Available online at www.sciencedirect.com

. . EUROPEAN
ScienceDirect POLYMER
JOURNAL

www.elsevier.com/locate/europolj

ELSEVIER European Polymer Journal 44 (2008) 189-199

Morphology of polystyrene-block-poly(styrene-co-acrylonitrile)
and polystyrene-block-poly(styrene-co-acrylonitrile-co-
5-vinyltetrazole) diblock copolymers prepared by nitroxide-
mediated radical polymerization and ““click” chemistry

Daniel Gromadzki®, Jan Lokaj®, Peter v(v?ernoch & Olivier Diat®,
Frédéric Nallet ©, Petr Stépanek *

 Institute of Macromolecular Chemistry, Academy of Sciences of the Czech Republic, Heyrovsky Sq. 2, 162 06 Prague 6, Czech Republic
° Structure et Propriétés d’ Architectures Moléculaires, UMR 5819 (CEA-CNRS-UJF), DRFMCISPrAM, CEA-Grenoble,
38054 Grenoble cedex 9, France
¢ Centre de Recherches Paul-Pascal, CNRS, avenue du Docteur-Schweitzer, F-33600 Pessac, France

Received 29 May 2007; received in revised form 17 October 2007; accepted 30 October 2007
Available online 13 November 2007

Abstract

Well-defined polystyrene-block-poly(styrene-co-acrylonitrile) PS-block-P(S-co-AN) and poly(styrene-co-acrylonitrile-co-
S-vinyltetrazole) PS-block-P(S-co-AN-co-5VT) block copolymers with various content of acrylonitrile units in the statisti-
cal block were synthesized by nitroxide mediated radical polymerization (NMRP) and post-functionalized using efficient
“click” chemistry process. In the second step, acrylonitrile units were successfully modified using 1,3-dipolar cycloaddition
(““click” chemistry) type polymer analogue reaction. The original pristine diblock copolymers can be molecularly dissolved
in THF and dioxane while the “tetrazolated” versions aggregate to clusters as determined by dynamic light scattering
(DLS). Small-angle X-ray scattering (SAXS) and Transmission Electron Microscopy (TEM) revealed ordered lamellar
morphology with interlamellar spacing d = 60 nm increasing to d = 80 nm for “‘tetrazolated” diblock copolymers. The
morphological features of diblock copolymer thin layers observed by Atomic Force Microscopy (AFM) depend on the
tunable content of both acrylonitrile and 5-vinyltetrazole units and on the quality (polarity) of the solvents used.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction resistance, thermal stability and processability make
them attractive for a wide range of applications.

Excellent properties of poly(styrene-co-acryloni- Conventional radical polymerization of styrene
trile) copolymers (P(S-co-AN)) such as chemical and acrylonitrile yields copolymers with broad

molecular weight distributions and ill-defined struc-
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radical polymerization (ATRP) [2] and reversible
addition fragmentation chain transfer (RAFT) [3]
provide a synthetic tool for making polymers with
required molecular weight, well-defined composi-
tions and complex architectures. Living radical
polymerization producing PS-b-P(S-co-AN) block
copolymers by NMRP [4-6], ATRP [7-9] and
RAFT [10,11] methods have been reported. Fukuda
first synthesized PS-6-PSAN block copolymers by
copolymerization of S-AN mixture initiated with
nitroxide-terminated polystyrene [4]. As the nitrox-
ide, a commercially available stable radical TEMPO
was applied. Baumert and Miilhaupt prepared PS-b-
P(S-co-AN) block copolymers with carboxylic end-
functionality; its fraction in the P(S-co-AN) block
corresponded to 0.19, 0.37 and 0.42 [12]. Bauman
et al. extended the studies on PS-b-P(S-co-AN)
block copolymers by varying the monomer ratio
in the feed in the presence of TEMPO radical as a
controller [13]. Recently, a series of PS-b-PSAN
copolymers with an azeotropic composition of
PSAN blocks were synthesized by TEMPO-medi-
ated radical polymerization and the permeabilities
of the film-forming products were measured [14].
PS-block-PAN copolymers were also synthesized
by combination of living anionic and controlled
radical ATRP methods [15]. It was achieved by pre-
paring first the polystyrene block, converting the
end group to bromine initiating site for ATRP pro-
cess and chain extension with acrylonitrile block.

