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ABSTRACT: The paper presents the synthesis of azobenzene-functionalized block copolymers based on a poly-
(methyl methacrylate) (PMMA) segment and an azobenzene-functionalized poly(hydroxyethyl methacrylate)
segment, and a basic study of blending these block copolymers with homopolymers is given. Two diblock
copolymers, prepared via different routes, were synthesized by a living anionic polymerization followed by a
polymer analogous reaction to attach the azobenzene side groups. Self-assembly of the block copolymers resulted

in phase-separated morphologies on the nanometer scale. The photoaddressable azobenzene segments are dispersed
in the PMMA matrix and locally confined. Special focus is given to the preparation and characterization of block
copolymer blends with PMMA homopolymer in order to dilute the phase-separated azobenzene morphology and
reduce the optical density while maintaining the confinement. The block copolymer blends were characterized

with respect to their morphology and initial holographic experiments were performed.

1. Introduction al. reported the synthesis and characterization of various
In the past few decades, the amount of information to be polyesters with liquid-crystalline azobenzene side grotmsd
stored has rapidly increased and will increase even more strongly@1SC Of peptide oligomers containing similar chromophdfes.
in the future. This development has led to an intensive searchRandom methacrylate copolymers with azobenezene side groups
for new materials for optical data storage technologies. Optical Were studied by Zilker et &f:**and Hagen and Bieringé?.
data storage is commercially established and the storage capacity One challenge for data storage applications is that homopoly-
and data transfer rates dramatically increased from-8DM mers as well as copolymers containing azo-moieties tend to
to multilayer DVD products. However the future demand on develop surface relief gratings in addition to the desired bulk
storage capacity and transfer rates is limited with the concept refractive-index modulation when exposed to a light intensity
of two-dimensional storage and stacking several layers. A grating!6-18 Being thin gratings, the surface reliefs are detri-
promising solution, besides near field recording, is the holog- mental to angle-multiplexed inscriptions with high angular
raphy by employing the third dimension and in such utilizing sensitivity. A number of mechanisms were proposed to explain
the entire volume. The concept, fundamental issues underlyingthe massive transport of the material, which occurs even at low
holographic data storage and the current status in the materialgight intensities'®-22 A solution to this issue was found utilizing
development have been reviewed recently by Hesselink’et al. plock copolymers, in which the chromophores are confined in
and Ashley et at. The most promising organic-based materials the minority phase so that macroscopic material transport is
under consideration for t_his_ application include photopolymer precluded? In addition, to superimpose several holographic
systems based on an optimized photopolyrhiand photosensi-  gratings at the same spot, thick samples are required. Block
tive media composed of two independently polymerizable and ¢opolymers with azobenzene-containing side chains were also
compatible monomerslin contrast to these systems, which can synthesized by various other groi¥s3® However, less data
only be written once, a rewritable class 01_‘ r_naterlals consists of_ were given concerning holographic experiments utilizing thick
photoaddressable polymers (PAP) containing azobenzene MOitiims in particular regarding angular multiplexing. In thick films,
eties. Polymers with photoaddressable azobenzene side chaing,o optical density of the entire sample has to be sufficiently
were first introduced by Ringsdorf et @l. Their applicability low. One possibility to reduce the optical density is a random
to holographic data storage was described by various gfots. ¢ 1vmer with nonabsorbing comonomers. However, this
Qver the years, many different pqumer systems were synthe- approach faces the problem that the cooperative effect of the
sized and the photoinduced trarss—trans isomerization (.)f fazobenzene side groups is lost and the stability of holographic
the azobenzene chromophores was investigated also in view o gratings is limited. In our previous work, we demonstrated that
an application in optical data storage. For instance, Hvilsted et plock copolymers' based on polystyrené segments and azoben-
zene-funtionalized polybutadiene segments are, due to the
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block-azobenzene-functionalized polybutadiene blockcopoly- LiCl for 60 min. The temperature was lowered+@8°C and MMA
mers with polystyrene homopolymer in order to achieve thick as second monomer was added. The living chain ends were
samples for angular multiplexirfg:*3 terminated by adding degassed methanol. Universal calibration and

In this paper, we present the synthesis and characterizationt!® Mark-Houwink parameters of P(TBDMS)were used to obtain

of block copolymers consisting of a PMMA block and a poly- the absolute molecular weight of the first block (P(TBDMS

