ratio of free energy required for
formation of stable nuclei, DG*, by the primary, secondary and
tertiary nucleation is 1: Ds/2s.(Ds/2s)2. Provided that Ds is lower
than 2s, tertiary nucleation is always a preferred process since
a lower energy barrier is needed [23]. In order to apply Equation
(1), values of To

m, TN,U* and Dhf are taken from the literature [28,29]
to be 458 K, 232 K, 6.28 � 1010 erg/mol and 1.96 � 109 erg/cm3,
respectively. A plot of log I þ U*/2.303R(Tc � TN) versus 1/Tc(DTf)2

should give a straight line with a slope producing the value of
8se(Ds)2. Fig. 7 shows the corresponding plots of sPS fibers with
different dfs. In spite of twenty times difference in the fiber diam-
eter, their deduced se(Ds)2 values are similar, and the average value
is 19,840 � 1100 erg3/cm6. To exclusively derive the Ds value, the
determination of se from the TCL growth kinetic is necessary.

Growth rates of TCL at the fiber interface as well as those of
spherulites in the bulk were determined from the linear slopes of
the plots of themeasured crystal sizes versus elapsed time.WhenTc
was lower than 105 �C, however, measurement difficulties were
encountered by using a conventional CCD since a quite limited time
for the snapshots was available due to the fast growth of profound
spherulites. A non-isothermal technique at a given cooling rate has
been proposed to obtain the isothermal growth rates of iPP at low
Tcs; however the lowest Tc feasible for measurements wasw104 �C
[30,31]. To resolve this difficulty and obtain isothermal growth data
at high supercooling degrees, a high speed camera CCD was
attempted in this study for acquiring sufficient snapshots in a short
period of few seconds in the low Tc region; the results are shown in
Fig. 8. For the present setup, the minimum Tc accessible is 96 �C.
Fig. 9 shows the Tc dependence of crystal growth rate of iPP in the
spherulitic form (triangles) and in the TCL form (inverted triangles)
determined in this manner from 96 to 126 �C. In spite of the
difference in crystal morphologies, both the spherulite and TCL
possess the same rate of growth at a given Tc, which is consistent
with previous findings at high Tcs [32]. Also included in Fig. 9 are
the growth rates of iPP (circles) obtained from ref. 32 in a temper-
ature range of 126e147 �C. It is of interest to note that for the
accessible Tc as low as 96 �C we are still unable to reach the
“diffusion controlled region” by the melt crystallization process
[30]. To derive the surface energy parameters of iPP crystals, the
classical kinetic theory [28] is applied to analyze the TCL (spheru-
litic) growth rate data according to Equation (2).

G ¼ Goexp
h
� U*=RðTc � TNÞ
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Fig. 7. Variation of nucleation rate with supercooling degree, according to Equation
(1), to determine the se(DsTCL)2 parameters for sPS with different diameters, df.
where Go is a constant and Kg is a kinetic parameter. Based on
Equation (2), the corresponding plot is displayed in the inset of
Fig. 9. An evident slope change from 0.7443 � 105 K2 in the high Tc
regime to 1.5740� 105 K2 in the low Tc regime is observed at 137 �C,
indicating the growth transition from the regime II to regime III.
The derived slopes and transition temperature of II/ III regime are
similar with those reported previously [28,29,31]. It is of impor-
tance to note that regime III growth is prevailing down to
a temperature of 96 �C (a supercooling of 90 K), suggesting the
intactness of se in the Tc range. The slope (Kg) was used to estimate
se by the simple relation expressed: Kg ¼ jbosseTo

m/kDhf with j ¼ 2
for regime II and 4 for regime III, and bo is the width of polymer
chains. For the (110) growing plane with bo w0.626 nm [28], the
calculated values for sse are 855.6 and 809.2 erg2/cm4 for
the regime III and II growth, respectively. After substituting the
reported value of s (w11.5 erg/cm2) [28], the determined se for iPP
is ca. 72.4 � 2.0 erg/cm2, which is in agreement with previous
results [28,29,31]. Thus, the value of Ds for iPP to nucleate on the
electrospun sPS fibers is determined to be 16.6� 0.4 erg/cm2 by the
ratio of [se(Ds)2/se]1/2, in which the numerator and denominator
are derived from the nucleation and crystal growth data, respec-
tively. In a short summary, we conclude that thicker fibers yield
a higher nucleating density of iPP due to its possession of larger
fiber surface, but the nucleating ability of fibers characterized by
the magnitude of Ds is independent of the fiber diameter.
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Fig. 11. A comparison of nucleation rate and induction time approaches used to deter-
mine se(DsTCL)2. The results show that the Ishida’s hypothesis, i.e. I� tiwconstant, is not
applicable to the present sPSfiber/iPP system (df : 6.0 mm). Effect of thermal annealing on
the nucleating ability of fibers is also elucidated. According to Fig. 2, fibers annealed to
200 �C possess the a-form crystals; whereas mixed a/b-form crystals are developed for
fibers annealed to 260 �C.
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Fig. 10 shows the Tc dependence of the dimensions of a stable
nucleus calculated on the basis of secondary nucleation on a flat
substrate (a), and the tertiary nucleation in the groove of a rough
substrate (b). Previous data for PTFE fibers [5] are also included
for a comparison with those for the present sPS fibers. Based on
the secondary heterogeneous nucleation [5], the Ds value for the
PTFE fiber was derived to be 0.75 erg/cm2, giving a derived from
the, the magnitude of) is about several nanometers, but b*

(¼ 2DsTo
m=DhfDTfw0.05e0.1 nm) is ca. one order lower than the

thickness of mono-molecular layer (bo) as shown in Fig. 10a. Re-
calculation based on the tertiary heterogeneous nucleation leads to
a reasonable and comparable value of b* (¼a*w0.3e0.6 nm) with
respect to bo (Fig.10b), suggesting thatmono-molecular layer of iPP
is formed on the highly active PTFE surfaces. In contrast, ca. 2e4
molecular layers of iPP are required for the relatively inactive
sPS fibers to develop a stable nucleus. It should be noted that
the dimensions of a* and b* are in the range of 1e3 nm, which are
generally smaller than the surface roughness of common
substrates used, but a relatively large magnitude of l*

(¼ 4seTo
m=DhfDTfw10e15 nm) is seen in Fig. 10, suggesting that l*

is themost important length scale to be considered. As expected, l*

is independent of the type of heterogeneous nucleation and its
magnitude is increased with increasing Tc. If the length of the
groove is smaller than l*, development of stable nuclei through
tertiary heterogeneous nucleation is never possible.

