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Abstract:

Sinusoidal surface-relief gratings (SRGs) formed by micro-phase separated photoresponsive
polydimethylsiloxane-block-poly(methyl acrylate)-co-poly(disperse red 1 acrylate) (PDMS-b-
P(MA-co-DR1A)) chains are investigated. Different PDMS-b-P(MA-co-DR1A) were prepared
by a multi-step synthetic approach which overcomes the challenges inherent to the synthesis of
well-defined PDMS-based block copolymers (BCPs) having a DR1A dye content up to 50 wt%.
A sinusoidal SRG (amplitude ~ 5 nm, wavenumber =~ 315 nm) interferometrically inscribed
onto a thin PDMS-b-P(MA-co-DR1A) layer exhibiting an out-of-plane cylindrical structure
with a period of ~34 nm is demonstrated. Such kind of “two-colored” multiscale patterned
surfaces could be envisioned as guiding patterns to efficiently direct the self-assembly of a BCP
upper-layer via a hybrid chemo-/grapho-epitaxial alignment of BCP features.
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Photoresponsive materials combining an efficient surface-relief grating (SRG) formation
and a microphase-separation at the nanometer scale are attractive materials to produce advanced
surfaces with hierarchical multiscale functionalities which are highly-desired for holography
storage and next-generation lithography [1]. For instance, phase-type holographic materials
with an improved diffraction efficiency have been demonstrated from SRGs formed by
microphase-separated azobenzene-containing liquid-crystalline block copolymers (BCPs) [2].
Here the high diffraction efficiency, arising from the formation of both a SRG and a refractive-
index grating, makes such holographic materials promising candidates for storage of high-
density information, as well as for recording three dimensional objects. In another example, the
practicable control of the direction of a azobenzene containing block copolymer structure was
established using linearly polarized light [3,4]. The inscription of SRG patterns in such block
copolymer layer provides an additional lever to control the block copolymer structure
orientation through the thickness modulation resulting from the SRG patterning [5]. The
directed self-assembly (DSA) of BCPs into laterally-ordered sub-10 nm features (i.e. cylinders
or lamellae) with an out-of-plane orientation are highly-desired for the next-generation
lithography [6-10]. So far, such control of the lateral-order of features is achieved by either
graphoepitaxy [6,11-13] or chemoepitaxy patterns [14]. As both chemical and topographical
patterns with a modulation of the surface energy and the height amplitude of the polymeric
layers can be achieved from microphase-separated azobenzene-containing BCPs, such
photoactive materials can be also envisioned as efficient guiding patterns to direct the self-
assembly of BCP features.

In this communication, we explore the potential of block copolymers containing
azobenzene moieties as directed self-assembly methodology for the formation of multiscale
patterned surfaces through SRG formation combined to BCP self-assembly. A

poly(dimethylsiloxane)-b-poly(methyl acrylate-co-disperse red 1 acrylate) (PDMS-b-P(MA-



co-DR1A)) system was synthetically designed for this purpose as the association of a low glass
transition temperature PDMS block to the photostimulable P(MA-co-DR1A) block is expected
to facilitate the mass transfer resulting from the SRG inscription. The study of the self-
assembly, both in bulk and in thin film configuration, was performed by Small Angle X-ray
Scattering (SAXS) and Atomic Force Microscopy (AFM) techniques in order to study the
nanoscale phase separation provided through the chemical incompatibility of the blocks.
Topographical and chemical patterns were subsequently produced by exploiting the self-
assembly of BCP chains consisting of the azobenzene block, for efficient production of photo-
induced surface patterns (i.e. graphoepitaxy), associated to a Si-containing block which forms
features on the sinusoidal surface-relief gratings, and so acting as periodic nanoscale chemical
patterns (i.e. chemoepitaxy).

