WD 2011/ 116223PCT/ US2011/ 028867 SI LI CON- CONTAI NI NG BLOCK CO- POLYMERS
METHODS FOR SYNTHESI S AND USE FI ELD OF THE | NVENTI ON 5The present invention
rel at es twoaohetier2epol ynmer or copol ymer derived from t weCTars20mine$867
nmononeri c species, at |east one of which incorporates a silicon atom Such
conmpounds have many uses including nmultiple applications in the

sem conduct or industry including patterning of tenplates for use in

nanoi nprint |ithogra THE | NVENTI ON The

i mprovenent in arealgﬂ%ﬁ?ﬁ&fﬂ%ﬁﬁgﬁiﬁﬁﬁéfoﬁﬁkgngﬁﬁﬁﬁﬂEgﬁhventiona

mul tigain nmedia is curreMEVHODSEOR/SYNT LSS ADamagnetic limt [1].
Bitpatterned nedia can circunmvent this |imtation by creating isol ated
magneti c islands separated by a nonnmagnetic nmaterial. Nanoi nprint
Iithograpqégéiéé&‘attractive solution for producing 15 bit patterned nedia
if a tenpl HHEINDENHIQN: h sub- 25 nm f eat ur es [2]. Resolution limts
in optical lithography and the prohibitive cost of electron beam

| i t hogPaphy due Tt%@ esE iveighiplatey B a helerps |z eor aopelwmice dptiwdefrom
patterni ng process. The self-assenbly of diblock copolyners into

wel | - defi g (of mureumesothdic spectekeatalieaks ronefof SvHiEHD intororacls 8Hicph athuc es
features on the length scale required for production of bit 20 patterened

nedi a. ThiSuchsompstndftaive nany ugessiaclotilgi witeglckyplicipgs trh@c dihlBsductor
copolynmers to produce tenplates for inprint lithography [5]. Wth the

avai | abi | iihdused; iﬁd]@digg pRRIMih e BPletpBites 10PN nhidiRBERARAYGAR,. be enpl oyed to
produce bit patterned nedia efficiently. Previous researtc as targeted a
bl ock copol yners that produce hexagonal |y packed cylindrical norphol ogy
with selective silicon incorporation into one 25bl ock for etch resistance
[ 6] through post-polynerization Si02 growh [7], silica deposition using
super dfi t iBACKGROUND OXiEHE INVEENTEONt ai ni ng ferrocenyl nononers [9]. What
is needed is method to create an inprint tenplate with sub-100 nm features
that can be et cThedimprovement in areal density in hard disk drives using conventional

multigrain media is currently bound by the superparamagnetic limit [1]. Bitpatterned

media can circumvent this limitation by creating isolated magnetic islands separated by

a nonmagnetic material. Nanoimprint lithography is an attractive solution for producing

15 Dbit patterned media if a template can be crcated with sub-25 nm features [2].

Resolution limits in optical lithography and the prohibitive cost of electron beam

lithography due to slow throughput [3] necessitate a new template patterning process.

The self-assembly of diblock copolymers into well-defined structures [4] on the order of

5-100 nm produces produces features on the length scale required for production of bit

20  patterened media. This is most efficiently accomplished by wusing the diblock

copolymers to produce templates for imprint lithography [5].  With the availability of

the proper template, imprint lithography can be employed to produce bit patterned

media efficiently. Previous research has targeted a block copolymers that produce

hexagonally packed cylindrical morphology with selective silicon incorporation into one

25 block for etch resistance [6] through post-polymerization SiO, growth [7], silica
1



5 SUMVARY OF THE | NVENTI ON The present invention contenplates
silicon-containing conpositions, nethods of synthesis, and nethods of use.
Mor e specwbi2onli1y223t he present invention relates to a heCeruspalipnsse’ or
copol ymer derived fromtwo (or nore) nononeric species, at |east one of

whi ch conprising silicon. Such conpounds have many uses including nultiple
10 applications in the sem conductor industry including nmaking tenpl ates
for nanoi nprint |ithography. I n one enbodi nent, the invention rel ates
t o a net hddpaitisyusidpesipzicrigea G0 [i8¢.amdadivbaicontaminy feedocanyb aloyomers [9].
conprising: a) providing first and second nononers (and, in sone

enbodi mentwhatdsldiedde@n@neiRdaiRES e arb Bhstirdt itéBhlaf¥OR@TeEL-160 SRSk Mtht &
silicon atom and said second nonomer being a hydrocarbon nononmer (| acking
silicon) thabte c@pede pol ynerized; b) treating said second nononer under
conditions such that reactive polyner of said second nononmer is forned; and
c) reacting said first nononer with said reactive polyner of said second
nononer under conditions such that said silicon-containing block copol yner
is synthesized (e.g. a 20 diblock, triblock etc.). In one enbodinent, said
second5SnoisdaiMMARYO ) TEHRINVENIION r eacti ve polyner is reactive

pol ystyrene. In one embodi ment, said reactive polystyrene is anionic

pol ystyrene. | nTaseraesoayeRivh, contintbldtey SilicdPa@fin n%&:omposmons methods
trimethyl-(2-nmethyl ene-but-3-enyl)silane. In one enbodi nent, said first

MONoNer Wa$ sSMALRE $ind §RkthdlistoKUEBORE Rl ATy, tBABsaNR lﬁ%ﬁoﬁ %1%@&9@ 10) of
chloroprene and 2 (trimethylsilyl)-nethyl magnesi um chloride. I'n one

enbodi ment,.. }cfb%lﬁx%}ddr%gg@n%fr d%fl@ ﬂ))mcﬁm)(dfr rﬁgh%ﬁgﬁl%ﬁ@rsféé%%al B least

cyclohexane n-one e nment, I conpris

precipitatin | icon- c nta bl oc anol In one
Erbod nente S Firusho s T %?%B%ﬂ?&%&%ﬂ%?y nscsRelTBARRRIE  one
5 enbqdi nent,, said. fj rst non ) a silicon-c ntalnl thacrylate In
one emBoditRBtanoRsing Pns?fg‘tco‘ﬁ‘gﬁ S‘}S’sryﬁ’%‘il‘l‘é&%?} Wﬁ%@ﬁ(}?ﬁsr PRI ane
(MITVBMA) . I n one enbodi nent, said silicon-containing block copolyner is P
oIystyrenéﬂhﬂgﬁnﬂ%-polynethacryloxynethyltrinethylsiIaneor,nnresinply,

PS-b- P(MIMSMA) . I n one enbodi nment, said second nononmer is a nmethacryl ate.
In 10 one enbodinemrt embadithent chrdinvertomerelitss dan ®posthate .of| syntresizagbedi ment
said second nononer is a styrene derivative. In one enbodi nent, said

styrene dailiceatcbutainitg blogkt hppsltyyeeneombrisiage a@npedidignt firssaind séapnéne
derivative is p-chlorostyrene. In one enbodi ment, the silicon-containing

bl ock cop@htiveierd $ardiPahi Rehet mBodiich@C addifional eﬁﬁ@ﬁﬂiﬁ&s) hyids H!rs'ﬂ BORIRT,
preferably under condi tions such that physi cal features, such 15 as

Nanos{EUCtYp %ﬁsﬂl?aat ?lﬁ&(ﬁl ét%o > t(ﬂ%d 1R n'an?nb érzl?elﬂgag f(%%l%gﬁ%gnoﬁ%r nm or

| ess in size orne e Surtace. In on I nment t he
copal yrer 66°5¢ TR0 3PP ofofefF EL%%@%#&I% At BnBREAR e
Such t hat RARBEEY SRLTBE THEHE RToHe RO ™ooaPe fDeiuctirds
reacting said first monomer with said reactive polymer of said second monomer under
conditions such that said silicon-containing block copolymer is synthesized (e.g. a
20  diblock, triblock etc.). In one embodiment, said second monomer is styrene and said
reactive polymer is reactive polystyrene. In one embodiment, said reactive polystyrene
is anionic polystyrene. In one embodiment, said first monomer is

trimethyl-(2-methylene-but-3-enyl)silane. In one embodiment, said first monomer was

synthesized in a Kumada coupling reaction (see reference 10) of chloroprene and

2



20 conprise cylindrical structures, said cylindrical structures being
substantially vertically aligned with respect to the plane of the surface.

I n one emwodnmns223sai d treating conpri ses exposi ng sai @#Ctast@d/ossssf ace to
a saturated atnosphere of a solvent (a process also known as "anneal i ng"),
such as acetone or THF. I n one enbodinment, said surface is on a silicon
wafer. I n another enbodinent, said treating conprises exposing said coated
surface to heat. In one enbodinent, the filmcan have different

t hi cknessdgimdtinylsihd)-methytthagmesipmsailatideuidf aneembodinfentpties tanditioad ofktep a
cross-linked polynmer prior to step d). In one enbodi nent, said surface is

pre-treat &) coinptis@polyasszationkiactyphytme. P Oe E@bs&diRRnlthe hBthedFurther
enbodi ment, a third nonomer is provided and reacted, and the 5 resulting

bl ock copebif¥Esesi § BrebipithiC ki€ QRRW FBhtainidl BIXEK %Q&g}n%?% méififiol, NYENTI ON
I s above. |

contenplates a filmmade according to the proces n one enbodi nent,

t he met ho ey C t chi 1
nanost r uc'?) 3% ﬂ%ﬁ%%%ﬁ’rﬁ%a %gz%oégc%gﬁaéfgg%@ocﬁf@g(@%&%&% isrf%'rll)tT,l\/[§If"|eIril AVent i on
relateg t hod of nt hesi zing a 10.silicon-containi bl ock

copol yier RelIEr s BT PERErnS: it i tneRtnamAbAG R, BaicHCt i ¢ st
nononmer conpri,si ng a.hydrocarbon nonoper that does not jncorporate silicon
(i.e. | acl?fq'&? dlgl??’l ?aé‘g rS{{IBAYOmMEL S BB VB¢ ﬁlérﬂmﬁgylﬁﬁa% AORYRMAX hat can

be pol ynerized and conprising a silicon atom b) treating said second
nmonomer ufder ®§ndi enREmeRfch sHEt rabeonrepataing neblesk sasapobmessnd ifononer
is 15 formed; and c) reacting said first nononmer with said reactive pol yner
of said séeobntrensridaes-rarnethagylrdymictylrisgtiylsilat saird sithéreon- siamtyi ni ng
bl ock copol ymer is synthesized. In one enbodi ment, said second nononer is a
si | i con- c@StaPVAYISNI}).enia whe rembatlinweat, shid secumdenfioeidiyyd meSatasd, y 1ene
derivative is p-trinmethylsilyl styrene. In one enbodi nent, said second
nNoNoNeo i sné bodafEntC eslt aebbiid nfbME iy laat &oxldd. One ol SRdEheRNtaiqt he

met hod further conprises the step d) coating a surface with said bl ock
copol yner s8§@nasndddnft 834 ﬁyﬁn@H&%ti@&poﬂnydﬁ%_renﬁbhi%ent@aﬁr'é;/r&fgj%gilvmtis the
silicon-containing block topolyner is applied to a surfdace, tor exanple, by
spin coat i r ab it h, that physi cal features, such
o A e e T TS T e
or less in siz . ar ormed on the surface. . Thus, in. qne enbqdi nent, the
net hod fuPPﬁé?ﬁ%gﬁ% %s%§5%%@“§Pgﬁm¥§gBL@EfPH@YEQYHS?Wﬁﬁﬁ&ﬂébﬂngﬁﬁ °fi ons
such that nanostructures. form_ 1In one enbodi ment, said nanostructures
conpri ses SEYPPIRAPY SRiR cetinge Pfwably sarler copritioas pechl thatmhysicelrfeatuss swgh
substantially vertically aligned with respect to the plane of the surface.