In addition to fibers possessing the a-form crystals, sPS fibers
with the mixed a/b-form crystals yielded by thermal annealing to
a temperature of 260 �C (Fig. 2) were also used to investigate their
ability towards iPP nucleation. In spite of a slight increase in fiber
crystallinity, surface roughness of the annealed fibers remains
unchanged as-revealed by AFM results. The Tc dependence of
nucleation rate, I, is displayed by the bottom line in Fig. 11. The
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Fig. 10. Tc dependence of critical dimensions of stable lamellar nucleus (a*, b*, l*)
calculated on the basis of (a) secondary nucleation; a* is estimated by 4sTom=DhfDTf ,
(b) tertiary nucleation; a* ¼ b*. Only the a-form of iPP crystals is considered. bo is the
layer thickness of iPP crystals. sPS and PTFE fibers are used for a comparison.
inverse triangle symbols are for sPS fibers with the a-form crystals,
and the triangle symbols are for sPS fibers with the mixed a/b-form
crystals. For sPS fibers prior to and post to 260 �C annealing, the
measured data are superimposed to form a straight line. It is
evident that crystal modification exhibits a negligible effect on the
nucleating ability of fibers. Ishida and Bussi proposed a simple
relation between I and ti as [4]:

IðTcÞ � tiðTcÞ ¼ invariant (3)

Provided that Equation (3) is held valid, log (1/ti) could be used,
instead of using log I, to derive the Ds value according to Equation
(1). This simple relation has been verified for the PE fiber/PE matrix
composites [4] as well as the iPP composites consisting of high
modulus (HM) carbon fibers and PTFE fibers [5]. To test this
hypothesis for the present sPS fibers, the corresponding log (1/ti)
plots are also included in Fig. 11 (upper line). Compared to the line
constructed by the nucleation rate data, however, a different slope
is readily seen. It indicates that Ishida’s hypothesis is not applicable
to the sPS fiber/iPP system and an over-estimated Ds will be
obtained if the induction time approach is used. The inapplicability
of Equation (3) for the present sPS fibers is attributable to the non-
uniformity in the fiber roughness as shown in Fig. 6(a). Similar
findings and conclusions have been reported for the Kevlar fiber/
iPP and PET fiber/iPP systems [5].

3.2. Transcrystallization of iPP on Nylon, PBO and PHA fibers

Previous results have already demonstrated that melt-spun
Nylon fibers with a diameter of several tens micrometers showed
good nucleating ability towards iPP matrix to develop TCL at the
interface [33]. In contrast, Nylon fibers with a diameter of sub-
micrometers only become available recently by the electrospinning
process and their nucleating ability is still unknown. Fig. 12a shows
the SEM micrograph of the studied Nylon fibers here by solution
electrospinning at room temperature and a higher magnification is
displayed in the inset. The as-electrospun fibers are uniform with
an average diameter of w0.37 mm, and possess the major g-form
crystals withmonoclinic lattices according to their FTIR spectra and
electron diffraction patterns (not shown here for brevity). The fiber
crystallinity fraction determined fromwide-angle X-ray diffraction
is w0.37. After being embedded in the iPP matrix, Nylon fibers
readily induce the TCL formation as evidenced in Fig. 12b. Tmax for
the electrospun Nylon fibers is found to be 140 �C, which is higher
than that of the electrospun sPS fibers (118 �C) having a similar



Fig. 12. (a) SEM images of electrospun Nylon fibers and the inset providing a higher
magnification, (b) transcrystallization of iPP on Nylon fibers at 134 �C. The dashed lines
show the fiber position. [df ¼ 0.37 mm, fibers prepared by electrospinning of 18 wt.%
Nylon solutions under processing variables of 0.1 mL/hr, 15.06 kV, and tip-to-collector
distance of 7 cm].

C. Wang et al. / Polymer 52 (2011) 1326e1336 1333
diameter. It suggests that nucleation of iPP is more likely to take
place at the surface of Nylon fibers than sPS fibers. As shown in
Fig. 13, indeed, a lower slope is obtained for the Nylon fibers when
the nucleation rate is plotted against the supercooling parameter,
1/Tc(ΔTf)2 x106 (K-3)

0.8 1.2 1.6

lo
g 

I+
U

* /2
.3

03
R

(T
c-

T
oo

)

-1

0

1

2

3

4

5
Nylon fiber
PBO fiber
sPS fiber

Fig. 13. Variation of nucleation rate with supercooling degree, according to Equation
(1), to determine the se(DsTCL)2 parameters for Nylon fibers (open circles), PBO fibers
(open triangles) and sPS fibers with a df of 0.3 mm (filled circles).
Tc(DTf)2, according to Equation (1). The derived Ds for the electro-
spun Nylon fiber is 9.36� 0.32 erg/cm2, which is lower than that for
the sPS fiber. It seems that there is an intimate correlation between
Ds and Tmax in determining the nucleating ability of fibers. This
issue will be addressed in the later section.

Compared to the well-documented Kevlar fiber used as a rein-
forcementmaterial in advanced composites, PBO fibers also possess
outstanding mechanical properties, long-term stability and excel-
lent resistance to high temperature due to its rigid-rod molecular
structure. Several studies showed that the mechanical properties of
PBO fibers are even superior to those of Kevlar fibers; however,
whether PBO fibers can induce the TCL formation of iPP is still not
explored yet. As shown in Fig. 14, PBO fibers are found to be able to
induce the nucleation and growth of iPP at its surface without
difficulties. For a higher Tc, the nucleation density is lower, but
a thicker TCL is observed. Tmax for the PBO fiber/iPP system is
w143 �C, which is identical to that for the Kevlar fiber [5]. Similar
data analyses have been conducted on the PBO fibers and the
results are displayed in Fig. 13 (triangle symbols). From the linear
slope, the corresponding Ds is determined to be 8.48 � 0.45 erg/
cm2 for the PBO fibers. Moreover, it was found that Equation (3)
was not applicable to the PBO fiber/iPP system, attributable to the
non-uniform fiber surface possessing the microfibrillar structure
covered partially by contaminant layers [34]. The microfibrils in the
PBO fibers were reported to be 10e20 nmwide, stretching parallel
Fig. 14. iPP transcrystallization on the PBO fibers at 143
�
C (top) and 130 �C (bottom)

[Tmax ¼ 143 �C, df ¼ 15.1 mm].
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to the fiber axis over several tens of nanometers [34]. The micro-
fibrils provide the necessarily sized grooves at the fiber surface to
host the crystallizing iPP segments.