The photoactive BCP system, namely poly(dimethylsiloxane)-b-poly(methyl acrylate-co-
disperse red 1 acrylate), was obtained by combining a well-defined PDMS-macro initiator block
to a disperse red 1 (DR1) moieties embedded along the side-chain of a polyacrylate-type block.
The embedment of a DR1 dye in the side-chain of a BCP architecture demands careful
consideration of the synthetic pathway. Indeed the synthesis of DR1 containing polymers is
rather difficult due to the inhibition effect of the DR1 monomers towards active centers such as
radicals. As an additional constraint, a sufficient amount of photo-active moieties has to be
incorporated in order to allow the SRG formation (ca. 30 wt% of azo-dye) [15]. DR1 type
azobenzene dyes can be embedded in the side-chain of polymers by (co)polymerization of DR1
containing monomers [16-19] or via polymer-analogous reactions [20,21]. DR1 monomers,
such as DR1 (metha)acrylate [17,18], are usually polymerized in an uncontrolled fashion by
classical free radical polymerization. For instance, the ATRP of DR1 (metha)acrylate type
monomers is not well controlled due to the catalyst complexation [22]. The RAFT

copolymerization of DR1 (metha)acrylate type monomers offers a better control of the



polymerization [23] but limits the amount of the embedded dye in the final polymer which is
consequently not sufficient to induce the SRG formation [24,25]. In this context, polymer-
analogous reactions of DR1 with a predefined BCP was preferred to obtain well-defined BCP
structures with adequate DR1 content [26,27].

Living anionic polymerization was chosen for the synthesis of well-defined PDMS blocks
as such methodologies allow to subsequently use the PDMS chains as macro-initiators [28] in
the GTP [29], RAFT [30], ATRP [31] of specific monomers or in coupling methods [32] such
as click chemistry [33]. The incorporation of the DR1 moiety in the PDMS-based BCP was
obtained from a poly(dimethylsiloxane)-b-poly(methyl acrylate-co-acrylic acid) precursor
through esterification with the carboxylic acid groups [20,34,35]. A poly(dimethylsiloxane)-b-
poly(methyl acrylate-co-tert-butyl acrylate) architecture was used as intermediate since direct
copolymerization of acrylic acid and methyl acrylate is unsuitable [36-38]. Finally an
appropriate deprotection step generates the carboxylic acid groups required for the esterification
of DR1 moieties along the BCP chains. Hence the synthesis approach of the novel BCP
architecture consists of three main steps: (i) the synthesis of poly(dimethylsiloxane)-b-
poly(methyl acrylate-co-tert-butyl acrylate) via anionic polymerization and ATRP, (ii) the
controlled deprotection of the tert-butyl acrylate units and, (iii) the esterification reaction with

DR1,; as presented in Scheme 1.

Scheme 1. Synthetic pathway used for poly(dimethylsiloxane)-b-poly(methyl acrylate-co-
disperse red 1 acrylate).
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Synthesis of poly(dimethylsiloxane)-b-poly(methyl acrylate-co-tert-butyl acrylate).

In the first step, a poly(dimethylsiloxane)-b-poly(methyl acrylate-co-tert-butyl acrylate)
(P4) was obtained by ATRP using a mono-2-bromoisobutyrate terminated PDMS macro-
initiator (P3) as 2-bromoisobutyrates are efficient initiators for the ATRP of (metha)acrylates
[39]. To prepare this macro-initiator, a living PDMS was obtained first by anionic
polymerization of hexamethylcyclotrisiloxane (D3), as described in Supporting Information.
The initiation of D3 polymerization by sec-butyl lithium was accomplished in cyclohexane at
30°C followed by the addition of THF after 3 hours to promote the polymerization. The reaction
was terminated after another 4 hours with chlorodimethylsilane prior to full monomer
conversion. In this fashion, undesirable side reactions like backbiting and redistribution are
avoided. Two mono-hydride terminated PDMS (P1-a and P1-b) were synthesized following this
synthetic pathway with molecular weight close to 10 kg/mol according to the end-group
analysis given by *H-NMR (see Figure S1). The (CHs).SiH chain-end functionality of P1-a and
P1-b is close to unity, as determined by comparison of the integration of the methine proton of

sec-butyl groups at 0.54 ppm and the hydrosilyl proton at 4.7 ppm (see Figure S1).



The hydrosilylation reaction of the (CH3).SiH end-groups and allyl alcohol was mediated by
Karstedt’s catalyst to obtain mono-carbinol terminated PDMS precursors (P2), as described in
Supporting Information. The chain-end functionality for both P2-a and P2-b was determined to
be ca. 0.9, through the comparison of the integration for the methine proton of sec-butyl groups
overlapped with Si-CH>- protons at 0.55 ppm and for the -CH>- protons next to -OH at 3.6 ppm
(see Figure S2). The synthesized mono-carbinol PDMS were finally transformed into ATRP
macro-initiators (P3-a and P3-b) after the acylation with 2-bromoisobutyryl bromide (see
Supporting Information). The conversion is quantitative and H-NMR characterization
confirms a chain-end functionality of ca. 0.9 for both P3-a and P3-b polymers (see Figure S3).
The value of the Mn and the polydispersity index for both P3 polymers remains almost

unchanged as regards to the P2 precursors (see Table 1).