. ; HEMA)). The ratio between the PMMA and the silyl protected
(2-hydroxyethyl methacrylate) (PHEMA) block substituted with  pyeMmA segments a2b was determined biH NMR spectroscopy.

azobenzene chromophore side groups. This concept utilizes therhe cleavage of the protecting group was performed in dioxane
self-assembly of block copolymers into a microphase-separatedusing diluted hydrochloric acid as catalyst yielding

structure to reduce optical density while maintaining the Polymer Analogous Reaction with Block Copolymersin a
cooperative effect and allowing the fabrication of millimeter- typical procedure, an excess of an acid chloride and the hydroxy-
thick samples with feasible optical density and high optical substituted block copolymer were dissolved in anhydrous THF. A
quality. Both segments of the block copolymer, the one forming large excess of tr_iethylamine compared to the acid chloride was
the inert matrix as well as the photoaddressable one, are base@dded to the solution of the block copolymer before both reactants
on a methacrylate backbone which assures good optical quality. Were combined and refluxed for 3 days. Upon completion of the
Furthermore, this system allows us to investigate the morphologyreaCt'on’ excess ethanol was added to convert the excess of the

t the ph d block | " he blend (?cid chloride into the more soluble ester compound. Pure func-
of the phase-separated block copolymers as well as the blendedi,jized block copolymer was obtained by several cycles of

block copolymers by common methods in a proper way. This gissolution and precipitation of the polymer. Polymer analogous
in turn verifies the results, which we obtained by holographic reaction ofic with benzoyl chloride yieldse The composition

grating experiments with similar polymet%?*344in the follow- between the PMMA and the PHEMA segments b was
ing, these azobenzene-functionalized block copolymers will be determined byH NMR spectroscopy ofle Table 1 summarizes
called PABCP as an abbreviation fphotcaddressablélock the characteristic physical data for the two azobenzene-function-
copolymers. alized block copolymerdd and 2d.
Poly(2-(4-(phenylazo)benzoate)ethyl methacrylate) (3)rri-
2. Experimental Part methylsilyloxyethyl methacrylate (TMSOEMA) was purified
] according to a procedure described by Nakahama #t*alThe
2.1. Synthesis of Photoaddressable Block Copolymei3lock PHEMA was obtained by anionic polymerization in the same way

copolymers composed of one segment with repeating units func- as mentioned above. The living chain ends were terminated by
tionalized yvith an azobenzene side group and an inert PMMA block adding degassed methanol. The trimethylsilyl- (TMS-) protecting
were obtained via a two-step synthesis. Two different approachesgroup is cleaved during the precipitation of the reaction mixture in
were chosen to yield two block copolymers that vary in their total methanol. The poly(2-(4-(phenylazo)benzoate)ethyl methacrylate)
molecular Welght but prOVide a Comparable ratio of the two (3) was obtained byap0|ymer anak)gous reaction with 4-(pheny-
segments. For both block copolymers, the two segments (PMMA |azo)benzoy! chloride in the same way as mentioned above.

and silyl-protected PHEMA) were synthesized by sequential anionic  pyjMA (4). The PMMA homopolymer for the binary blends
polymerization. After deprotection to the hydroxy group, the \as synthesized by anionic polymerization in the same way as
azobenzene side group was attached via a polymer analogousnentioned above.

reaction. 2.2. Film Preparation. Samples for holographic grating experi-

If not otherwise noted, chemicals were obtained from Aldrich ments were prepared by casting a filtered 5 wt % THF solution in
and used without further purification. Tetrahydrofuran (THF) as a glass container with a flat bottom. The solutions were slowly
solvent for the polymerization and polymer analogous reaction was evaporated over a period of one week to allow the formation of
first refluxed and distilled over calcium hydride (Cgtand freshly the morphology close to the thermodynamic equilibrium. The as-
distilled from potassium before usage. LiCl was dried under high cast polymer films were dried under vacuum for two days at room
vacuum at 250C for several days before being dissolved in THF. temperature, followed by annealingrf® h at 160°C. Finally, the
1,1-diphenyl-3-methylpentyllithium (DPHLI) as initiator for the  samples were placed between two glass plates, shortly heated to
anionic polymerization was generated in situ by the reaction of 200°C and slightly pressed to obtain films with a thickness in the
secbutyllithium (1.3M solution in hexane) with an excess of 1,1-  range of some tens of micrometers. This method results in a good
diphenylethylene in THF at-60 °C. MMA was purified as adhesion between sample and glass substrate. All samples showed
described in the literatur®. Triethylamine for the esterification  good optical properties and absence of undesired scattering.
reaction was refluxed over Catdnd then distilled. 2.3. Characterization. Morphology studies of the azobenzene-

