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SI LI CONE CONDENSATI ON REACTI ON The present invention
relates to a new condensati on reacti on between

w@ooseooTae cont ai ni ng the hydrogen bonded di r eed1/¥S1004/018390

silicon (organohydrosil anes or organo-hydrosil oxanes)
and al koxy-silane or siloxane which leads to the
formati on of sil oxane bond and rel ease of hydrocarbons
as a by produdMetheshefdgrmingoNanegore
general processes can be applied for synthesis of

' npol ynmers; ring opening polynerlzatlon

of d t
ool yo SR p o el 30 rorfhbts QAR BP Ut e fistegpric films for

Sist HREegPhteObirdPShhaRGe. | eads to the formation of
si | oxane bond and elimnation of a | ow nol ecul ar

tBaskeugund of thednvestiorondensat i on of | ow nol ecul ar
wei ght siloxanol oils is the nost common net hod
sy nt hes lgtagfat@;bmwmtgfaatws Ibgsmmsndmj withdegsehstance between

ey oduc f
%@i&lﬁf@?igé T rovg{lgﬂ‘e Eﬁna | 5 er%l ﬂ%%j? A&dé?g pges or
l:le)ﬁﬁ th afatdriags is kAbWA $6 Bowak thmiléledﬁf: ico@@ar?lo® e material. Thus,
or ganosi | oxane copol ynmers. In that case the
Y8HOPsARPEPaFheschayg a@hgrsm&sl t9AHRIBPOES. can be enpl oyed.
Many qQf such reactions are known and are frequently
used: USing ¢pnRasHions Havisg. tf&ﬁnefre@w%mgqswa pembjngtiomyyith

PhAAHIED ik Qﬁﬁﬁgbﬁé} asJBRe eneéﬂ a#r&tch RKe! 'g. @ S téﬁ@% 636; U.S.

reaction of ©Organo al 081 |
erBariRac il Dx6yisiol & del, S. 51,17X 1J28m(x)63<13,1851 ard- GI8. 6,4R0AX]. See

also W0O03/068825 and U.S. 2003/0006477.

Initial publications reveal a wide variety of potential thermosetting polymers
and thermolabile components. For example U.S. 6,630,520 disclosed the possibility of
either linear or cross-linked or particulate polymer mofphologies as porogens. This
patent reported actually attaining pore sizes on the order of 30 to 300 nm with linear
polystyrene based porogens in a polyarylene matrix. Improvements were made by
focusing on the template approach to porogens, using cross-linked polymeric
nanoparticles, preferably with reactive groups — see e.g. WO 03/068825 — where

average pore sizes on the order of about 10 to 30 nanometers were reported.

The industry still had a demand for yet smaller pore sizes with no occurrences
of large “killer pores” that would create significant difficulties in integration using the
porous films. Attaining these very small pore sizes with no “killer pores” was found to
be more difficult with organic thermosetting polymer matrices than with inorganic,

silsesquioxane based matrices.

Summary of the Invention

Applicants have discovered a method for attaining very small pore sizes in

polyarylene matrix materials. Specifically, this method comprises
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3) the reaction of organohal osilanes with
organosi lanols, i4) the reaction of organohal osil anes

wordoh/omeb@l sil anolates, Si-X + Metal -O Si = - ES/US081/018390

+ Metal X; 5) the reaction of organo-hydrosilanes with
organosilanols, Si-H+ HOS -> S -O0S + H2; 6) the

sel f-reactl on of or ganoal koxysi | anes, Si-OR +RO Si

Si-O Prrmngmown& Wg”tfoé‘a"&liﬂfﬂé) ﬁOIBP“iﬁsédﬂ%EF RESEYSPT Byatesial, a

a
R B R B S s B R P pr S e
ovigeinasid-hnlc te fordh a Gatrix With 8icalbuta@dSiross- lRﬂ?Hn@@mt demsity of at
reacti 0 r an am nosj | an t h or.ganosil anol s,
657D A8 o EAnS Fegp s e DA Rrene e X PG dresh el pith a
%Eﬁ?%éﬁ W&Myﬁbw%%m‘é& Bﬂgcﬂ?ﬁn@} wﬁich@é‘{%’rﬁw %rom%ho%ﬁ

oS - the reaction of
@pgmnelagylll@nylsorl aékml fuinttorel gmgmerSaWbicél hasreactdR end groups and

8%%%13&1’ Fiogs P}OA‘?% la\ﬂn“fef"ghﬁ ?Ib%'ﬁ 6%‘?56 S§ tha§| a%a{L%QB where the
lgokopken is resedt i amoud-aRh&@iahge of Msout eaed ]e@sﬂth@xfl 5(():'1_)'2rcent by weight

or ganoenoxysi |l ane with organosilanols, Si-
hesedon. totg] werght ofiparparnerRnd THEVE PreEBIEeT I@ﬁtgnélan al so be
used for the formation of siloxane networks via a
cr osslapplyingghe ceptimgsoluian jo »subisfateapd yemeying heselyent to form a
rﬁ(ﬁ(ﬁyi re the presence
applying energy to the film to cross-link the matrix precursor material and

remove the porogens to form pores with an average pore size of less than 4 nm.

Detailed Description of the Invention

The matrix and its precursor

The matrix precursor material for use in this invention cures to form a highly
cross-linked polyarylene. “Polyarylene” as used herein means polymers where
backbone comprises primarily aryl groups — most preferably phenyl groups — but that
may further comprise certain other organic groups or linking groups in the backbone.
These other groups may be such things as oxygen (e.g. in the case of polyarylene ethers
and the preferred polyarylenes set forth below), sulphur, sulfone, carbonyl, methylenes
(such as methylene, dimethylmethylene, bis(trifluoromethyl)methylene, etc) and the
like.

The inventors have found that there is a minimum calculated cross-link moeity
density (XLMD) needed in the matrix material in order to support the very small pores
obtained by this method. Specifically, the calculated cross-link moeity density
(XLMD) should be at least 0.003 mol/ml, preferably at least 0.0035 mol/ml. The cross-
link moeity density (XLMD) can be calculated as shown below in the equation.

Y WE, * (M, -2
XLMD=D*ZW’ (M, =2)
i=l1 MW[
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of catalyst such as protic acids, Lewi s acids, organic
and i norgani c bases, netal salts and organonetalic

waeomplewes. (See, for exanple, (a) "The Sil oxarer/Bswds/018390

Ed. Voronkov, M G ; MIeshkevich, V. P.;

Yuzhel evskii, Yu. A Consultant Bureau, New York and
London, 1978; and (b) Noll, W "Chem stry and

Technol ogy of Silicones", Academ a Press, New York,
1968). It i's also well known in silicon chem stry that

t he or'jherestiMRds thegiatawated ¢rossliak anoighy densityn 3l isde flensity of the
s 2%9%@%&2{%&8}%'3’ to silicon (organohydrosilane) to
produ a hydrogen”nol ecul e and the silicon-oxygen

bond, (.See, YSili.con in Organi. anonet al_l i.c d :
Pl yirohiS GRAMZHYET Rrsahas B 4 BBl TOTOF o PUIEEE pelymer s
lcBfprisddei/e YQE nonohietd festh Svhict/¥ie poBni8r iPmhddane,

Si ngg;ore,e Toroor111t o,e 2000) . 1<,:A\I t h%ﬁgh trr11e u?f?at alyzed

react inofy the tdtalmdhvRt oﬂiﬁ%ﬁh@&ok&ﬁ@ﬁp@&i& §Bwhich tﬁes%qlwer is

wi dely known that this reaction w run nore readi
icomphisedor esence of a transition netal catal yst

especially noble netal catalysts such as those

conpr iV¥Fing thel weightufimctipa bf thdiithrpeatcof mandiaai amangtadll nistiomers
such .as an al kali netal hydroxide, amne, etc., or a
EBWPQS‘%?}&FQ%{YIHWM such as a tin conpound, etc.

Recently it has been reported that orng;mo- bor on

conpodfhds thermumber perrarty caneirtssean the sthdindeimergmery or example,
e - . .

B A 180U RSB AE yies i 2

byelppadadi¢nont nmdiétees préowead snaistiadgnger ous, hi ghly

reactive hydrogen. In spite of the foregoing

devel opng ik the mobeukar weight odtheiituipages efmofiorhar Thewerm (M; — 2)

condensation reactions that. will inprove reaction's = |
e o Wtresse}ﬁf‘dl%gafbéf mfecpﬁ% opdifYRctieRRl TRSHMES undergoing inter-

RiReaRS o DVERY fdhctldial bIMEMNHctbhs will not quite reach the gel point even

at 100 percent conversion of all reactive moieties.

The crosslink moiety density (XLMD) is a calculated quantity that expresses the
extent to which a polymer may crosslink if the crosslinking reactions are carried out to
100 percent conversion, without intra-chain cyclization reactions. It is obtained solely
from the structure of the monomer units and the density of the monomer mix
comprising the matrix material. As such it can be used to quickly assess the potential
extent of crosslinking for a variety of monomer structures and mixtures of said

structures.