The electrospun PHA fibers used for TCL studies are amorphous
[19]. Its glass transition temperature (Tg) is w280 �C and fiber
diameter is w0.33 mm. TCL formation was not seen in a wide
temperature range, 120e140 �C, suggesting that no preferential
nucleation of iPP takes place on the fibers in comparison with that
in the bulk. Despite of its inability to induce TCL for a single PHA
fiber, PHA fiber bundles are found to be capable of induce the iPP
nucleation between individual fibers as shown in Fig. 15, in which
the top row images are taken at 24 min after isothermal crystalli-
zation at 145 �C, and those at the bottom are snapshot at 80 min.
Within the right dense bundle, many iPP crystals are nucleated, and
gradually grow outwards to the bundle surface. In contrast, the left
branch consisting of loosely packed fibers is unable to induce iPP
nucleation. This finding suggests that the mobility of iPP chains in
the constrained region set by the densely packed fibers could be
greatly reduced and incubation of stable nuclei therein becomes
feasible. Similar observation was reported by Zhang et al. who
provided the direct evidence of TCL formation on the carbon
nanotube bundle, instead of single CNT [17]. After step-wise cycli-
zation to a high temperature of w350 �C, the as-spun PHA fibers
were converted to become BisAPAF-IC PBO fibers having a Tg of
314 �C [19]. In contrast with the commercial PBO fibers, our BisA-
PAF-IC PBO fibers were unable to induce the TCL formation of iPP.

3.3. Roles of fiber surfaceeheight and length of grooves

At the fiber surface, morphological features of grooves and
ridge/valley are often observed. A roughness distribution of fiber
surface is expected, and its average is denoted by Rq. AFM conve-
niently provides the groove height by Rq, but a quantitative analysis
Fig. 15. Transcrystallization process of iPP in the PHA fiber bundle at 145 �C. Note the absenc
polarized, (B) cross-polarized, (D) cross-polarized with l-plate. The individual fiber in the
of groove length is not readily available. For most studied fibers, Rq
is generally larger than the b* dimension of the stable nuclei
(Table 1 and Fig. 10), thereby suggesting that length of grooves with
respect to l* is the determining factor for the tertiary nucleation to
take place. To the first approximation, fibers with a rough surface
are more likely to possess a long groove length, implying that the
population of active grooves may be increased for fibers with
a larger Rq. In the absence of appropriate roughness to accommo-
date the stable nuclei, TCL formation becomes unlikely. Such a case
is often seen for the un-treated glass fibers. In contrast, TCL is
readily seen for the chemically treated glass fibers, attributable to
the creation of rough surface with at least a length scale larger than
l* [35].

For the present iPP chains in the melt state, the estimated
diameter of random coils (Dg) is w37 nm [36], and the width of an
iPP chain stem (Ws) is w0.5 nm [28]. A preferred substrate to
proceed the tertiary nucleation is the presence of surface grooves
with a width smaller than Dg but larger thanWs. In these particular
sites only portion of the chain coil is able to penetrate into the small
grooves to form the nuclei. After deposition of first crystalline layer
on the substrate, the stable nuclei readily grow in a manner
according to the classical growth theory given by Equation (2).

Surface nucleation can also be preferentially induced by the
epitaxial mechanism [24,25,37e39], which is widely investigated
and used to account for the TCL formation. True epitaxy (an
atomistic level of epitaxy) suggests one or two-dimensional lattice
match at the interface between the epitaxial crystals and the
underlying substrate. Without taking the nucleation into consid-
eration, the major requirement for true epitaxy is that the
discrepancy between the lattice parameters is less than 10e15%.
For iPP, three active substrate surfaces characterized by topological
regularity of 0.5, 0.65 and 0.56 nm are reported to give rise to the
either homo- or hetero-epitaxies [24]. It can be considered as
e of TCL formation on the left branch consisting of loosely packed fibers. (A, C): parallel-
bundle has a diameter of w0.33 mm.
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Table 1
Fiber characteristics to induce iPP transcrystallization.

fiber type df
(mm)

Ds
(erg/cm2)

Tmax

(
�
C)

I � ti
¼ Const.

Rq
(nm)

source

PTFE 30 4.15 � 0.33 156 Yes 40 ref. [5]
Carbon 8 5.12 � 0.56 141 Yes 10 ref. [5]
PBO 15 8.48 � 0.45 143 No 1534 this work
Kevlar 15 8.78 � 0.24 143 No 10 ref. [5]
Nylon 0.37 9.36 � 0.32 134 No NA this work
PET 12 11.6 � 0.5 136 No 8 ref. [5]
sPS 0.3e6.0 16.7 � 0.3 118e121 No 3e15 this work

Ds is derived on the basis of tertiary nucleation theory. Re-calculation of nucleation
data in ref. [5] is carried out to derive the present value of Ds.
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a special case of our phenomenal model for tertiary nucleation that
the chain segments are trapped in the shallow grating-like grooves
set by the crystal planes of the underlying substrate. On the basis of
secondary nucleation, a templatemodel was alternatively proposed
by Greso and Phillips to account for true epitaxial growth of poly-
mers [37]. The requirement for the formation of secondary nuclei
on the flat substrate is that the crystal dimension of the substrate in
the matching direction must be larger than l* of the epitaxially
grown crystals. There are many evidences to support the true
epitaxy of iPP on the thin film substrate using electron diffraction
technique [24,25,38,39]. A correct analysis of epitaxy has to be
carefully done at the atomic scale. For the present fibers used for
TCL formation, it should be reminded that the crystal structure at
the fiber surfacemay bemore disordered than that in the fiber core.

3.4. Role of transient thermal stress

When the fiber/iPP sample is rapidly cooled from Tm (200 �C in
this study) toTc, transient thermal stress (tTS) is likely to establish at
the solid fiber surface as a result of temperature gradient across the
fiber, in that the fiber surface changes temperature more rapidly
than the interior. Themagnitude of the transient thermal stresses is
dependent upon a temperature change (DT ¼ Tm � Tc) as well as
temperature distribution inside the fiber [5,40,41]. The induced
thermal stress should become vanished when the temperature of
fiber center reaches Tc since there is no constrains set at the fiber
surface, i.e. the fiber is a free body surrounded by the iPP melt. The
direction of tTS is parallel with the fiber surface and tTS is null
perpendicular to the fiber surface, i.e. the r-component strain is
relieved by the radial expansion (or shrinkage). Conceptually, these
normal stresses are more effective to pre-align the polymer chain
segments adjacent to the solid fiber for producing the stable nuclei
in the vicinity of the fibers. The stretched segments could serve as
the potential nuclei for later TCL growth provided that its relaxation
process is slow. Due to the possession of a longer relaxation time,
iPP with a higher molecular weight was verified to be able to
develop TCL at a higher temperature than the low MW species
under the same crystallization condition [8]. Thus, TCL formation is
kinetically associated with the competition and the resultant
balance between the chain orientation induced by tTS and relaxa-
tion process of these oriented segments. For a given fiber, TCL is
more readily seen at a lower Tc and there exists a Tmax above which
TCL formation becomes difficult due to a small tTS and fast segment
relaxation.