Poly(methyl methacrylate)b-poly(2-hydroxy-ethylmethacry- functionalized block copolymers and blends were performed on a
late) (PMMA- b-PHEMA), 1c. Trimethylsilyloxyethyl methacrylate Zeiss 902 transmission electron microscope operating at 80 kV.
(TMS—OEMA) was purified according to a procedure described Ultrathin sections were obtained using a Reichert ultramicrotome
by Nakahama et df 47 The block copolymer was obtained by  equipped with a diamond knife. The specimens were stained using

anionic polymerization of MMA in THF at-78 °C with LiCl as ruthenium tetroxide vapor. In order to exclude any change in the
additive. A sample of_the_ precursorpolymer was terminated with morphology during sample preparation, the specimens were cut
degassed methanol yieldirig. Subsequently TMSOEMA was from the same samples on which the holographic grating experi-

added to the solution. Finally, the living chain ends were terminated ments were performed.
by adding degassed methanol. The trimethylsilyl- (TMS-) protecting  X-ray transmission measurements were performed at the Cornell
group is cleaved during the precipitation of the reaction mixture in High-Energy Synchrotron Source (CHESS). The beamline at
methanol as indicated by the absence of the signal at 0.1 ppm inCHESS employs a 2D charge coupled detector (CCD) (1024
the 'H NMR spectrum. Thereforelb cannot be isolated. 1024 pixels at 5um/pixel resolution) and the sample-to-detector
Poly(2-hydroxyethylmethacrylate)-b-poly(methyl methacry- distance was set at 984 mm with a wavelength of 0.155 nm. The
late) (PHEMA-b-PMMA), 2c. The synthesis of the second block specimens for dynamic secondary ion mass spectroscopy (SIMS)
copolymer was carried out slightly differently from the one were prepared by spin coating a 2.5% toluene solution onto a silicon
described aboveert-Butyldimethylsilyl was chosen as the protect-  wafer covered by a 200 A silicon nitride layer. The concentration
ing group for the HEMA due to a change in the sequence of of the polymer solution and the rotational speed of the sample were
monomer addition. Synthesis and reaction conditions for the anionic adjusted to obtain films of about 380 nm. Subsequently, the films
polymerization oftert-butyldimethylsilyloxyethyl methacrylate (TB-  were annealed in a high vacuum oven at 280for 24 h. SIMS
DMS—HEMA) were similar to those reported in the literatdré was performed on a Physical Electronics 6650 quadrupole instru-
First TBDMS—HEMA was polymerized at-60 °C in THF with ment. Using a 30 nA, 3 kV @ primary beam, 3@&m in diameter,
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Table 1. Structure and Molecular Weight Characterization of the Synthesized Azobenzene-functionalized Diblock Copolymers
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Polymer Structure M) Segment PDI ©
R= 0>_©,N‘N (absolute)
C [g/mol]
PMMA (y) P(Azo-EMA) (x)
oo [g/moll, OP”) | [g/moll, (DP")
1d CH, H 42400 1.11
) 32000 10400
R (320) (31)
P(Azo-EMA) (x) PMMA (y)
b b,
W [g/mol], DP®) | [g/mol], (DP)
2d 07 00" 0 152900 1.09
CH, 35900 116700
g (106) (1167)

a Calculated from the absolute molecular weight of the precursor obtained by GPC in combination With\iiR data of the block copolymeP Degree
of polymerization (DP) ¢ Polydispersity index (PDI)

scanned over a 300 300um area, negatively charged secondary toxicity than butadiene. Furthermore, the remaining double
ions were collected from the central 15% of the crater area. A static, bonds in the backbone of the polydiene decrease the thermal
defocused 400 V electron beam was used for charge compensationstability of the functionalized block copolymer. As shown in

'H NMR data were obtained from a Bruker AC 250.0 (250 MH2) - Figyre 1, we employed two routes with different silyl-protecting
spectrometer usind-chloroform as solvent. Molecular weights were groups in the polymerization of the HEMA monomer to obtain
obtained by GPC using THF as eluent (columns: PSS SB¥I the diblock copolymers

(5 um), 16, 10%, 1C®, 100 A).

