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ABSTRACT: Comblike copolymers with randomly distributed polystyrene (PS) and polyisoprene (PI)
branches, i.e., PCEVE-g-(PS,PI), were synthesized by the “grafting onto” technique. The comblike copolymers
exhibit a low dispersity, high molar masses, and controlled number of branches. Their characteristics and
behavior as isolatedobjectswere investigated as solidmolecular deposits, usingatomic forcemicroscopy (AFM),
and in solution, in a good solvent of the polystyrene and polyisoprene branches, using dynamic light scattering
(DLS). AFM experiments show isolated uniform molecules that adopt an ovoı̈dal conformation whose
dimensions are found in good agreement with DLS data. The self-organization of the PS, PI comb copolymers
was further studied in the solid state as thin films, using SAXS. The results show that PCEVE-g-(PS,PI) combs
yield lamellar biphasic morphologies that were compared to those observed for PCEVE-g-(PS-b-PI) combs
with PS-b-PI diblock branches and those known for linear PS-b-PI of similar weight compositions.

Introduction

Over the past years, linear diblock copolymers have attracted
considerable attention as building bricks for the development
of novel self-assembled materials,1,2 since it was shown that
copolymers with noncompatible blocks can be organized into
a large variety of ordered superstructures. The progress made in
the past decades in controlling polymerization processes has led
to the development of new types of copolymers with branched
and hyperbranched architectures3-6 that can self-organize both
intra- and intermolecularly. In this domain, comb copolymers
have emerged as one of the simplest models of these branched
architectures, which could respond to the needs of polymer
materials with new or improved properties. The number of
reports on the synthesis of comblike polymers and copolymers
has rapidly grown in recent years.3,6-22 It was already shown that
comblike copolymers can self-assemble in solution, forming
supramolecular structures.5,23-34 However, up to now, only
few studies have been focused on the investigation of their self-
organization properties in the bulk;35-42 a major part of the
reported works concerns simulation studies.

In the present work we have prepared random comblike
copolymers constituted of a poly(chloroethyl vinyl ether) back-
bone bearing randomly distributed polystyrene and polyisoprene
branches, i.e., PCEVE-g-(PS,PI), as schematically illustrated in
Figure 1a. The latter were first characterized as single objects
using light scattering techniques and AFM imaging. Their self-
organization, in the solid state, as thin film was then investigated
using small-angle X-ray (SAXS) and compared to organized
nano-organized films of comblike copolymers with PS-b-PI di-
block branches (Figure 1b), previously synthtesized,31 and with
those of linear PS-b-PI diblock copolymers of same PS and PI
block molecular weight and composition.

Experimental Section

Materials. Cyclohexane and toluene (99.5%, J.T. Baker,
Deventer, The Netherlands) were purified by distillation from

calcium hydride and stored from polystyryllithium seeds.
Styrene (99%, Sigma-Aldrich Chimie, Saint Quentin Fallavier,
France) was purified by distillation from calcium hydride
at reduced pressure. sec-Butyllithium (1.3 M in cyclohexane,
Sigma-Aldrich Chimie, Saint Quentin Fallavier, France) was
used as received. All the reactants were stored under dry
nitrogen in glass apparatus fitted with PTFE stopcocks.

Polymerization Procedures. Synthesis of the PCEVE Back-
bone and the PCEVE-g-PS* Comblike Polymers. The prepara-
tion of these polymers has been described in detail in previous
contributions.8,24,43 Briefly, a poly(chloroethyl vinyl ether),
PCEVE, with degree of polymerization DPn(PCEVE) = 230 and
dispersityMw/Mn=1.03was first synthesized by living cationic
polymerization of chloroethyl vinyl ether using propyldiethyla-
cetal/trimethylsilyl iodide as initiating system and zinc chloride
as catalyst and used as reactive backbone. Living poly-
styryllithium chains of controlled DPn and narrow dispersity
were then prepared in cyclohexane using sec-butyllithium
(Scheme 1a) and added onto the PCEVE backbone by incre-
mental addition of the living PSLi solution onto a known
quantity of PCEVE in cyclohexane solution to form a PS
comblike polymer by partial substitution of the chlorides of
the PCEVE backbone, PCEVE-g-PS* (Scheme 1b). Analysis of
PCEVE-g-PS* samples taken at different reaction times by size
exclusion chromatography (SEC) using both refractive index
(RI) and light scattering (LS) detections allowed us to control
the PS grafting rate. Selective precipitation of the comb polymer
in cyclohexane/heptane allowed recovering the PS comb free of
ungrafted and deactivated linear PS (about 10% of the total
amount). The yield in recovered PCEVE-g-PS* was about 90%.
Molar mass and other characteristics are collected in Table 1.