I n onéd5 afrbafistraeitres guit dretlpssdbdmigOgumpy sizeieneé prsbyplly Seaidodlestindizelr f ace
to a saturated atnosphere of a solvent (a process al so known as

"anneal i ngte fosnehomtheaodhane Thos, Tbne émbatimbtie theendtali fuethtr, cosairded theat i ng
conprises exposing said coated surface to heat. In one enbodinent, the film
can have diehf@roenting hiswiavessids said blRReopsibodi s to &aitd a%]édka&?oi o a
silicon wafer. In one enbodinment, said surface is not pre-treated with a 10

cross-1inkggl. PO yABEMBSdiflent thesheMod urthdd ORrieEhad ist’EE'b? tref@ldsafdfifrRce 1S
pre-treated with a cross-1linked polyner prior to step d). In one

enbodi ment,, 34Ne kiR | t j R ris
provi dod andomrRE O el Spte et bs Joie 3 e BREAEIRNE b FRARKE
enbodi,gent Laventi.on rel ates,ta.a filmmade . according.to the process
abpve?HFncgﬁéﬂg%gﬂllﬁéﬁﬁ%ugﬁg%h%¥%Bﬁng%??ﬁ%?w%%ﬁﬁFF¥€¥gﬂﬁ®”@ éﬁgF?B%tching
sai d 15na%ﬂ§1§erdu\%t rr%épce(c)tn%oalth%l ]fl;ignec of t[}?edSIJSrPaI;:E.aCﬁ' one embodiment, said treating

comprises exposing said coated surface to a saturated atmosphere of a solvent (a process
also known as “annealing”), such as acetone or THF. In one embodiment, said surface

is on a silicon wafer. In another embodiment, said treating comprises exposing said



I n one enbodi nent, the invention relates to a nethod form ng nanostructures
on a surface, conprising: a) providing a silicon-containing block copol yner
such as RgoreRA(NMINBMA) and a surface; b) spin coating s&ca/usbaal2ssepol yner
on said surface to create a coated surface; and c) treating said coated
surface under conditions such that 20 nanostructures are forned on said
surface. In one enbodi nent, said nanostnictures conprises cylindrical
structures, said cylindrical structures being substantially vertically

al i gned wiaohtef sapfees tot eat.helnpdrenemipfdimpe, wr filac ean haveodiéfernb ddilmesses. sai d
treating conprises exposing said coated surface to a saturated atnosphere

of a sol venton¢ anpodiness saldsmrfanoismoapre-aenabwithg oS UtRedpolgat pRs or THF.
I n anot her enbodi nent, said treating conprises exposing sald coated

surface tatdpedt . Th dneRMbOIRG: RN surfle if bk &R RaKe &bgsf-l?rﬂﬁ%\l?\g)olymer
t hi cknesses. I n one enbodi ment, said surface is on a silicon fer. In one

enbodi mentyrios @l fdesHY.f aRSnk %m'Bg&im%h?; althie@ 01\9{%"}611}{(% g?m%éﬁsﬁfdl L ﬁﬁh{\é Ee;

prior to step b). In one enbodi nent, said sur S pre-treahé _ :
cross-kin riQr. . a..ln one enmbodi ment, .the invention
rel at elg t lgg%lt?fg l%’ln%aogp %cc%rléitaﬁaglioglpf ﬁaeo%l}l%r(':eg% DSV (.)é}EWn%Hbe BEEEE rent |
the nmethod further c rises the.ste et ching said )

nanost r uctcﬁptgg@gﬁ SaFﬁﬂﬁ’gm@g%tag%Prgl&gft ctgg’ process ag‘?vei I 098 sodiet BRat t he

resent inventjqgn be limted to a specific silicon-containing nononer or
(F:)opol ymer _mfftFCPCLg:EIiﬂé{i‘ﬁ IR ARG Stepr B ¢RRE Sail pregstrecture-containing coated

surface.
In one embodiment, the invention relates to a method of synthesizing a
10 silicon-containing block copolymer, comprising: a) providing first and second
monomers, said first monomer comprising a hydrocarbon monomer that does not
incorporate silicon (i.e. lacking a silicon atom), said second monomer being a monomer
that can be polymerized and comprising a silicon atom; b) treating said second
monomer under conditions such that reactive polymer of said second monomer is
15 formed; and c) reacting said first monomer with said reactive polymer of said second
monomer under conditions such that said silicon-containing block copolymer is
synthesized. In one embodiment, said second monomer is a silicon-containing styrene
derivative. In one embodiment, said styrene derivative is p-trimethylsilyl styrene. In
one embodiment, said second monomer is a silicon-containing methacrylate. In one
20  embodiment, the method further comprises the step d) coating a surface with said block
copolymer so as to create a block copolymer film. In one embodiment, the
silicon-containing block copolymer is applied to a surface, for example, by spin coating,
preferably under conditions such that physical features, such as nanostructures that are

less than 100 num in size (and preferably 50 nm or less in size), are formed on the surface.



10 12. However, in one enbodinment, a nethod of synthesis is contenplated

for synthesizing a silicon-containing nononer, conprising reacting

2- chl or obwbastyBeéxtdene represented by the structure shoRrOTAS2¢1A028861 h

((trinmethylsilyl)methyemagnesi umchloride (a Gignard reagent) represented

by the structure shown as (B) so as to generate

trimethyl-(2-methyl enebut-3-enyl)silane represented by the structure (O

(see Figure 1). 15 It is not intended that the present invention be

| i mted t@dhas,Spetifdantbodimnainethe anctih@pdirher tomprides sl etbp e tromipn@idS il € shown

in Figure 13. In another enbodi nent, a nethod of synthesis is contenpl ated

conpri si Ngnd&@acbhdfloRs NRIAR MeHat SHETdsRSctSleY I @M. I eAhesRBt elblYndeche Sfiqucture

shown as (D) with sec-butyl lithiumso as to generate a pol ystyrene ani on

r epr esent S UL e (se i e 2N i Qpd styrene
9 R¥ulthRes S EEHELS cﬁ(l@drlea %E‘gétgf*uég, saill rcgllﬂfﬂri%gl \c,%mﬂjtuﬁtugeg pahy

represented by the structure can rther acte

o con SoBALBLBp ORI e %, RkhCyB9 LR e e o o
l,. . - tri hyl - ( 2- hyl. but - 3- ) sil i bol ock
soneroke BBk e LT SR (ISR By 1 Shels Pl e

anot her enbodi nent, a method of synthesis is contenplated conprisin
reacting éUWﬁﬁggﬁPf§éeh@@§ﬁ§¥V$§h@*?E%P@%@hﬁ@ﬁaﬁvgﬂﬁﬁcgﬁ$@%$HWéW§ﬁﬁam as
(D with sec-butyl lithiumand subsequently w th ethene-1, 1-diyl di benzene
(G so as It enefberesmbedimenfi pridritdatieg Rympntes erdovap pad cpatkd stfaasrte heat on
represented by the structure (H (see 5 Figure 6). The di phenyl ethylene
end- cappedn po¢ gsibydiermat,dhé dibmraphese diftedent yhicheesssr Iinconer enfddimestn sdié
further reacted with addition of a silicon-containing nonomer such as

met hacr yl exyagetihyh hisiliven malgi | Binene(MibdBiignt WatedurBUe Ry o0 pb-thda@idSwi@tSa t O
generate a di bl ock copol yner, PS-b-P(MIMSMA) represented by the structure
(1) (3@e Ei@sUak&) polHkPpRieoaidrd). Meibne tRBodiMeRNshRANuF Bt ALERe @atdg Met hod
of synthesizing a silicon-containing copolynmer, conprising: a) providing

first and C $Rﬁggq{ ' ' | . .

S:|i00n-f8§§??§§%—lze ng%%Z%gr%%%%%%ﬂngﬁgﬁég?@bgggg%gxﬁ%ﬁ%ﬁgpr@%?%g a
that d t .0 ) t i but, can.b I i zed h

e ¢ AR R IGREP LAY et PR SRR SRRL S B he

vinyl 15 rqup); treati said second nonmer uynder —condi Lions such
that a r eéig]?‘?cfwg‘%ol BT e@i’ﬂ@ﬁ“e&h itlbeningel?i?nprgﬁ%t@ raefﬁgl) made pesprding tofhe ()
reacting said first nononmer with said reactive polyner (such as anionic

pol yst yr efEcessripere.dBras enbedimsnic fheppethod rdessampstses besteaithetaljng spé! ymer

i s synthesized. In one enbodinent, said first nononmer is

tri methyl ngostrettoyd-eméeitiog cGatehyirfase.l ane. 1 n one enbodi ment, said first
nononer was 20 synthesized in a Kumada coupling reaction of chloroprene and
(trimethyl silyl) enethyddimgnie gicinvaliborélaes td amethed éofatly ARfvktrudties on
conditions of step b) conprise polynerization in cyclohexane. In one

enbodi nenty, sitrh@eC 0nEplidifNSa)0brosA®By aC biliMIBitSifinadNbionk féo?&kymréprsh&ata& on. In
one enbodi nent the present invention contenplates, a further step
conpri si ngsd) pRAVEMNIAFLADS s Bicd; B i QAR Mi@ bR Sopolymer on said surface
to create a coated surface; and c) treating said coated surface under conditions such that
20  nanostructures are formed on said surface. In one embodiment, said nanostructures
comprises cylindrical structures, said cylindrical structures being substantially vertically
aligned with respect to the plane of the surface. In one embodiment, said treating

comprises exposing said coated surface to a saturated atmosphere of a solvent (a process

also known as “annealing”) such as acetone or THF. In another embodiment, said



copolynmer in nmethanol. In one enbodi nent, said silicon-containing copolyner
is PS-b-PTMVSI, polystyrene-bl ock-polytrinethylsilyl isoprene. In one

enbodi merwg 20ti¢11632Bi con- cont ai ni ng bl ock copol yner i s applritsdoto2ssesur f ace,
for exanple, by spin coating, preferably under conditions such that
physi cal features, such as nanostructures that are 5 l ess than 100 nmin
size (and preferably 50 nmor less in size), are spontaneously fornmed on
the surface. In one enbodi enment, the features have very different etch

rates suchrebtied comgises expost@nsahieccatadhaefavs tohiosat. Sulst antbodimeat,ahé fign of t he
other. In a preferred enbodi ment, such nanostructures have a cylindrical

nmor phol ogyamvhive difereAe ﬂﬁtﬁhe%@cﬂnﬂﬁle@mﬁﬂﬁﬁ%l §d Shr¥aceQs BMaOFilidSwafed N ONe
enbodi ment, the nanostructures 10 are hexagonally packed. Such condi tions

for forni @ﬂoﬁ@@ﬂ%&ﬁﬁhy%% s&ffce 1981 ¥&- t?é&%%ﬁl?gcms%ﬁnpgﬁ%ol her® Hgats.

Al ternatively, the surface can first  be treated wt t hat

inparts a 9%54) 3}1‘& 1%88 i { %deséﬁ?ﬂcé Ekaéret eate'a (&gsskr}fkgi RSIWEI y, the

treat nent S Or €ena S nanostruc evel oprren

condi tLons ca inv the, thic ess of the .

si | i con- cSHPAM ﬁﬁ%gk SBPQ%%Pnggwﬁb V@{ﬁ@rﬂﬁﬁﬁgf?E@gd?%gzﬁggdWﬁ&% in
one enbodi nent the nmet hod further nprises. etching said nanostructures.