2.4. Setup for Holographic Grating Experiment. A setup In the first case, commercially available[@rimethylsilyl)-
similar to the one described by other groups was used to carry outoxylethyl methacrylate (TMSOEMA) was added at a tem-
the holographic grating experimelt?® All experiments were perature of—78 °C to the living chain of the PMMA block.
performed at ambient conditions. Two s-polarized beams (wave- While the chosen reaction conditions allow a controlled po-
length 532 nm) = 100 mW/cnd) of a tunable krypton laser with  |ymerization of both monomer$;47:55a major drawback of this
a beam size of about 3 mm in diameter were intersected in the ho\ymerization sequence results from possible termination.
polymer sample. The incidence of the writing beams 0CCUIS Boca ise of the chosen composition, the formed homopolymer

fﬁ/ én vmvﬁ:irrl]cgalsengrﬁse r?gnilcr(l)%)r tostiquﬁuftzrr?g(l)ig;h gn: g,%lee ?;st\gf enis difficult to detect and remove from the block copolymer. This

(wavelength 633 nm) was used to probe the holographic grating. IS dué to the solubility behavior of PMMA-PHEMA which
The spot size was chosen to be less than 1 mm in diameter with aniS Mainly determined by the molecular weight of the PMMA
intensity of about 15 mW/cfnPhotodiodes were used to determine Precursor (32 kg/mol) and not by the PHEMA (4 kg/mol)
the diffracted and the transmitted writing beams in order to obtain segment. As seen from the GPC traces in Figure 2, the apparent
the diffraction efficiencyy, as a function of time. The film thickness  molecular weight of the PHEMA containing diblock copolymer
(d) of the studied blends varied in a range of 68 to/80. The 1c decreases slightly to that of the isolated PMMA precursor
[<efra(itiyke tirr]1de);'i_JOm(;](_1urlla(;ionA.rE), Wtzr;\]s dc'?flcu'?tEd fa}.ccr?trdintgh.tﬁ 1a (A-block).

ogelniks theory?? which describes the diffraction of light on thic . . . .
abgorption and diffraction gratings against the anglegas well as the The |r_1tramolecular H-bonding leads to a decrea;e in the radius
wavelength of the incident light. In the case of small refractive ©f 9yration and therefore a smaller hydrodynamic volume for
index modulations one can assume the following equation: the block copolymef.c compared to a PMMA blocka>® The

slightly higher polydispersity of the hydroxy functionalized

diblock (PDI= 1.11) compared to the PMMA precursor (1.08)
and the benzoylated diblock copolymer b€ (1€) might be
caused by an unfavorable interaction of the THF less soluble
PHEMA block with the GPC column material (Figure 2).

3.1. Synthesis and Characterization of Azobenzene-Func- Absolute molecular Weights were determined by GPC result of
tionalized Block Copolymers. Anionic polymerization of the precursor using a PMMA calibration in combination with
MMA and silyl-protected HEMA was carried out to prepare the'H NMR data of the benzoylated block copolymer.
well-defined starting block copolymers for further polymer For the synthesis of the block copolynfg, the sequence of
analogous reactions. This approach avoids limitations in the monomer addition during the anionic polymerization was
degree of polymerization and molecular weight distribution due reversed. In addition, 24rt-butyldimethylsilyl)oxy]ethyl meth-
to side reactions which have been usually observed in the directacrylate (TBDMS-OEMA) that uses the more stabtert-
anionic polymerization of azo-functionalized monom&r% butyldimethylsilyl (TBDMS) protecting group was chosen as
Usage of PHEMA provides some advantages compared toHEMA derivative. No side reactions of the anionic chain end
concepts in which the hydroxyl group is obtained by hydrobo- of the PMMA with the silyl group or ester linkage in the
ration reaction of pendent double bonds in poly(1,2-di¢hésj* (TBDMS—OEMA) repeating unit were observed during the
such as shorter reaction times compared to isoprene or lowerMMA polymerization. The enhanced stability of this silyl-

[ _mdAn \2
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3. Results and Discussion
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Figure 1. Synthesis of azo-functionalized block copolymédsand 2d, including the reference polymée for analytical purpose.