Synthesis of PCEVE-g-(PS,PI) Comblike Copolymers with
Randomly Distributed PS and PI Branches. A typical reaction
procedure is described below. PCEVE-g-PS* comblike poly-
mers (1) with DPn(PCEVE) = 230 and DPn(PS)= 86 (1.6 g, 1.86�
10-4 mol in PS branch equiv) is placed in a 500 mL glass reactor
fitted with PTFE stopcocks and dissolved in 20 mL of dry
toluene. To remove any traces ofmoisture from the polymer, the
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solvent is evaporated under vacuum and replaced by a new
volume of dry toluene. This operation is repeated twice, and the
polymer is finally dissolved into anhydrous toluene (200 mL).

A red solution of polyisoprenyllithium end-cappedwith one unit
of DPE (Scheme 1c), PIDLi, with DPn(PI)= 98 (microstructure
85% 1,4), previously prepared in toluene using sec-butyllithium
as initiator, was then incrementally added to the PCEVE-g-PS*
(Scheme 1d). The rate of PIDLi addition was determined by the
disappearance of the coloration of the solution, and PIDLi was
added until a fading pink color of the reacting media remained
over about a 24 h period. The excess of PIDLi added is easily
removed from the comb copolymer by selective precipitation of
the polymer solution into a dichloromethane/methanol (1:4)
mixture. The yield in recovered PCEVE-g-(PS,PI), free of
residual ungrafted PS and PI, was about 80%. They were
characterized by SEC using RI and laser light scattering detec-
tions to determine their apparent and absolute molar masses
and by proton 1H NMR to determine their PS and PI composi-
tion. Their molar masses and other characteristics are collected
in Table 1.

Synthesis of the PCEVE-g-(PS-b-PI) Comblike Block Copo-
lymers.The synthesis of these sampleswas reported in a previous
study.31 Their characteristics are collected in Table 3. They were
used for morphology studies.

Figure 1. Idealized structure of (a) comblike copolymers with ran-
domly distributed branches and (b) comblike copolymers with diblock
branches.

Scheme 1. Strategy for the Synthesis of Poly(chloroethyl vinyl ether-g-(polystyrene, polyisoprene), Poly(CEVE)-g-(PS,PI), Combs
(TMEDA= Tetramethylenediamine)
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Synthesis of the PS-b-PI Linear Diblock Copolymers. Two
samples, PS115-b-PI175 (L1) and PS115-b-PI65 (L2), with low
dispersity (<1.10) were prepared by sequential anionic poly-
merization of styrene and isoprene initiated by sec-butyllithium
in cyclohexane in a flamed glass reactor. PS-b-PILi living ends
were finally deactivated by addition of degassed methanol.

Analysis and Characterization Techniques. Static and Dy-
namic Light Scattering Measurements. They were performed in
tetrahydrofuran (THF) using the ALV (Langen-FRG) appara-
tus consisting of an automatic goniometer table, a digital rate
meter, and a temperature control of the sample cell within t (
0.1 �C. The scattered light of a vertically polarized λ0 = 4880 Å
argon laser (Spectra-Physics 2020, 3 W, operating around
0.3 W) was measured at different angles in the range of
40�-150� corresponding to 1.2 � 10-3 < q/Å < 3.3 � 10-3

where q = (4πn/λ0) sin(θ/2), θ is the scattering angle, and n is
the refractive index of the medium (n = 1.41, for THF).
The reduced elastic scattering I(q)/KC, with K = 4π2n0-
(dn/dc)2(I0

90�/R90�)/λ0
4NA, was measured in steps of 2� in the

scattering angle, where n0 is the refractive index of the standard
(toluene); I0

90� andR90� are the intensity and theRayleigh ratio of
the standard atθ= 90�, respectively; dn/dc is the increment of the
refractive index; C is the concentration, expressed in g/cm3; and
I(q) is the intensity scattered by the sample. All elastic intensities
were calculated according to standard procedures using THF as
the standard with known absolute scattering intensity.