I'n one entSBTRESTE abeyeln W&W%Oéﬁn?@ @F awthoy faﬂh%rtqurms tho pienesfishing a

si | i con-contai ning copol yner, conprising: a) providing first and second
mononer s, S3idingngsusturereniareing lsedtedsufasel i con- cont ai ni ng net hacryl ate and
sai d second nononmer being 20 a nononer that does not incorporate the

el enent sili conltand moaningpdgdrethatz ¢hes yoéseals isteptiemehe B)mitedead | agspsatid second
nononer under conditions such that a reactive polyner such as pol ystyrene

ani on is ficordontainthgChon@aet omn@psBintbrf lllustkatonadivined hie shalvél iheagirt ve
polymer (e.g. polystyrene anion) under conditions such that said

si |'i cop- cant Jidaer,capUnnBhbbsmeu)t Nesbdmed sNusnREQIUET Afhtdnhheg Keor
copolynmer. In one
synthesizing a silicon-containing monomer, comprising reacting 2-chlorobuta-1,3-diene
represented by the structure shown as (A) with ((trimethylsilyl)methyl)magnesium
chloride (a Grignard reagent) represented by the structure shown as (B) so as to generate
trimethyl-(2-methylenebut-3-enyl)silane represented by the structure (C) (see Figure 1).
15 It is not intended that the present invention be limited to a specific monomer or
copolymer. Illustrative monomers are shown in Figure 13. In another embodiment, a
method of synthesis is contemplated comprising reacting a monomer such as styrene
represented by the structure shown as (D) with sec-butyl lithium so as to generate a
polystyrene anion represented by the structure (E) (see Figure 2). The anionic
20  polystyrene represented by the structure (E) can be further reacted with a
silicon-containing monomer such as by the addition of
trimethyl-(2-methylenebut-3-enyl)silane under such conditions as to generate a poly
(styrene- trimethyl-(2-methylenebut-3-enyl)silane) dibolock copolymer represented by

the structure (F) (see Figure 2).



WO 2011/ 116223PCT/ US2011/ 028867 enbodi nent, said first nononer is

nmet hacryl oxynet hyl tri net hyl sil ane (MIMSMA). | n one enbodi nent, the

condi t i ors0ab11gt1e323¢c) conpri se ani oni c pol yneri zati on. PATArse01emRssd? nent ,
further conprising d) precipitating said silicon-containing copolynmer. In
one enbodi nent, said silicon-containing copolyner is PS-b-P(MIMSMA). 5 In
one enbodi nent, the invention relates to a nethod of form ng nanostructures
on a surface, conprising: a) providing a silicon-containing copolynmer such
as the PS-b- P( MiVBiMiherc epbbdiment, anthethodus syashesB) isS@nrengdatd rgmpesidg
copolymer on said surface to create a coated surface; and c) treating said
coat ed suiéREfg UnEehoE@Ndich i QNByrente Fepkdidhited BHORE sHGtUFeeshodneasd @5)RALON sai d
surface. In one enbodi nent, said 10 nanostructures conprise cylindrical
Struct ur egec-5ak i i i T al Ng: ical by, (A |y

al i gned w'%’?ch&f?"}églﬁ)%ﬂnl’ A tb‘%gé%%gﬂg%@? Aerd? NNIBALAN () égrﬁg\ggig%r%e?\% sai d
treating i [N i ur f t ur at ed sphere
of " sol ventaBisapt SLEREBACBE HlRPee aiih G bRab AL R O B Ve ot

| east one of t ocks.in.t copol ynmer and, has a hi.gh vapor pressure at
room §5 @ﬁﬁ%gﬁtgt@fﬁﬂﬁgmﬂdﬁ ﬁﬁg?uﬁﬁppgﬁﬁPbﬁﬁm?ﬁ ?%ﬁh&ﬁ@%eweﬁ?gdﬁ? etc.)
In one enmbodi nent, sajd _syrface i.s .Qn %fsilicon,mafer._Ln one enbodj nment,
sai d sur f AEBCtHE (Hcam pe furt éf%t%"fl% alditioncaf 4 silifeacropliRE MOBPINET SUER st ep
b). In one enbodinent, said surface is e-treated with a cross-Iinked

pol yner peép omethéc@i(éiﬁlm}hﬂtﬂﬁle@w@ﬂé%dMEMSMAham’d@lt rsueh ueawditions sast han 100nm
in size (and preferably 50nmor less) are made with the 20 copol yner by
anneal i ng gasdratg ahdhloclo cosymen PS§-b-REVM TRISMA beegreherted by thel struatups € &ce ed
enbodi nent, such nanostruetures are hexagonal |y packed cylindrical

nmor phol og¥iguré 6).t he domai n spaci ng of approxi mately 50 nmor |ess. However

t he nanostructures are nmade, in one enbodi nent, the nethod further

conpriiges et ChhNgne 2fhoRMNQS! FMC tiskfeBfon | RlaRREILIDAHNRNGS dhiteprRgent

i nvention contenpl ates conpositions conprising thin filnms (e.qg.

spi n- coat ed: ki : i - 9&%@ i I r ISl u
nanostruc?g¥égf e%ﬁ@i%?#ﬁg&§§6%3|teé@bﬂﬂ%8§g§$§ggf®d%&gman%g%gmgbg ?nations
of di bl oc o] ' or e)-copol yners. can _be made. For anpl e, the
"1 ustr o e ebbd 2t TRGE R BRRRI L Beghis "Baf G b8 el arRed s wien
any one or_nore of. the hydrocarbgn nonaners (Figure 13) | acki silicon.
What ever P%@OEEH%Fﬁﬁﬁiaﬁ%OW?fﬁEPgP%ﬁﬁﬁﬁﬁﬁﬂPﬂéF=%h QUL @B P8I RARBRETEZSRt ai n
over 12 wt%.silicon in one block. This provides the etch selectivity to

yi el d a 35Prthat seFHedE & dn hasaentfi EdreAanibfc@atneheaerizpdiogaseiofdhe oY t hese
nononers can be done using a variety of nethods. For exanple, epoxide

pol yméps @xevphieb)rfeadting said geqond mestohd snddr cpodikiony sneb thaiade®ditve polymer

Macr onol ecul es 29: 6994 (1996). Polyners of trinethylsilyl styrene are
descri bed (hyehHai@mdaaepolgbtyrend). isHohyederan$e) readBngd 24id r2006)0radtdvibl sdid¢hr oni s
et al., Int. J. Polyner Analysis and Char. 13:136 (2008). Polynerization of
t he TBDVB@eastiye eftyBNQaRh bsS e igaBatyddneli wrdes oBnditiVakraemliggaubag Chem
Rapi d. Commun., 3: 941 (1982). 15 BRI EF DESCRI PTI ON OF THE DRAW NGS

silicon-containing copolymer is synthesized. In one embodiment, said first monomer is
trimethyl-(2-methylene-but-3-enyl)silane. In one embodiment, said first monomer was
20  synthesized in a Kumada coupling reaction of chloroprene and
(trimethylsilyl)-methylmagnesium chloride. In one embodiment, the conditions of step
b) comprise polymerization in cyclohexane. In one embodiment, the conditions of step
c) comprise anionic polymerization. In one embodiment the present invention

contemplates, a further step comprising d) precipitating said silicon-containing



For a nore conpl ete understandi ng of the features and advantages of the
present invention, reference is now nade to the detailed description of the
i nvent i orwal2ongiiedzBh t he acconpanyi ng figures. 20Fi gur e PCTAISoW3/024867

synt hesis of TMSI nonomer. A non-styrene derivative with a |ower boiling
point for easier purification, the isoprene product nononmer (TWMSI) was

synt hesi zed via a Kunmada coupling [10]. Figure 2 shows the synthesis of
PS-b- PTMSI. Figure 3 shows a Gel Peinieation Chromatography (GPC)

Chr onat ograpolphet fre mefi@nal.i quotne catydiardt, RSidsiRIdMBtortgndendopolymer is Fi gur e
4 shows a 1H NMWR spectrum of PS-b-PTMSI. The integral values were enlarged

for clari tPg;b-RUNEI] f@&st&ﬂeﬁ%ﬁﬁk@fo@dﬁﬂﬂ@%lsﬂm ikapefe. 2.1n one embodimdntaHEe S
shows a Differenti Scanning Calorinmeter (DSC) trace of 5 PS-b- PTMSI .

6 L J th
[ o ISR B g Chg s

o ol S TSP Pl o S ST ARSI
of a S8 rrplless than 100 nm in size (and preferably 50 nm or less in size), are spontaneously
formed on the surface. In one embodiement, the features have very different etch rates
such that one block can be etched without substantial etching of the other. In a
preferred embodiment, such nanostructures have a cylindrical morphology with the
domain spacing of approximately 50 nm or less. In one embodiment, the nanostructures
10 are hexagonally packed. Such conditions for forming nanostructures can involve
annealing with heat or solvents. Alternatively, the surface can first be treated with a
substance that imparts a desired surface energy such that the nature of the surface
treatment controls or enables nanostructure development. Alternatively, the conditions
can involve varying the thickness of the applied silicon-containing copolymer.
15 However the nanostructures are made, in one embodiment, the method further
comprises etching said nanostructures.

In ope embodiment, the invention relates to a method of synthesizing a
silicon-containing copolymer, comprising: a) providing first and second monomers, said
first monomer being a silicon-containing methacrylate and said second monomer being

20 a monomer that does not incorporate the element silicon and can polymerize such as
styrene; b) treating said second monomer under conditions such that a reactive polymer
such as polystyrene anion\ is formed; and c) reacting said first monomer with said

reactive polymer (e.g. polystyrene anion) under conditions such that said

silicon-containing copolymer is synthesized thus producing a block copolymer. In one



of PS-b-P(MIMSMA). Figure 10 shows a THF annealed filmwth parallel
orientation. Figure 11 show an acetone annealed filmw th perpendicul ar

ori ent at iw0.20H/gea28 12 shows the structures of ill ustraPCTaIS2011/028867

si licon-containing nononers. 15Fi gure 13 shows the structures of

i I'lustrative hydrocarbon monomers (lacking silicon). Table 1 shows a
Gel Perneation Chromatography (GPC) characterization of PS-b-PTMSI. Table 2
shows 1H NMR data for PS-b-PTMSI. 20 DEFI NI TI ONS _To facilitate the
under st andFWBO%fneph seidifirgtanencerer ismatatretoxymethottrimetiybilded (MEMSbeADE Ter ms
defined herein have meani ngs as commonly understood by a person of o[dinary
ski |l in tRec gmbadineat, etharsonditionhef ptepsyntonipmisenhionit pJlgmeEzA166N Asne A" ,
"an" and "the" are not intended to refer to only a singular entity, but

i ncl ude t hembediereat, foitlaes soafpristigat) Re@pieinki saide RETL @niEYin P @optsifiled &L

il lustration. The teiiiiinology herein is used to describe specific

enbodi ment sn@émbduRmidty &4 kiliBon-BsHtaihBeichpdiSRBL s PRESPAFTVARIAN t the
i nvention, except as gutlined in thegclgiﬁg. 5I'n adQ@tlon, glons maki ng up

the compounds ofn shtCerPbRBARLL, RO rdiBs 1Y BREST of forming nanostructures
on a surface, comprising: a) providing a siﬁcon-containing copolymer such as the
PS-b-P(MTMSMA) copolymer and a surface; b) spin coating said copolymer on said
surface to create a coated surface; and c) treating said coated surface under conditions

such that nanostructures are formed on said surface. In one embodiment, said

10 nanostructures comprise cylindrical structures, said cylindrical structures being
substantially vertically aligned with respect to the plane of the surface. In one
embodiment, said treating comprises exposing said coated surface to a saturated
atmosphere of solvents such as acetone or THF (or other solvent that can dissolve at

least one of the blocks in the copolymer and has a high vapor pressure at room

15 temperature, including but not limited to toluene, benzene, etc.) In one embodiment,
said surface is on a silicon wafer. In one embodiment, said surface is not pre-treated

with a cross-linked polymer prior to step b). In one embodiment, said surface is
pre-treated with a cross-linked polymer prior to step b). In one embodiment,
nanostructures less than 100nm in size (and preferably 50nm or less) are made with the

20 copolymer by annealing using heat or solvents (as described herein). In a preferred
embodiment, such nanostructures are hexagonally packed cylindrical morphology with

the domain spacing of approximately 50 nm or less. However the nanostructures are
made, in one embodiment, the method further comprises etching said nanostructures.