Table 1. Macromolecular characteristics of the synthesized polymers

Polymers Thecl)\:litical NILTV&I:T Mn (SEC)* ) Composition®
kg/mol kg/mol kg/mol (Wt%)

2a 12.4 10.8 11.9 1.12 n.a.c
2b 12.3 9.6 9.7 1.07 n.a.c
3a 12.4 10.3 11.5 1.08 n.a.c
3b 12.3 10.4 10.1 1.08 n.a.c
" 5 69 22 1| e
° e 267 24 122 | e
5a 14.9 15.2 n.d. n.d. Dl\fs//tgj‘l/éll\jfs/AA
5b 21.6 22.4 n.d.¢ n.d. Dl\ffs//tgj‘z/xﬁs/AA
6a 24.2 25.7 19.2 135 | P MS{L tg/Az// Ig\;ﬂ/i/g DR1A
2 I I N O




2 determined by SEC in THF at 40°C using the PS standards. ° determined using *H-NMR. ¢
non applicable. ¢ non determined due to the strong interaction between the stationary phase of
the SEC columns and the BCPs in THF.

Methyl acrylate (MA) and tert-butyl acrylate (tBA) were successfully copolymerized by
ATRP using the synthesized PDMS macro-initiators, as presented in Scheme 1 (see Supporting
Information for experimental details). A mixed halogen initiation system was used considering
the high propagation rate constants for (meth)acrylates polymerizations [40,41]. The halogen
exchange occurs rapidly at the set temperature and the exchange of the bromine by the chlorine

atom diminishes undesirable secondary reactions (which originate from the more labile carbon-

bromine bond) by decreasing the radical concentration.
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Figure 1. Overlaid SEC traces (THF, 40°C, trichlorobenzene (TCB) as flow marker) of the
macro-initiator P3-a, the corresponding diblock copolymer P4-a and the azo-copolymer P6-a.
As shown in Figure 1, the SEC trace of the P4-a BCP appears clearly shifted as regards
to the P3-a PDMS macro-initiator highlighting the successful copolymerization of the second
block from the ATRP macro-initiator. The absence of a shoulder at higher retention times
proves the high efficiency of the initiation system. The Mn value obtained by SEC analysis
using polystyrene standards are close to the expected one and the BCP composition is in

accordance with the initial feed ratio as determined by 'H-NMR (Figure S4). Table 1



summarized the macromolecular characteristics of the synthesized BCPs. The results obtained
from differential scanning calorimetry (DSC) confirm the synthesis of segregated diblock
copolymers with the presence of the characteristic thermal transitions of each block, i.e. the
PDMS melting temperature at -41°C and the glass transition of the P(tBA-co-MA) block at
28°C (see Figure S5). Incorporation of tBA moieties was further evidence by a large
endothermic peak at ca. 210°C assigned to the evaporation of isobutylene formed from the

decomposition of the tBA groups [42].
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Figure 2. Overlaid *H-NMR spectra corcrlée;n;;cglnsg?;l(ap?()) the diblock copolymers: P4 in CDCls,
P5 in a mixture of THF-d8 and DMSO-d6, and P6 in THF-d8.
Synthesis of poly(dimethylsiloxane)-b-poly(methyl acrylate-co-disperse red 1 acrylate).
The synthesis of the dye-containing BCPs requires a deprotection approach which does
affect neither the acid- and base-sensitive PDMS backbone [43], nor the ester linkage between
the two blocks. Preliminary tests using ZnBr, as deprotecting reagent (see Supporting