For the dynamic properties, the experiments were carried out
in steps of 20� in the scattering angle. The ALV5000 autocorre-
lator (ALV, FRG) was used to compute the autocorrelation
functions I(q,t) from the scattered intensity data. The autocorre-
lation functions of the scattered intensity, deduced from the
Siegert relation,44 were analyzed by means of the cumulant
method and Contin analysis to give the effective diffusion coeffi-
cient D = Γ(q)/q2 as a function of the scattering angle or the
square of wave vector q2 and ultimately the hydrodynamic radius
RH = kBT/(6πηD), where η is the viscosity of the medium.

Atomic ForceMicroscopy (AFM).Samples forAFManalysis
were prepared by solvent-casting at ambient temperature
conditions by spin-coating on substrates starting from solutions
in dichloromethane. Practically, 20 μL of a dilute solution
(0.01 wt %) was spin-cast on a 1 � 1 cm2 on a highly oriented
pyrolytic graphite (HOPG). Samples were analyzed after com-
plete evaporation of the solvent at room temperature. All AFM
images were recorded in air with a Dimension microscope
(Digital Instruments, Santa Barbara, CA), operated in tapping
mode. The probes were commercially available silicon tips with
a spring constant of 40 N/m, a resonance frequency lying in the
270-320 kHz range, and a radius of curvature in the 10-15 nm
range. In this work, both the topography and the phase signal
images were recorded with the highest sampling resolution
available, i.e., 512 � 512 data points.

Small-Angle X-ray Scattering. Small-angle X-ray scattering
(SAXS) was used to identify the types of structures and domain
spacing in nano-organized films made from comblike copoly-
mers. The experiments were performed using Cu K radiation

(1.54 Å wavelength) using a Nanostar from Bruker AXS
(operating at 40 kV, 35 mA). A CCD detector (Siemens
Hi-Star), at a sample/detector distance of 106.2 cm, was used
to record scattering patterns.

Other Characterization Techniques and Measurements. 1H
NMR spectra were recorded in CDCl3 on a BrukerAvance
400 MHz FT apparatus. Size exclusion chromatography
(SEC) analysis in THF (distilled from CaH2) was performed
at 25 �C at a flow rate of 0.7 mL/min using a Varian apparatus
equipped with refractive index/laser light scattering (He/Ne,
λ = 632.8 nm, 5 mW) dual detection (Wyatt Technology) and
fitted with four TSK columns (300 � 7.7 mm2, 250, 1500, 104,
105 Å). dn/dc of the comb copolymers in THF were determined
from dn/dc values of PI and PS, respectively 0.120 and 0.181
at 632.8 nm, taking into account their weight fractions. This
yields dn/dc of 0.165 and 0.135 for PCEVE-g-(PS,PI) (2a, 2b).

Results and Discussion

Synthesis of PCEVE-g-(PS,PI). The synthetic procedure
used for the preparation of comblike copolymers with ran-
domly distributed branches of polystyrene and polyisoprene
is illustrated in Scheme 1. In a first step a poly(chloro-
ethyl vinyl ether)-g-polystyrene, PCEVE-g-PS*, with only
partial substitution of the chloride groups of CEVE
units was first prepared according to a procedure previously
reported.8,24,43 In this study, polystyryllithium, PSLi,
with Mn = 8960 g/mol (DPn(PS) = 86) and Mw/Mn =
1.02 was prepared and added incrementally onto a PCEVE
ofDPn= 230, dissolved in tetrahydrofuran. Sampling of the
solution with time allowed monitoring by size exclusion
chromatography (SEC) the grafting yield, using both refrac-
tive index (RI) and light scattering (LS) detections. PSLi
addition was stopped when reaching a PS grafting rate of
about 50%, which means that half of the chloride atoms of
the PCEVE have been substituted by a PS chain. After
purification by selective precipitation in cyclohexane/hep-
tane mixture (1:5), the PCEVE-g-PS* comb was further
characterized by proton NMR, size exclusion chromatogra-
phy (SEC), and light scattering (LS). The characteristics of
the corresponding PCEVE-g-PS* (1) are given in Table 1.

