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Abstract 

DIM miktoarm star copolymers, comprised of polydimethylsiloxane [D], poly(1,4-isoprene) [I] 

and poly(methyl methacrylate) [M], were synthesized using a newly developed linking methodology 

with 4-allyl-1,1-diphenylethylene as a linking agent. The equilibrium bulk morphologies of the DIM 

stars were found to range from [6.6.6] tiling patterns to alternating lamellar and alternating cylindrical 

morphologies, as determined experimentally by small angle X-ray scattering and transmission 

electron microscopy and confirmed by dissipative particle dynamics and self-consistent field 

arguments. The thin film morphologies, which differ from those found in the bulk, were identified by 

scanning electron microscopy, coupled with oxygen plasma etching. Square arrays of the PDMS 

nanodots and empty core cylinders were formed on silica after oxygen plasma removal of the 

poly(1,4-isoprene) and poly(methyl methacrylate) which generated nanostructured substrates 

decorated with these features readily observable. 
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on Zeiss Supra 40VP at 1 kV accelerating voltage and 3-4 mm working distance without additional 

gold sputtering.  

4-Bromo-1,1-diphenylethylene (DPE-Br). As shown on Scheme 1, bromobenzene (24 g, 0.228 

mol) was converted to Grignard reagent by reacting it with magnesium turnings (5.7 g, 0.234 mol) in 

600 ml of dry diethyl ether followed by slow addition of 4-bromoacetophenone (42 g, 0.211 mol). 

The reaction mixture was stirred for 0.5 h at room temperature and neutralized by 1.5 L of saturated 

NH4Cl aqueous solution. After extraction with diethyl ether organic phase was washed with saturated 

NH4Cl and water, then dried and concentrated. Azeotropic dehydration using Dean-Stark apparatus 

in toluene in the presence of catalytic amount of p-toluenesulfonic acid afforded a crude product 

which was further concentrated and distilled under reduced pressure,  yielding 50 g (91%) of 

transparent liquid (b.p. 105 °C at 0.025 mbar). 1H NMR (CDCl3, 400 MHz, in ppm): 7.50 (d, J = 8.6 

Hz, 2H), 7.37 (m, 5H), 7.26 (d, J = 8.5 Hz, 2H), 5.51 (dd, J = 8.1, 1.0 Hz, 2H). 

4-Allyl-1,1-diphenylethylene (DPE-All). DPE-Br (30 g, 0.116 mol) was converted to Grignard 

reagent by reacting it with magnesium turnings (3.1 g, 0.128 mol) in dry THF resulting in a dark 

brown solution to which allyl bromide (11.0 ml, 1.127 mol) was added via syringe leading to 

immediate reaction as judged by the disappearance of color and the boiling of the mixture. The 

mixture was warmed to 65 °C for 10 min and cooled to room temperature. Standard work-up 

consisting of diethyl ether extraction and repetitive water washings followed by concentration on a 

rotary evaporator and fractional distillation afforded 12 g (43%) of DPE-All as a transparent liquid 

(b.p. 100 °C at 0.09 mbar). 1H NMR (CDCl3, 400 MHz, in ppm): 7.39 (m, 9H), 6.06 (ddt, J = 16.8, 

10.1, 6.7 Hz, 1H), 5.50 (dd, J = 9.7, 1.3 Hz, 2H), 5.16 (m, 2H), 3.48 (d, J = 6.7 Hz, 2H). Elemental 

analysis: theory for C17H16 92.68% C, 7.32% H, found 92.53% C, 7.34% H. Mass spectrometry: m/z 

theory for C17H16 [M+] 220.1, found 220.4. The compound (DPE-All) must be stored at -20 °C since 

at 4 °C slow decomposition was evidenced by a yellow discoloration. 

Anionic polymerization. The experiments were realized using an anionic polymerization set-up  

described elsewhere.53,54 In a typical example (Scheme 1), D3 was polymerized using sec-butyllithium 

as an initiator in THF at -5 °C for 16 h plus 6 days at -20 °C followed by end capping with 3 times 
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excess of chlorodimethylsilane.18 The PDMS-H produced was reacted with DPE-All by a 

hydrosilylation using Karstedt's catalyst in toluene at 40 °C, affording functionalized PDMS-DPE 

macromonomer. In order to link the second poly(1,4-isoprene) [PI] arm to the macromonomer, 

isoprene was added to the mixture of sec-butyllithium initiator and cyclohexane in 1L reactor and 

stirred for 10 h at 40 °C (overpressure!). Such nonpolar polymerization conditions yield 

poly(isoprene) characterized by 75% cis-1,4, 20% trans-1,4 and 5% 3,4  microstructure.55,56 The 

solution of living poly(1,4-isoprenyl)-Li (1 eq.) was transferred to the second reactor containing 

excess of dried PDMS-DPE macromonomer (2 eq.) and LiCl (5 eq.) in dry THF resulting in the 

development of an intense red color. After 2 h at -45 °C the reaction mixture was cooled down to -78 