Our proposed model is based on the quiescent crystallization
process, which is different from shear-induced crystallization by
continuous fiber-pulling experiment [9,42,43]. In the fiber-pulling
process, the driving force for the TCL formation is the mechanical
shear stress, which is uniformly transferred from the solid fiber to
iPP melt. The melt chains are thus engaged in local networks of
aligned and ordered clusters [42], which act as crystallization
nuclei. In this manner, the substrate plays no role for the hetero-
geneous nucleation, but just fulfills the stress-transfer means. Glass
fibers are known to be unable to induce TCL in the quiescent
crystallization due to its smooth surface, but become capable of
producing thick TCL through application of shear stress by fiber-
pulling since the surface roughness is not an issue [8,9,44].
3.5. Nucleating ability of various fibers

The nucleation results obtained from the present study are
displayed in Table 1. Using the same batch of iPPmatrix, other fibers
reported previously are also included for a detailed comparison of
their ability to induce TCL formation [5]. For all the active fibers,
only a-form iPP transcrystallites were observed at the fiber/matrix
interface. From a thermodynamic point of view, fibers with a lower
Ds can transcrystallize iPP more easily since the total free energy
required to develop the stable nuclei at the fiber surface is lower.
Thus, the ability of PTFE fibers to nucleate TCL growth is the best in
spite of its lowest surface energy, whereas the sPS fiber exhibits the
least nucleation ability toward iPP. Fig. 16 shows the plot of Ds
versus Tmax for all the active fibers, obtained from the commercial
and electrospun ones, with df in a wide range of 0.3e30 mm. It
should be reminded that Ds is independent of df (Fig. 7), but Tmax is
slightly increased with df (Fig. 5, ca. 3 �C difference in Tmax for sPS
fibers with 20 times difference in df). Based on Fig. 16, a general
correlation can be seen: a higher Tmax is expected for fibers with
a lower Ds. Thus, the parameter Tmax also provides a measure of the
nucleating ability of a given fiber.
4. Conclusion

In combination with previous studies [5], seven different fibers
were used for a comparison of their nucleating ability towards iPP
by evaluating the nucleation rate of iPP at the fiber/matrix interface
at various Tc. Under a quiescent melt crystallization condition, only
a-form iPP transcrystallites were observed at the interface for those
fibers, which were capable of producing TCL. The driving force to
pre-align chain segments as the stable nucleus is associated with
the thermal stress induced at the fiber surface during cooling by the
transient temperature gradient, not the mismatch of thermal
expansion coefficient between the solid fiber and melt matrix as
proposed by Thomason et al [8]. In addition, surface grooves with
sufficient dimensions to adapt the stable nuclei seem necessary for
tertiary heterogeneous nucleation to take place, leading to the
formation of TCL.
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Two kinds of thiol ionic liquids (ILs), 1-methylimidazolium mercaptopropionate (MimMP) and bis
(1-methylimidazolium) mercaptosuccinate (BMimMS), were investigated as novel interfacial modifiers
for styrene butadiene rubber/halloysite nanotubes (SBR/HNTs) composites. According to model
compounds, it was found that their affinities toward HNTs were originated from hydrogen bonding and
that they could be grafted onto SBR chains via thiol-ene reactions. The ILs addition could promote
vulcanization and effectively facilitate HNTs dispersion in rubber matrix. The interfacial interaction,
quantitatively evaluated by a proposed equation based on rubber elasticity and reinforcement theory,
was consistently increased. Mechanical properties of SBR/HNTs vulcanizates were largely improved and
better than those of the 3-mercaptopropyl trimethoxysilane modified system. The BMimMS’s efficiency
on modifying SBR/HNTs vulcanizates was higher than the other for its Gemini structure. Significantly
mechanical improvements and lowered mechanical loss in the range of 50e80 �C were correlated to the
improved HNTs dispersion and strengthened interfacial interactions.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Halloysite nanotubes (HNTs), as one type of naturally occurring
clays with nanotubular structure, were extensively studied as
promising filler for polymer composites with remarkable improved
mechanical properties, thermal stability and flammability [1]. The
functional group of HNTs such as hydroxyl group is mainly located
in the internal surface and the tube end. The distribution of func-
tional groups was considered to be helpful for the fine dispersion of
HNTs in polymer composites. However, the interfacial interaction
between HNTs and polymer was not satisfied. Therefore, the
interfacial modification is still one of the great challenges in
fabrication of polymer/HNTs nanocomposites with desired perfor-
mance [2e5].

Ionic liquid (IL), as one kind of versatile agents, could be utilized
to improve the conductivity of polymers [6e8] and promisingly to
be explored for fabricating protic conductor [7], actuator [8], and
other functional devices [9]. ILs were considered to be potential
modifiers in filled polymer composites for their high affinities
toward carbon nanotubes [10e13], silica [14,15] and clays [14]. The
versatile interactions between ILs and fillers have confirmed to be
cation-p [11,13,16], pep [15,17], van der Waals [18], hydrogen
x: þ86 20 2223 6688.

All rights reserved.
bonding [10,19] and delocalized electron interactions [20]. ILs/silica
interactions were widely employed in controlling their morphol-
ogies [15,21,22], fabricating stationary phase for HPLC [23,24],
improving thermal stability [14] and enhancing the extracting
efficiency [25].

One kind of common ILs, 1-butyl-3-methyl-imidazolium hexa-
fluorophosphate (BMimPF6), was previously found to be able to
strongly adsorb onto HNTs surface and acknowledged to be one of
promising agents to improve filler dispersion and strength inter-
facial bonding [26]. Recently, designing ILs with functional groups
has been expected for tailoring the interface of polymer compos-
ites. Introducing functional groups, such as double bond group
[27,28] and thiol group [29], into IL was highlighted for improving
the performance of rubber composites. The thiol-ene chemistry,
which was widely focused for its mild reaction condition, high
reactivity and excellent yielding, is now under extensive investi-
gation in the technology of photocrosslinking [30,31] and in
fabricating functional materials [31e36]. In the present work, two
kinds of functional IL, 1-methylimidazolium mercaptopropionate
(MimMP) and bis (1-methylimidazolium) mercaptosuccinate
(BMimMS), were investigated as modifiers for tailoring the inter-
facial structure of SBR/HNTs composites. The influences of func-
tional ILs on vulcanization behavior, mechanical performance and
morphology were studied. With a proposed equation on evaluating
the interfacial interaction by stressestrain curves, interfacial
interactions induced by thiol-containing ILs were quantitatively
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compared and correlated to the morphology and the HNTs
dispersion in SBR/HNTs vulcanizates.

2. Experimental

2.1. Materials

N-methylimidazole (99% purity), 3-mercaptopropionic acid
(98% purity) and mercaptosuccinic acid (99% purity) were
purchased fromAlfa Aesar, Tianjin, China. Styrene butadiene rubber
(SBR), with trade name SBR1502 (styrene content 23.5 wt%), was
manufactured by Jilin Chemical Industry Company, China. HNTs
was mined from Hubei, China and purified according to the
procedure [37]. The BrunauereEmmetteTeller (BET) value of HNTs
was determined to be 50.4 m2/g by an ASAP 2020 surface area/
porosity analyser (Micromeretics, America). Other rubber additives
were industrial grade and used as received.