The synthesis of comblike copolymers with randomly
distributed PS and PI branches was achieved in a second
step by a “grafting onto” reaction involving the addition
of living polyisoprene (PI) chains end-capped by dipheny-
lethylene (PIDLi, with D for diphenylehylene) onto the
PCEVE-g-PS* (1) in toluene solution. To achieve complete
PI grafting, i.e., one PI graft per remaining CEVE unit,
PIDLi was added in excess with respect to CEVE resi-
dual units. The ungrafted polyisoprene was then removed
from the PCEVE-g-(PS,PI) comblike copolymer by selec-
tive precipitation into a dicloromethane/methanol mix-
ture (1:4). The SEC profiles of PCEVE-g-PS* (1) and
PCEVE-g-(PS,PI) (2) samples show narrow monomodal

Table 1. Characteristics of Comb Poly(chloroethyl vinyl ether)-
g-polystyrene* (1) and Comb Copolymers Poly(chloroethyl vinyl ether)-g-(polystyrene, polyisoprene) (2a and 2b)

grafting yield,c %

ref no.
constitutive blocks DPn

PCEVE-(PS, PI)
Mw,th

a

(g/mol) � 10-6
Mw,exp (LS)

b

(g/mol) � 10-6 Mw/Mn PS PI ΦvPS/PI
d

1 230-(86, 0) (0.77) 0.93 1.06 45 - 100/0
2a 230-(86, 57) 1.44 1.51 1.08 45 55 60/40
2b 230-(86, 98) 1.79 1.88 1.09 45 55 48/52

aCalculated assuming (1) Mw,th = Mw,PCEVE + (230 � Mw,PSXx%) - (230 � 35.5x%) whith x the PS grafting yield and for (2a or 2b) Mw,th =
Mw,PCEVE + (230 � Mw,PSXx% grafting yield) + (230 � Mw,PIx% grafting yield) - (230 � 35.5). bMw,exp determined by light scattering (LS) in
tetrahydrofuran (THF) at 25 �C: dn/dc = 0.181 for PCEVE-g-PS* and dn/dc = 0.165 and 0.135 for PCEVE-g-(PS,PI) (2a) and (2b), respectively.
cGrafting yield based on the ratio between molar mass determined by SLS and theoretical molar mass Mw,th.

dΦvPS/PI volume fraction of PS and
PI determined by 1H NMR. The volume fraction of PCEVE is <1% and was neglected.
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distributions, with Mw/Mn values being less than 1.10
(see Figure 2). The characteristics of the different PCEVE-
g-(PS,PI) combs are collected in Table 1. The chemical
composition into styrene and isoprene of the comb copoly-
mers, determined by 1H NMR, corresponds to polystyrene
and polyisoprene grafting ratio of 45%and 55%with respect
to the total number of grafts. Theoreticalmolarmasses of the
PS,PI combs, calculated from the DPns of the PCEVE
backbone and of the PS and PI grafts, assuming one graft
per CEVE unit, are indicated in Table 1. They can be
compared to experimental values measured by static light
scattering (SLS) using a dn/dc=0.181 for PCEVE-g-PS* (1)
and dn/dc = 0.165 and 0.135 for PCEVE-g-PS,PI (2a) and
(2b), respectively. The good agreement observed suggests an
almost quantitative substitution of the whole CEVE units.

AFM Imaging of Comb Copolymers. Dilute solutions of
the synthesized comb (co)polymers were prepared in methy-
lene dichloride (0.1 g/L), a good solvent for both the PS and
PI grafts, and spin-cast on graphite in order to observe
individual macromolecules. Figure 3 shows theAFM images
of combs PCEVE230-g-(PS86,PI98) (2b). They reveal indivi-
dual macromolecules lying flat on the substrate and which
appear as uniform object with an ovoı̈dal conformation.
Their homogeneity in size confirms the narrow size distribu-
tion observed by SEC. A statistical analysis of the AFM
image of sample 2b shows that the average contour length
L and the width l of the PS,Pi comb are L= 51 nm and l=
22 nm whereas their height is only of 1.5 nm, indicating that
they are completely flattened on the substrate due to the
good affinity of PI and PS grafts with graphite. In contrast to
previous AFM studies performed on PCEVE-g-(PS-b-PI)
comb copolymers,31 a phase segregation within the macro-
molecules is not observed, suggesting that PS and PI are still
in admixture in a common phase due to their random
distribution along the comb backbone.

Solution Properties. The solution properties of PCEVE-
g-PS* (1) and PCEVE-g-(PS,PI) combs (2a, 2b) were inves-
tigated using static and dynamic light scattering in THF,
a common good solvent for the PCEVE backbone, the
polystyrene, and the polyisoprene branches.