There is currently significant interest not only in
the synthesis of new polymeric materials but also
in the modification of existing polymers in order
to impart new properties and meet requirements
for new applications. Chemical modification of sty-
rene—acrylonitrile copolymers is a rather new topic
in the field of polymer chemistry. Acrylonitrile units
incorporated in polymer chains offer possibilities of
introducing desirable physical and chemical proper-
ties to the polymer material. Polymers containing
ionic functions are particularly interesting as ion-
exchange and chelating materials.

Detailed studies have been devoted to alkaline
hydrolysis of polyacrylonitrile [16-18] as well as
P(S-co-AN) copolymers [19]. High conversion of
acrylonitrile units to acrylamide and carboxylic
groups in polyacrylonitrile was achieved, however,
the PSAN copolymers showed considerable resis-
tance toward the alkaline hydrolysis. Hseish et al.
developed a procedure for transformation of acrylo-
nitrile to oxazoline functionality in P(S-co-AN)
copolymers [20,21]. Due to high reactivity of the

oxazoline functionality, the modified P(S-co-AN)
copolymers can be used as compatibilizers in reac-
tive blending with polymers bearing complementary
functional groups such as polyamides and polyte-
rephthalates. Similar investigations concerning
transformation of acrylonitrile units to reactive
oxazoline functionality and further to oxazolium
salts by ring opening reaction were described
[22,23].

Some efforts have been paid to chemical modifi-
cation of polyacrylonitrile with different amines
[24] and hydroxylamines with the aim to develop
chelating materials (resins, fibres) capable to form
complexes with metals via hydrogen bonding [25].
The modification of styrene—acrylonitrile networks
with hydroxylamine yielded chelating ion-exchang-
ing resins [26].

Gaponik et al. carried out extensive studies on
transformation of polyacrylonitrile into poly(5-
vinyltetrazole) [27]. High conversions up to about
95% were achieved and further modifications, i.c.,
alkylation of the obtained products, were demon-
strated [28]. More recently, chemical modification
of polyacrylonitrile with sodium azide was under-
taken by Huang [29]; also in this case conversions
to S-vinyltetrazoles as high as 98% were reported.
Ulbricht et al. used azides substituted with hydro-
phobic and hydrophilic groups for photochemical
modification of polyacrylonitrile ultrafiltration
membranes [30]. The 1,3-dipolar cycloaddition reac-
tion on P(S-co-AN) copolymers leading to 1,2,4-
oxadiazoles were reported by Paton et al. [31].

The Huisgen 1,3-dipolar cycloaddition [32],
which is ranked among “‘click” chemistry reactions
due to its high efficiency and tolerance to various
functional groups, proved to be very practical and
efficient in organic synthesis [33,34]. The “click”
reactions are extensively explored for the synthesis
of polymers of various type and architecture [35-
47], chemical modification of preformed (co)poly-
mers [48-53] or as a convenient method for prepara-
tion of end-functional polymers [54,55].

Polymers containing weak acidic 5-vinyltetrazole
function may find numerous applications ranging
from biomedicine (construction of drugs), absor-
bents, hydrogels or coordinating agents. The 5-
vinyltetrazole functionality can be made both anion
conductive by quaternization reactions or proton
conductive by acid doping offering a way to prepare
polymer electrolyte membranes (PEMs) for fuel cell
devices [56]. Many other chemical transformations
involving S-vinyltetrazole functionality leading to
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new functional materials has been recently reported
or reviewed [57,58].

The present study is aimed at describing the solu-
tion and bulk behavior of well-defined amphiphilic
diblock copolymers polystyrene-block-poly(styrene-
co-acrylonitrile) and polystyrene-block-poly(sty-
rene-co-acrylonitrile-co-5-vinyltetrazole).

2. Experimental part
2.1. Materials

Styrene (KauCuk Group Co., Kralupy, Czech
Republic) and acrylonitrile (Fluka) were distilled
under reduced pressure prior to use. Sodium azide
and zinc chloride were commercial products of
Aldrich. TEMPO (2,2,6,6-tetramethylpiperidin-1-
yloxyl radical) and dibenzoyl peroxide were of
Fluka. The solvents used were of analytical grade.