Figure 1 shows the relationship between interparticle distance, D, and calculated
cross-linked density, XLMD. Interparticle distance is used as an indicator of
attainment of small pore sizes. The interparticle distance (D) is given by the formula
below which includes the typical pore size (d), and the porosity (P) of the film. The
formula is derived from a model constructed by placing identical spherical pores (with

diameter d) on a cubic lattice so that the overall porosity is P. D is the smallest distance
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The present invention provides for a new condensati on
process to formng a silicon-oxygen bond conpri sing

WO e@6e01Tg0 an or ganosi | ane or sil oxane conpoundBCHES20041018390

at | east one hydrosilane functional group with an
or ganoal koxysi | ane or sil oxane conmpounds contai ni ng at
| east one al koxysilane functional group and rel ease of
Pptvesadvp fisgent spksrpy utkeh a latiice.ne presence of a Lew s
acid catalyst. The present invention also provides for
the formation of sili con-oxy/%:n bond by reacting a

conpoujig :todp*l{;qd;zg/(k@ﬁhfh)) ast]Jone hydrosil ane
functionality a at* | east”“one an”al koxysi |l ane nvoi ety

and rel eases hydrocarbon as a byproduct in the

presence of a Lewis acid catal yst. Thus the present

i nvention provides for a process for formng a silicon

t o oxyggure bhondicaenthei loivmole¢wdr weight linegr grafted porogen combined
sthgon ont ininﬁ %g de §9id fd st Sh|i00ﬁ$ remarkabl
daHt AP MG BIMISLRYE SAptS BPRY™d fa%‘ﬂ% PARGhfS & remarkably
divaRért inereficle distaca (B73 haqpodsa-od it pork BAEQHC-2 nm ) )
silicon containing compound said second silicon

clepmt can e 9h tadrsbitth the dsnpeusty inaehisphericek groglinkipd putedate
G B st T o RORIARaRL b b s
oesen thol htvenfor aratrat matepins\hadimg 16wer @lquinetasss latk moiety

formn ilicon to ox n bond conprising: .

SEr A e weliBodnii GG BT SR ORI bk low XLMD
RYRES IR AT id?&dular vRODA EiledrQranad Jdr6Y r@&ﬁﬁ‘iﬁﬂ@oﬁblete
| east one an al koxy group bonded to a siTicon atomin

dess of porepitind and (b) reacting the hydrosilane
functional group with the al koxysilane group, in the
pr esefbe pofosity yalaed wsetl sn theiintec-psmiklestistatveregbytidnafabowed can be

%xgérlnlle%?aﬁlyt a%proximated from the refractive index of a porous film. The equation
below provides a way to do this. In the equation Rlgi, is the refractive index of the
film, P is the porosity, Rl,; is the refractive index of air (1.00), and Rl tix 1S the

refractive index of the solid matrix (1.63).

Rlﬁlm = P*R[air +(1—P)*R]matrix

The pore size diameter (d) for use in the interparticle distance equation were
experimentally obtained from SAXS data using a spherical model for the pore shape.
The SAXS data and analysis provide a distribution of pore sizes, and the pore diameter
for use in the interparticle distance equation was picked as diameter corresponding to
the peak of the differential form of the volume distribution of the pores vs. pore

diameter.

The crosslink moiety density (XLMD) of the matrix required for a given

application was empirically found to depend on the required porosity (P), the required
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oxygen bond. The processes of the present invention
further provide for neans to produce conpositions:

wa doexenteo f oans, hyperbranched silicone pol yneP&T/US2004/018390
cross-1linked sil oxane networks and gels therefrom as
wel | as other silicone and sil oxane nol ecul es

lified h DETAI LE SCRI PTI ON OF T
RV e RS Ko Jssecins vphepore arnéiﬁh%g)éﬂ%meﬁéhstance equation),
dind Q}%/ﬁwfa&lfon%fﬁ%& %e% With MWL alnsfﬁg ﬁlaﬁ'BPé{ﬁ"? @3& f)(tgiﬁgen

reaction for silicon bearing nolecules. Genera

myedysion may be characterized as a condensation
reacti on between an organo hydrosil ane or sil oxane
conpounshay be desirapleaih ckeaiatingneehyochasictezine thenixedny oMeroks-
jn organoalkox¥3|lan si | oxane c nds cont ai ni ng

or ou
mking(or nefark, %ﬁ?@}%lbé(rf‘épﬁ%%@t?l 8¢t 5@%{@ hep hanirelance on

I e | t
T L R e

contimiention mtheethagirtquiong thay thenmadsoxdhaterial have a calculated cross-

AR B AR b ok pb e rRgedti e b fhagterized by

beqlﬁnﬁg‘ﬂlaﬁlt b 4 SHENERIRIFIIss ARMQALONGt PP &ftéd Beghg W& LAt
f, i, ] are zero or positive nunber subject

tt@nperrﬁﬁuteétm e rengg Whert pegogenghurp eptiyvould degin te ogeur, prefergbly the

ﬁjwe‘llolpgeexr wg%lfi%%ﬁ%sg / a% | EF% talftcrarllht agé Iatof}é)ﬁg IAdpre%erre?i method for
delcuntihk 90811 asddxab tcﬂ&ﬁlt a M 5toRERORESh ¥ dnan PRFraBspArent substrate
0SiO 2/ 2, T=RLI1SSAB ; and Q SiH4/ 2 or drawn as

IR grade pilison weferowerkawglDi Fjan €aclpsedicelis the fidm g exposed to a vapor
FE 88& Qcﬁ%rfcttf&yt}le B&l%lmer — e.g. bromoform for polyarylenes, and one must wait

until equilibrium occurs in the test sample/vapor. The IR spectrum of the unswollen
film (i.e. before exposure to the solvent) is subtracted from the IR spectrum of the
solvent swollen film. One must also subtract the spectrum of the vapor phase solvent in
the empty enclosed cell. The resulting spectrum is a spectrum of the solvent in the
film. One of the spectral peaks of the solvent in the film is integrated. In the case of
bromoform swelling agent we use the infrared absorbance peak located near 1144 cm™.
The resultant peak area (A) is transformed into an effective thickness of swelling
solvent in the film (T) by multiplying by a constant (K), and the swelling index value
(SI) is calculated from this effective thickness and the original film thickness (Ty) as set
forth below. The value of K is obtained by integrating the peak of interest for an
enclosed liquid film of known thickness so as to obtain a peak area, and dividing the

liquid film thickness by the peak area.

T =K*4
o _(L+T)
TO
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T=01/2-Si- -01/2JVv2 '"1/2 Q=01/2" -Si Ol/2 1VzZ
The Rl substituent is hydrogen or is independently

wa@eloeobEdo from t he group of one to sixty car boPCEHUSIN4/018390

nonoval ent hydrocarbon radicals that may or nay not be
substituted with hal ogens (hal ogen being F O, Br and
non |limting exanples being fluoroal kyl

1), e.q. . oo

subst iﬁ'&lﬁe’ﬂlﬂi shpwa i B12o 410k cans ehssadterizedle exde of matién erpsslinking
4 .. ’ . , i

S g1 s ool B O R R Bt of

nimatrixewith thedrooogenbasightdodsgpadSlet fiBingmyogens with lowtthdrenal

substituted with hal ogepns (hal ogen bejng F, O, Br and,
(Sfebilgy o thighdng P‘PFP%?’}@%@&&%WO@@S‘%’&F REPP S gt ety the matrix fully
HRS! debisSH n8h-pell R TFARL K ¥lg. 3Whswd &ﬂétﬁ‘féé AR MAg xR a function
are 1 ndependently sel ect eé fromthe group con§| sting

of highdstegentemperture fari twoydilfenchtomataix omateromoomlly ¢l lower curve

al koxyr adi cal s m nonoval ent

) t [ b t o
ArRIF ’P%tﬁlf%sa‘f'ﬁ}?lﬁg]ﬁee&togle éf%;’?%ggt&}%e”g‘?ﬂm nonoval ent
al karﬁ} og fJrad('i cgl s and hal ogen. Condensati on  of . . )
mol ec ihEPTERIEEd PANITYIRHE matiin PYSCUignsiarg wenorgers having dienophile,
(il GXeib 'ﬂ;ﬁcti@iﬁeﬂl ggg\lé)s (OFoBbomers Mertdie AABRRLHOR LA RInd

backbone wi | to a formation of |inear polyners
ghi¢lepentadienane daetionali gyoupseae pietreds Agnordysviteblewnariongers useful
hi hlxxxdi | ut ed sub tlr.ate .in which case cyclic

&5 Hiplafe Riepcts PR e P g D Omesie P PR IsEt g
tFaahulagar nore than one ( Si OQHobR1) and only one