Information) prove to be suitable for the hydrolysis of the t-butyl ester moieties but also lead to

some cleavage of the ester bond between the two blocks. As opposed, in situ generated



trimethylsilyl iodide (TMSI) allows the dealkylation of the t-butyl ester groups yielding the
corresponding silyl ester groups [44,45] which were subsequently hydrolyzed in a
water/methanol mixture to carboxylic acid (see Supporting Information for experimental
details). *H-NMR analysis (see Figure 2) confirms the hydrolysis of the t-butyl ester groups
with no influence of both the PDMS block and the ester linkage between the two blocks. The
composition of the P5 copolymers was determined by 1H-NMR (see Figure S6) resulting in
DMS/BA/MA/AA weight fractions (wt%) of 68/3/14/15 for P5-a and 46/8/21/25 for P5-b,
confirming a mostly quantitative chemical deprotection of tBA moieties. The successful
hydrolysis of P4 copolymers is also reflected on the DSC thermograms by the shift of the glass
transition of the second block from 28°C for the P(tBA-co-MA) block in P4-a to 86°C for the
P(AA-co-MA) block in P5-a (see Figure S5). It is noteworthy that the large endothermic peak
related to the thermal decomposition of tBA moieties apparent on the P4 copolymers DSC
thermograms is not present for the P5 copolymers, underlining the successful deprotection to a
large extent.

The embedding of DR1 in the side-chain of the block copolymer P5 was performed
using a modified Steglich esterification method which employs N,N’-diisopropylcarbodiimide
(DIPC) and 4-(dimethylamino)pyridinium p-toluenesulfonate (DPTS) as catalysts (see Scheme
1 and Supporting Information for experimental details). Interestingly it was found that this 1:1
molecular complex between DMAP and pTSA was more effective than DMAP alone in order
to yield a higher loading of the dye [46]. The attachment of the dye was confirmed by the
appearance of a signal at 4.24 ppm in the *H-NMR spectrum of the P6 copolymers (see Figure
2) assigned to the oxymethylene protons of the ester linkage between DR1 and P5. The
composition of the P6 copolymers was determined by *H-NMR (see Figure S7) resulting in

DMS/tBA/MA/DR1A weight fractions (wt%) of 40/2/9/49 for P6-a and 34/6/15/45 for P6-b.



The SEC chromatograms of the P6 copolymers did not show a clear shift as regards to the parent
P4 copolymers as the dye moieties strongly interacts with the stationary phase of the GPC
columns. As an indirect evidence of the formation of well-defined block copolymers through
this synthetic pathway, DOSY-NMR analysis shows only one room-temperature diffusion
coefficient in THF-d8 for P6 copolymers and confirms the absence of impurities such as the
PDMS macro-initiator (see Figure S8 and S9). No drastic modifications of the DSC
thermograms of P6 copolymers were noticed apart a small shift of the glass transition
temperature of the P(MA-co-DR1A) block at 86°C (see Figure S5). UV-Vis absorption
spectroscopy measurements of P6 copolymers performed in THF at 25°C show the
characteristic absorptions of DR1 moieties; i.e. a maximum at 285 nm which is attributed to the
n—m* transitions of the aromatic rings, and a strong absorption band at 470 nm which

corresponds to the n-rt* transitions of nitrogen lone pairs (see Figure S10) [47].

Self-assembly behavior of poly(dimethylsiloxane)-b-poly(methyl acrylate-co-disperse red 1
acrylate).

Synchrotron small angle X-ray scattering (SAXS) patterns of the P6-a and P6-b samples
are presented in Figure 3. The SAXS pattern of the bulk P6-a sample presents a first-order peak,
g, at 0.186 nm™ and higher-order peaks located at g/q” = 1, 2, 3, 4 and 6, consistent with a
lamellar phase having a period, p, of ~34.5 nm. Such morphological assignment is in
accordance with the BCP composition taking into account the higher density of the (methyl
acrylate-co-disperse red 1 acrylate) block. Atomic force microscopy (AFM) image presented in
Figure 3b shows a solvent-annealed (3h, THF) P6-a thin film (p ~ 32 nm) treated by a CF4/O>
reactive ion etching (RIE) plasma to remove the PDMS surface wetting layer, in which an out-
of-plane lamellar structure can be observed. The lamellar pitch measured from AFM is slightly

smaller than the bulk periodicity obtained by SAXS. The poorly-defined SAXS pattern of the



bulk P6-b sample could be tentatively assigned to a hexagonal-close packed (HCP) cylindrical
structure with a period, p, of ~35.8 nm (p6mm symmetry) with few peaks located at g/q” = 1,
312 4Y2and 7V2 (@ = 0.2 nm™2). Here the bulk period is in accordance with the pitch measured
from a solvent-annealed (3h, THF) P6-b thin film exhibiting both in-plane and out-of-plane