protected HEMA in anionic polymerization was reported earlier copolymer (4200 g/mol) and the PHEMA (400 g/mol), however,
by Nakahama et & and has been studied recently in detail at was small compared to our PHEMA segment, which possesses
our laboratory*® The change of the polymerization sequence an average degree of polymerization of about 106 repeating units
of the protected HEMA and MMA monomers facilitates the corresponding to a molecular weight of about 13.8 kg/mol. As
extraction of a possible termination product that is formed during seen from the comparison of the block copolymécsand 2c,
addition of the second monomer. The short homopolymer of the stoichiometry in the polymerizations was adjusted to result
PHEMA can be removed easily by precipitation of the depro- in similar ratio of A to B repeating units fotc and 2c but
tected polymer from dioxane into methanol due to the large significantly different total molecular weights. The ratio of
difference in solubility compared witBc, which possesses a MMA to HEMA repeating units was determined Bt NMR
large less polar PMMA segment. Pan et al. used a similar for 1cas 11.0 and fo2c as 10.3.

strategy for the anionic synthesis of their PHENORMMA Both diblock copolymerd.c and2c were functionalized by
diblock copolymers$? Their molecular weight of the block  an esterification reaction of the PHEMA segment with an excess
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25 Both Tgs found for the azo-functionalized block copolymer
(1a) X " e
J agree well with the transitions of the individual homopolymers,
20 (1) %f/ suggesting the formation of a microphase-separated structure
7 & ° with a small interface between both blocks. As shown in Figure
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4, transmission electron micrographs of the THF cast films also
reveal a microphase-separated structure for both azo-function-
alized block copolymers.

Because of selective staining with ruthenium tetroxide (BuO
the dark areas correspond to the azobenzene-functionalized block
while the unstained PMMA matrix remains bright. For the
higher molecular weight block copolyméd, a cylindrical
morphology is recognized in the micrograph in Figure 4b. The

T 77 @\"“‘" dark round areas correspond to cross sections of cylinders cut
0,0 = perpendicularly to their main axis; the lamellar-like structure
is related to a cut parallel to the main axis. In contrast, TEM of
' J ' ! ' ! ' 1d (Figure 4a) only reveals phase separation while the exact
15 20 25 30 35 g : . )
V_[mi] type is difficult to determine. In some regions, cylinders cut

perpendicularly and along their axes can be seen but long-range
order is missing. As expected, a comparison of the cylinders in
the micrographdaand4b shows that their diameter scales with
the block length of the minority part as well as with the

Figure 2. RI signal GPC traces of block copolymers and the
corresponding precursor polymerld) isolated PMMA A-block (...);
(10 PMMA-b-PHEMA (---); (1d) PMMA-b-poly(2-(4-(phenylazo)-
benzoate)ethyl methacrylate))-{); (16 PMMA-b-poly(2-benzoyl-

oxyethyl methacrylate)- —).

endo —»

______

60 80

100

120

140

molecular weight of the corresponding block copolymi&ds
and 2d, respectively. For block copolymdrd, a diameter of
about 12+ 1.5 nm for the cylinder was estimated from TEM
and about 174 3 nm for 2d. The blurring in the micrograph
results from the partial degradation of the PMMA matrix due
to radiation damage from the electron be@® Therefore, an
accurate value for the average cylindrical long period is not
obtained from TEM.

3.2. Preparation and Characterization of Binary Blends
with Azobenzene-Functionalized Diblock CopolymersBinary
blends from both PABCP1@ and2d) and anionically synthe-
sized PMMA @) with a molecular weight of 40 kg/mol and a
PDI of 1.05 were prepared as described in the experimental part
2.2. The molecular weight of the homopolym&ras chosen
to be similar {d) or smaller 2d) than that of the PMMA
segment of the block copolymers. The weight fraction of the
PMMA homopolymer4 was adjusted to yield a total PMMA
weight fraction of 0.87 to 0.96 (Table 2).