In one embodiment, the present invention contemplates compositions comprising thin



to include all isotopic fornms of such atons. |sotopes, as used herein,

I ncl ude those atons having the sane atom c nunber but different mass
nunbers. VB9 20my116f23gener al exanpl e and without |imtati @aT/tUssatopsss? of
hydrogen include tritiumand deuterium and isotopes of carbon include 13C
and 14C. Simlarly, it is contenplated that one or nore carbon 10 aton(s)
of a conpound of the present invention may be replaced by a silicon
aton(s). Furtheiniore, it is contenplated that one or nore oxygen aton(s)
of a conpdilme @fg.t fen-poasenfilnishvehtsilieontaytaiding eppalo@ersbyompssthg Wuckr

sel enium aton(s). Trinethyl-(2-methyl ene-but-3-enyl)silane is represented
by the fohhwmeus, & MilfkdesosabdorbRigydcat ed (TMSI) and whose pol yneric

version is TMs., Pol ystyrene anion is represented by the follow ng
structure: PSMamnE t¥Ribinations of diblock (or triblock or more) copolymers can be made.
For example, the illustrative silicon-containing monomers (Figure 12) can be combined
5 with any one or more of the hydrocarbon monomers (Figure 13) lacking silicon.
Whatever the combination, it is preferred that a block copolymer contain over 12 wt%
silicon in one block. This provides the etch selectivity to yield a 3-D pattern of
self-assembled nanofeatures. Polymerization of these monomers can be done using a
variety of methods. For example, epoxide polymers can be made using the methods of
10 Hillmyer and Bates, Macromolecules 29:6994 (1996). Polymers of trimethylsilyl
styrene are described by Harada et al., J. Polymer Sci. 43:1214 (2005) and Misichronis
et al., Int. J. Polymer Analysis and Char. 13:136 (2008). Polymerization of the

TBDMSO-Styrene monomer is described by Hirao, A., Makromolecular Chem. Rapid.

Commun., 3: 941 (1982).

15
BRIEF DESCRIPTION OF THE DRAWINGS
For a more complete understanding of the features and advantages of the present
invention, reference is now made to the detailed description of the invention along with
the accompanying figures.
20 Figure 1 shows the synthesis of TMSI monomer. A non-styrene derivative with

a lower boiling point for easier purification, the isoprene product monomer (TMSI) was
synthesized via a Kumada coupling [10].
Figure 2 shows the synthesis of PS-b-PTMSI.

Figure 3 shows a Gel Permeation Chromatography (GPC) Chromatogram of the

10



1, 3- bi s(di phenyl phosphi no) propane nickel (I1) chloride is represented by
the following structure: N 2+ & C and abbreviated N L2Cl2. Styrene
(whi ch i swondiicated by "S" or "St") is represented by treTfuskéionessg?
structure: 5The present invention also contenplates styrene "derivatives"
where the basic styrene structure is nodified, e.g. by adding substituents
to the ring (but preferably maintaining the vinyl group for

pol ymeri zation). Derivatives of any of the conpounds shown in Figures 12
and 13 carpSalligiaotieedyardiPSBePTMSI (gresm).can be, for exanple,

hydroxy-deri vat I ves, oxo-derivatives or hal o-derivatives. As used herein,

"hydr ogen” nu%aia@mrbws"m;ims pdBRAASoHFIH-P TR Ii‘ﬁélﬁﬁegrﬁ,vmde@kw@re means
|ndependently , -Br or -1." P-nethylstyrene is an exanple of a

styrene defjy@lifYecIARNY; hindRRI RHFE £6 sl f€rable 2.
Figure 5 shows a Differential Scanning Calorimeter (DSC) trace of
5 PS-b-PTMSIL
Figure 6 shows the anionic synthesis of PS-b-P(MTMSMA).
Figure 7 shows the "H-NMR of PS-b-P(MTMSMA).
Figure 8 shows a Gel Permeation Chromatography (GPC) chromatograms of PS
aliquot (red) and PS-b-P(MTMSMA) (green).
10 Figure 9 shows the Small Angle X-ray Scattering (SAXS) analysis of a sample
of PS-b-P(MTMSMA).
Figure 10 shows a THF annealed film with parallel orientation.
Figure 11 show an acetone annealed film with perpendicular orientation.
Figure 12 shows the structures of illustrative silicon-containing monomers.
15 Figure 13 shows the structures of illustrative hydrocarbon monomers (lacking
silicon).
Table 1 shows a Gel Permeation Chromatography (GPC) characterization of
PS-b-PTMSL

Table 2 shows 'H NMR data for PS-b-PTMSL
20

DEFINITIONS

To facilitate the understanding of this invention, a number of terms are defined
below. Terms defined herein have meanings as commonly understood by a person of

ordinary skill in the areas relevant to the present invention. Terms such as “a”, “an” and

11



follow ng structure: P-chlorostyrene is another exanple of a styrene

hal oderivative and is represented CI 15by the follow ng structure:

Tri met hylwo-20imypbpBenyl ) sil ane i s anot her exanpl e of a ®CymsSp@Edesssvati ve
and is represented by the follow ng structure: TMS and abbrevi ated TMs- St
and whose polynmeric version isT M5 and is abbreviated P(TMS-St).

Tert - butyl di met hyl (4-vi nyl phenoxy) sil ane i s anot her exanple of a styrene

“the” are not intended to refer to only a singular entity, but include the general class of
which a specific example may be used for illustration. The terminology herein is used to
describe specific embodiments of the invention, but their usage does not delimit the

invention, except as outlined in the claims.

5 In addition, atoms making up the compounds of the present invention are intended
to include all isotopic forms of such atoms. Isotopes, as used herein, include those atoms
having the same atomic number but different mass numbers. By way of general example
and without limitation, isotopes of hydrogen include tritium and deuterium, and isotopes
of carbon include "*C and "C. Similarly, it is contemplated that one or more carbon

10 atom(s) of a compound of the present invention may be replaced by a silicon atom(s).
Furthermore, it is contemplated that one or more oxygen atom(s) of a compound of the

present invention may be replaced by a sulfur or selenium atom(s).

Trimethyl-(2-methylene-but-3-enyl)silane is represented by the following

=

structure: X S\ and abbreviated (TMSI]) and whose polymeric version is
TMS
=
15 M and is abbreviated P(TMSI).

Polystyrene anion is represented by the following structure:

Polystyrene-block-polytrimethylsilyl isoprene is represented by the following

TMS
Z O
n m n m
SiM €3
structure:; or and  abbreviated

PS-b-PTMSI.

12



5 derivative and is represented by the follow ng structure: OIBDMS and
abbreviated OIBD TBDMSO St and whose pol yneric version isMsand is

abbr evi atwo 2R(ITBEXBO- St ). Tert - but yl di met hyl (oxi r an- 2- ylPe@tuseoaypsssbane i s
an exanple of a silicon TBDVMSO contai ning conmpound and is represented by
the followng structure:0 OIBD 10 and is abbreviated TBDVSO- EO and whose
pol yneric version isMsand i s abbrevi ated P(TBDVSO EO).

1,3-bis(diphenylphosphino)propane nickel (II) chloride is represented by the

N2 I I
crd [:/ P P\[ j
following structure: and abbreviated NiL,Cl,.

Styrene (which is indicated by “S” or “St”) is represented by the following

structure: Q\/

5 The present invention also contemplates styrene “derivatives” where the basic
styrene structure is modified, e.g. by adding substituents to the ring (but preferably
maintaining the vinyl group for polymerization). Derivatives of any of the compounds
shown in Figures 12 and 13 can also be used. Derivatives can be, for example,
hydroxy-derivatives, oxo-derivatives or halo-derivatives. As used herein, “hydrogen”

10 means —H; “hydroxy” means —OH; “ox0” means =O; “halo” means independently —F,

—Cl, —Br or 1.

P-methylstyrene is an example of a styrene derivative and is represented by the

following structure: \©\/ .

P-chlorostyrene is another example of a styrene haloderivative and is represented

RO
15 by the following structure: Z

13



1, 1-di phenyl ethene is represented by the follow ng structure:
Met hacryl oxynethyl trinethyl silane is represented by the foll ow ng
struct ur e802011/116328 =0 0 pol yneric version i sSTMS and i sPabhrsesmilapssd?

P(MIMSMA) . Di phenyl et hyl ene end-capped pol ystyrene anion is represented by

the follow ng

10

Trimethyl(4-vinylphenyl)silane is another example of a styrene derivative and is

x

represented by the following structure:  TMS and abbreviated TMS-St and whose

polymeric version is TMS and is abbreviated P(TMS-St).

Tert-butyldimethyl(4-vinylphenoxy)silane is another example of a styrene

AN

derivative and is represented by the following structure: OTBDMS and abbreviated

OTBD
TBDMSO-St and  whose polymeric version is MS and is abbreviated
P(TBDMSO-St).

Tert-butyldimethyl(oxiran-2-ylmethoxy)silane is an example of a silicon

. . , T8DMS0” ]
containing compound and is represented by the following structure: 0

L

OTBD
and is abbreviated TBDMSO-EO and whose polymeric version is MS and is

abbreviated P(TBDMSO-EO).

1,1-diphenylethene is represented by the following structure: O O .

14



5structure: Pol yst yr ene- bl ock- pol ynmet hacryl oxynet hyl tri met hyl si | ane
PS-b-P(MIVSMA) is represented by the follow ng structure: TMS For

sci enti fiwoecalicub®si ons, roomtenperature (rt) is takenPCo/use012024867 25
degrees Cel sius, or 293 to 298 kelvins (K), or 65 to 72 degrees Fahrenheit.
10It is desired that the silicon-containing copolynmer be used to create
"nanostructures” "nanof eatures" or "physical features on a nanoneter scale"
on a surface with controlled orientation. These physical features have
shapes and t hi Matlessdexyrkahylexasthyleilaneas ireprssenteddsit thecolloemgcarcteest or ned
by conponents of a bl ock copolyner, such as vertical |anellae, in-plane
cylinders, a vertical cylinglers, and may depend on fil mthickness,
surface tr DS, dé;h i ~properties of the blocks.In a preferred
enbodi nent, | sar'd cylTndricall struciuores ;bejng .subhs tal .y verti.cally
aligned with respect to the plane of t g ?@%ﬁwa%?|h@ﬂ%¢ﬁgﬁ¥a?¥%amg§e
structures in regions or,domai ns at the nanoneter |evel (i.e.