2.2. Synthesis of MimMP and BMimMS

The synthesis of MimMP was followed by another work [29].
Typically, stoichiometrical 3-mercaptopropionic acid was slowly
added into 1-methylimidazole under stirring at ambient tempera-
ture. After a reaction for 4 h, the liquid product of bis(1-methyi-
midazolium) mercaptosuccinate (BMimMS) was obtained. MimMP
was characterized elsewhere [29] and BMimMS was characterized
by 13C NMR and FTIR [38e40]. These NMR and FTIR spectra were
collected on the Bruker Avance Digital NMR spectrometer
(300 MHz, Buchen, Germany) and Bruker Vertex 70 FTIR spec-
trometer (Buchen, Germany), respectively. 13C NMR (BMimMS,
D2O): 180.1 (eCH2eCOO), 179.0 (eCHeCOO), 134.9 (eNeC]Ne),
122.8 (eC]CeN(CH3)e), 120.0 (]NeC]CHeN(CH3)e), 43.9
(eCHeSH), 41.2 (eCH2eCOO), 35.3 (eNeCH3). FTIR (BMimMS,
KBr): 3414(NeH), 3140(imidazoliumeH), 2959(CH2), 2557(SeH),
1688(C]O), 1525 and 1576 (imidazolium conjugate). The structure
of BMimMS, MimMP and a typical thiol-containing silane
(3-mercaptopropyl trimethoxysilane, MPTS) were shown in Table 1.

2.3. Affinity of functional ILs toward HNTs and their reactivity
toward SBR chains

Interactions between ILs and HNTs were determined by X-ray
photoelectron spectroscopy (XPS, Kratos Axis Ultra DLD; Kratos
Table 1
Structure of BMimMS, MimMP and MPTS.

Sample Composition M. W. (g/mol)

BMimMS C12H18O4N4S 314.4

MimMP C7H12O2N2S 188.2

MPTS C6H16O3SiS 196.3
Analytical, Eppstein, Germany). A monochromated Aluminum
Ka source (1486.6 eV) was used and all XPS spectra were indi-
vidually calibrated to its reference C1s component at 285.0 eV
[41]. Shirley background and Gaussian function were employed
in the fitting program to distinguish the delicate difference of
the chemical environment. For the preparation of model
compounds (HNTs/MimMP, HNTs/BMimMS and HNTs/MPTS)
used for XPS experiment, HNTs with a loading of 10 wt% modi-
fier in a solution of acetone was subjected to sonication,
centrifugation and vacuum drying. The reactivity of ILs toward
rubber chains could be verified by a model compound [29]. The
reaction of SBR/MimMP (or BMimMS)/AIBN (1/1/0.02, wt/wt/wt)
was performed at 65 �C for 12 h. The crude product was first
washed with plenty water and then extracted by water for 2
days. After vacuum dried at 80 �C, their graft products, SBR-g-
MimMP and SBR-g-BMimMS, were characterized by Attenuated
total reflection fourier transform infrared (ATR-FTIR) spectros-
copy. These ATR-FTIR spectra were collected on the Bruker FTIR
spectrometer.

2.4. Preparation of SBR/HNTs compounds and characterizations

All the rubber compositions were summarized in Table 2. SBR
and other additives were mixed on an open two-mill moll. The
curing characteristics of the rubber compounds were determined
using a UR-2030 vulcameter (U-CAN, Taiwan) at 150 �C. The rubber
compounds were vulcanized at 150 �C�Tc90. For a comparison
with MPTS, the rubber compound with a 4 phr of MPTS was coded
as R4MPTS to ease following discussion.

Tensile, tear and hardness tests of the vulcanizates were per-
formed following ISO 37-2005, ISO 34-2004 and ISO 7619-2004,
respectively. Crosslink density (Ve) of the vulcanizates was deter-
mined by the equilibrium swollen method [42]. Dynamic
mechanical analysis was performed on an EPLEXOR dynamic
mechanical analyzer (Gabo Qualimeter Testanlagen GmbH;
Germany). The samples are scanned from �100 to 100 �C at 3 �C/
min. A tensile mode was adopted.

The specimens of vulcanizates were ultramicrotomed into thin
pieces of about 300 nm in thickness with Leica EMUC6 in liquid
nitrogen. The transition electron microscopy (TEM) observations
were done using a Philips Tecnai 12 transmission electron micro-
scope (Eindhoven, Netherlands) with an accelerating voltage of
30 kV.
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Table 3
Integration results of FTIR spectra.

Phenyl eCH]CH2 eCH]CHe I(>C]CH2)/
I(phenyl)

I(>C]CHe)/
I(phenyl)

SBR 63.01 49.89 87.87 0.79 1.39
SBR-g-BMimMS 39.43 33.79 56.84 0.69 1.30
SBR-g-MimMP 58.41 35.63 69.40 0.61 1.19

Table 2
Composition of SBR/HNTs rubber composites.a

SBR HNTs MimMP Sample code BMimMS Sample code

100 40 0 Blank / /
100 40 1 R1MimMP 1 R1BMimMS
100 40 2 R2MimMP 2 R2BMimMS
100 40 3 R3MimMP 3 R3BMimMS
100 40 4 R4MimMP 4 R4BMimMS

a rubber ingredients: zinc oxide 5, stearic acid 1, N-cyclohexyl-2-benzothiazole
sulfenamide (CZ) 1.5, dibenzothiazole disulfide (DM) 0.5, 2-mercaptobenzoimida-
zole 1.5, sulfur 1.5 (all in parts per hundred parts of rubber, phr).
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3. Results and discussion

3.1. Reactivity of MimMP and BMimMS toward SBR chains

Thiol-ene reaction is versatile in photocrosslinking elastomers
and fabrication of functional materials [30,35,43]. The reactivity of
MimMP and BMimMS toward rubber chains is revealed by FTIR
spectra of their grafts as shown in Fig. 1. The aromatic hydrogen
(3025 and 3061 cm�1), the CH2 (2917 and 2847 cm�1), the trans
>C]CH< (965 cm�1), the vinyl (>C]CH2; 913 cm�1) and the
phenyl (699 cm�1) are assigned to the SBR backbone [44,45]. In the
lower two curves, the presence of characteristic groups of ILs, such
as carbonyl (1708 cm�1), C]N (1553 cm�1) and C]CeH
(3149 cm�1) in the imidazolium cation [40,46], indicates the
successful grafting onto SBR chains.