2.2. Synthesis and chain extension of TEMPO-
terminated polymer macroinitiators

The procedure for the synthesis of both a poly(S-
co-AN) macroinitiator or TEMPO-terminated poly-
styrene and related diblock copolymers comprising
polystyrene and S-AN copolymer blocks was
described earlier [4,13]. Chain extension of the
P(S-co-AN) copolymer macroinitiator D1 with sty-
rene produced a diblock copolymer DBI, the
S—-AN copolymerization, initiated with the TEMPO-
terminated polystyrene (PS), vyielded diblock
copolymers DB2 and DB3. In the preparation of
DB2, an azeotropic mixture of styrene (63 mole%)
and acrylonitrile (37 mole%) was used; in the case

of DB3, the feed contained 20 and 80 mole%,
respectively, of styrene and acrylonitrile.

The contents of styrene and acrylonitrile units in
the synthesized copolymers were determined by ele-
mental analysis. Using a PS as a macroinitiator in
the S—-AN copolymerization, the dependence of the
copolymer composition on the feed composition
derived from the published monomer reactivity
ratios r (rg=0.49 and ran = 0.04) was employed
for the determination of the mole ratio of S and
AN in the formed P(S-co-AN) blocks.

Molecular weights were measured by SEC. The
M, values of diblock copolymers, containing the
generated P(S-co-AN) blocks, attached to the com-
pletely consumed PS macroinitiator, were also cal-
culated according to

M, = 3.86 x 10*{1 + [(fs), x Ms]/[(fs), x Ms]
+ [fan x Man]/[(fs); x Ms]}, (1)

where 3.86 x 10* is the number-average molecular
weight of the macroinitiator PS, (fs); and (fs), are
the mole fractions of styrene units from both the
macroinitiator and the formed poly(S-co-AN)
block, fan corresponds to the mole fraction of AN
units in the diblock copolymer, Mg and My are
molecular weights of S and AN, respectively. Table
1 presents some characteristics of the prepared mac-
roinitiators and block copolymers.

2.3. Modification of polystyrene-block-poly(styrene-
co-acrylonitrile) diblock copolymers to polymers
containing S-vinyltetrazole units

The modification of acrylonitrile (Fig. 1) in the
block copolymers were performed according to

Table 1

Characteristics of the synthesized TEMPO-terminated polymer macroinitiators (PS, D1) and related diblock copolymers (DB1, DB2,

DB3)

Polymer M, x 1074 MM, (fsh JAN (fan)
b _c ~d

PS - 3.86 - 1.08 - - —

D1 - - 0.95 1.34 - - 0.19

DBI1 2.74 1.79 0.95 1.56 0.65 0.08 0.19

DB2 7.07; 10.06° 3.86 3.21; 6.20° 1.45 0.34 0.25 0.37

DB3 8.7, 10.40° 3.86 4.84; 6.54° 1.17 0.30 0.35 0.51

(fs)1 is the mole fraction of styrene units from the PS macroinitiator, incorporated in the diblock copolymer, fan and (fan) are the mole
fractions of acrylonitrile units in the diblock copolymer and in the corresponding poly(styrene-co-acrylonitrile) block, respectively.

# Polystyrene-equivalent molecular weight; SEC.

® The value relates to the diblock copolymer.

¢ The value relates to the polystyrene block.

9 The value relates to the poly(styrene-co-acrylonitrile) block.

® The value was calculated from both the M, of PS (3.86 x 10%) and the copolymer composition.
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Fig. 1. Transformation of polystyrene-block-poly(styrene-co-acrylonitrile) copolymers into polystyrene-block-poly(styrene-co-acryloni-
trile-co-5-vinyltetrazole) using 1,3-dipolar cycloaddition (““click” chemistry) type polymer analogue reaction.

previously reported procedures [26,28,43]. The reac-
tion of PS-b-P(S-co-AN) with sodium azide and zinc
chloride was carried out in a round-bottomed flask
equipped with a stirrer, thermometer and a reflux
condenser. To a 5-10 wt.% solution of PS-b-P(S-
co-AN) in dimethylformamide (DMF) was added
a fourfold excess of NaN3, and the catalyst ZnCl,
was added (in the DB3 modification, NH,CI was
used as a catalyst); the reaction mixture was stirred
at 120 °C for 48 h. An increased temperature and a
long reaction time favored the modification effi-
ciency. The obtained products were purified by
pouring the reaction mixture into a diluted HCI
solution. The final product was recovered by filtra-
tion and dried under vacuum at 50 °C for two days.