Figure 4 shows the typical normalized autocorrelation
functions for the PCEVE-g-PS* (1) and PCEVE-g-(PS, PI)
(2a) at t=25 �C. The CONTIN analysis of the autocorrela-
tion functions shows a monomodal decay time distribution

at all scattering angles. Typical result is illustrated in Figure 4
and shows for the two samples a very narrow size distribu-
tion. This result confirms the presence in solution of single
comblike objects corresponding to isolated macromolecules
with very low dispersity as observed by SEC and AFM. The
corresponding apparent hydrodynamic radii calculated ac-
cording to Stokes-Einstein relation range from 16.6 (1) to
18.7 nm (2). The hydrodynamic radii of other comb samples
are collected in Table 2. The very small hydrodynamic radii

Figure 2. SEC traces recorded at the different building stages of the
synthesis of comb copolymers: (I) PCEVE230, (II) PCEVE230-g-PS86 (1),
(III) PCEVE230-g-(PS86, PI98) (2b). Peak F is the reference peak for
calculation.

Figure 3. AFM tapping phase image of PCEVE230-g-(PS86,PI98) (2b)
obtained from deposit on graphite of their methylene dichloride
solution.

Figure 4. Normalized field correlation and corresponding relaxation
times at θ= 90� for a concentration of 3.3 g/L solution in THF, at the
temperature of 25 �C for (a) PCEVE230-g-PS86 (2a) and (b) PCEVE230-
g-(PS86, PI98) (2b).

Table 2. Characteristics and Dimensions of the Poly(chloroethyl
vinyl ether-g-polystyrene* (1) and Poly(chloroethyl vinyl ether-

g-(polystyrene, polyisoprene) (2a, 2b) in Tetrahydrofuran at 25 �C

ref no.
constitutive blocks,

DPn PCEVE-(PS,PI) RH0 (nm)a Rg (nm)b Rg/RH0

1 230-(86, 0) 15.1 25.0 1.65
2a 230-(86, 57) 16.6 23.7 1.43
2b 230-(86, 98) 18.7 23.5 1.26
a RH0 determined usingDLS extrapolated to infinite dilution (Cf 0).

b Rg determined using SLS from the Zimm method.
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value confirms the highly compact structure of these high
molar mass macromolecules.

The radius of gyration of the comb macromolecules
measured using static light scattering (SLS) in THF is given
in Table 2 . The Berry plots obtained for the PCEVE230-
g-PS86* (1) and PCEVE230-g-(PS86, PI98) (2b) combs are
given in Figure S1 as Supporting Information. The Rg/RH0

ratio, given in Table 2, is higher for the PCEVE-g-PS* (1)
than for the PCEVE-g-(PS,PI) comb copolymers (2a and 2b),
and it decreases in the copolymer series when decreasing the
length of the PI branches. This can be explained either by the
formation of more compact objects with increasing graft
density along the backbone for the fully grafted PS,PI comb
copolymers or by a lower length/diameter ratio, implying
that themolecules becomemore oblong and less rod-shaped.

Bulk Properties. SAXS experiments were performed on
PCEVE-g-(PS,PI) comb copolymers films at two distinct

volume fraction compositions to examine a possible micro-
phase separation between PS and PI branches and to deter-
mine the corresponding nano-organized phase. In addition,
a similar SAXS study was performed (i) on PCEVE-g-(PS-
b-PI) combs with diblock PS-b-PI branches (3a, 3b, 3c),
previously prepared for investigating their solution beha-
vior,31 and (ii) on synthesized linear diblock PS-b-PI copoly-
mers. Themolarmass and composition of the latter was close
to one PS-b-PI branch of combs (series 3) and to one PS +
one PI branches of combs of (series 2). The sample films were
prepared on glass plates by solvent evaporation of their THF
solution deposits. SAXS measurements were performed
before and after samples annealing at 120 �C for 48 h.