(HSi =) functionalities on the sane nol ecul ar backbone

as wel |
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waec@eeneppl es of ABx nol ecul ar structures.

nol ecul es that bear one (Si OQHbR1) and nore than one
(HS ) functionalities on the sane nol ecul ar backbone

condensati on of these ABxconpounds will lead to a
formati on of conpl ex hyperbranched condensati on
pol yners. The exanpl es of such ABx nol ecul ar

slaffes include but are not linited to: Method of
Form ng a Nanoporous Dielectric FilmField of the
Invention This inyention relates to formati on of

nanoporous, g for use in

Uground of the

i ntegrated & @
I tancAs\ I ntegfated circ W es. bg P
swald er wijt h \Less di st ance between conduct i i nes,

i npr oved pegn sought. Addi ng
pores or o | ower the
%rlc const ant of the material . |Thus, /#¥axi ous
paches have been presented to att&F . Usi ng
conp03|t|ons havi ng t hernosetting polyners
conmbi nation with thernol abil e conponents has been one
%gggggh approach. See e.g. U S 6,093,636; U S.
, 520; U.S. 6,156,812; U S 6,172,128; US.
6, 313, 185; and U S. 6,420,441. See al so W03/ 068825
84 | publications reveal a
wi de vari et rnmosetting polymers and

t jrer\ol abi | @ €@Tpan % exanpl e=8\S. 6, 630, 520

§€dCth dosgi bi I\ e¢+=he par or

cross- | i nked , [ 2 pol yner wof phol ogi es as
it actual |y attaining pore

sizes on @ 300 nm with |inear
@ y=efe based poOrogens in @=® (@ ene matrix.
| pr'ovenent s were nmade by

Formula I'V:

ThePCT/US2004/018390
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focusing on the tenpl ate approach to porogens, using
cross-linked polyneric nanoparticles, preferably with

WO 26020 gr oups - see e.g. WO 03/ 068825 - wWhePEr/US2004/018390

average pore sizes on the order of about 10 to 30
nanoneters were reported. The industry still had a
demand for yet snaller pore sizes with no occurrences
of large "killer pores"” that woul d create significant
diofhilel¥t i es in integrati on using the porous fil ns.
Attaining these very small pore sizes with no "killer
pores"” was found to be nore dlfflcult with organic

t her noset ti g™y i Ce wi t h i norganic,
gry of the

I tion oufl ' [ d a nethod for

@ nf:ﬁ_@cve al | pore si pol yaryl ene matrix

materials Q [ Y, s : onprlser—.rnlng
P— i€ paCe r sor
terie 6 vent bv

PﬁgCa pol yaryl ene matri x precursor naterlm
cross-links to forma matrix with a cal cul ated
cross-link noeity density of at |east 0.003 noles/m,
%%%H gﬂtlng the polyaryl ene matrix precursor naterlm
' a porogen which is linear oligoner or polyner
which is formed from nononers conprising al kenyl or
al kynyl fun A as reactive end
groups and wei ght

in the

» & he
t-te forn1a f|In1 applylng ener gy_t-0 filmto
-link the matrix precursor material any

Formula VII;

(I
arEve\t o J
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renmove the porogens to formpores with an average pore
size of less than 4 run. Detailed Description of the

WO pwebi7on The matri x and its precursor The naPCT/KS2004/018390

precursor material for use in this invention cures to
forma highly cross-Ilinked pol yaryl ene. "Pol yaryl ene"
as used herein neans pol yners where backbone conpri ses
giormule YYI @ayixtuye eflps - nost preferably phenyl groups
- but that may further conprise certain other organic
groups o i nki ng groups in the bgtkbone. These ot her
gr oups y~Qe such things as oxyg (e.g. in the case
of pol yaryl eng et § Yl g Jreferred pol yaryl enes
set forth bel X gurf one, carbonyl,

met hyl enes (s mg engm di met hyl net hyl ene,
bis(trifly | eney & and the |ike. The
i nvent or s m ni mum

cal cul at ed ss-1link eity density (XLMD) needed in
the matrix mefegd il \d%é tg support the very small
pores obtai ned byf this thad. { Spexifically, the

cal cul ated cr oss-nit @ y (XLMD) shoul d be
at |east 0.003 mo(J/} | east 0.0035

nmol /m . The : XLMD) can be
cal cul ated a bel ow in the equ aﬁon.V%ere XLNMD
is the cal cul ated crossli noi ety density. Dis the
s/ centinmeter3); i is an

e di fRerent nmononers of which
h e~ he nononers from which
LA otal nunber of

W the polyner is

gm-f the ith species

i ndex whi ch dest
the polyner is-e
the polyner is #Asc
di fferent nongmes

v .

of nononer “anong all nononers
Formula IX (a mixture of):
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conprising the polyner; Mis the nunber of reactive
noi eties on the ith kind of nonomer. For exanple, the

wo 200am00H0 M f or the nmononer of formula | is 6 $dI/US2004/018390

acetyl ene noieties + 2 cycl opentadi enone noieties = 6
total noieties); MM is the nolecul ar weight of the
ith species of npnoner. The term (M - 2) is used to
é:QHPBngfarﬂé“’itﬂr@aPQ hat a collection of difunctional
nmonomer s under goi ng i nternononer one on one functional
group reactions will not quite reach the gel point

91y O reactive
desisTty (XLMD) is a
cal cul ate ges the extent to which
a pol ymer lgb ) @ rosslinking reactions
are c(ed out to 100 péréent coryersion, without
intra-thain cyclizationeactjons. >t is obt ai ned
sol el y (] thhe struct @ %@he mononmer units and the
density of helm - Drisi ng the matrix
material. AS. 9 )t o quickly assess the

NI etl e

pot enti al or a variety of
monomner (3tructures and ni xtur es of\ d structures.
Figure 1 shows the rI {ionship between interparticle
di st ance, ; e)i,(gr oss-|inked density,
XLMD. | nt *®- { srysed as an indicator
of attain 5§ The interparticle

di st ance 3 faglul a bel ow whi ch

i ncl udég ‘’pnd the porosity
(P) of the film The formula is derrved froma nodel
constructed by pl acj spherical pores (with
di ameter d) on A5 4 3
orosity i(SlP [ i : Ife I st ancebet ween two
p @_ @«\Q'Um@

-10-
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with the matrix polymer based on the nononer of
formula I, provides a remarkably smaller interparticle

walz@banzeo (0. 75 nm ( porosity~0.20 with pore dPE@VEEENN4/018390

~2 nm) ) than can be obtained with the previously
taught spherical crosslinked particul ate porogens in
the sane matri x. This apparent advantage is a very
JiorpulasXlhly result and it does not hold true for matrix
mat eri al s having | ower cal culated cross |ink noiety
density (XLMD) values. In the case of matrix nononers
with relatively | ow XLMD val ues, the use of | ow
nol ecul ar wei ght_J| i af ted porogen results in a
@. osity values used in
equad i on (above) can be
the refractive index

the inter-parti
experinental ly
of por ous fil
d Lp

in o? t he

t e_ref i ve
y,E_RICaI 5 the
and Rimatri x is the
refractive index of thegsoki rix (1.63). R J1ln P
* + (X-P)* R The pore size eter (d) for use in
the interparticle distance equatlon wer e
experimental |y obtained from SAXS data using a
$phauiacalv:nodel for the pore shape. The SAXS data and
anal ysi s prOV|de a distribution of pore sizes, and the

or use in the |nt |cIe di-stn\ance
c&@ﬁ{hs di anmet&r c -<IH> t he

pt er. The

¢ re=/mat ri x reqU|red
.opllc. i on was expi i cAl Iy_fou
e

t he graph above

Formula XV

o'

-11-
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and the interaction of the porogen with the matrix

during matrix cure and porogen pyrolysis. It may be
waleaocnalb@ in certain instances to characteri zeCT/H82004/018390

extent of crosslinking (or network formation) by

experimental nethods rather than reliance on

cal cul ated crosslink nmoiety density. Thus, according

tFermplagl Ye( ) pod XodbddighBnt of this invention rather

than requiring that the matrix material have a

cal cul ated cr rk noi ety density of at,least, 0.003

, Wterial can be charactferized

mol es/ cc, a N by
requiring that it haye a Swell Index of | gss thaﬁ
about 1.3 aft#e ured at tenperat 67 '

O

range whef [ ) nn_ o ppuind  begign S

peeke ) oul d_be 3 @

1.3 af preéferr

cal cul g 0 Swel | I ndex'\s(o0 ca

film@h an IR transparent stubstrate (fR grade silico

wafers work well). In an encl osed cel, the filmis ||
exposed to a vapor of a good sol verf for the polyner
e.g. bronoformfor polyarylenes, and one nust wait
until equilibriumoccurs in the test sanpl e/ vapor. The
I R spectrum of the unswollen film(i.e. before

HRASTHE R Ps WARKSR! e’ Rlakt by DRIDAIRE LRGN Bul Qﬁic}a Riould provide
film On t also

spectrum of the solvent swollen fi e’ mus
shebdesmed caltidated exsiss-link deénsitiyeor Baysringddxamay slod bensed. For

ST SR GRS AR e

spsgatral peaks of the solvent in the filmis
integrated. In the case of bronoformswelling agent we
use t ABemst piefdrediBFIN RFRCErSpEsAC FOBRestdonsantde bynstaging (i.e.