Using FT-IR spectroscopy, the process of “tet-
razolation” was followed by the disappearance of
nitrile signal at 2237 cm ™! (C=N stretching vibra-
tions). The presence of the resulting 5-vinyltetrazole
groups was evidenced by the characteristic tetrazole
bands at 3000-3400 cm ' (associated N—H), 2300
2800 cm ™! (N*—H) and 1555 cm ™! (C=N).

The degree of modification (Dyy), i.e., the conver-
sion of AN units into 5-vinyltetrazole units, was
expressed by the ratio of weight fractions of incorpo-
rated N3H (wr) in the partly and completely modi-
fied block copolymer, namely, by w/(wr)c. The
values wr, (wr)c and the weight fraction of total
acrylonitrile units (both unreacted and transformed
with N3H) in the modified block copolymer (wan)
were available from data comprising the molecular
weights of acrylonitrile (M ay), N3H (Mt) and nitro-
gen contents in N3H (Nt), AN (Nan), in the original
(No) and modified (Ny) block copolymer:

wr = (Nm = No)/(Nt = No), 2)
(Wr)e = wan X (M1/Man), (3)
WAN = (1 — WT) X (NO/NAN)

=[(Nt = Nm)/(N1 = No)| X (No/Nan). (4)

For the calculation of the Dy values, Eq. (5) was
employed:

Dy = [(Nm — No)/(Nt = Nm)| x (Nan/No)
X (MAN/MT)- (5)

The results of the modification of the synthesized
block copolymers are given in Table 2.

2.4. Characterization methods

Polymer molecular weights were estimated using
SEC instrument: Deltachrom pump (Watrex
Comp.), autosampler Midas (Spark Instruments,
The Netherlands), two columns with PL gel
MIXED-B LS (10 pm), separating in the M, range
4 x 10>-10 x 10°. Dawn-DSP-F laser light scatter-
ing (MALLS) photometer (Wyatt Technology
Corp., USA) and Shodex RI-71 refractive index
detector (Japan) were used as detectors. The instru-
ment was calibrated with linear monodisperse poly-
styrene (PS) standards (Polymer Standard Service,
Mainz, Germany), the eluent being THF. The injec-
tion-loop volume was 0.1 mL. The data were accu-
mulated and processed using Astra Software 4.70.07.

The copolymer compositions were found from
nitrogen analysis with available elemental analysis
instrumentation.

Table 2
Results of the modification of polystyrene-block-poly(styrene-co-
acrylonitrile) diblock copolymers (DB1, DB2, DB3) with N;H

Sample Copolymer Nitrogen Degree of
designation content modification
(%) (Dm) (%)
DBI1 DBI1 1.18 -
DBIT P(S-co-AN-co-5VT) 1.41 20
DB2 DB2 3.80 -
DB2T1 PS-b-P(S-co-AN-co-  7.54 36
5VT)
DB2T2 PS-b-P(S-co-AN-co-  10.50 66
5VT)
DB2T3 PS-b-P(S-co-AN-co-  12.76 82
5VT)
DB3 DB3 5.75 -
DB3T PS-b-P(S-co-AN-co-  16.04 71
5VT)
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IR spectra of the polymers in the form of KBr
pellets were taken on Perkin—-Elmer Paragon
1000PC infrared spectrometer. Carbon, hydrogen,
nitrogen and iodide content were determined with
available elemental analysis instrumentation.