cylinder orientations (p ~ 34.5 nm) (see Figure 3).
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Figure 3. (a) Synchrotron SAXS patterns of the lamellar PDMS-b-P(MA-co-DR1A) P6-a (full
dots) and cylindrical PDMS-b-P(MA-co-DR1A) P6-b (empty dots) samples obtained at room
temperature (Curves have been shifted vertically for clarity). (b) and (c) AFM topographic
views of solvent-annealed (3h, THF) lamellar PDMS-b-P(MA-co-DR1A) P6-a and cylindrical
PDMS-b-P(MA-co-DR1A) P6-b thin films, respectively, treated by a CF4/02 RIE plasma.
Scale bars: 200 nm.

To inscribe a sinusoidal pattern on the microphase separated azobenzene-containing
BCP layer surface, the photo-induced motion property of azobenzene groups was exploited to
generate the surface-relief grating (SRG) by using a Lloyd’s mirror interferometer set up [13].
The 3D-AFM topographic image presented in Figure 4a-b shows the formation of a sinusoidal

pattern inscribed into the microphase-separated 180 nm thick P6-a and P6-b BCP layers with a

p-polarized laser beam (A =532 nm). As extracted from the height cross section profile averaged



over the y axis (see Figure 4c-d), the produced sinusoidal patterns have a 315 nm wave period
with an amplitude of ~5 nm, independently of the exposed BCP layers. Nevertheless the quality
of the sinusoidal patterns strikingly differs between the lamellar and cylindrical BCPs. While
the pattern quality is reasonably good for P6-a, no segregated BCP structure is visible on the
AFM view presented in Figure 4a. As opposed, the P6-b layer shows highly defective
segregated BCP structure, but the overall quality of the sinusoidal pattern inscribed is poor as
regards to common SRG patterns inscribed from substituted poly(methacrylate) layers [1]. This
effect is amplified for the P6-b layer due to dewetting phenomenon observed during the thin
film process which leads to ill-defined patterns in the dewetted regions.

The overall SRG behavior of these BCP layers, and particularly the low thickness
modulation induced by the SRG inscription (~ 5nm), is inherent to the lack of mobility induced
by the already segregated as-casted block copolymer thin film even if a low T¢ PDMS block
was associated to the P(MA-co-DR1A) block to counterbalance this effect. As a consequence a
highly disrupted block copolymer structure is obtained after the SRG patterning. Subsequent
attempts to improve the BCP structures for both P6-a and P6-b by either solvent or thermal

annealing did not lead to conclusive results.
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Figure 4. (a, b) (5 x 5 um) AFM topographic views and (c, d) their associated height cross
section profiles averaged over the y axis of solvent-annealed (3h, THF) P6-a and P6-b thin films
after the sinusoidal pattern inscription into a 180 nm layer then subsequently treated by a CF4/O>
RIE plasma to remove the PDMS top layer.

To conclude, the employed synthetic approach is a suitable method for obtaining well-
defined PDMS-based BCP containing DR1 moieties, with loadings up to 50 wt%. The
embedment of larger amounts of dye has proven to be more difficult to control using the same
reaction conditions. These photo-responsive materials were used to subsequently demonstrate
the concept of having a PDMS-based BCP capable to exhibit both surface relief gratings and
self-assembly on the surface-layer. Such sinusoidal patterns inscribed onto a microphase-
separated Si-containing layer could be envisioned as guiding patterns to direct the self-assembly

of high-y BCP materials for next-generation lithography. As high-y materials are generally Si-

containing BCPs, laterally-ordered sub-10 nm features with an out-of-plane orientation could



be achieved on such advanced surfaces combining both grapho- and chemo-epitaxies. Future
works targeting the improvements of the hierarchical patterning obtained from such photoactive
BCP systems are currently under progress using BCP chains with enhanced mobility obtained
either by the copolymerization of the DR1 methacrylate units with methacrylate units bearing
longer alkyl chains (butyl or hexyl) or by the addition of plasticizing molecules into the
nanostructured thin films.[48] Such methodologies are envisioned to favor the mass transfer

involved during the SRG patterning, resulting thus in higher quality patterns.
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