. i al ' i .
b P S R B 10 PRI fc e v
o shoulo 0L Amqid, prefgrably 2000@abdlnmotdre feratdy 1 6,600 g/mole, when
swel ling. i ndex value, (SI) is calculated from.this

W%E?$g@ Si45i ERNEQR CH’??&“%‘P%*‘E}W Wity B&YFW%FFNIWRH%‘E sThe b-
gt-ggi)ng@ﬁays(%cur at temperatures between about 160°C and about 200°C_for times of

about 4 to 60 hours. Preferably, B-staging occurs in a solvent such as, for example,
mesitylene, methyl benzoate, ethyl benzoate, dibenzylether, diglyme, triglyme,
diethylene glycol ether, diethylene glycol methyl ether, dipropylene glycol methyl
ether, dipropylene glycol dimethyl ether, propylene glycol methyl ether, dipropylene
glycol monomethyl ether acetate, propylene carbonate, diphenyl ether, cyclohexanone,
butyrolactone and mixtures thereof. The preferred solvents are mesitylene, gamma-
butyrolactone, cyclohexanone, diphenyl ether, ethyl ethoxypropionate and mixtures of
two or more of such solvents.

The above monomers can be made by the methods set forth in WO 03/068825

or as exemplified herein.

The porogens

“Porogen” as used herein means a labile component which can be removed
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forth below The value of Kis obtained by integrating

the peak of interest for an enclosed liquid film of
whe@enot7bd ckness so as to obtain a peak area, BOTUS2004/018390

dividing the liquid filmthickness by the peak area. T

= K *AThus, as shown in Fig. 2 one can characterize

the extent of matrix crosslinking as a function of

mtl@mﬁ ifidmsvhenteneegy; lﬁpmlteéﬁ@ thedilpy togeavieysmadltvoidstdygores.

t e
%n@rrlgg f1§ +r%fe9{%$' Iggp lec Ogglﬁé\ﬁﬁ nﬁﬂﬁ &Ic?rroggl frlr&‘“@r‘e% y thermally

smm butInYay eﬂ&rﬁdm&aytﬁeesupplﬁagﬁmhmmlqua&aﬁmrga‘s egdistion. The
products well before the matrix fully cures, results
iPATGREAS 6 CHYACETIFGHIn thatg}heyzarg ngwglrw%ﬁ Pt subficiengeyieihag

t f u
RO o A BB suth BAERG pO cBIRERFLTL  SBorBkalty, tis
rdegiredfonths pn@tknréctﬁtermhlmfcmed kbetemsdhai thé porogerpreasmmt (1 e.

i,nvention. The Iene mat ri x ecurs

LB BB a0t St Shegh R e BPaRBiTG vpsshot Fih2x the matrix
PORMRS. Since fbrdREBleertieheeik. mzﬁér%ﬂ?&ﬂls%t SLEEMKBAR rABES cure

cycl opent adi enone functional groups are preferred.

Aerstignssheigirainl the ramge € 280 tesEF0IC, o grats burn- pmtecmpsratusesmre
useful in making oligo ic matrix precursors
BT FF&LIQ( ip therghapEAoRt S mr BrefarpolV RAP i, rbof 40655 mul a

V: Formula VI: Formula VIl:Fornmula VIIl (a mxture
of ) : Hbeparogensusesulin dis fertfon 4re layy melegulag weisht sybstantially

Hdar p%?};n%ﬂcaor%lh go&%ﬁ%ﬁ&@gﬂaWn%ra%éc%v%(eh(li group with the polymer
chain consisting essentially of alkenyl functional and/or alkynyl functional monomers.
The monomers may be aliphatic and/or aromatic but are more preferably aromatic. By
substantially linear is meant that the polymer or oligomer species contain little or
preferably no branching and no cross-linking.

The weight average molecular weight of these materials is less than or equal to
4000, preferably less than 3500, more preferably less than 3000, most preferably 2000
or less and preferably at least 500, more preferably at least 1000. Preferably, the
polydispersity is very low — preferably less than 1.5, more preferably less than 1.2,
more preferably still less than about 1.1

The alkenyl or alkynyl monomers used in making the porogens may be selected
from styrene, alkyl substituted styrenes, such as vinyltoluene, 4-methylstyrene,
dimethylstyrenes, trimethylstyrenes, fert-butylstyrene, ethylvinylbenzene, vinylxylenes,
and the like; aryl-substituted styrenes, such as phenylstyrene, 4-benzoylstyrene, and
the like; alkylaryl-substituted styrenes; arylalkynyl alkyl-substituted styrenes; 4-
phenylethynylstyrene, phenoxy-, alkoxy-, carboxy-, hydroxy-, or alkyloyl- and aroyl-
substituted styrenes; higher aromatics, such as vinylnaphthalene, vinylanthracene;
stilbene; beta- substituted vinyl aromatic monomers such as beta-methylstyrene, beta-
carboxymethylstyrene, and the like; and substituted versions thereof. Styrene and alkyl

substituted sytrenes, particularly alpha methyl styrene are preferred. The monomer
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Formula Xl V: Formula XVI (Left) and XVII (Right): O her
nmononers which do not react by Diels-Al der chemstry

whedoenmized woul d provi de the desired cal cul at eBICT/US2004/018390

cross-link density or Swell Index may al so be used.

For exanpl e, substituted or unsubstituted

tris-acetylene functional nononmers may be useful. The

RN SLBP BF ey StEEnener AESOTHINS EQR ﬁ@f@@r@l@dn@@@i injcadey toradiast and

[ - ial.l I r
B b S BRI PEE RO b BRAROR
abettie wHDpha metis/] s@f@feeﬁ@meyusw Ochdrdimlgeo thippeferred
pr ef er abl 10 000 g nol e, when neasured via size

enbogdunek thepobym arkyeluiing thegregaiiv fungsiopa eng gapyry somprises

??S%Qgﬁﬁg’“ﬂ%u?a%%@&%é@h ETRREARE IPRER TR e, More

B[’éfélabkyth/get Ibahagutrtgmpemturs of aboat 350°CAN- 4(};p|erberass sti@he

exanp mesityl ene, nethyl benzoate, eth benzoat e,
amqs@m rSeltSﬁé Wl%cﬁogmﬁﬁceﬁt Alnbe praghyl gtvaensy |I§W@regt|h9% &) percent
f etfl_fjr%l %hn?ﬂqu %séﬂ hy l'en%vlaﬁ l'toq éygﬂraﬁﬁ Yﬂﬁeﬁ‘lﬁm becomes
yco et her, |pro yl'ene glyco

cdbimrﬁompomdoﬁmeglycol nmet hyl ether, dipropylene
gl ycol nononethyl ether acetate, propyl ene car bonat e,

di phesyitalsde hﬁphaneyﬁd)m&mmonﬁe st iomimat anmetdiytinethacrylate to
i Xt ur es t her e

ref rre solyents_are
: thy f@%{ W&’M@t yl@(]‘ 346, i QFB el ymethacylate
g%g;mg%uﬁ H1atch ot 519 PR ORIARG), -5 VRS Forff poly (n-

nor e such vents.  The abdv noners
betyﬂradglatﬁ) ¢thyd aeestlte d@; fqmtpcﬂy) (dtlhyl |anry\l/m)08b@t®881231amylas to form

i fied her h " Por.ogen’”. used
ROBATR G BRaSTa) o B ORE RRS By BEoUSFimethacryiat)
éﬁﬁvﬁﬁd{a&@wé hﬁfoﬂiﬁtﬁoﬂy(?eihyll etk ediylens okidRlto Esind O
the filmto | eave snmall voids or pores.
polyethylene oxide (PEO) propylene oxide to from polypropylene oxide (PPO), lactide
to form polylactide (PLA), caprolactone to form polycaprolactone, tetrahydrofuran to

form polytetrahedrofuran and the copolymers therefrom.