2.5. Dynamic light scattering (DLS)

Solutions in THF of the polymers have been
investigated by dynamic light scattering (DLS)
using an ALV CGE photogoniometer equipped
with a Uniphase 22 mW HeNe laser and an
ALV6010 correlator. The measured intensity corre-
lation curves g*() were converted into distributions
A(z) of relaxation times 7 using the inverse Laplace
transformation

2

) =1+ ﬁ[/A(r) exp(—t/7)dt| | (©6)

where ¢ is the delay time of the correlation function
and f an instrumental parameter. The programme
REPES [59] was used to perform the inverse La-
place transformation in Eq. (6). The relaxation time
7 is related to the diffusion coefficient D by the rela-
tion D = (1¢*)"' where ¢ is the scattering vector.
The hydrodynamic radius Ry of the particles is cal-
culated from the diffusion coefficient using the
Stokes—Einstein equation:

D= kBT/67I17RH, (7)

where T is absolute temperature, 1 the viscosity of
the solvent and kg the Boltzmann constant. By a
similar procedure, the distribution of relaxation
times A(t) can be transformed into a distribution
of hydrodynamic radii A(Ry), to be used below.

2.6. Small angle X-ray scattering (SAXS)

SAXS measurements have been performed on
two different instruments to cover a wide range of
scattering vectors. For a part of the samples a
Nanostar-U instrument was used (Bruker AXS)
with Goebel mirrors and a HiSTAR 2D detector
positioned 1070 mm from the sample. For other
samples a Nonius FR591RAG rotating anode was
used coupled with a home-made optical set-up with
a long collimation and a 2D gas-filled detector
located at 3600 mm from the sample to reach values
of scattering vector ¢ as small as g =2 x 107> A™!
(g = (4n/A)sin (6/2) and 0 is the scattering angle).
Both X-ray sources were a Cu-anode source yielding
a beam with wavelength A =1.54 A. The resulting

2D images were found in all cases to be isotropic;
the data were azimuthally averaged to yield inten-
sity vs. ¢ scattering curves. The scattering experi-
ments were performed at room temperature. The
polymer samples were either sealed in 2-mm capil-
laries, which were placed in the evacuated chamber
of the instrument or inserted in a cell with thin Kap-
ton windows. Usual corrections for background
subtraction and detector response were applied.

2.7. Transmission electron microscopy (TEM)

TEM measurements were performed on a micro-
scope JEM 200CX (Jeol, Japan). All microphoto-
graphs were taken at acceleration voltage 100 kV
and recorded with a digital camera. Brightness, con-
trast and gamma corrections were performed with
standard software. Ultrathin sections of ca. 50 nm
were cut from the thermo-annealed bulk sample
with the ultramicrotome Leica Ultracut UCT,
equipped with cryo attachment. Temperatures dur-
ing cutting were —110 °C and —50 °C for the sample
and the knife, respectively. The samples were
stained with RuQOy, to obtain contrast images.

2.8. Atomic force microscopy (AFM)

AFM imaging has been performed with a multi-
mode AFM Nanoscope Illa (Digital Instruments)
in tapping mode. This method allows to obtain both
topography and phase scans of explored surfaces, so
after measurement we have information about the
surface topography profile (given by profile image)
and surface domains arrangement (visible in phase
image). For scanning we use BS-Tap300-50 tips
(Nanoscience Instruments) with resonant frequency
about 300 kHz and tip radius <10 nm. The mea-
sured data were processed with software WSxM®
(Nanotec Electronica; http://www.nanotec.es).

3. Results and discussion
3.1. Dynamic light scattering

Dilute solutions of all three copolymers DBI,
DB2, DB3 have been examined by dynamic light
scattering. The solvent used was THF as a good sol-
vent for both blocks. Fig. 2a shows the distribution
of sizes obtained from the measured correlation
functions using Egs. (6) and (7). In all cases the dis-
tributions are unimodal showing that the polymer is
fully dissolved. From the position of the peak in
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Fig. 2. Distributions 4A(Ry) of hydrodynamic radii of (a) the diblock copolymers and (b) their tetrazolated versions, dissolved in THF.

Fig. 2a we can calculate the hydrodynamic radius of
the polymer, Ry. The results are compiled in Table
3. The size of the polymer increases with increasing
molecular weight. Fig. 2b shows results for the same
polymers after tetrazolation. All distribution func-
tions are now bimodal, indicating the presence of
small and large particles. The hydrodynamic radii
of these particles are listed in Table 3.

The small particles have sizes very similar to the
polymers before tetrazolation and represent there-
fore the molecularly dissolved polymer. The larger
particles have a size in the average range 100-—
300 nm. They represent multimolecular clusters
associated by interaction of polar tetrazole groups.
The fact that we observe simultaneously the molec-
ularly dissolved polymer and the clusters indicates
that a certain density of tetrazolated units is needed
on the acrylonitrile—styrene block.