“m crodomai ns" or "nano Fhs") may 5 be controlled to be approxi mately
uniform and the spatial ar genent of these structures nay al so be
control |l ed. For exanple, in one enbodi nent, domain spacing of the
nanostructures is approximtgly 50 nmor |ess. The nethods described herein
can gener abEmhic Welkidnss “4thTWBemﬂﬁﬁ%b&@vﬁk%@%Nﬁﬁﬁ@%A)pr'entat'On’ and
periodicity. Thereafter, in one enbodi nent, these structures may be etched
or otherw se f Wiph@rl éthelaheehd-dddped polystyrene anion is represented by the following

. P9

5  structure: g ‘

Polystyrene-block-polymethacryloxymethyltrimethylsilane PS-b-P(MTMSMA)

-

X y
SiGIN
@)

)
™S |

For scientific calculations, room temperature (rt) is taken to be 21 to 25 degrees

is represented by the following structure:

Celsius, or 293 to 298 kelvins (K), or 65 to 72 degrees Fahrenheit.

10 It is desired that the silicon-containing copolymer be used to create
“nanostructures” “nanofeatures” or “physical features on a nanometer scale” on a
surface with controlled orientation. These physical features have shapes and
thicknesses. For example, various nanostructures can be formed by components of a

block copolymer, such as vertical lamellae, in-plane cylinders, and vertical cylinders,

15



DETAI LED DESCRI PTI ON OF THE | NVENTI ON Due to the need for

nanof eatures that can be etched, silicon-containing nononers were pursued.
It is notwOnoedext3t hat the present invention be |imte@&Chyuseée/opsssour e of
the silicon-containing nononer or that the present invention be |imted to
15 specific block polynmers. However, to illustrate the invention, exanples
of various silicon-containing nononers and copol yners are provided. In one
enbodi ment, a nononer trinethyl (2-nethyl enebut-3-enyl)sil ane was

synt hesi zedd miftdeperpion filine &iickanssomefaca Bebtinent, aop thendemical properties of the
trimethyl (2-nethyl enebut-3-enyl)silane was successfully added on to a

l'i ving polbyskyiene prdtSred intidd{dint] @alay@ylﬁ{al@mn@tr&&uﬁyr&u% subskantiaMVR
anal ysis 20 showed a nol ratio of 83:17 Sty: TMSI (Figure Using the

density Ofve%f\t}%{ QIIYQIR:HSJJMl FEPRU Eoeﬁile'ﬂ'antehﬁ tlllé Bl ﬁhﬂr@n%r}lt;t%on %@ﬁféﬂ% ng the

density of S simlar to that of polylsoprene the vo

fraction T .S es. & en

PTMSI  pr og%ﬁ:g)rﬁrderﬁig H{Slc% lﬂ{sgq}aﬁ?mg%a%vélsﬁ Fnr@ﬁlle()d@%?%%egrf rnggé&%laqn )S

Accor ding ture [12] .. P(S-b-1) with.f = 0.24 roduces Ilnders
of PI, 5 ﬁ@rgwgpg‘gtBJW?%BWLégﬁéﬁ%fﬁﬂ%ngfnﬁ§E8%%@E@ ﬁr eﬂé?@%%?ﬁed t he
PDI of the PS al i quot d PSC&.PTNBI to bghl 00 and 1.02, respectively with
a total MSUBFUESS mAY P Q‘FF% cd) Fsseamples ar opg cphedipsny demashyieag t wo Tgs
(Figure 5): one at 103 C, which is consistent wth reported PS val ues, and
anot her atof fiBmagpstystuaes i gpprosimsely 58 nohat legs: The pivthody NsicribpdbheinThe
reported Tg for Pl is -73 C,44 but due to the steric bulk of the TMS group,
t hi s nunbeengatesguttorebavithahs desaloll size, shapel MBentwasn, sud pesstiaityl y Thyedflegsi zed
in good yield by a Kumada coupling reaction [10, 13] of chloroprene with

(t ri met hylis bhey/émbmlihyhthignestudtirahhor bd@cieliog vthervlike flheOféatedpol ymeri zat i on
was sel ected for the di bl ock copol ynmer synthesis because of its 10
capabﬁbity to provi de narrow pol ydispersity and its scalability. The

di bl ock copol yner synthesis was successfully conducted in cycl ohexane
(Figure 2) with good control of nol ecul ar wei ght and pol ydi spersity (Table
1). The gdEDBSHAERDESCRIFHIQN 6 EHRESINOVWBNTRON gure 3 denonstrates the
successful growth of PS-b-PTMSI. The 1H NWR spectrum (Figure 4) shows a

mol ar rati o of Mu84tc0thk6 nB&S RO Mahgfemhen that egi sid B@héd)esiliSorf¢oneaigingmat i c
styrene protons against both the single olefin proton in the backbone of

t he P(TMShjorehrekwaRthuriied It TMBtih@h@isthatlab Ipfesdt int4itide bl heniRideyi ays! y
reported density of PS [11] and assuming the density of P(TMSI) i's simlar

to that of,.pel ¥F %1%051%&1 é(!:ﬂtﬁmm% hﬁoﬁd?llléfr@' thhaGk &g&%n& HlVQI?tI(ﬁlaG@ H‘iﬂ%& o vier e

cal cul ated. Fortunately, smal anges In the n5|ty 0 produce
exi ot 15g. FPEES U G Retsp @% e B B 6 h R oGl f*a%%’?ﬁ% s of
LR el S A b TR o, Lo M) b okl 5 spertod,
wth a mn e Oftnr%gglr 1(%)2< Imng%lg elenebgitz 3 \gfloﬁs%lang %vra]ls iergtﬁgsmae%i alrgxftee;[' Cgmf?%l‘élgrller
under st artg&oger ¥ Y y Yy p

over nBulLi, isoprene trimethyl(2-methylenebut-3-enyl)silane was successfully added on

to a living polystyrene (PS) anion (E) in cyclohexane (Figure 2). '"H-NMR analysis

20  showed a mol ratio of 83:17 Sty:TMSI (Figure 4). Using the density of PS previously
reported in the literature [11], and assuming the density of PTMSI is similar to that of
polyisoprene (PI), the volume fraction of PS is approximated at 0.77. Small changes in

the density of PTMSI produce relatively small changes in the volume fraction of

PTMSI. According to literature [12], P(S-b-I) with fPT = 0.24 produces cylinders of PI,

16



02 RIE conditions versus PS [6]. Therefore, a block copol yner (BC) was
desi gned that contained over 12 wt% s silicon in one bl ock but was all

hydr ocar bwo=0(1/1162231 acking silicon) in the other. This womus2@nosde t he
etch selectivity to yield a 3-D pattern of self-assenbled features. 5
GENERAL NMATERI ALS AND METHODS Reagents. All reagents were purchased
fromSigma- Aldrich Chem cal Co. and used wi thout further purification

unl ess ot herw se stated. AP410 and AP310 were purchased from AZ C ari ant.
THF was puatiased dylindncT nBaglarlogyChl enpepeén@PE0dattiniddl the K1 ehids RS
purchased from Pfaltz & Bauer. Cycl ohexane was purified with a Pure Solv
MD- 2 sol valituduhd PISCaPTMBISY $tar0 and 1.02, kespbétieBnivah iaadtal Mn ofldd. AkDa 13C NVR
spectra were recorded on a Varian Unity Pl us 400 MHz instrument. All

chem cal shightsss)apscrerey §fafe blyRiRMuIbNMftys! e BYRitsitn03 theyfkigsi dual
pr ot onat eg sjgglltve)nt as an |nteelrongﬁlléstandard ( %H?lé)/&% 26 ppm ancl1 15 13C

77.0 ppm I | ydi t t i ng an
Agi L ent LIb0 S e g P R S anB Py 6 G Rt T rra

Eglt 52%5%%%6 S’I- ?A’w }é%mg Iffﬁgwas oBt i ng’ég%ﬁlwe{/% tﬁﬁﬁfe Qﬁngftihﬁz- E

mstrurrenLII,l\g%R dat Uélﬁ:‘\recorg g on a col et Avatar 360 FT-I R and all
peaks are SFPR DI SPURMRET SecgysQ Be 53s9maBigsi t i on tenperatures (Tg) were
recorded on a TA QLOO Differential ' Scanning Calorineter (DSC). EXAVPLE 1
Monomer ( TVBI )TM»’ISBW&S srsass Uil sypthesizedan good sl by ¢ Komadakewnlingramyion a 250
m. RBF with condenser was charged with freshly ground My turnings (2.2 g,
92. 2 mmol X10.aldaehickioreprencounth @fimgihylsg et thalesgndiienhghlomdeh €rige0D. m) ,

and a stir bar. 5 After stirring for 15 nmn at rt the reaction m xture was
brought t Aniefit pmmndatmlmsmmhﬂlfbﬂﬂmﬁqukscdpa]ymi iththesidhecdiBe 81 itwol ) was
added drop-w se over 30 mm In a separate | L Round bottom flask (RBF) with

addi tilon fcapudeity t@ pRavideli@re pdlydishersitdiapd €8 %tHRMAERNTAO HekadpoRhekel (11)
chloride (1.3 g, 2.3 mmol ), freshly distilled chloroprene (986C§®rr11§’hﬁ97 6

ol , bp gypBedl wes sJ&sttﬁﬂm cordtted 'u?tcglcyll)hé%taﬂ@ (Flé&e(ﬁ%t}ﬁkéod"@&tﬁﬁ pred at

0 C After nearly conplete ™My consunption , the’'pale-gray Gignard

sol ution mec@%'@& @qg@g; ggcf? emt Ta&et enperg?l uﬁ&m{e&tﬂ fg‘%%&)gf@axture

over 30 mm and stir ed oV oom

") the oauRiE e & ewgpgz‘i%?%%?%g%%%séﬁ”d eﬁwﬁ%ﬁ@%i‘ﬁxhﬁéﬁ%x 0

concent rated in Ccuo.
spectrum (Figure 4) shows a molar ratio of 0.84:0.16 PS:P(TMST) when integrating the

15  five aromatic styrene protons against both the single olefin proton in the backbone of
the P(TMSI) block and the 9 TMS protons (Table 2). Using the previously reported
density of PS [11] and assuming the density of P(TMSI) is similar to that of
polyisoprene (PI), the volume fractions (f) of each block were calculated. Fortunately,
small changes in the density of P(TMSI) produce relatively small changes in the volume

20  fraction of P(TMSI). According to existing literature [12], P(S-b-I) with fp; = 0.24
produces cylinders of PI, therefore a cylindrical morphology of the P(TMSI) block is
expected.