The reactive group is a terminal (i.e. end) group which allows the porogen to
react with the matrix precursor material. The presence of the reactive group is key to
avoiding too much agglomeration of the porogens which has been found to occur and
cause large pores. Although desirable it is not absolutely required that each porogen
oligomer chain include the reactive functional group. Preferably, at least 30 percent of
the chains include the reactive group, more preferably at least 60 percent of the chains
include a reactive group, more preferably still at least 90 percent of the chains include a
reactive group, more preferably still at least 95 percent of the chains include a reactive
group and most preferably at least 99 percent of the chains include a reactive group.
The reactive group is preferably a group which can participate in the diels alder reaction
during b-staging or cure of the polyarylene matrix precursor material. Examples of
suitable terminal reactive groups include acrylates and methacrylates, styrenics,_allyls,

acetylenes, phenylacetylenes, alkenyls, cyano, pyrone, etc., specifically preferred are
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The energy is preferably supplied by heating and the
porogen is preferably thermally labile, but may

wa@bdoenmerbo vel y be supplied in the form of e-berOT/082000/018390

radi ati on. The porogens are characterized in that they
are not renoved until sufficient cure has occurred in
the matrix material such that no pore coll apse occurs.
Sheaii¢,iacolldtg and methacyidater ed for the preferred
tl.jﬂwermallg cur ed lsi%gstéemsé at t eoﬁvoro n.repgoval [gji.e.
OFSFRIGEPE R UPOHLL] PPt §PomimyREog fih qsgonic
BRI I2htIE fie6 eslliéL holMieeizMorn, BentFiletiftee RAdiYAIROlynidri¥aon
or the preferred matrix materials onset of )
$nigraxide exndiatedhereatern tranpler frexadicghpolipagrization, andeare gergmercially
. . - t S .
it X aitPle, BORTER R s pybBIRREPRY S Glfig vew
Y4kt o about 400C. The porogens useful in this

i nvention are | ow nol ecul ar wei ght substantially
ForawE HrofAEgiselugPr ol i gomeri ¢ speci es having a

feacti . . 4. '
cosont ST e soRRals a6y POk il P SbRoacRrakiht Muix
precutsboima suitebleselvent syhtemydirefembdy theypobrgeas arphaddedto

and/ or .aromatic but are nore preferabl matic. B
SRBOMSFE AU Prertiegs Which e Bisfised k. Pydiel i@piygierizéd) as
Al st @RBEELSRES i AP i@intericidr bbEmRricRh&FHL hadudoPss discussed
branchi ng and no cross-1|inking. The wei ght average

Ao Neformisigdghe bwtagingds ehaprewnrapSthe poragen enabdes the reactive
94k 10 BOLEIE il 38 S9BARh e bt
keethe nedix preelisoablhis Atlps evdd agglOmermion op thefredteikpyecatsor.
iAo eSSl AN S B, TBELRL R ki
g PSR fr54idde SA3 Eap Uchfog
poroggs itinthe rhasrix gresotsedodquosn st yrene, al kyl

ZE’I ?nse: m){ej tg]?{(:}}uzttn ,p%poeg%h i$ Il)'lr%I"]erﬁﬁy Ynl gpff'::}sg 561 senrgént by weight based on
weight of porogen and matrix precursor, more preferably at least 30 percent. The
efficiency (i.e. the conversion of porogens to pores) of the porogen reaches a plateau at
somewhat less than 50 percent loading. Preferably the amount of porogens is no
greater than 45 percent, more preferably no greater than 40 percent.

Suitable solvents include mesitylene, methyl benzoate, ethyl benzoate,
dibenzylether, diglyme, triglyme, diethylene glycol ether, diethylene glycol methyl
ether, dipropylene glycol methyl ether, dipropylene glycol dimethyl ether, propylene
glycol methyl ether, dipropylene glycol monomethyl ether acetate, propylene
carbonate, diphenyl ether, cyclohexanone, butyrolactone and mixtures thereof. The

preferred solvents are mesitylene, gamma-butyrolactone, cyclohexanone, diphenyl

ether, ethyl ethoxypropionate and mixtures of two or more of such solvents.

The coating solution preferably comprises 75-95 percent by weight solvent and
5-25 percent “solids”. By “solids” is meant the matrix precursor, porogens, and any

other additive which is intended to become part of the coated film after solvent
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di met hyl styrenes, trinethylstyrenes, e -butylstyrene,
et hyl vi nyl benzene, vinyl xyl enes, and the |iKke;

wa@eybAsThet | t ut ed styrenes, such as phenyl st yrBeEDS2004/018390

4- benzoyl styrene, and the like; al kylaryl-substituted
styrenes; arylal kynyl al kyl -substituted styrenes; 4-

phenyl e nyl styrene henoxy-.. al koxy-, carbqgxy-, .
Pl DY Biecle kR iratalbed o6 EUERSd bh BeFeq yhaingthickness
RraReinadfagat i cs, such as vinyl napht hal ene,

vi nyl ant hracene; stil bene; beta- substituted vinyl

ar onat Tle sedutomes spplisdito asubstitate orewhigh $he/p@nes polymeric film is

BT SR Ry S abBh Broslen (o Gt etnspd (referably in

shid@hid ot 108k thiit KB S00 RAL ofdiprafdrabl2bbiia 5086 BYO nm) spin coating
styrene are preferred. The nononermay sinply be

$eahpiges argused cldeweyeg atbergolieat eaating apnrbechicrsteh ag ink jet

. t ' 0 i on . .
S e HE OSSRy g gprona
dlie silwnhenay bk rémevqda slighthyydleaited tempemmyedia thes@ége of preferably
According to this preferred enbodi nent the olgner

desaithan20Rcmaes Rigferabdy Ielt@%@@n&é(%wcmn@ﬁgrheesﬁ et without
A L S e L L

phatget similbthicatiogdetiedrper at ure of about 350C 20- 40
percent is styrene nononer is used with 60-80 percent

al pha Aletlyivelst Néaging to highee@ptiafiteSRNilNEStE esthoal tA® golvent and
nmet hyl styrene is used, the porogen is renoved taoo )
advance e queeofthe rssHb JYRHEStER puEs PR BaPlbTsan®0be Bysd of desired

PR Ll S PBRRIRLE B LN RTR R B8 v
QRMYA) cureed nasish treysohitent foo tHearent fagtry et faleyteadnd buBMA)L, of the
oBbE s BERTEE o ERCI bt Bt S engom i
Atk wighRrd AbHLATIMH Mk Yerdsaivadth haCpieefing deqPétic¥! Unlike prior

nethacrﬁlate to formpoly (t-butyl methacrylate),
Aysterms, whers il tiplg|hgateng siersovare pasjuyred fo digig pore size increases, the

ﬁe{sg %g& %%:cegl ’be glt?%% ggg thgﬁl,;fagé{q[a%(ﬁ)Fg;%{t%ru%i%gilf%a&t%tn%&lt on pore

size in the film.

Cure and porogens removal is brought about by supplying energy to the coated
film. While this is preferably, conveniently done by heating, it is contemplated that
other energy sources such as e-beam cure or UV radiation could also be used. Heating
to cure may occur on a hot plate, in an oven or furnace or in a combination of these
steps. Cure temperature is preferably in the range of about 250 to about 450°C. Cure
preferably occurs in an inert atmosphere so as to avoid undesirable oxidation of the
matrix material. The higher temperatures — greater than about 325°C, preferably about
340 to about 400°C are also effective in burn-out (i.e. thermal removal) of the porogens
material. This burn-out preferably occurs in an oven or furnace in an inert atmosphere
at temperatures of about 325 to about 450, preferably 325 to 400°C for times of about

10 minutes to 2 hours. However, the addition of oxygen may speed the removal of the

-16-



10

15

20

25

30

pol yet hyl ene oxi de (PEO propyl ene oxide to from
pol ypropyl ene oxide (PPO), lactide to form polylactide

w@ Rapo17e@pr ol act one to form pol ycaprol act one, PCT/US2004/018390

tetrahydrofuran to form pol ytetrahedrofuran and the
copol ymers therefrom The reactive group is a term nal
end rou ich allows the porogen to react

(i.e.

\Momgeph%n FFR%& QW dmSat eri al . The presence of

the r t

e B P I RS g e
ovdeculamiriglaiod ¢hd magix pocuesor isinttho tegige d€S5000bl aboutt 20060, when
not absol ut el ired that eac en o oner

s o0 i e N BB b D RISttt B3, show
RxedIRheRIpYAll 9;opleﬁ@§ twhefl spiarcestat. gf)e&h&u@h@u @ﬁlcfdﬂcgaggemh

the reactive roug nmore preferably at [east
p‘é}?f@éfﬂtloépf 2Addenthiwidth) ael filked by m@aawwrsg»mwmgmol@cular
Qve“?g 1§t gpa%ul?' %Qd to%ore %ﬁd%tw?r@rog%%ﬁg Eer gf JICM}&%%F IW1t21taspect ratios
log asit ar9 5orﬂple€b‘drﬁllﬁf byt RStk hﬁédﬁﬁsotﬂ@dv&&@n@lebﬁl@ﬁvbl\gﬁts of about
%r oui)pjand nost preferably at |east 99 percent of the