TI°Cl

Figure 3. DSC second heating curves at a rate of’@min of (1a)
isolated PMMA A-block (...), {d) PMMA-b-poly(2-(4-(phenylazo)-
benzoate)ethyl methacrylate))-{), and @) Poly(2-(4-(phenylazo)-

The good optical properties of all blends indicate the absence
of macrophase separation. TEM and X-ray scattering was used
to investigate the morphology of the specimen. The transmission
benzoate)ethyl methacrylate)} (). electron micrograph of blenB consisting of 36 wt % of block

(1.5 fold) of 4-(phenylazo)benzoy! chloride (Figure 1). Virtually ~copolymerld and 64 wt % of PMMA homopolyme# is shown
complete conversion was achieved by carrying out the reactionn Figure 5.
at elevated temperature (6C) in combination with triethy- Because of the staining conditions with RgIOthe
lamine as base. The conversion of the hydroxy into an esterazobenzene-functionalized segments appear as dark spheres
group was checked by IR spectroscopy probing the change ofrandomly distributed within the unstained PMMA matrix. As
the signal at 3430 cri. After extraction, absence of the excess expected, the higher molecular weight of the azobenzene-
amount of azo chromophore greater than 0.2 wt % referred to functionalized segment in blen@sl leads to a larger average
the attached chromophore was demonstrated by integration ofradius of the spheres (8- 0.8 nm) compared to that derived
the UV trace at 340 nm in the GPC elugram. A slight broadening from blends of block copolymeid (6.0+ 0.7 nm). In all images
of the molecular weight distribution fdd (PDI = 1.11) (Figure of this series, the volume fraction of the spheres appears to be
2) and for2d (PDI = 1.09) was observed after the polymer much higher than expected from the composition of the blends
analogous reaction. As expected, both azobenzene-functionalizedummarized in Table 2. Two explanations can be given for this
block copolymers revealed a higher apparent molecular weight observation: First, more than one layer of spheres might be
in the GPC elugram compared to the one of the benzylated andimaged because of the specimen’s thickness. Furthermore,
hydroxy-functionalized diblock copolymers (Figure 2). radiation damage of PMMA by the electron beam has been
Azobenzene substituted block copolyméis and 2d each described in the literatu?®>° and no information is available
show two independent glass transitions corresponding to theregarding stability of the azobenzene-functionalized PHEMA.
azobenzene-functionalized PHEMA segment (&) and the However, a much higher stability of the chromophore-containing
PMMA matrix (126°C). Figure 3 presents the DSC traces for segment compared to PMMA is expected due to a stabilizing
the block copolymerld in comparison to the corresponding effect of the aromatic character of the azobenzene side groups.
homopolymersla and 3. Their stabilizing effect on the environment over a range of more
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Figure 4. Transmission electron micrographs of block copolynkiga) and2d (b) Staining of the azo-dye containing phase with ruthenium
tetroxide (dark phase).

Table 2. Overview of the PABCP Blends from
Azobenzene-Functionalized Diblock Copolymers and the PMMA
Homopolymer
weight fractionx 100 radius of
block block homopolymer total spheres —_
blend copolymer copolymer PMMA (4) PMMA [nm]?) E
A 1d 50 50 88.5 5.8:-0.6 £
B 1d 36 64 91.8 5.9:0.7 §
Cc 1d 16 84 96.4 5.8:0.7
D 2d 50 50 87.7 8108
E 2d 29 71 93 8.0-0.8
F 2d 20 80 95 8.0+ 0.9. - -
. L] I L) l L) I L] I L] I L
2 Determined by TEM. 0 200 400 600 800 1000 1200

time [s]
Figure 6. Secondary ion mass spectroscopy depth profile for biznd
(---) with a thickness of ca. 500 nm arktl (——) with a thickness of
ca. 350 nm. Shown is the signal for the CN fragments. The specimens
were spin coated from toluene, annealed 18 h at IBYCN signal
derives from the azobenzene group).
Yokoyama et al. who studied the structure of asymmetric
polystyreneb-poly(2-vinylpyridine) diblock copolymers in thin
films.81 In the PABCP blends presented here, the CN fragments
of the azobenzene group lead to a distinguishable signal
compared to the PMMA matrix. For a layer structure of spheres,
a sinusoidal intensity profile of the CN signal is expected. The
carbon signal originating from both blocks remains constant
during the etching process until the substrate is reached. Figure
6 presents the CN signal for the two bleridsandE.