Creation of the tetrazolated monomers on the
polymer chains involves two random processes
which lead to a certain heterogeneity in the distribu-
tion of the modified monomers among the polymer
chains. The first random process is the copolymeri-

Table 3
Hydrodynamic radii of the particles corresponding to the peaks
in Fig. 2a and b

Ry, (nm) Ry (nm)
DBI1 49 5.0
DB2 6.4 6.8
DB3 8.3 8.6
DBIT - 185
DB2T2 — 217
DB3T - 165

zation of the second block of the diblock copoly-
mer, styrene with acrylonitrile. The second
random process is the partial tetrazolation of the
acrylonitrile units. This altogether means that statis-
tically some chains will have a smaller number of
monomers tetrazolated while the tetrazolation level
of others will be significantly larger. While it is not
possible to quantitatively assess the exact extent of
variability in the tetrazolation level between the
individual polymer chains, it is clear that chains
which have a lower level of tetrazolation can remain
molecularly dissolved, while chains with higher level
of tetrazolation will aggregate in clusters, because
the tetrazole units are insoluble in THF. The effect
of tetrazolation on the cluster component is shown
in Fig. 3 for the copolymer DB2. With increasing
degree of tetrazolation the amplitude of the cluster
component substantially increases, while the size
of the clusters remains approximately constant, of
the order of 200 nm. The clusters have a rather poly-
disperse size, indeed, e.g., Fig. 2b shows that the
width of the cluster component is substantially lar-
ger than that corresponding to the molecularly dis-
solved polymer. A standard analytical fit (Pearson
function) [61] into these two components shows a
distribution width for the clusters, . = 0.34 (corre-
sponding to a molar mass polydispersity index M.,/
M, =38.3, see Ref. [61]) while the width of the
molecularly dissolved polymer is much smaller,
o = 0.11 (corresponding to M,/M, = 1.20).
Similar results were obtained for solutions of
these polymers in dioxane (figures not shown):
The original polymers were fully dissolved while
the cluster component in the distributions of hydro-
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Fig. 3. Distributions of hydrodynamic radii for 1% THF
solutions of the diblock copolymer DB2 with the indicated
degree of tetrazolation.

dynamic radii for the tetrazolated polymers had
substantially larger amplitude than in the case of
THEF solutions.

3.2. SAXS and TEM studies

The scattering profiles for all polymers exhibit
the main structure peak positioned at ¢y and several
side maxima located at multiples of ¢g; an example

-
o
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q A

Fig. 4. X-ray scattering profiles /(g) for the diblock copolymer
DB2 (a) and its tetrazolated versions DB2T1 (b) and DB2T3 (c).
The numbers show the expected peak positions at multiples of ¢.
Curves (b) and (c) have been shifted vertically by 1 and 2 decades,
respectively.

is shown in Fig. 4. This indicates that the morphol-
ogy of the polymers is lamellar, the characteristic
lamellar distance d is approximately 60 nm as calcu-
lated from the relation d = 2n/q. Fig. 4 and Table 4
show that with increasing degree of tetrazolation d
substantially increases, by about 25% for a 66%
degree of tetrazolation. This is a consequence of
replacement of the acrylonitrile unit by the bulkier
vinyltetrazole unit and by the increased stiffness of
the chain after tetrazolation. The fact that up to
four diffraction orders can be observed on the X-
ray scattering curves indicates that the lamellar
morphology of the samples has a long-range regu-
larity. The polymer sample however is not a “mono-
crystal”, but has a grainy structure consisting of
randomly oriented grains of material, each of them
having the lamellar morphology. This is evidenced
by the fact that the structural peaks corresponding
to the lamellar structure are superimposed on a gen-
eral decay I(q) ~ ¢ * as seen in Fig. 4. The slope —4
is given by the theoretical relations for scattering
from grainy material [60]. The grainy nature of the
material comes from the random spontancous self-
organization of the polymer during evaporation of
the solvent in the membrane preparation process.
The clusters of the more tetrazolated regions of
the material that were observed in the solutions by
DLS are not seen in these TEM figures because
the solvent was removed by evaporation during
the preparation of these bulk polymer samples.