R99 trsaboye208€0-a reactive group. The reactive group is
LTS Rt B3R Anethb ﬁhv%%@cﬁgé pbre!sPRIGE abBlt!0PioH fhSwith a
al der reactio uring b-stagin cure o
platrywrppkaemae dnatribuiiop apt subsantiatit wy parks hﬁmg‘nptlm&enstbn greater

t e term nal reactive 0 ncl.ude agr
it i B0 e o G RThasia ¥ b dRRppRa B Spofi el xoBy scatering
RE ESNOWARE @ni/dlﬁe[h%% x-2 K KAM g (Sl 600 exﬁé’ﬂirﬁ&ﬁs nfalbe gerformed using
specifically preferred arestyrenic, acrylate an

destangd ylyi(btaécedm@l Pl )Sprdi sesrcmay\ rnenqpéwremtty: beam
?g%/se &?g%gnﬂagﬁl‘iims g&bgsxvﬁgg \Fﬁeg g %(Ilrl're‘;s éb r%gtgj ﬁhts toed%ﬁne a

nmerization, contro

peattangalar gledped bedmiof kaownl sizeeThab&th tien @kidgnhe rvadflﬁfne thamber and
i zatj.on,_ _and are comrerci al |

f di l. I
g%%% Q@P ¥ %@ﬁ@%’gﬁ%b’é hekinrg filisdichamber Rriopd Geiing Ythe path to the
P£rﬁ?l'é Ghfin (usﬁ’%cdd?& samBRcRIhSer. AR WddfbHal piftlold RYddde

coa sol ut I on
approx1mately 10cm before the sample position. This collimator is used to block any

of the parasitic background rays caused by leakage around the outside limits of the
optical components further up the beamline.

The SAXS experiments are performed on double polished silicon wafers (~100-

- 700 um thick) coated with ~0.1-1um thick sample. A normal beam transmission mode

geometry is employed. The x-ray energy is set between 15-18 keV. Data collection
times are set at 10 minutes. A charge coupled device (CCD) detector is used to collect
the x-ray scattering from the sample. A separate background file is collected and
subtracted from all of the sample data sets. Corrected data is reduced to a one
dimensional data set (intensity versus scattering vector, q, where q = 4nsin6/A; 0 = half
of the angle of scattering, 20; A = wavelength of radiation) by radially integrating the
two dimensional data set. The reduced data set is used to determine the pore size

distribution and average pore diameter.
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The coating solution is forned by conbining the
porogens and the matrix precursor in a suitable

waelosemt79syst em Preferably the porogens are apkdpUS1004/018390

nmononelic matrix precursor which is then b-staged
(i.e. partially polynerized) as discussed above to

form an olg%onerlc or polyneric matriXx precursor as
di scusdeydikisEpg mepiods é’felﬁsﬁ‘é tq gfé‘ef?fi%fhﬁgi"?@g? Porejsize and pore size

RESFERRE Rim HSRRERE %E‘atﬁ‘eﬂﬂg 'dt% nre h\éFTfa‘ﬁEﬂTHQﬁon

group on the porogens to re e matrix
metlad ©0 comrdtrited systerhodaletbptd by Iﬁﬁattemtet alx (preedrunsar¥Popela, J.

P 0 i Reliditdst () Sl o aretidh fscBampty-Popeta,

@l Raty, O: BLapadd @%& | }opoEar 13937L2(W) QM dRdotd %on%Hlsperse

some time during the processing but prior to coating a
gppoxhationatsvelaped bePestsrogdses Redesonhd SydtAppd. Cryst. 27, 595,
Qkﬁ& rsor occurs. The anount of porogen is preferably

[ "l east 20 percent by weight based on weight of

por ogeNlteriidiveB positrgi ﬁﬁiﬂlﬁl&@lbn lif&ree §Peefr6dcapy YPALS) @aPe used to
30 percent. The eff|C|ency i.e. the caonversion of

Igéﬁegg@ﬁi’of"omffér ae tpthe Yesy frpplb genss baing Aergnes, pieafdegsmission
%fé@ﬁg\@ﬁ% po?gt&&ﬂn%a’?ﬁ{o&e@fﬁélﬁ)@ghanni)grug&f{oacg obt h{)}r% sizes in

anmount gens 1's no greater per cent
prekeofibhy. no greater than 40 percent. Suitable

sol vents include nesityl ene, nethyl benzoate, ethyl
hepztiaheusdi benzyl et her, diglyme, triglyme, diethylene
gl ycol ether, diethylene glycol nethyl ether,

di pr ogyk @BRUE HYES nade bl Yie a%b@metrdidnm@yé@m behafR features.
di met hyl et her, propy Ienelgy et her,

Moy Pheplaimgd methos i ne an@qllyec‘rlowé@plét(@com@md @He) pore

GEFOPIAE PN S0y S| BLFAMAL e plypre i

podwd fer lawvesunfasd topghimS ga]‘ﬂsmt-hb otder of ke thak,l nm as determined
RS T I AT T R R
yields low sidewall roughness in trenches and vias after etch which in turn enables
formation of barrier layers in the feature that prevent migration of metals into the
dielectric film. Earlier porous films, even with 10 nm pores, proved more difficult to

integrate due to the inadequate barrier layer integrity due to sidewall roughness.

Another beneficial feature of the higher cross-link polyarylene materials,
including the preferred embodiment, is that they yield films (porous or non-porous) that
have low variation of coefficient of thermal expansion over the relevant temperature
range of 50 to about 450, preferably about 420, more preferably about 400°C. The
preferred films made by the process claimed have coefficients of thermal expansion
over the range of 100 to 400°C in the range of 30 to 60 ppm/°C, more preferably 40 to
50 ppm/°C.
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The coating solution preferably conprises 75-95
percent by wei ght solvent and 5-25 percent "solids".

w@goosmol7pas” is meant the matrix precursor, poPOLERRN4/018390

and any other additive which is intended to becone
part of the coated filmafter solventrenoval. The
preci se concentration used will vary based on desired
il DegenimionfdheaDEpwingse final film The solution is

%gplied to a substrate on which the porous polyneric

fhig.rh showgegiletef therelpsionghriprbetwepn éftenpatticle digamasdaw mdidagor of
Ipove sitx) akd eslselatedesoss didk Mprietyelenbtyy i n t he range of

| ess than about 300 nm nore preferably about 50 to

3@% X $hdjvs Plet oT@Rd tel@iohstih Bf SWEEn@tCcus Rihape AR \BY two matrices
ot her sol vent coating approaches, such as ink jet
payingidifierentirglouipsed ¢rRes-llymaletbdassitigsed. The sol vent

is renoved by drying. Optionally, the solvent nmay be
qggp&gg at slightly elevated tenperatures in the range

of preferably |less than 200, nore preferably | ess than
1500C to renpve the sol vent mﬁ}hout significantly

g Hipel s AGthOQ W !‘.'7 ;!‘: 10l (,) Lim 'a cat | ng st ep V\DU| d
occur on a hot plate or simlar heating device.

AL ISSINBHESE @F BTadY 1. AdBROMOPRPNEN VISNPETATHr es Wi | |
both renove the sol vent and advance the cure of the

S Ml P R SRR P08 o o

@iyl Bitsrs aF Corgehtigied Sulfiricaiefd inSd0amdilithe of ayiutd e@ddsoltvas
cure to resist the solvent for the next |ayer, but

Fefluxed dore® bowas hgpaliawed iy standeovsanislfe Adter RoE qYespOQerams of
AL, hﬁﬂﬂthﬁ@ Wwal QX@J&&Q\gitﬂ Ethwfge){%@é Gk bdhef é)ﬁfa'éﬁ%f:ﬁl WaSHRd
Is'that 1t opust n ot

is nore r a ess sensitive to
phoxowghine avtithrwpterend sndiem hicdrbéstpsalatiorsthsh dried ewee mehydrous

tipl ti [ dto. [
Spobmiy e RenS R e bER oL Flitsv g el groms 024
18| 8Bt Rrdeft ABRfdWidIAP anSdiDRhich CARtalliZBIAHbn @FolRY Filtration

size in the film
and washing with hexane afforded pure product.

B. SYNTHESIS OF 1,3-BIS(4-BROMOPHENYL)-2-PROPANONE

To a slurry of sodium hydride (9.17 grams, 0.23 mole) in 50 milliliters of
toluene was added dropwise, a solution of ethyl 4-bromophenylacetate (50 grams, 0.21
mole) in toluene (50 milliliters) at 30-32°C. After addition was completed, the reaction
mixture was slowly warmed to 50°C where the reaction began to rapidly exotherm with
evolution of hydrogen gas. The reaction mixture was further heated to 78°C for 2
hours, cooled to room temperature and then hydrochloric acid (45 grams) in water (22.5
grams) was slowly added dropwise to neutralize the solution. The layers were separated
and the aqueous phase was extracted with diethylether. The combined organic extracts
were dried and the solvent was removed to leave a yellow oil. This oil was refluxed for
24 hours in a mixture of glacial acid (60 milliliters) and concentrated HC1 (30

milliliters). After cooling, the layers were separated, and the organic layer solidified to
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Cure and porogens renoval is brought about by
supplying energy to the coated film Wile this is

w@e@booerhd y, conveni ently done by heating, it PGI/US2004/018390

contenpl ated that other energy sources such as e-beam

cure or UV radiation could also be used. Heating to

cure may occur on a hot plate, in an oven or furnace

@rovige a yelinyppoli i Trs eude pesactsvasyscrysialized Eopen-heniane to give a
f ut 450C.