°C and a predetermined amount of MMA was added. The polymerization of the MMA monomer was 

conducted for 1 h at -78 °C and the resulting product was precipitated into excess of methanol.57-59 

The purification was effected by extraction of an excess of unreacted PDMS-DPE with hexane and/or 

fractionation in toluene/methanol mixtures. The product was dried under vacuum at 50 °C for 16 h at 

0.001 mbar.  

 

Scheme 1. Synthesis of the difunctional capping agent, 4-allyl-1,1-diphenylethylene (DPE-All), and ABC miktoarm star. 

 

Dissipative particle dynamics. The simulations were performed as described previously60-63 

except for the values of the interaction parameters between simulation beads building up the chains. 
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the air interface, resulting in a relatively non-frustrated morphology oriented orthogonal to the film 

surface.79  

Another important effect originates from the confined movement of the ABC junction points 

which are allowed to migrate only in one dimension compared to the two dimensional movement of 

connecting points in AB block copolymers.49,80 This, coupled with the connectivity of the three blocks 

precludes the formation of the PDMS wetting layer on the top of the microphase separated thin film, 

which is well-recognized in PDMS containing block copolymer films.12,81 As a consequence, the 

surface morphology could be directly imaged by SEM without the need of short CF4 plasma etching 

to remove the PDMS top brush layer (Figure 7A). Moreover, all three components could be 

distinguished by direct observation with SEM (Figure 7A inset): white (PDMS), grey (PMMA) and 

PI (dark). 

In another example, in contrast to [ALT. LAM] in the bulk, core shell cylinders appear on silica 

substrate for DIM-4.9 (Figures 3C and 7B). In this scenario, rather than forming lamellae, as in the 

bulk, PMMA forms a matrix (Figure 7G) thereby maximizing its interactions with the substrate. The 

existence of all patterns was confirmed by selective removal of PMMA and PI by isotropic oxygen 

plasma etching (50W, 0.3 mbar, 5 min). Upon such treatment PDMS is converted into silicon 

oxycarbide forming characteristic patterns resistive to further oxygen plasma etching (Figure 7 C, D, 

F, H). Both patterns identified in this work, namely, the square array of equally spaced silicon 

oxycarbide domains (pitch = 25 nm) and the free standing cylindrical shells of oxidized PDMS (pitch 

= 53 nm), represent unique surface morphologies unattainable by means of diblock copolymer 

lithography. Needless to say, the abovementioned patterns could further be transferred to underlying 

silica substrate by CF4 plasma exposure or used as prepared for a range of applications where 

nanopatterned substrates are required.82  

As for the samples DIM-0.8 and DIM-13, our attempts to observe their surface patterns were not 

successful for two possible reasons. In the case of DIM-0.8 the film de-wets the substrate immediately 

after spin coating from toluene solution. Presumably, the low PMMA content in this sample precludes 

effective adsorption of the DIM-0.8 onto the silicon oxide. For DIM-13, despite the fact that uniform 
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films were always produced via spin coating, reduced chain mobility at such high molecular weight 

(287 kDa) may account for the inability of the copolymer to form well-defined surface morphologies.  

 
Figure 7. SEM images of the thin films of DIM-2.0 (A, C, E, F) and DIM-4.9 (B, D, G, H) after SVA in acetone (A, B) followed by 
oxygen plasma etching (C, D, F, H). Bottom row represents computer generated images of the corresponding morphologies before 
(E, G) and after oxygen plasma etching (F, H). Color code: D – blue, I – green, M - red 

 

Conclusions 

A series of DIM miktoarm stars consisting of polydimethylsiloxane [D], poly(1,4-isoprene) [I] and 

poly(methyl methacrylate) [M] arms were synthesized by anionic polymerization using a novel 

linking agent, 4-allyl-1,1-diphenylethylene. The bulk morphology of DIM was investigated as a 

function of the volume ratio of M/D = M/I = 0.8-13 while the ratio of D/I was fixed at ~ 1. A 

systematic increase in the molecular weight of the M arm resulted in the morphological transition 

from [6.6.6] cylindrical tiling to [ALT. LAM] and back to [ALT. CYL] in the bulk. The real space 

morphologies were determined using TEM, DPD and SCFT, while SAXS and Fourier transform of 