The X-ray scattering results are confirmed by the
TEM images shown in Fig. 5. A good lamellar mor-
phology is observed for all the samples and analysis
of the images by the program Imagel yields the
lamellar distances shown in the last column of Table
4. They are in good agreement with the distances
obtained by SAXS, the small differences between
the two techniques are due to the fact that in
TEM the lamellar structure can be slightly
deformed by the preparation procedure and the
cut of the sample may be not perpendicular to the
lamellar planes.

Table 4
Lamellar period d derived from the position of ¢, for the samples
shown in Fig. 4

Sample Degree of tetrazolation (%) d (nm)

SAXS TEM
DB2 0 62.8 60
DB2T1 36 67.5 61
DB2T3 82 78.5 77
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Fig. 5. TEM images of the polymers (a) DB2, (b) DB2T1, (c) DB2T3.

3.3. Atomic force microscopy experiments

Thin films for AFM measurements have been
prepared by the spin-coating technique from stock
solutions of the polymers at 1% concentration, on
polished silica wafers. The solvents were THF (a
good solvent for polystyrene and bad solvent for
the tetrazolated units) and dioxane (a good solvent
for polystyrene and moderately good for the tetraz-
olated units). We shall first examine thin layers of
the original copolymers and then discuss the results
of the tetrazolated samples.

Selected scans of the unmodified copolymers are
shown in Fig. 6. In images (a)—(c) it is visible that
the samples spun from THF demonstrate a marked
tendency to form pore-like structured layers. Analy-
sis of the sample DBI1 (image a) yields an average
diameter of holes ca. 1.1 pm, in the case of DB2
(image b) a diameter of ca. 200 nm. In a detailed
study of the bottom part of these holes we did not
find any other substructures (the tetrazolated poly-
mers discussed below exhibit a different behavior),
so the pores appear like regular cylindrical depres-
sions in the layer topography. One can also con-
clude that with increasing molecular weight and
content of acrylonitrile in the polymer chain the reg-
ularity and size of the pores decrease. From this we

suppose that the strong deformation of structures in
the sample DB3 (Fig. 6¢) is probably caused by a
decrease of the average wall thickness between hole
structures. This can bring instability into the final
spatial structure, which collapses during prepara-
tion of the thin layer because of the softness of the
swollen polymer material.

In the case of samples spun from 1,4-dioxane we
did not find an indication of structures, except for
the sample DB3 (image 6d) exhibiting dense,
worm-like formations with a characteristic lateral
dimension of ca. 75nm. This is explained by
increased content of acrylonitrile units in DB3 com-
pared to DB1 and DB2 which necessarily leads to
increased unfavorable segmental interactions
between PS and P(S-co-AN) blocks and enhanced
interaction of acrylonitrile with dioxane.

After the tetrazolation process we performed the
same AFM experiments with the modified poly-
mers. In Fig. 7 are shown results obtained from
samples spun from THF solutions. Organized struc-
tures appear for polymers DBIT (Fig. 7a) and
DB2T3 (Fig. 7b and c). That sample with lower
molecular weight (DB1T) presents an unclear struc-
ture similar to the non-tetrazolated system DB3
(Fig. 6¢). In contrast to the non-tetrazolated poly-
mer the regular structure of gaps is lost and the rims

Fig. 6. Atomic force microscopy results for polymer: (a) DBI cast from THF, 10 um scan, topography, Z = 225 nm; (b) DB2 cast from
THEF, 10 pm scan, topography, Z = 224 nm; (c) DB3 cast from THF, 10 um scan, topography, Z = 95 nm; (d) DB3 cast from dioxane,

1 um scan, topography, Z = 57 nm.
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Fig. 7. Atomic force microscopy results for tetrazoled polymer: (a) DBIT, cast from THF, 5 um scan, topography, Z = 31 nm; (b) DB2T3
cast from THF, 10 um scan, topography, Z = 264 nm; (c) DB2T3 cast from THF, 2 um scan, phase, Z = 133°.

are strongly deformed into shapes of average size ca.
500 nm. The system DB2T on the other hand shows
well organized hole-like structures that are however
different from those obtained from the unmodified
polymer. The tetrazolated sample shows a strong
hole formation with a much higher density of holes,
the matrix between holes is much thinner, and the
shape of the holes is deformed. This structure differs
from the previous one not only by the topographical
configuration but also by the fact that at the bottom
side of the observed holes appears an indication of a
fine terrace substructure. This substructure with
diameter of 50-70 nm is clearly visible also in the
phase scan in Fig. 7c.