Still, from the FTIR spectra, the grafting sites could be found and
the difference on their grafts could be compared according to the
integration of absorption peaks of different groups. The integration
result is tabulated in Table 3. For SBR-g-MimMP, the intensity ratio
of I(913, >C]CH2) to I(699,phenyl) is obviously decreased from 79% for
SBR to 61% with a decrement about 22%. The I(965,>C]CHe)/
I(699,phenyl) ratio, however, is decreased but in a limited degree
about 14%. It implies that the reactivity of thiol toward vinyl is
much higher than that toward double bond (eCR]CHe) in the
backbone [31,33,35]. For SBR-g-BMimMS, the ratio values of
I(913, >C]CH2) /I(699, phenyl) and I(965,>C]CHe)/I(699,phenyl) are decreased
by 12% and 7%, respectively. The lower activity for BMimMS toward
SBR estimated by this method may be related to the higher
molecular weight of BMimMS. Noticeably, the thiol content of
MimMP (1/344 mol g�1) is much higher than that for BMimMS
(1/188 mol g�1).
Fig. 1. FTIR spectra of SBR, SBR-g-BMimMS and SBR-g-MimMP.
3.2. Affinities of ILs toward HNTs

A peak fitting program on XPS spectra of Al 2p and Si 2p was
performed to detect the possible interaction between functional ILs
and HNTs. The XPS spectra, together with their fitting curves, are
showed in Fig. 2. The binding energy (BE) value of Al 2p in aluminol
(AleOH) is at 74.6 eV. The content of AleOH, locating at the inner
side of HNTs lumens, is lower than that of aluminumeoxygen
(AleO) bond (74.5 eV). The content of silanol (SieOH) at 103.1 eV on
HNTs outer surface is quite low and the siliconeoxygen (SieO)
bond is dominant in the existing forms of Si atoms. When treated
with MimMP, their binding energy (BE) values for Al in AleO and
AleOH are shifted to 74.7 and 74.9 eV, respectively, indicating that
two different kinds of hydrogen bonding may exist. One is AleO/
imidazolium cation hydrogen bonding and the other is AleOH/
anion one, both of which can reduce the electron screening effect
Fig. 2. XPS spectra of Al 2p (up) and Si 2p (down) in HNTs model compounds.
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and therefore increase the BE values for Al atoms. As regard for
SieOH on the outside of HNTs, it is not distinguished by the fitting
program. It may also relate to the hydrogen bonding between
SieOH and anion. But the BE value for Si atom in SieO is not
changed at all, implying that the affinity of HNTs toward MimMP is
not due to SieO and MimMP. So, MimMP could be interacted with
AleOH, SieOH and AleO in HNTs via different hydrogen bondings.

When HNTs is treated with BMimMS, the phenomena are a little
different. The XPS spectra of Al 2p show that the BE value of Al atom
in AleOH is obviously shifted to 74.7 eV and that in AleO is not
changed. According to the spectra of Si 2p, the Si atoms in SieOH
with a low content cannot be distinguished by the fitting program.
It may be ascribed to the SieOH/anion hydrogen bonding. The BE
value of Si in SieO is partially moved to 102.8 eV. This may be
related to the hydrogen bonding between SieO and imidazolium
cation in BMimMS. The other part of SieO bonding, locating at
103.0 eV, may be assigned to the unreacted SieO bonds in the
region where is geometrically unavailable. Accordingly, the affinity
of BMimMS toward HNTs may be mainly resulted from the AleOH,
SieOH and part of SieO bond.

The different affinities for MimMP and BMimMS toward HNTs
may be resulted from the structure differences for ILs. For BMimMS,
its Gemini structure is ended with two imidazolium cations and
two anions. Both the cations and the anions, affinitive toward SieO
and SieOH, may prevent BMimMS molecules from diffusing into
the lumen of HNTs. However, smaller MimMP molecules possibly
enter into the lumen via the strong interaction between AleOH and
anion of MimMP.

For the MPTS treated HNTs, the obviously changed BE values for
Al and Si atoms may be related to coupling reaction between
methoxy group in MPTS and hydroxyls (AleOH and SieOH) on
HNTs [47,48]. As substantiated above, the interactions between ILs
and HNTs are mainly composed of hydrogen bonding. Compared
with the functional ILs, the covalently bonding between MPTS and
HNTs is possibly responsible for the bigger BE shifts.

3.3. Vulcanization behavior of the SBR/HNTs rubber compounds

Vulcanization behavior of the SBR/HNTs rubber compounds is
studied and showed in Fig. 3. For the unmodified rubber
compounds, a long marching cure is observed. It is possibly related
to the high absorbability of rubber additives such as accelerator
onto the outer surface and the lumen of HNTs, which was observed
elsewhere [3]. Once either of these functional ILs is loaded, the
scorching time (Ts2) is cut down and consistently decreased with
Fig. 3. Vulcanization curves for SBR/HNTs rubber compounds.
increasing incorporation. Several possible reasons are proposed.
First, the hydrogen bonding between HNTs and ILs could restrict
the additive adsorption and increase the concentration of curing
additives. Second, the thiol group may largely activate the vulca-
nization via effectively lowering the corresponding activation
energy (Ea) of rubber vulcanization [49]. Third, the high active
thiol-ene reaction leads to the grafting of MimMP onto the rubber
chains. The ions in SBR-g-MimMP could be interacted with HNTs
and could accelerate the crosslinking, because thiol-ene addition
could be further activated when the thiol substance bearing
a catalyzing agents such as the imidazolium cation [30,33].

From the curing curves, both theminimum torque (Tmin) and the
maximum torque (Tmax) during vulcanization are changed. Tmin is
changed in a quite limited extent because it is largely dependent on
the properties of uncured rubber matrix. Incorporation of func-
tional ILs can effectively increase the Tmax values, which are mainly
dependent on filler networking, rubber network and filler-rubber
interfacial interaction in vulcanizates. There are two factors in
regulating the values of Tmax. First, the crosslink density of rubber
(Vr), as indicated in Table 4, is increased with an increasing loading
of ILs. This is possibly due to the constrained ingredients absorp-
tion, thiol-ene activation on vulcanization [30,33] and thiol evolved
crosslinking during vulcanization. Second, the grafts generated
during vulcanization can strengthen the rubber-filler interfacial
interaction via the hydrogen bondings. As a result, both the
increased Vr and the strengthened interfacial interactions are
mainly responsible for the increasing values of Tmax.
3.4. Morphology and interfacial interaction on SBR/HNTs
composites

Generally speaking, filler dispersion in polymer based compos-
ites is of great importance in governing their performance. From
the TEM photo of original HNTs in Fig. 4, it can be seen that their
lengths range from several hundred nanometers to about 1 mm,
their outer and inner diameter is about 50 and 20 nm, respectively.
Once HNTs were incorporated into rubber matrix, the HNTs
dispersion was checked by TEM observation. As typically shown in
Fig. 4, HNTs are seriously agglomerated in the unmodified sample.
When SBR/HNTs are incorporated with MimMP or BMimMS, the
agglomeration of HNTs is effectively restrained. A quantitative
comparisonwas performed via analyzing the gray level of the pixel
on figure [50]. A higher value of gray could be used to recognize the
existence of filler. In the gray curve for blank, a peak with awidth of
0.4 mm is observed, corresponding to agglomerate with several
HNTs stacked in parallel. The dispersion of HNTs in R3MimMP is
considered to be finer than that of blank because no wide peak
exists in the gray curve. Although a wide peak is also observed in
the gray curve for R3MimMP, it is due to the observation of gray
along the longitudinal direction of the tube. According to the gray
curve of R3BMimMS, the peaks are sharp, indicating the finest
dispersion state among these samples. Furthermore, the HNTs
dispersion in R3BMimMS is obviously finer than that in R3MimMP.
This may be resulted from the different interactions between
functional ILs and HNTs.