Colburn et al conducted a series of experiments that concluded a formulation

with a minimum of approximately 12 wt% Si can serve as an etch barrier under standard
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15 Trimet hyl - (2- met hyl enebut - 3-enyl )silane (TMSI) was isol ated by
distillation (57-60 C, 66 ton-) in noderate yield (6.5 g, 60% as a clear
i quid;, IWONMR/I(1€2613) 6 ppm 6.380 (ddd, J= 17.6, 10.8pCU/US2042/02886), 5.121
(dd, J= 17.6, 0.4 Hz, 1H), 5.052 (dd, J= 10.4, 0.4 Hz, 1H), 4.903 (m 1H),
4.794 (s, 1H), 1.711 (d, J= 0.8 Hz, 2H), 0.007 (s, 9H); 13C-NWR (CDC13) 6
ppm 144.141, 139.915, 114.142, 113.606, 21.190, -1.250; IR 20 (NaCl)
cm1: 3084, 2955, 2897, 1588, 1248, 851; HRMVS (Cl) 140.1021 calc, 140.1023
f ound. O, RIBuonilitioat vamss. PA[4]. Pheréfore athlascopolgmpo (B@ewas ddsignad thaer e
performed under an Ar at nosphere using standard Sehl enk techni ques. [14]
Styrene wesntwiaed wiedil 3t 1% edlicomi i eorler 81621d bui whasitayll IfRgSRSH oA (1.d. Matkin@s
vacuum distilled twice from n-butyllithium Cyclohexane was purified with

a Pure Solyichh)id HelonRRI TIRY Wl RIR tRY SicBBelcliMtH,CHCTIBREX QTE pifaSn bHN
t hrough A-2 al'um na to renpove trace anmounts of water Tollowed by a

supported Q! I X catalyst to renove oxygen [15]. Polyner. The
styrene pg%ﬁes@sr%fiﬁ?%?ifgénﬁ%gs initiated with secbutyllithiumat 40 5 Cin

cycl ohexane. After 12 h, a 5 nL aliquot of polystyrene (PS) was extracted
fromthe reactor and term nated with degassed nethanol. Purified TVSI
nononmer was then added to the reactor drop-w se and reacted for 12 h,

fol |l oned iti ) to quench the living anions. The
bl ock copngm%mgsﬁgﬁ& nol, filtered and freeze dried in
a 10 wt % benzene solution with 0.25 wt% 10 butyl at ed hydr oxyt ol uene

i nhi bitor to pRegssrts-oXi aereete wreyPUakased froBr Sigae- pldngy hastied fghend EXAVPLE
2 15 Synthesis of PS-b-PTMSI Due to the problens associated with styrene
derivati vased withone further murifipat{on relessy Phgerse sBtadnyiBAd0| ande ARGE0 were

synt hesi zed. After purification over nBuLi, isoprene
tri met hyl (pReaheted yiteam &t Clagiasn IHFSwhapechvasd soockESBhikdr] §hlacgechedid wido a
living pol ystyrene (PS) anion in cyclohexane (Figure 2). 1ll-1-NWR anal ysis

showedoa mmkyleads Was2Purohas&B fibih Bajtz BVBhudrFCgtlokexdhe ws ptgfiséheitHermirey of PS
previously reported in the literature [11], and assum ng the density of

PTMBI s o Ad-2 k@vEdidhuri@tatRel yéts@pr ene (P1), the volume fraction of PSis
approxi mated at O. changes in the density of PTMSI produce

77. Smal |
vy R\ Y AR G n fSSREELA
therefore Plus 400 MHz instrument. All chemical shifts are reported in ppm downfield from TMS
using the residual protonated solvent as an internal standard (CDCls, 'H 7.26 ppm and
15 B¢ 770 ppm). Molecular weight and polydispersity data were measured using an
Agilent 1100 Series Isopump and Autosampler and a Viscotek Model 302 TETRA
Detector Platform with 3 Iseries Mixed Bed High MW columns against polystyrene
standards. HRMS (CI) was obtained on a VG analytical ZAB2-E instrument. IR data
were recorded on a Nicolet Avatar 360 FT-IR and all peaks are reported in cm™. Glass
20  transition temperatures (T,) were recorded on a TA Q100 Differential Scanning

Calorimeter (DSC).
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cylindrical norphology is expected. GPC determined the PDI of the PS
aliquot and PS-b-PTMSI to be 1.00 and 1.02, respectively wwth a total M of
65. 7 kDa Wbi2guraé6éRp. DSC traces of the polynmer showed tWOTN$S011/6R8$6T € 5) :
one at 103 C, which is consistent with reported PS values [16], and anot her
at -34 C, which is assuned to that 5 of the PTVMSI bl ock. The reported Tg
for Pl is -73 C[16], but due to the steric bulk of the TM5 group, this
nunber seens to be reasonable. EXAMPLE 3 10 Synt hesis of

Tri met hyl - (2- met hyl ene- but - 3- enyCsEXAMPLE 1a nodi fi ed procedure from
Sakurai [13], a 250 nL RBF with condenser was charged with freshly ground

M (2.2 g, 92. Mdéaoehor, (TMSB! &l ¥ nhaeliRamivntof af préédanenierh Bakesai izt Hybo et her
(100 nL), and a stir bar. After stirring for 15 mn at rt, the reaction

m xture wag, REUGHL doadémbl Was BReERiOr g%@g@h& ek inls ane %1@25 L,

76.8 mol ) was 15 added drop-wi se over 30 mi'n. In a Separate 1 RBF wit h
addi tion I 1 2 3= Bi i.p | r ni.ckel (11)
chiori do (17 cBefhEabiinPb dpEbahele IR BURSRINNELE AEFPRUTbESS o
mmol , bp 558-61.C .760.ton), d.,diethyl ether (500 ni s stirred at O
C A ar R S Pede Ra Ui e Rt ¥ Pl i o

sol ution cooJ ed, ed drop-w se t he dark-red, chl.oroprene 20

mi xture o\éﬁlrsor%’eetﬁﬁmm%ﬁﬁ%fﬁerﬁgé Bt GHEOLY Ve (deph ropaTipo R Bl didt was
guenched with H20 (500 nlL) and extracted with ether (3 x 250 niL); the
organi c | &Y e senaeate lcbnBrwed bodpmelasky GBIy gdth, additiqne figmel, ah anigrc €At r at ed
in vacuo. Mononmer 5.9 was isolated by distillation (57-60 C, 66 ton) as a
cl ear | i quiddbis(diphsadphesphipodirepang. Sickgl GDoghlonide NMR £CRE13)mol),pprshlB. 380
(ddd, J= 17.6, 10.8, 0.4 Hz, 1H), 5.121 (dd, J= 17.6, 0.4 Hz, 1H), 5.052
(dd, J= 1disft]led chlotdprentHp,0 #I903.6(mmoll Mp,= 48-694(, §60 1)), afid dicthyl dthed = 0. 8
Hz, 2H), 0.007 (s, 9H); "C-NWR (CDC13) _ ppm 144.141, 139.915, 114.142,

113. 606, 24001940.) wis 26¢d 1aR o NaChfte€ Miedsly 3086blete XD corPtioh5@8h), 1R48, 851;
HRVS (CI)2140. 1 2‘71v cal cﬁ,: 1a40. 1023 feound.y5 E@XA?NP%EéXOBI ocklOCOS(-&po)l ymer (BC)

PurificatigR-Mh{ Gr@asil BNRicRNFasPioldd eddddAoNRAi& L UGHEdd VA phe
at nosphere via 'standard
mixture over 30 min and stirred overnight at room temperature (rt). The yellow solution
was quenched with H,O (500 mL) and extracted with ether (3 x 250 mL); the organic
layers were combined, dried over MgSOs, filtered and concentrated in vacuo.
15  Trimethyl-(2-methylenebut-3-enyl)silane (TMSI) was isolated by distillation (57-60 °C,
66 torr) in moderate yield (6.5 g, 60%) as a clear liquid; 'H NMR (CDCL3) & ppm: 6.380
(ddd, /=17.6, 10.8, 0.4 Hz, 1H), 5.121 (dd, J = 17.6, 0.4 Hz, 1H), 5.052 (dd, J = 10.4,
0.4 Hz, 1H), 4.903 (m, 1H), 4.794 (s, 1H), 1.711 (d, J = 0.8 Hz, 2H), 0.007 (s, 9H);
BCNMR (CDCly) & ppm: 144.141, 139.915, 114.142, 113.606, 21.190, -1.250; IR
20 (NaCl) ecm™: 3084, 2955, 2897, 1588, 1248, 851; HRMS (CI) 140.1021 calc, 140.1023
found.
Purifications. All purifications and polymerizations were performed under an

Ar atmosphere using standard Schlenk techniques. [14] Styrene was vacuum distilled

twice from di-n-butylmagnesium. TMSI was vacuum distilled twice from
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Schl enk line techniques [14]. Al glassware was flane dried and purged with
argon five 10 tinmes prior to exposure to any sol vent or nononer.

Puri fi catworoagas2s, n-butyllithium (2.5 M solution in [rexarses,1/024sdri ch),
and di butyl magnesium (1 M solution in heptane, A drich) were received as
solutions, and the solvents were renoved using vacuum prior to mxing with
nononmers. Exposure to air was prevented by storing and handling the reagent
bottl es under argon atnosphere inside a dry-box. Lithiumchloride (LiC1,

FI uka) 15 nwasylbthiuedCidoleexi2Owas puetichmithreePaatSadd WhRaswkvett pediaton pur ged
when pl aced inside the reactor. 1,1 -Di phenylethylene (DPE) (97 % Al drich)

was freezegydi¢m eUheRelclviasidbideiias trivh Itﬁ@ugh{wspg adMBina Mo Befhyld khéd bmbans ost or ed
under argon atnosphere inside a dry-box. DPE, which is a high boiling

l'iquid (bryafef@oidhdedDy St O3 @PpaireddkOsalpfhi fo MHBLSE o%&v\émous vacuum

H gh-purity Argon, used or nalntaln inert conditions, S ‘passed

through an OM gg g2 ’T%E/‘;s ﬁéﬁa ol?l%@qua!ﬁ%g(\}&a)s §ﬁ a?e&l gﬂh %%b%yu%gm L£&g1 on

colum (Air P ano reagent grade
term ng ti eg 15%?/91%ﬂe)<ane. After 12 h, a 5 mL aliquot of polystyrene (PS) was extracted from

the reactor and terminated with degassed methanol. Purified TMSI monomer was then
added to the reactor drop-wise and reacted for 12 h, followed by addition of degassed
methanol to quench the living anions. The block copolymer was precipitated in
methanol, filtered and freeze dried in a 10 wt% benzene solution with 0.25 wt%
10 butylated hydroxytoluene inhibitor to prevent oxidative degradation of the P(TMSI)

backbone.

EXAMPLE 2
15 Synthesis of PS-b-PTMSI
Due to the problems associated with styrene derivatives, monomer
trimethyl(2-methylenebut-3-enyl)silane was synthesized. After purification over nBulLi,
isoprene trimethyl(2-methylenebut-3-enyl)silane was successfully added on to a living
polystyrene (PS) anion in cyclohexane (Figure 2). "H-NMR analysis showed a mol ratio
20 of 83:17 Sty:TMSI (Figure 4). Using the density of PS previously reported in the
literature [11], and assuming the density of PTMSI is similar to that of polyisoprene
(PI), the volume fraction of PS is approximated at 0.77. Small changes in the density of
PTMSI produce relatively small changes in the volume fraction of PTMSI. According

to existing literature43, P(S-b-I) with fPI = 0.24 produces cylinders of PI, therefore a
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was degassed by sparging with argon for 45 mn for renoving air
(particularly oxygen), which can potentially couple "living" polynmer chains
| eadi ng twoundensr2ed products. Al other chem cal s werePusas2@s/ opsssThased.
Styrene (99 % 10-15 ppmp-tert-butylcatechol inhibitor, A drich) was
fi-eezedried and then purified by two successive distillations over

sol vent -dri ed di butyl magnesium (0.1 mvol /g styrene) at 40 C for 2 h. The
styrene burette was covered with alumnumfoil to prevent

phot opol yrglindrabl mor@otbgyt iorexgedted. aGPC elereminedftbe PDdastythe @S aliqueaahd on, t he
nmononmer was freeze-dried twice. 5 Trinethyl-(2-nmethylene-but-3-enyl)silane

was freezesd-PERISIan e t110Bandr i.62 respettivehyButth attodaC ®4f OF 68% kDaasigude . at rt.
After distilling a burette, the nonomer was freeze dried and used

| mredi at elpgc Mathags Yﬂeoggd'_’yﬂi%lé RybkEd ER% g’h i€ HCehest 10§' %%ﬁcﬁhs was

filtered through basic alum na on a benc op opén ot the air, and then

freeze- driogl;i 0853kl ﬁ%%ﬁﬁeﬁn}g%d%&{ G O Gl %%gtgﬁmgu”e”e

times for east 1 nomer

days. Exaplie st BoBTet i T P e%ﬁ@?ﬁﬁg{ R 8n F579 Bk Bhe e

freeze- drled¥ nd th n dried over n-BuLi twice for at least 1 h at rt.
After disth 'Mﬁdgﬁnb 1§ pyrpler speras JRPIas freeze dried and used

i nmedi ately. A 500 nmL reactor was |oaded with a stir bar, flame dried, and
cycl ohexane was added into the reactor via a solvent flask. The total

vol unme of cycl ohexane used was set

EXAMPLE 3

10 Synthesis of Trimethyl-(2-methylene-but-3-enyl)silane
In a modified procedure from Sakurai [13], a 250 mL RBF with condenser was charged
with freshly ground Mg (2.2 g, 92.2 mmol), a catalytic amount of dibromoethane,
diethyl ether (100 mL), and a stir bar. After stirring for 15 min at rt, the reaction mixture
was brought to reflux, and chloromethyltrimethylsilane (10.6 mL, 76.8 mmol) was