Comblike Copolymers with Randomly Distributed PS and
PI Branches. Figure 5a,b illustrates the typical scattered
intensity Iq2(q) as a function of scattering vector q (= 4π/λ
sin(θ/2), with θ being the scattering angle), for the

Figure 5. SAXS intensity Iq2(q) as a function of q for (a) PCEVE230-g-(PS86, PI57) (2a) and (b) PCEVE230-g-(PS86, PI98) (2b) comb copolymers.
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PCEVE230-g-(PS86,PI57) (2a) and PCEVE230-g-(PS86,PI98)
(2b) combs. The overall scattering intensity and peak resolu-
tion are significantly improved by annealing, favoring
a better branches organization and an increase of the
d-spacing. Peak positions are consistent with a lamellar
microstructure for both samples. This result confirms that
despite the random distribution of PS and PI branches
attached along the PCEVE backbone, segregation between
polystyrene and polyisoprene takes place and results in
microphase separation similarly to symmetric linear PS-
PI block copolymer system. This means that the PS and
PI branches are able to rotate around the backbone to self-
assemble in microdomains as illustrated in Figure 6.

The theoretical radii of gyration corresponding respec-
tively to PS and PI branches in PCEVE-g-(PS-b-PI) combs
was estimated using the scaling laws given below for PS and
PI blocks in good solvent conditions:45

Rg ¼ 2:45� 10-2MPS
0:546 nm ð1Þ

Rg ¼ 2:75� 10-2MPI
0:513 nm ð2Þ

In this model, it is assumed that PS and PI branches adopt
a Gaussian conformation and are independent from each
other at the junction point. This yields dlam,th = 21.6 nm
for PCEVE230-g-(PS86, PI57) (2a) and dlam,th = 24.0 nm
for PCEVE230-g-(PS86,PI98) (2b). These values are notably
higher than experimentally observed for d-spacing, i.e., 10.2
and 9.1 nm for 2a and 2b, respectively (see Table 3). This
result can be explained by the fact that the dimensions in the
melt are always smaller than in good solvent. It supports also
that branches adopt a Gaussian conformation with inter-
digitation between polyisoprene branches and between poly-
styrene branches belonging to adjacent comb copolymers.

The dimension characteristics and morphology parameters
of the comblike block copolymers are collected Table 3.

Comblike Block Copolymers and Linear Block Copoly-
mers. The typical scattered intensity Iq2(q) as a function of
scattering vector q of comb block copolymers PCEVE-
g-(PS-b-PI)31 are shown in Figure 7 for three comb copoly-
mers with the same backbone length and PS-b-PI diblock
branches with identical polystyrene block and different
polyisoprene block length: PCEVE230-g-(PS122-b-PI192)
(3c), PCEVE230-g-(PS106-b-PI78) (3b), and PCEVE230-g-
(PS106-b-PI21) (3a). This corresponds to a polystyrene vo-
lume fraction of 45%, 67%, and 87%, respectively. For the
comblike block copolymers with the longer polyisoprene
block, PCEVE230-g-(PS122-b-PI192) (3c), the maxima of the
peak positions are consistent with a lamellar organization.
Annealing results in a better signal resolution or a better
statistics with the appearance of a new peak, whereas qmax

shifts to a smaller value and corresponds to an increase of
d-spacing from 19.3 to 27.3 nm (Table 3). For the PCEVE230-
g-(PS106-b-PI78) (3b) the Bragg peaks (maxima) position
before annealing also suggests lamellar-type morphology.
However, in this case themorphology could not be improved
by annealing, which resulted in PI block cross-linking. No
Bragg peak is observed for the comb copolymers with the
shorter PI block, PCEVE230-g-(PS106-b-PI21) (3a). This can
be attributed to a too weak phase separation tendency (χNT

for a PS106-b-PI21 branch = 14.2) that does not allow block
segregation and oriented macromolecules self-organization.

Radii of gyration calculated for combs 3a and 3b from
relations 1 and 2, assuming that each block (PS and PI) has a
Gaussian conformation and evolves independently from
each other at the junction point are indicated in Table 3.
The obtained dlam,th values, 26.0 and 31.2 nm respectively for
PCEVE230-g-(PS122-b-PI192) (3c) and PCEVE230-g-(PS106-b-
PI78) (3b), are again much larger than the d-spacing experi-
mentally determined; 3a = 11.7 nm and 3b = 12.3 nm.

Figure 6. Schematic representation of inter- and intramolecular self-organization of comb copolymer macromolecules with randomly distributed
PS and PI branches in thin films.