Since the HNTs dispersion improvement in rubber matrix was
disclosed by TEM, the HNTs rubber interaction, also another critical
Table 4
Crosslink densities of SBR/HNTs vulcanizates.

MimMP BMimMS MPTS

Loading, phr 0 1 2 3 4 1 2 3 4 4
Vr, 10�4 mol cm�3 1.94 2.27 2.52 2.48 2.87 2.05 2.19 2.50 2.37 2.31



Fig. 4. TEM photos of HNTs and SBR/HNTs vulcanizates, where the insets were curves for the gray level (a.u.) of the cross solid lines.
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factor in governing the ultimate performance of polymer/clay
nanocomposites [51e53], should be further studied. Within various
methods on evaluating the interfacial interaction with the
stressestrain relationship, the slopes at certain strains and/or
certain ranges of strains were always utilized [54e56]. However,
ignoring the significant impact of crosslink density (Vr) on the
modulus may be not reasonable [56]. For example, the Vr values in
Table 4 are obviously different from each other. What is meant by
this is that measuring the rubber/filler interactions exclusively by
the rubber modulus is not adequate. In following, a method based
on the theory of rubber elasticity and reinforcement is to be
provided with detailed descriptions.

Stress in filled vulcanizates (scom) is greatly influenced by multi
factors including filler, rubber and the interfacial interactions. A
possible equation can be proposed to describe scom as:

scom ¼ j
�
sr; sf ; sint

�
(1)

where sr, sf and sint are the stress resulting from rubber network,
filler and interfacial phase, respectively. The contributions of these
three components to scom were dependent on strains. Under lower
strains, sf, which is possibly related to the formation of filler
network, has an important impact on scom. However, for the poor
deformability of rigid filler network, its contribution to scom at large
strains may be ignored. Thus, at large strains, the strong interaction
between rubber chains and filler can be regarded as physical and/or
chemical crosslinks [57,58].

According to the rubber elastics, stress of unfilled rubber
vulcanizate (sr) can be expressed as following:
sr ¼ NrRT l� 1
2 1� 2Mc

M
; (2)
�
l

��
n

�

where R is the universal gas constant, l is the tensile ratio, Nr is the
density of chain segments, T is the absolute temperature, Mc and
Mn are the average molecular weight between two neighboring
crosslink points and the average molecular weight of the rubber
chains before vulcanization, respectively.

Given that the interfacial phase could have a similar mechanism
under tensile and that the contribution of sf is treated as negligible
at large strains, scom at large strains can be approximated by
following [28]:

scom ¼ ðNr þ NintÞRT
�
l� 1

l2

��
1� 2Mc

Mn

�
: (3)

Nint in Equation (3) is the density of chain segments introduced by
the interfacial phase. Nr could be expressed by Vr and its func-
tionality of the crosslink points (Xr). Supposed that functionality of
crosslink point in the present system is 3 and Xr is therefore to be 3/
2 in present system, Equation (3) can be rearranged as:

Nint ¼
"

scom

RT
�
l� l�2

�� 3
2
Vr þ 3rr

Mn

#,

�
1� 2Mc=Mn

�
z

scom

RT
�
l� l�2

�� 3
2
Vr þ 3rr

Mn
; (4)



Table 5
Mechanical performance of SBR/HNTs vulcanizates.

Stress at
300%, MPa

Elongation
at break, %

Tensiles
stress, MPa

Tear
strength,
kN m�1

Shore A
hardness

Blank 1.9 � 0.1 676 � 26 6.4 � 1.4 20.4 � 1.2 53
R1MimMP 2.5 � 0.1 590 � 17 5.5 � 1.1 27.8 � 0.3 55
R2MimMP 2.7 � 0.1 559 � 11 5.4 � 0.9 29.1 � 1.9 55
R3MimMP 2.9 � 0.1 642 � 12 10.7 � 0.5 30.7 � 1.1 55
R4MimMP 4.1 � 0.1 595 � 15 10.9 � 0.8 37.0 � 1.6 55
R1BMimMS 1.9 � 0.1 655 � 11 6.5 � 0.7 21.4 � 1.6 53
R2BMimMS 2.2 � 0.1 648 � 29 8.2 � 0.5 25.6 � 1.8 54
R3BMimMS 4.1 � 0.2 626 � 28 13.4 � 3.5 40.7 � 2.3 57
R4BMimMS 3.7 � 0.1 638 � 13 12.2 � 1.5 36.9 � 1.4 57
R4MPTS 6.2 � 0.2 616 � 14 11.0 � 0.5 35.8 � 2.0 51
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where rr is the density of the rubber. Therefore, Nint, which
excludes the contribution from chemical crosslink, could be
reasonably utilized to evaluate the interfacial interaction between
rubber chains and filler. The term for chain ends effect ð3rr=MnÞ, is
based on the supposition that the chain ends of SBR is not inter-
acted with filler and negatively contribute to the stress. Theoreti-
cally, this term could be calculated by measuring the molecular
weights for the uncured rubber compounds. Differently, the
modified SBR/silica vulcanizates, bearing active side chains (i.e.
MimMP or BMimMS) on rubber backbone, are not consistent with
the supposition. It means that for the different structure, the end
effect for these five samples could not be equally treated by
measuring the average molecular weight before vulcanization ðMnÞ
as well as their polydispersity index. Another important factor
influencing the estimation of the chain end effect is the high
concentration of non cured ingredients added in polymerization
(i.e. up to 10 wt% for SBR1502 in this work). Therefore, in order to
simplify the complex situation, the term 3rr=Mn is considered
to be a constant (Mn ¼ 30 000 g mol�1 and C ¼ 3rr=Mn ¼ 1:0�
10�4 mol cm�3), independent of rubber structures. Equation (4)
can be further approximated by:

Nintz
scom

RT
�
l� l�2

�� 3
2
Vr þ C: (5)

Curves of stressestain and Nint versus strain for SBR/HNTs
vulcanizates are selectively plotted in Fig. 5. scom and Nint are
largely dependent on the deformation of the filled vulcanizates
because of the different contributions from sr, sf and sint. Within
a range of lower strains, the unreasonable high value of Nint may be
ascribed to the HNTs network formation. At higher strains, the Nint
values are obviously increasedwith increasing loading of functional
ILs, which is well consistent with our previous reports [28,29]. This
strongly indicates that the interfacial interaction between rubber
and HNTs is largely improved. The improved filler dispersion,
which could increase the volume of interphase, and the improved
polymer-filler compatibility due to the hydrogen bonding between
filler and SBR grafting chains are possibly responsible [59].