15  added drop-wise over 30 min. In a separate 1 L RBF with addition funnel, a mixture of
1,3-Bis(diphenylphosphino)propane nickel (II) chloride (1.3 g, 2.3 mmol), freshly
distilled chloroprene (9.0 mL, 97.6 mmol, bp = 58-61 °C, 760 torr), and diethyl ether
(500 mL) was stirred at 0 °C. After nearly complete Mg consumption (2 h), the
pale-gray Grignard solution was cooled, added drop-wise to the dark-red, chloroprene

20 mixture over 30 min, and stirred overnight at rt. The yellow product was quenched with
H;O (500 mL) and extracted with ether (3 x 250 mL); the organic layers were
combined, dried over MgSQy, filtered, and concentrated in vacuo. Monomer 5.9 was
isolated by distillation (57-60 °C, 66 torr) as a clear liquid in moderate yield (6.5 g,

60%); 'H NMR (CDCL) _ ppm: 6.380 (ddd, J = 17.6, 10.8, 0.4 Hz, 1H), 5.121 (dd, J =
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20 to so that the final concentration was 5 wt % nononer. After heating the
reactor to 40 C, sec-BuLi was added and stirred for 30 min to ensure a
honbogenowso=01 witis228. Approxi mately 20 drops of puri fi edPsyusena/onsss7 t hen
added to the reaction via an airlock and a burrette. The col or of the
solution slowy turned orange, and after a 20 m n seeding period, the

remai ni ng styrene was added. After stirring overnight, 20 drops of TMSI
was added via the airlock and a burrette. After a 20 mn of seeding, the
remai ni ng 1THE0. Mévs 1&JdERA52 @ld e 10, &4 BgslH)edd0B ¢m, 1HY 4giddrshiHhé 7t bact i on,
degassed nethanol (5 nlL) was added to the reaction and stirred for 30 mMm

S5EXAVPLE @d,PB=boR( MENMBEKY) 0.007 (s, SHEi PCORRC o0Dalfi Ngpm: 144.141, 139.915,
met hacryl oxynet hyl tri met hyl silane (MIMSMA) is conmercially available from

Cel est, | ngq1puebgob!t 31. bghensdMramadppih  nhspob o5 ogomansed agM; the
purification proved to be difficult. During the lasf distillation to 10

renove al mgzeptlmg@&ysﬁh Uﬂi‘oﬂ?ﬁ@ 'E&jntdi ated MIMSMA pol yneri zation. Attenpts
al coho [

to renove s by sodidm hydride also led to polynerization. It was
deternined that al cohols could be renoved by passing the nononer through an
al um na plug, and then subjected to freeze, punp, thaw cycles and

distillation over cal cium hydri de.er was successfully
i ncor porat ed PS-b-P(MIMSMA) (Figur 1P NMR anal ysi s showed a nol
ratio of 73:27 Sty: MIVSNVA (PI;JI %urQ 7). Using the density of PS previously
reported iBlodheopohane@QIParHicgtigBsuni ng t he density of PMIMSMA is sinilar
to that of PMVA, the volune fraction of PS is approxinated at 0.66.
Si mi | ar | y Alb restipnPEMEI puriieatidn oteas gesducted: hedeas Samtdostdng via ofndfd/TVBVA)
produce relatively small changes in the its volune fraction. According to
Schlenk line techniques [14]. All glassware was flame dried and purged with argon five
10 times prior to exposure to any solvent or monomer. Purification agents, n-butyllithium
(2.5 M solution in hexanes, Aldrich), and dibutylmagnesium (1 M solution in heptane,
Aldrich) were received as solutions, and the solvents were removed using vacuum, prior
to mixing with monomers. Exposure to air was prevented by storing and handling the
reagent bottles under argon atmosphere inside a dry-box. Lithium chloride (LiCl, Fluka)
15  was stored in a 120 °C oven and repeatedly flame dried and purged when placed inside
the reactor. 1,1°-Diphenylethylene (DPE) (97 %, Aldrich) was freeze-dried and
vacuumdistilled twice over n-butyllithium and stored under argon atmosphere inside a
dry-box. DPE, which is a high boiling liquid (bp 270-272 °C) was distilled at 140-160
°C under continuous vacuum. High-purity Argon, used for maintain inert conditions,
20  was passed through an OMI-2 organometallic Nanochem®resin indicator/purification
column (Air Products). Methanol (reagent grade, Aldrich) used as termination reagent,
was degassed by sparging with argon for 45 min for removing air (particularly oxygen),

which can potentially couple “living” polymer chains leading to undesired products. All

other chemicals were used as purchased. Styrene (99 %, 10-15 ppm p-tert-butylcatechol
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20 the literature,11 this volunme fraction should yield a cylindrical

nor phol ogy. GPC determ ned the PDI of the PS aliquot and PS-b-PTMSI both to
be 1.17. wbeoMni16f23t he PS al i quot and final precipitateaChiusekiness660. 0 and
75.2 kDa, respectively (Figure 8). EXAWPLE 7 Synthesis of PS-b-P MINMSMVA
Met hacryl oxynet hyl tri net hyl sil ane (MIMSMA) (Cel est, SIM485.5) was filtered
t hrough basic alum na on a bench top open ot the air, and then freeze-dried
in ab solvent flask. After drying over calciumhydride two tines for at

| east 1 hi@tibitdr, Aldmehwaofreszedvis] aidghén pretdied blyawa shevesstd distillbhieny®ronmer was
covered in foil and stored in the freezer for up to tw days. A 500 nL
reactor waslvk@aird dibithingaghbdiimh@r amebly §Pleas) 0A0 vel BALSh.0fhd-ktfknt O
initiator. LiCl suppresses side reactions during

et hacr y| guyeie i lchid BB Wl Shch A0S &WN@%&@%}% : ?%1{ &fd stofHh f i ed

A
THF was added into the reactor via a sol vent k,” and e reactor was

cooled to,- i ry. P, T, o] - sed was set
to so thata1 t 8Z%fr i mergo%%d nﬁogt if\o%%\t/gbsn ’ 5&\% i?%%%%(%%%%%%%?'gﬁgde%g E%Uti on
t enper at ure. wWas abili.ze t, -72 C secBulLi s.added and stirred for 5
e Ao QEPRERARy TR S Rtrenk B e iR e Soaad B irdcul £ ke
reaction via En 15 ai rhock g&%rg bﬂrrette. The col or of the solution
i mredi at el Gt deast ARgé It wHking 2 Birelis, Geawnagenwns Bgezeidried padmi ni ng
styrene was added. This was stirred for 4 h followed by addition of 5 nolar
equi val entisedomnmmiately. Methapiaxymethyltsimedhyilsilaan (Gale M85 dpwes filkered deep
red. After 3 h of stirring, 20 drops of MIMSMA was added to seed the
MIVBM A vitlroughebasia dlomknazmch berigh fidreopen, ot dimedait, hind tivausede-titied ineastlvann t o
turn colorless. 20 The reaction was stirred for 4 h after the remaining
MIVBMVA wadlasiddefter dFpingueactulditd hydaidt itoo tinte das steldastat hang) thé ndiomenas
added to the reaction and stirred for 45 mn. EXAMPLE 8

10 was distilled into a burrette. The monomer was covered in foil and stored in the freezer

for up to two days.

EXAMPLE 5
PS-b-PTMSI
15 Trimethyl-(2-methylene-but-3-enyl)silane was freeze-dried, and then dried over
n-Buli twice for at least 1 h at rt. After distilling a burrette, the monomer was freeze
dried and used immediately.
A 500 mL reactor was loaded with a stir bar, flame dried, and cyclohexane was
added into the reactor via a solvent flask. The total volume of cyclohexane used was set
20  to so that the final concentration was 5 wt% monomer. After heating the reactor to 40
°C, sec-Bulii was added and stirred for 30 min to ensure a homogenous solution.
Approximately 20 drops of purified styrene was then added to the reaction via an
airlock and a burrette. The color of the solution slowly turned orange, and after a 20 min

seeding period, the remaining styrene was added. After stirring overnight, 20 drops of
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Smal | Angle X-ray Scattering A sanpl e of PS-b-P(MIMSMA) was anal yzed
via small angle X-ray scattering (SAXS). The data definitively show this

bl ock copebynariis3phase separated at the 5 nanoscal e amrdTiusai11%2886% of a
sufficient value to induce order. The resulting Bragg's diffraction pattern
di spl ayed maxima at -0, .N 4, V7, indicative of a hexagonally packed
cylindrical norphol ogy. The domain spacing was cal cul ated to be 49 urn. See
Figure 9. 10EXAMPLE 9 Sol vent Annealing of PS-b-P(MINSMVA) Thin
films wer &Ml wascodeddiadhe firlogdhind oircitzed ftend 20 mimbf deedingd, the tdpasahgit | on of
PS-b- P(MITVBMA) in toluene. The wafers were then anneal ed under a saturated

at nospher gMd] waeldasetoahe I61brlex¢ eEdetight Td h?&c&&%@éa@doﬂ'cﬁ@&ss&ﬁhéﬂlmﬁl%@ The
resulting 15 filnms were anal yzed via AFM and t he i mages show bot h parall el

(Figure 1031 )and REEPONAL fdbidd dhdfilBYE& 3bhlinor i ented cylinders depending on
t he sol vent and filmthi ckness. The size of the cylinders in these inages

is approximately 50 nm which is consistent with the SAXS dat a.
Ref erences: 1. Ross, C. A (2001) Patterned Magnetic Recordi ng Media, Annu.