Table 3. Characteristics of Comblike Copolymers and Linear Diblock Copolymers Thin Films Determined by Small-Angle X-ray Scattering

ref no. DPn ΦvPS/PI χNT
a d-spacing (nm)b Dlam,th (nm)c morphology

PCEVE-g-(PS,PI)

2a 230-(86, 57) 60/40 15.9 14.3/17.0 21.6 lamellar
2b 230-(86, 98) 48/52 20.2 15.0/19.0 24.0 lamellar

PCEVE-g-(PS-b-PI)

3a 230-(106-21) 87/13 14.2 20.4 disordered
3b 230-(122-78) 67/33 22.3 16.1/17.4 26.0 lamellar
3c 230-122-192 45/55 34.5 17.9/27.3 31.2 lamellar

PS-b-PI (linear)

L1 115-65 70/30 20.1 19.0/19.0d hexagonal
L2 115-175 46/54 32.3 22.4/22.4 30.0 Lamellar
a χNT determined using the relation χNT = -0.0522 + 48.8/T (K). b d-spacing determined using the Bragg relation dlam = 2π/q for a lamellar

morphology obtained from the SAXS experiments (before annealing/after annealing). c dlam,th= theoric lamellar distance = 4x(Rg,PS + Rg,PI).
We assume that each block (PS and PI) has a Gaussian conformation.45 d d-spacing determined from the hexagonal phase dhex = 4π/(q

√
3).
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This indicates that again branches adopt a Gaussian
conformation with an interdigitation between the ex-
ternal PI blocks of neighboring PCEVE-g-(PS-b-PI) comb

copolymers. The dimensions and structural characteristics
of the comb copolymers with PS-b-PI diblock branches are
collected in Table 3.

Figure 7. SAXS intensity Iq2(q) as a function of q for (a) PCEVE230-g-(PS122-b-PI192) (3a), (b) PCEVE230-g-(PS106-b-PI78) (3b), and (c) PCEVE230-g-
(PS106-b-PI21) (3c) comb copolymers.
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In Figure 8 we have reported on the phase diagram
established for linear PS-b-PI diblock copolymers by
Bates,46 the comb copolymer systems PCEVE-g-(PS,PI)
(2a, 2b), and PCEVE-g-(PS-b-PI) (3a, 3b, 3c) on the basis
of their volume fraction composition and χNT values. The
latter were calculated considering the equivalent diblock
copolymer systems corresponding to one PS branch + one
PI branch for series 2 and to one PS-b-PI branch for series 3.
Systems 2a and 2b which exhibit a lamellar morphology are
located within or close to the lamellar domain of linear
diblocks. This is also the case for system 3c which is within
the linear diblock lamellar domain, whereas as predicted by
the phase diagram, system 3a lays in the disordered domain.
In contrast, the PCEVE230-g-(PS122-b-PI78) (3b), which also
shows a lamellar morphology (Figure 7), lays in the hexago-
nal morphology domain predicted for the corresponding
linear diblock copolymers, as is confirmed by the hexagonal
structure observed for PS115-b-PI65 (L1) (see Figure S2 in
Supporting Information).

Conclusion

The synthesis of PCEVE-g-(PS,PI) comblike block copolymers
of different chemical composition with randomly distributed PS
and PI branches was successfully achieved by a grafting onto
approach. Light scattering experiments and AFM were used to
highlight the characteristics of these macromolecules as isolated
object in solution and in the solid. AFM experiments show that
isolated PCEVE-g-(PS,PI) combs adsorbed on graphite are
uniform objects with an ovoı̈dal conformation. In contrast to
previously observed for the case of PCEVE-g-(PS-b-PI) copoly-
mers with PS-b-PI diblock branches, PCEVE-g-(PS,PI) are
organized in a single phase constituted by the randomly distrib-
uted PS and PI branches. However, in thin films, the comb
macromolecules reorganize intra- and intermolecularly to yield
biphasic structures constituted by the segregation of PS and
PI branches. This is very similar to the behavior of PCEVE-
g-(PS-b-PI) copolymers with PS-b-PI diblock branches that form
lamellar-type biphasic morphology for all composition exam-
ined. Further studies are in progress to investigate the mor-
phology of PCEVE-g-(PS,PI) comb copolymers withmore asym-
metric PS and PI composition or volume fraction and compare it
with the morphology reported for linear PS-b-PI copolymers of
the same composition.

Supporting Information Available: Berry plots for
PCEVE230-g-PS86 and PCEVE230-g-(PS86, PI98) in THF at
25 �C and SAXS intensity Iq2(q) as a function of q for PS115-b-
PI175 and PS115-b-PI65 linear diblock copolymers. This material
is available free of charge via the Internet at http://pubs.acs.org.
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