However, the SBR/HNTs interfacial interaction introduced by
different ILs is a little different. From the curves in Fig. 5b, the SBR/
HNT interfacial interaction of R3BMimMS is higher than that of
R3MimMP. It may be related to their structure for ILs. BMimMS
with a Gemini structure could be more affinitive toward HNTs via
the hydrogen bonding between BMimMS and SieO on the outer
surface of HNTs. While the interaction between MimMP and HNTs
Fig. 5. Dependence of stress (a) and interfacial interaction (b) on strains for SBR/HNTs
vulcanizates.
is mainly functionalized through the hydrogen bonding between
inner aluminol and the MimMP. The geometry characteristic may
also be responsible for the different interfacial interactions among
different ILs. Therefore the introduced interfacial interaction
between HNTs and BMimMS is much higher.

3.5. Mechanical performance and dynamical performance of SBR/
HNTs vulcanizates

Mechanical performance of the SBR/HNTs vulcanizates is
summarized in Table 5. The addition of functional ILs can largely
improve the mechanical properties. Comparing with that of blank
sample, the modulus (stress at 300%) is increased to 4.1 MPa for
R4MimMP and 4.1 MPa for R3BMimMS, with an increment up to
110%. The tensile strength for these two samples with 3 phr IL is
increased by 70% and 109%, respectively. Also, the tear strength for
these two samples with 3 phr IL is effectively increased to 37.0 and
40.7 kNm�1. Several possible reasons are proposed to explain these
phenomena. First, the increased crosslink density, which is one of
the factors determining the deformability of the rubber network, is
responsible for the increased modulus. Second, HNTs dispersion in
rubber matrix is largely improved according to the morphology
observation. Last and more importantly, the interfacial interaction
between rubber and HNTs is much strengthened as substantiated
above.

Comparing with MPTS in this work (as included in Table 5) and
other modifiers [60], the efficiency of functional ILs on modifying
SBR/HNTs vulcanizates is also enhanced according to the mechan-
ical data. The modification mechanism of the present systems was
different from those for the silane modified ones. Here, we take
MPTS for example. MPTS could be chemically bonded with HNTs
and grafted onto rubber matrix. But the reactive functional groups
towardMPTS aremainly located at the inner surface of HNTs lumens
[3,61,62]. Through a simple in situmethod for rubber compounding,
MPTS cannot easily creep into the HNTs lumen. So the effective
interfacial junctions induced by MPTS are mainly confined at the
lumen ends. For functional ILs, the interfacial interaction could be
strengthened by the hydrogen bonding between functional groups
and the outer surface of HNTs. The high density of interfacial
hydrogen bonding may be attributed to the higher modification
efficiency comparing with the systems with covalently bonded
interface. The modulus at 300% for MPTS modified sample is higher
than that of thesemodified by ILs, because the interfacial interaction
of the latter one is originated from hydrogen bonding.

3.6. Dynamic mechanical analysis (DMA) for SBR/HNTs
vulcanizates

For tread application of rubber compounds, the dynamic
performance is important. The dynamic performance of the



Fig. 6. Temperature dependence of storage and loss modulus of SBR/HNTs
vulcanizates.
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modified SBR/HNTs vulcanizates is also examined. The storage
modulus (E0) and loss modulus (E00) at the range of�70 �C to�20 �C
are showed in Fig. 6. It can be seen that at lower temperature, the
E0 curves are slightly changed. Three reasons may be responsible.
First, the rubber networking, typically represented by its crosslink
density, is changed. Second, the weakened fillerefiller interaction
due to the ILs’ high affinities toward HNTs can effectively restrain
the filler networking and lower the effective volume of filler
[27,28]. Last, the IL grafted rubber chains could tune the origin
polymer matrix into a softer one by endowing side chains. When
the first one is dominant, the value of E0 is slightly increased for
R2MimMP. While the latter two are the key factor, the E0 values at
lower temperature is slightly lower than that of blank.

For both ILs modified SBR/HNTs vulcanizates with a higher
loading of ILs, the E00 value is lowered and peak value is shifted to
a lower temperature in comparison to that of blank sample. The
restrained mechanical loss is due to the strong hydrogen bonding
between HNTs and polymer matrix. The peak shift toward lower
temperature may be resulted from the grafted segments favorable
for local motion [63].

The dependence of tangent delta is showed in Fig. 7. The
temperature of glass transition (Tg) for the functional ILs modified
SBR/HNTs is depressed a little. It seems to be contradicted with the
increased crosslink density, which could restrain polymer segments
[64]. The increased polymer segmental mobility is ascribed to the
negative pressure in the polymer-filler interfacial phase due to the
Fig. 7. Dependence of tangent delta (tan d) on temperature of SBR/HNTs vulcanizates.
dilation stress [63]. Also, it can be observed that themechanical loss
in transition zone, indicated by tan d, is effectively lowered. This is
possibly due to the restrained mobility of the rubber chains.
Furthermore, the remarkably decreased mechanical loss at the
range of 50e80 �C indicates that this novel modification method
can be potentially utilized to fabricating green tire material with
a lower roll resistance [65]. The lowered mechanical loss may be
mainly ascribed to the largely improved HNTs dispersion and the
effectively strengthened interfacial interactions.

4. Conclusion

Functional ILs bearing thiol group was investigated as novel
modifiers for SBR/HNTs composites. Two novel ILs, 1-methyl-
imidazolium mercaptopropionate (MimMP) and bis (1-methyl-
imidazolium) mercaptosuccinate (BMimMS), were synthesized.
Their affinities toward HNTs were substantiated to originate from
hydrogen bonding. The grafting reactivity onto SBR chains were
mainly ascribed to the thiol-ene reaction. The restrained adsorption
of rubber ingredients by HNTs and the presence of thiol and
imidazolium cation groups in the ILs may be responsible for the
promoted vulcanization. Substantiated hydrogen bond between
HNTs and ILs largely facilitates the HNTs dispersion in the rubber
matrix. The quantitatively evaluated interfacial interaction was
found to be consistently increased with the increasing loading of
functional ILs. Significant improvement in mechanical properties
was correlated to the improved HNTs dispersion and the hydrogen
bonding. The IL modified systems also possessed remarkably
decreased mechanical loss at the range of 50e80 �C, suggesting
potential applications in fabricating tread with a lower roll
resistance.
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