As expected from the increasing volume fraction of PMMA
for E compared td, the distance between the maximum CN
signal increases in the SIMS depth profile. High degree of order
is observed only near the surface and the interface off/to the
silicon wafer. The intense peaks for the CN signal at 700 and
950 s originate from charging problems and can be considered
as an artifact. In order to study the size of the spheres by AFM
for each of the two samples, the etching process was stopped
as the second maximum of the CN signal was reached (arrow
than one nanometer reduces the sensitivity of other chemicalin Figure 6). Reaching the highest possible number of spheres
groups toward radiation damaéfeFor this reason, we used a etched midway, a maximum in the cross section of spheres is
combination of secondary ion mass spectroscopy (SIMS) andreached and hence a maximum in the generation of CN
atomic force microscopy (AFM) in the two selected blefdls  fragments is detected. The exposed surface was imaged by AFM
andE to examine the accuracy of the feature size obtained from in this manner. Figure 7 presents the height image of the surface
TEM. Films in the thickness range of 400 nm are partially etched in the crater of blend.
by SIMS and the exposed surface is subsequently studied by As the azobenzene-functionalized PHEMA possesses a higher
AFM. This approach is similar to the one introduced by etching rate compared to PMMA, it appears in the height image

Figure 5. Transmission electron micrographs of the PABCP bIBnd
(36 wt % block copolymed.c, 64 wt % homopolyme#) Staining of
the azo-dye containing phase with rutheniumtetroxide (dark phase).
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the total PMMA weight fraction from 0.877 to 0.95. This
observation is consistent with theoretical predictions of phase
separation in primary blend$:-%4 For blends from block
copolymer2d, the molecular weight of PMMA homopolymer

is much smaller compared to the PMMA segment of the block
copolymer and expands selectively in the matrix. Very similar
results were obtained for all blends prepared from block
copolymerld, which shows a spherical morphology although
molecular weight of the PMMA homopolymer is comparable
to that of the PMMA segment of the block copolymer.

3.3. Holographic Grating Experiments in Binary Blends
from Azobenzene-Functionalized Diblock CopolymersThe
influence of photoaddressable segments localized in domains
of nanometer size on the refractive index was studied by
holographic grating experiments. From the grating experiment,
the diffraction efficiencyy;, is obtained. The refractive index
4 modulation,An, was calculated according to Kogelniks thegfty.

0.50 0.75 ] In order to compare the different series of the blemtswas
corrected by the weight fraction of the azo chromphore content
pm . .
Figure 7. Atomic force micrograph taken from bleri2l after etching n Fhe- blend. The advantage of th-e paramet@form consists
the surface with @ in the Secondary lon Mass Spectroscopy, Specimen of its independency from the fraction of azo-chromophore.
spin coated from toluene, annealed 18 h at 180 thickness~350 In Figure 9,Annom for both series of blends is plotted as a
nm. function of illumination and relaxation time.

The laser was turned on at time zero and a holographic lattice
was written whiley was measured using a reading wavelength
of 633 nm. This wavelength ensures that no tragis excitation
occurs during the reading process. After 3600 s, the writing
beams were turned off and the decay\sf was monitored for
a further 1800 s. In both series of blends, the increase and the
decay of An follow similar kinetics independent of the
concentration of chromophore in the sample.

Within each set of blends, the growing and the relaxation
curves show a very similar behavior independent of the amount
of added homopolymer. The difference in the data within the
two sets of blend&\—C andD—F is within the error margin.

LU A We can conclude that the spatial distance between the spheres
0,05 0,10 0_’115 0.20 0.25 has no influence on the kinetics &nnom and its maximum
afnm’] achievable value. This result was already expected from the

Figdulgeb& %ma”ﬁmgﬂ(e X-raly dg&aﬁignpf\’ﬂal\tﬂti”;‘ of the Ib'e”ff % microstructure of the samples which revealed the same size of
?tgtal Pﬁﬂsﬁ A%%oggt g;’ govzt”f%) fa_n). E (total Po&n'agogénguht 93 the photoaddressable domain for each specimen in one set of