Rev. ter Res. 31, 203-238. 2. Ygﬂgﬁaigkﬁg?1 Y, Seiler, C., Wan, L., and
Xiao, S. (2008) Toward 1 Tdot/In i nt Lithography for Magnetic
Bit- Patte&gﬁgPauT“dSNﬁfportun|t|es and Chall enges J. Vac. Sci. Technol. 26,
2604- 2610
A silicon containing methacryloxymethyltrimethylsilane (MTMSMA) is
commercially available from Gelest, Inc. Due to its higher MW and boiling point
compared to MMA, the purification proved to be difficult. During the last distillation to
10 remove alcohols, trioctylaluminum initiated MTMSMA polymerization. Attempts to
remove alcohols by sodium hydride also led to polymerization. It was determined that
alcohols could be removed by passing the monomer through an alumina plug, and then
subjected to freeze, pump, thaw cycles and distillation over calcium hydride. This
monomer was successfully incorporated PS-b-P(MTMSMA) (Figure 6).
15 'H NMR analysis showed a mol ratio of 73:27 Sty:MTMSMA (Figure 7).
Using the density of PS previously reported in the literaturel2 and assuming the density
of PMTMSMA is similar to that of PMMA, the volume fraction of PS is approximated
at 0.66. Similarly to PS-b-PTMSI, small changes in the assumed density of
PMTMSMA) produce relatively small changes in the its volume fraction. According to
20  the literature,11 this volume fraction should yield a cylindrical morphology. GPC

determined the PDI of the PS aliquot and PS-b-PTMSI both to be 1.17. The Mn of the

PS aliquot and final precipitated block was 60.0 and 75.2 kDa, respectively (Figure 8).
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3. Ruiz, R, Kang, H., Detcheverry, F. A, Dobisz, E, Kercher, D. S.,

Al brecht, T. R, de Pablo, J. J., and Nealey, P. F. (2008) Density

Mul ti pli cwsoizon/ae23l nproved Lithography by Directed Bl o@kTTspaiipness7
Assenbly, Science 321, 936-939. 104.Bates, F. S., and Fredrickson, G H.
(1990) Bl ock Copol ynmer Thernodynam cs. Theory and Experinent, Annu. Rev.
Phys. Chem 41, 525-557. 5. Li, M, and Ober, C K (2006) Bl ock Copol yner
Patterns and Tenpl ates, Mater Today 9, 30-39. 6. Col burn, M, Got, A,
Am stoso, M N., Choi, B. J., Bail EXAMPLE.7 Ekerdt, J. G 15Sreenivasan,
S. V., Hollenhorst, J., and Wllson, C. G (2000) Step and Fl ash | nprint

L|thograpt;yn{hgg,sgpps_’lbopmmern| ng, Proc. SPIE-Int. Soc. Opt. Eng. 3997,
453-457. 7. Kim H-C, Jia, X, Stafford, C M, Kim D. H, MCarthy, T.

J., T me 0 te,
Nanosggg: gegl og/kvll%ﬁs?g%\/ I"a %F%%Tk é@;él%la&b‘é?\@%&r?pﬁ% (sGei%Agvémwéx%ge%?ﬂ g’ £

S i e, ereRytAtpgh Blkic il gy Ebegdhtbn. o 6t e M@ktﬂ& fidegorted FHECES
Adv. Mt e 0IE i %E%?'ﬂgv@r?aﬂim%ahﬁﬁ{ﬁyk”ﬁaw e e b R K S
E. d., Ch -H : d V.

Nan\(;st r ucmﬂnggmrmaﬁ %ﬁtﬂﬁ% ingp a Saﬁ? CT@%%%H%@%%&@%%@lb%ﬁmegm%r s:

One- Step Lithography with Poly(Ferrocenyl silanes) by Reactive lon
the freezer for up to two days.

A 500 mL reactor was loaded with a stir bar and 5 molar equivalents of LiCl to initiator.
LiCl suppresses side reactions during methacryloxymethyltrimethylsilane (MTMSMA)
10 propagation [17]. Purified THF was added into the reactor via a solvent flask, and the
reactor was cooled to -72 °C in a dry ice/IPA bath. The total volume of THF used was
set to so that the final concentration was 5 wt% monomer. After the solution
temperature was stabilized at -72 °C, secBuLi was added and stirred for 5 min.
Approximately 20 drops of purified styrene was then added to the reaction via an
15  airlock and a burrette. The color of the solution immediately turned orange, and after a
20 min seeding period, the remaining styrene was added. This was stirred for 4 h
followed by addition of 5 molar equivalents of DPE to initiator. This addition turned the
reaction a deep red. After 3 h of stirring, 20 drops of MTMSMA was added to seed the
MTMSMA via the airlock and a burrette, and this caused the reaction to turn colorless.
20 The reaction was stirred for 4 h after the remaining MTMSMA was added. To quench

the reaction, degassed methanol (5 mL) was added to the reaction and stirred for 45 min.
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diffraction pattern displayed maxima at V3, V4, 7, indicative of a hexagonally packed

cylindrical morphology. The domain spacing was calculated to be 49 nm. See Figure

9.

10 EXAMPLE 9
Solvent Annealing of PS-b-P(MTMSMA)

Thin films were spin coated on freshly oxidized wafers with a 1 wt% solution
of PS-b-P(MTMSMA) in toluene. The wafers were then annealed under a saturated
atmosphere of acetone or THF overnight in a covered glass petri dish. The resulting

15  films were analyzed via AFM, and the images show both parallel (Figure 10) and
perpendicularly (Figure 11) oriented cylinders depending on the solvent and film
thickness. The size of the cylinders in these images is approximately 50 nm, which is

consistent with the SAXS data.
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10d. etching said nanostructure-containing coated surface. 2. The nethod of
Claiml1l, wherein said nanostructures conprises cylindrical structures, said
cyl i ndri caiD 28twuu612ar es bei ng substantially vertical ly alPCgnsdomiordseT espect
to the plane of the surface. 3. The nmethod of Claim1, wherein said treating
conprises exposing said coated surface to a saturated atnosphere of acetone
or THF. 4. The nethod of Claiml wherein said surface is on a silicon

waf er. 5. The net hod of m 1, wherejin sajd surface is not pre-treated
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conpri si ng: a. providing first and second nononers, said first nonomner
conprising a 5silicon atom and said second nononer being a hydrocarbon
nononer |wokbngi1ei2Bi con t hat can be pol ynerized; b. tre&Cirus2e@ioesssecond
nmononer under conditions such that reactive polymer of said second nononer
is forned, c. reacting said first nononer with said reactive pol yner
of said second 10nononer under conditions such that said silicon-containing
bl ock copolynmer is synthesized; d. coating a surface with said bl ock

copol ymer (8@mas to create a bl ock copolymer film e. treating
said fil munder conditions such that nanostructures form and 15f. etching
said film 8.The nethod of Claim?7, wherein said second nononer is styrene

B wher ei i oai ATRA0Y VECBBRGSEEHETTS A HAE FoPgetene. o
a. providing a Polystyrene-block-polymethacryloxymethyltrimethylsilane
5 copolymer and a surface;
b. spin coating said block copolymer on said surface to create a coated
surface;
c. treating said coated surface under conditions such that nanostructures are

formed on said surface; and

10 d. etching said nanostructure-containing coated surface.

2. The method of Claim 1, wherein said nanostructures comprises cylindrical
structures, said cylindrical structures being substantially vertically aligned with respect

to the plane of the surface.

15
3. The method of Claim 1, wherein said treating comprises exposing said coated
surface to a saturated atmosphere of acetone or THF.
4, The method of Claim 1, wherein said surface is on a silicon wafer.
20
5. The method of Claim 1, wherein said surface is not pre-treated with a

cross-linked polymer prior to step b).

6. The method of Claim 1, wherein said surface is pre-treated with a cross-linked
25  polymer prior to step b).
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WO 2011/ 116223PCT/ US2011/ 028867 10. The nethod of Claim7, wherein said
first nmonomer is trinethyl-(2-nmethyl ene-but-3-enyl)silane. 11. The net hod
of C ai mwO,20mies2Bn said first nonomer was synt hesi zed PCH/Us2E 1Kes8aTia
coupling reaction of chloroprene and (trinethylsilyl)-nmethyl magnesi um
chloride. 12. The nethod of Claim8, wherein the conditions of step b)
conpri se polynerization in cyclohexane. 10 13. The nethod of Claim7,
further conprising d) precipitating said silicon-containing block copol yner
i n nmet hanol . 14. The method of Claim?7, wherein said

si | i con- cont ai niAngetAb@6KsyR RO MBI silionlonfAsrifs HEMBtopolyh®er fillde Met hod of

Claim7, wherein said first nononer is a silicon-containing nethacryl ate.
2016. The qgﬁﬁgg f Caim15, wherein said first nmononer is
met hacryl oxy tﬁgltrinethylsilane. WO 2011/ 116223PCT/ US2011/ 028867 17.

e TS OF, ek el R S04 U O GRDN PR abeag v 1
5 silicon atom and said second monomer being a hydrocarbon monomer
lacking silicon that can be polymerized;
b. treating said second monomer under conditions such that reactive
polymer of said second monomer is formed,;
c. reacting said first monomer with said reactive polymer of said second
10 monomer under conditions such that said silicon-containing block
copolymer is synthesized;
d. coating a surface with said block copolymer so as to create a block
copolymer film;

e. treating said film under conditions such that nanostructures form; and

15 f. etching said film.

8. The method of Claim 7, wherein said second monomer is styrene and said

reactive polymer is reactive polystyrene.

20 9. The method of Claim 8, wherein said reactive polystyrene is anionic

polystyrene.
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18. The nmethod of Caim7, wherein said second nononer is a nethacrylate. 5
19. The nmethod of Claim?7, wherein said second nononer is an epoxide. 20.
The met howoab11dlled2m 7, wherein said second nononer i s aPE€Tyusesia/oekssT vati ve.
10 21. The nmethod of C aim 20, wherein said styrene derivative is

p- met hyl styrene. 22. The method of C aim 20, wherein said styrene
derivative is p-chlorostyrene. 23. The nethod of Caim7, wherein said
nanostructures conprises cylindrical 15structures, said cylindrical

st ruct ur eg0bei nThs ediod if Cadiny7, wéietdic edid Yirsahiogomer 181 t h respect to the pl ane
of the surface. 24. The nethod of Claim?7, wherein said treating conprises

exposi Nng $@héh tlﬁ&hﬁléﬁé_gﬁteg,_bﬁy\}ﬁﬂ% urated atnosphere of acetone or THF.
20 25. The nmethod of Claim?7, erein said surface is on a silicon wafer.

WD 2011/ 116223PCT/ US2011/ 028867

11. The method of Claim 10, wherein said first monomer was synthesized in a
5  Kumada coupling reaction of chloroprene and (trimethylsilyl)-methylmagnesium

chloride.

12. The method of Claim 8, wherein the conditions of step b) comprise
polymerization in cyclohexane.

10
13. The method of Claim 7, further comprising d) precipitating said

silicon-containing block copolymer in methanol.

14. The method of Claim 7, wherein said silicon-containing block copolymer is

15  PS-b-PTMSL

15. The method of Claim 7, wherein said first monomer is a silicon-containing
methacrylate.
20 16 The method of Claim 15, wherein said first monomer is

methacryloxymethyltrimethylsilane.
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26. The method of Caim7, wherein said surface is not pre-treated with a
cross-1linked polymer prior to step d). 27. The method of daim?7, wherein
sai d surfwoeoisime-treated with a cross-Iinked 5pol ynerCpruseriioessst ep d) .
28. The method of Claim7, wherein a third monomer is provided and said

bl ock copolyner is a triblock copolyner. 10 29.The fil m made according to
the process of daim7

17. The method of Claim 16, wherein said silicon-containing block copolymer is

Polystyrene-block-polymethacryloxymethyltrimethylsilane.

18. The method of Claim 7, wherein said second monomer is a methacrylate.
5
19. The method of Claim 7, wherein said second monomer is an epoxide.
20. The method of Claim 7, wherein said second monomer is a styrene derivative.
10 21 The method of Claim 20, wherein said styrene derivative is p-methylstyrene.
22, The method of Claim 20, wherein said styrene derivative is p-chlorostyrene.
23. The method of Claim 7, wherein said nanostructures comprises cylindrical

15 structures, said cylindrical structures being substantially vertically aligned with respect

to the plane of the surface.

24, The method of Claim 7, wherein said treating comprises exposing said coated
surface to a saturated atmosphere of acetone or THF.

20

25. The method of Claim 7, wherein said surface is on a silicon wafer.
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26. The method of Claim 7, wherein said surface is not pre-treated with a

cross-linked polymer prior to step d).

27. The method of Claim 7, wherein said surface is pre-treated with a cross-linked
polymer prior to step d).
28. The method of Claim 7, wherein a third monomer is provided and said block

copolymer is a triblock copolymer.

29. The film made according to the process of Claim 7.
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