AFM scans for tetrazolated polymers DB2T3
(image a and b) and DB3T (image ¢ and d) spun
from dioxane are shown in Fig. 8. The samples of
tetrazolated DB2T3 demonstrate an indication of
lamellar formations with a good contrast both in
topography and phase scans. The characteristic
dimension of the lamellar structures is approxi-
mately 70 nm being in good agreement with domain
spacing obtained by SAXS and TEM experiments.
The samples of DB3T again — as in the case of

unmodified polymer — demonstrate worm-like for-
mations with unclear boundaries. This can be a pro-
jection of deformed cylindrical or cubic formations
with average diameter of ca. 50 nm, as is visible in
the phase scan in Fig. 8d.

The obtained results show that the tetrazolation
process brings into the polymer chains new incom-
patible sections with the ability to self-organize at
the boundary of microphase separated domains.
Experimentally, we also confirmed the generally
accepted fact that the structure of thin layers of
block copolymers is strongly influenced by the inter-
action with solvents [62-64]. This was demonstrated
by using two ethers — THF and 1,4-dioxane — to pre-
pare solutions of non-modified and tetrazolated
copolymers. The influence of composition of the
blocks (the ratio of styrene/acrylonitrile/nitrogen
content) on the self-assembly of examined samples
is also very important. From the results we can con-
clude that for the non-tetrazolated polymer samples
prepared from THF the ability to form holes and
the dimension and regularity of these holes decrease
with decreasing length of the styrene block and also
with increasing content of acrylonitrile (AN) in the
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Fig. 8. Atomic force microscopy results for tetrazoled polymer: (a) DB2T3 cast from dioxane, 1 um scan, topography, Z =9 nm; (b)
phase image of the (a), Z = 98°; (c) DB3T cast from dioxane, 1 pm scan, topography, Z = 22 nm (d) phase image of the (c), Z = 51°.
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second block. Comparing the polymers DB2 and
DB3 that have similar M, and differ mainly in
AN content we see that the fraction of the AN in
the molecule has a stronger effect than the other
parameters. When using dioxane to prepare thin
layers of the non-tetrazolated polymers we did not
obtain noticeable surface formations and the sur-
face remained smooth. Only for the sample with
higher molecular weight (DB3) we observed a kind
of phase separation into the disordered lamellae or
cylinders. After tetrazolation we obtained a series
of very individual results because of variable degree
of tetrazolation of the AN-containing block. For
films cast from THF solutions, the increasing of
level of tetrazolation increases the ability to form
structures since it increases the incompatibility
between the two blocks. The same situation exists
also for dioxane solutions, where the more modified
samples demonstrate highly organized hole forma-
tions. The other, less tetrazolated samples, does
not show a structure formation or have just a weak
ability to form self-assembled domains.

4. Conclusion

In this contribution we have described the syn-
thesis of PS-6-PSAN block copolymers with differ-
ent composition and content of acrylonitrile. The
fraction of the neat polystyrene block was in the
range 35-65%. We have shown that the morphology
of the original polymer is lamellar. This demon-
strates that this polymer which has one block of
type A and the other block is a random mixture
of A and B, behaves from a thermodynamic point
of view as a classical diblock copolymer A-b-B.
We have also successfully modified the polymer by
tetrazolation of the acrylonitrile units to various
degrees. After tetrazolation, the morphology of
the polymer remained lamellar, but the lamellar per-
iod increases with increasing degree of tetrazolation.

Light scattering from THF solutions of these
polymers shows that the original polymers are fully
dissolved, while for the tetrazolated versions there is
always a certain fraction of clusters present in the
solutions. This demonstrates that the tetrazolation
is a random process yielding certain chains with a
larger degree of modification. These then aggregate
in clusters while chains with a lower degree of tet-
razolation remain fully dissolved. This behavior in
solution is important in applications where thin
films are produced. We have shown by the AFM
technique that more pronounced surface organiza-

tion into hole-like structures was obtained in the
case of tetrazolated polymers.
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