Wt %) (— —); F (total PMMA amount 95 wt %) ¢-+). blends. A comparison of samples from the two sets of blends
reveals slight differences including the growing curve as well
as holes (dark spots) within the matrix. In both blends, an as the maximum achievabl&n,om In the first 100 s, all
average diameter of 14 2 nm was found for the spheres. As specimens behave virtually identically independent of the
both studied blends show a comparable size of the spheres, weémount of added homopolymer or the molecular weight of the
conclude that the added PMMA homopolymer sequesters block copolymer and hence the domain size of the photoad-
homogenously into the PMMA matrix. It does not lead to a dressable domain. This behavior indicates that the first stage in
swelling of the photoaddressable azobenzene containing phase?oth series of blends follows a similar kinetic for the orientation
As a result, the size of the spheres remains constant while theof the azo chromophores. Subsequently, differences in their
distance between them increases. Furthermore, the data ar&olographic growing curve appear: Thenom of the specimens
consistent with those obtained from TEM for the dimensions D—F shows a slightly higher rise compared to the bleAdsC.
of the spheres (1& 1.6 nm). This result suggests that it is The time dependency of the birefringence during the holo-
indeed valid to use TEM to verify the absence of swelling of graphic writing process seems to be a result of two different
the photoaddressable segment and to determine the average sizesponse modes in terms of orientation of the azo chromophores
of the spheres. These results suggest also that the distanceerpendicular to the polarization of the laser beam. We believe
between the spheres increases proportionately with the fractionthat this result reflects the dynamics of azobenzene groups in
of added PMMA homopolymer; small-angle X-ray scattering various environments. It was shown earlier that the orientation
is used to verify this assumption. Figure 8 presents the and relaxation process depends on the environment of the azo
diffraction pattern of the three blends, E, andF. chromophores as shown in samples with a rigid or viscoelastic
Because of the lack of long-range order, only one broad reflex surrounding matri®¥56 The blends in the current work
is observed for all three blends. It corresponds to an averageundergo phase separation into a spherical morphology in which
correlation length and allows the calculation of an average the photoaddressable segment is dispersed in a rigid matrix of
distance between the spheres. The average distance increasédVMA. The Ty of both domains, the surrounding continuous
from 34.8 D) to 43.3 €) and 54.5 nmK) with an increase in matrix (126 °C) and the photoaddressable spheres 9@Y,
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Figure 9. Growing (laser on) and decay (laser off) of the normalized induced birefringa&mgg() of polymeric films vs time Annom. is normalized
with respect to the azo content (Writing time: 3600 s, writing wavelength: 532 nm, Intensity: 100 mMWeading wavelength:
633 nm). Left {): samples of blend& (——), B (— —), andC (----) consisting of the azofunctionalized blockcopolymidr and the PMMA
homopolymer4. Right (i): samples of blend® (——), E (— —), andF (...) based on the azofunctionalized blockcopolyrgerand the
PMMA homopolymer4.

corresponds to that of the homopolymers equivalent to a block copolymers with a PHEMA and a PMMA segment were
difference of almost 40C. Hence, azo chromophores encounter synthesized in which PMMA forms the matrix. In both block
different environments depending whether they are located in copolymers, the ratio of the two blocks remains nearly constant
the outer shell of the sphere close to the interface to the PMMA while the molecular weight of the segments is altered. The
matrix or closer to the center of the sphere. We assume thatattachment of a structural simple azobenzene side group results
these chromophores show an orientation behavior comparablein phase-separated block copolymers. Addition of PMMA
to the one in an azobenzene-functionalized homopolymer. For homopolymer leads to the formation of a spherical morphology
the azobenzene chromophores in the outer shell of the spheresin which the photoaddressable domain is dispersed in an inert
an influence from the surrounding matrix may be possible. The matrix of PMMA. We prepared a set of blends for each of the
volume of a sphere scales with the radius to the third order two azobenzene-functionalized block copolymers. Within each
compared to the second order of the surface area. Consequentlyset of blends, the weight fraction of the photoaddressable
a given volume distributed on several smaller spheres comparedsegment was systematically altered in the range of-3165
to fewer large ones results in an increase of surface area. Thewt % and 5-12.3 wt %. All blends possessed a spherical
molecular weight of the azo-chromophore functionalized seg- morphology as verified by TEM. Furthermore, we have shown
ment differs between the blends-C andD—F by a factor of that PMMA homopolymer solubilizes preferentially in the
about 4, resulting in a difference in the surface area of about aPMMA matrix and swelling of the spheres does not occur in
factor of 2 assuming that the radius of gyration is proportional the blends. Initial holographic experiments were performed.
to the square root of the molecular weight for both PABCP. From the refractive index modulation of the different blends,
The azo chromophores located near the interface to the PMMA one sees that they are independent from the homopolymer
experience less unfavorable dipolar interactions from neighbor- amount. This is in agreement with the results of the morphology
ing azobenzene side groups and hence show a higher inducibleeharacterization methods.
Annorm FOr this reason, the maximum inducilda of the blends
A—C exceeds that of the blend3—F, but the time frame to Acknowledgment. The authors thank Tom Mates (UCSB)
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