B AP i s (100 B s ARk S BB 220,

avoi d undeS| rabl e oxidation of the nmatrix materi al .
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@romopmayl@hcnylh%prmnoneaﬂﬁgsapm@dAemoteas nbeicthtylangige,olf2 grams

A Ok R R SR e s

aéldtibh Hixtafe wwd;gﬁﬁemuh SREREN Fhrel I amYa!théd 0.60 gram (0.0023
t hepor ogens an orten the burnout tine. The coating

sutlex afdrihesylphrsphingandrt 0o gramp@:40036 male)of paladiem acetate were
t !
SBAQE AR R0, B L ERHORLNEL 0% b8 TR Cdeh sgmosniprs for 20

teasuthe dlask wvas alzcav@bctolcus]l tonro@h nanpdrawgra ey wméﬂr(zoo milliliters)

pol repe c I bration, ow, excel | ent

ap%ﬁv%/ 3%%’2‘#1 ﬁV%é@%ﬁ Téﬁé%%u#mgacrrg%mg biygr W?%W%ﬁ*iled with

98 Percbh Jﬁu@é&eﬁ@l Waakdr A8d turdicd dRBRIsNAIGhAY dr¥dover anhydrous

filled by matri x precursors having nol ecul ar wei ghts

HNa, 300 utheg000 pragluntof ket 3 gramsBoag 0dtaingh iupen Eniyahdithe toluene and

rati,os_of .7 e .Co filled by
e io RS I bRl 2L P IR LS apour
5000 to about 20 000. The films formed by this nethod
kW gES] ‘ RIY blto 4 run, with a
narrom1pore si ze dlstrlbutlon and substantlally no
por es
Can adtan Send RN el SR b 2 h R, PODTS o) 3he 678
goans @r(16§ mole) of 1,3-bis(4-phenylethynylphenyl)- 2-propanone from IC above

were added to a reactor containing 45 milliliters of anhydrous toluene and 45 ml of
anhydrous 2-propanol. Stirring and heating commenced, and once the suspension
reached 80°C temperature, a solution of tetrabutylammonium hydroxide (1 M in
MeOH, 0.75 milliliter) diluted with 24 milliliter of 2-propanol was added dropwise
during a period of 30 minutes, immediately inducing a deep red purple color. After
maintaining at 80°C for 1 hour, HPLC analysis indicated that full conversion of the
4,4’-bis(phenylgloxalyl)phenyl ether reactant had been achieved. At this time, the oil
bath was removed from the reactor, and the reaction mixture was allowed to cool to
room temperature. The product was recovered via filtration through a medium fritted
glass funnel and washed with plenty of 2-propanol. Yield, 7.8g (85 percent) with the 91

area percent purity.
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as follows: Small angle x-ray scattering (SAXS)
experinments may be perforned using a standard Advanced

w@bwbom78ur ce (APS) x-ray source. A nonochr onetT/USiveams3oo

passes through a vacuum chanber which houses a series
(3 sets) of slits to define a rectangul ar shaped beam
of _known size. The beamthen exits the vacuum chanber
anReprystalizatignpnfdonomey of Kesipplady o helium filled
chanber prior to entering the path to the sanple again

in a veyuom gampbecrabiéeabmelsf Béltiuld DRah 8@iaﬂiaqﬂeﬁ:eh6was
added approxi mately 10cm before the sanple positio

Thsselved I | Gthinbiolyeie i agot watpr bathk (aheyt 31-591e- E%ﬁnaagitwlaent 1-
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lulmrput irefreckee fAsBAX&hex per 2 hewnt.s Fﬂteeemfdfmsnaﬂby) b-pelepalbeuntil

shed silj.con wafers 100- . 700 thlck oat ed
ﬁtraboasq!mwrt cereg a%ﬁess A BHSFRY B%awé%%ﬁ@ﬁv%?roﬁ
%ﬁﬁulgq QBL 6V arks P/&Gmt QY842 aftel @y, SQ&JnQ%eér?stﬁﬁEatlon with
bet ween 15-18 Data colTection tines are set 10
wﬁmﬂaest.prmedhmlgaee oprpyestithd praduet Hl@TPDfrode? bmtcmpencsnt to 98 area
used to collect the x-ray scattering fromthe sanple.
&M arat e background file is collected and subtracted
fromall of the sanple data sets. Corrected data is
r educ diie calcalatedercisdmksnantyl dedsityafos polyfrient madd frgm this monomer
v ring vector, q, where q = 4psing/l; q =
(Wb% %é}"glngl e of scattering, 2Q | = wavel ength of
radl atl on) by radl ally integrating the two di nensi onal
- Midtl 1den Manmamseof FonugeX Vo det er mi ne
the pore S|ze dlstrlbutlon and average pore

SFPUSHERT® Oof 4 WWbP@WﬂﬁC@WLugﬁ@dlﬂ%e nerat e
| on from

the corrected scatteri n%r data -Indirect Fourie

Tr dhBronerhenplacetio asib(OPor erampclit meld@nd %Néwgethylfonnamlde 2

IFPRES o A 0y s B SR BB gy s

smgmmeek raind bBttpmBS ahiené redtpreoataining a predried magnetic stirring bar.

After sealing under dry nitrogen, the reactor was placed on a Schlenk line under

slightly positive nitrogen pressure. Thionyl chloride (300 milliliters) was added under
a dry nitrogen atmosphere to a predried glass addition funnel which was outfitted with a
Schlenk adaptor, then sealed under dry nitrogen and placed on the Schlenk line. The
reactor and addition funnel were coupled under dynamic nitrogen flow, after which all
thionyl chloride was added to the stirred reactor. Nitrogen flow was maintained into
the Schlenk reactor, while gas from the reaction vented through the Schlenk adaptor on
the addition funnel and into a scrubber system. Using a thermostatically controlled
heating mantle, the reactor contents were gently heated to 60°C and held therein for 2.5
hours. After completion of this post reaction, the excess thionyl chloride was stripped
from the product by applying vacuum from the Schlenk manifold until 60°C and 159
microns was achieved. The resulting 4-bromophenylacetyl chloride product (105.95

grams, 98.1 percent isolated yield) was maintained under dry nitrogen until use.

-21-



10

15

20

25

J., Gatter, O J . Applied Cryst., (1999), 32,
197-209) and the | ocal nonodi sperse approxi mation

walewebhoperd by Pederson (see Pederson, J. S. J.P@EppH2004/018390

Cryst. 27, 595, (1994)). Alternatively, positron
anni hilation lifetinme spectroscopy (PALS) can be used
to deterrm ne ore,5|§esDueto tt;{e ver srmll

i s somewhat rmre difficult, but can be used to det ect

pore Sib@ﬁ@ny'l BthexX G851 giiﬁmg mm7 rM;E:? allmmnetshidit’ BO52
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surface roughness - q on the order of less than 1 nm

dhe 1ga¢ter Wﬁﬁ cgshon 2 BphleRk nsundarsightly pepisive gitrogen pressure. An
PSR GA0 e A IRATASenl B £RUbo Lo Aleligsos
\evingd) 01454trn|asla) ﬁ'mabfk aboyodisstl vaannalichbaromiethand (al)ﬂ@rmlllulnters) was
t eature ‘that prevent mgrati into.the
e Glef h S ppe L oBp el iare e B R itet by high was

I%ﬁfﬂ%&d ALY Seh1BRN &aptorf théédalddundat &grxﬁ&@ge%ﬁd bPacEJP 6n the
i nadequate barrier lTayer integrity die to sid

Sehighk &ise. Thmrﬂawer anybarshitia fannﬂemm ceupddd wrivier ﬂyrgﬂiwc nitrogen

[ i ncl
8% B s BRent AR e P & Rl apy B ot stirea
PéactRdVEIOL DUSUr fetiatl. Afiee 2 howurswdpostireautionf the &ikcidr 6va Bémoved
of thermal expansion over the rel evant tenperature

iRy lesrchispk {ige apd the capigntspoared oyt gragsdise oppinghing beaker.
G %5ﬂpie¥e ﬁ@ﬁg@ of MGee, | J&&g&&e& gg)dfuh A na(f[?s%?veEXn{oh e

process cl al ned~have cde expansi on
dichloromethane (14 liters) with the water layer removed using a separatory funnel.

The dichloromethane solution was washed with deionized water (2 liters), then dried
over anhydrous sodium sulfate. The resulting slurry was filtered through a medium
fritted glass funnel, then the dry filtrate was passed through a column of silica gel,
using additional dichloromethane (2 liters), as needed. The dichloromethane solution
was rotary evaporated to dryness, giving 119.1 grams of white powder. High pressure
liquid chromatographic (HPLC) analysis revealed the presence of the desired product at
94 area percent accompanied by a single coproduct present at 6 area percent.
Recrystallization from boiling acetonitrile (14 liters) was completed (allowed to cool to
room temperature and held therein for 16 hours) to provide 96.0 grams (75.0 percent
isolated yield) of 4,4’-bis[4-bromophenyl)acetyl]phenyl ether as shimmering white
platelike crystals with the HPLC analysis demonstrating complete removal of the
coproduct (100 area percent product). 'H Nuclear magnetic resonance (NMR) analysis

confirmed the structure of the product.
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over the range of 100 to 400C in the range of 30 to 60
ppm C, nore preferably 40 to 50 ppnmi C. Bri ef

we®e/00bd on of the Drawi ngs Fig. 1 shows a plptT/O0820041€18390

rel ati onship between interparticle distance (an
i ndi cator of pore size) and calculated cross link

moi ety density. Fig. 2 shows a plot of the
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nononer of Fornul a |
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aneebatter vedsfhﬂﬂﬂionﬁ\mﬁoﬁtﬁftédlm afdmue‘a (hewy sontieer ald pwed
to stand overnight. After pouring over 600 grans of

|th,@nom¢éerm1m thewmnegtasicatly ?ca@m@@d hmtmgenmle/ H’él»uaﬂl@s48 PRiveent
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evaporation yielded 57 grams (0.24 nol e, er cent
icopimaneed, y\rltén tas‘— fosmagian of # clgpn leght oFapge aploreﬂes@ ufigarmoted once

pg;oée w%rg 618155 . g&%@@%ﬁ“@?ﬁd@cv}%ﬁc%ﬁ‘%&ﬂ&aﬁé e qxoq product
lsofatiBh Had dﬂﬁi@/ﬁ?ﬁ’bl@mh)srs%f RERGEh AN d By @aﬂhﬁg bytheftoluene
sodi um _hydri de &gu@gﬁ%rans 0.23 nole) in

Pluipp f% figneg fvi PoEions gHdrionizrbwpise Tl@? waghgd teJpene

S S ARBSRAASHES 0 2o LYl

glmiqb)l cfﬂlgrht ydlloav cdaret] ipowden. x Higheprassairesliiquid yhromatopghphic (HPLC)

ere the reaction,.began to rapidly exotherm wih
ana y;/}'{s1 revealed ehe presence of tBe gesrllred procﬂﬁt at %0 area percent. 'H Nuclear

magnetic resonance (NMR) analysis confirmed the structure of the product.

D. SYNTHESIS OF 4,.4’-BIS[(4-PHENYLETHYNYL)GLYOXALYL]JPHENYL
ETHER

4,4’-bis[(4-Bromophenyl)glyoxalyl]phenyl ether (99.2 grams, 0.1675 mole)
from C. above, phenylacetylene (41.37 grams, 0.405 mole), triethylamine (92.5 grams,
0.914 mole), triphenylphosphine (2.22 grams, 0.00847 mole, palladium (II) acetate
(0.31 gram, 0.00137 mole) and N,N-dimethylformamide (1063 milliliters), which had
been sparged with dry nitrogen, were added under a dry nitrogen atmosphere to a
predried two liter glass three neck round bottom reactor containing a predried magnetic
stirring bar. The reactor was additionally outfitted with fan cooled spiral condenser and
a thermometer with thermostatically controlled heating mantle. Stirring and heating
commenced, and after 13 minutes, when a temperature of 45°C was achieved, a clear
light yellow colored solution formed. After a cumulative 1.2 hours, a temperature of

80°C was achieved and maintained for the next 14.7 hours. At this time, HPLC
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evol ution of hydrogen gas. The reaction m xture was
further heated to 78C for 2 hours, cooled to room

wo eowpeoEbur e and then hydrochloric acid (45 greem®ysSiond/018390

water (22.5 grans) was slowly added dropw se to
neutralize the solution. The | ayers were separated and

t ! a S extra dwith djethylether. The
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%Sﬁt%%tz‘&‘gﬁﬁqg%‘g’?ﬂh’lﬁéng%ﬂgﬁ‘? o} PlibirSlopy Cr}%{talline product. HPLC
Mngliysie rdhlea e stfice dde dBARIdI RBIUR: Xt }erarc‘!@?eéﬁg%tggﬁ Nuclear

with nitrogen for 15 minutes then 0.60 gram
Abrgartie fesppanep ENYIBoraoslynis pad gledtron GBizgtiamm{ass §R6GEscopic

ERSiaBEL 3 bR UG ALl hE I prigen

e'reaction mxture a U
at nosphere for 20 hours, the flask was all owed to cool
tFoSrYEB\EWE%Iﬁ&F MONOMER&F FRRMULAOOVHi I liliters) and
toluene (200 mlliliters) were added. The resulting

or ganiigsgl dguﬁ,4w&§[(%ﬁ&%ﬂem§ﬁ>ﬂ%gé%xteﬁg@ﬁgxﬁyil ggﬁ?%ﬁl 3540.0025

wat er and satur at ed agueous over

arhg)cing 22N e o). 00 emple) ef b euis(éphetiylethynylpimsy])vEpropanone
' ey of the t ]%n u an
935y TPl o i AT g n 1
i off ahigdirotisel-propahol SStitringSing Hektidd DeMaEnCH, drdRMel-thelsuspension
4,4' - é s(Phenyl gl yoxal y| ) phenyl ether (3.24 grans,
33 |t@1}lp%{ﬁ r¢; apglution of tetrabutylammonium hydroxide (1 M in
MeOH, 0.25 milliliter) diluted with 8.0 milliliter of 2-propanol was added dropwise
during a period of 30 minutes, immediately inducing a deep green color. After
maintaining at 80°C for 1 hour, HPLC analysis indicated that full conversion of the
limited reactant had been achieved. At this time, the oil bath was removed from the
reactor, and the reaction mixture was allowed to cool to room temperature. The

product was recovered as a green powder via filtration through a medium fritted glass

funnel and washed with plenty of 2-propanol. Yield, 3.0 g (87 percent) with the 91 area

percent purity.

The calculated cross-link moiety density for polymers made from this monomer
is 0.00452 moles/ml.
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granms (0.0165 nol e) of
1, 3- bi s(4-phenyl et hynyl phenyl ) - 2- propanone from 1C.

w@bweémovier e added to a reactor containing 45 PCT/US2004/018390

milliliters of anhydrous toluene and 45 m of
anhydrous 2-propanol. Stirring and heating commenced,
and once the suspension reached 80C tenperature, a
daampicoh—Methed olynaking /e flhydro)q de ( 1 Min
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Recrystghllzatlon of Mynoner, of Formul a |l
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abou{r onEHresVasapRlichp glicon waker ang east by spipseetingtoform a

e92rPD:F6H §11QkFﬁlH grt?edﬁlﬁp@gy‘mﬂ%nbﬂl I\JITFB&EI%&OAt 156% kor 2

tration solution becones col or 1o give very
ﬁmnme:p and ﬁteecubatedrvmferwm‘ trérsfamedao b vacium 8@&narB® oven temperature

%fé ?%g}% é{ %ﬂlt%{gt@f g ngydﬂgsec og@&y}te]éi far, } 20 minutes to allow

ltHHHe@Mﬁgoélﬂéh of Milﬂs@heﬁél?b&?e b&Bekoblif, Q@n BRInERObf the average
98 area percent he cal cul'ated cross- k noiety

gelresicalpord pizp brspaep smet dagkeromax maﬁem@MS). meBUBORA! of the
m%?z{s ryrmut 2.0 nm in diameter. The refractive index of the resulting film was 1.53

with a dielectric constant of 2.2.

Example 4 — Method of making porous film

To a 25 milliter round bottom flask was added 2.0 grams of monomer of
Formula I, 1.0 grams of linear PMMA, monostyrenic terminated (Mn = 4,700 g/mole,
Mw/Mn = 1.06, from Polymer Sources, Inc. ) and 6.0 grams of y-butyrolactone (GBL).
The resulting mixture was purged under nitrogen for 15 minutes and then heated to
180°C with an oil bath under nitrogen for 4.0 hours. The mixture was then cooled to
145°C and diluted with 5.0 grams of ethyl-3-ethoxypropionate (EEP). The mixture was
further cooled to room temperature to give a polymer mixture in GBL/EEP (21 percent
in weight).

The mixture was applied to a silicon wafer and cast by spin-coating to form a

~0.85 micron thick film. The film was baked on an MTTI hotplate at 150°C for 2
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Exanple 2 - Method of maki ng Mononer of Formula XVI A
SYNTHESI S OF 4- BROVOPHENYLACETYL CHLORI DE
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N, N-di met hyl formanmide (2 mlliliters) were added under

a dry nitrogen atnosphere to a predried one liter
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TR L3 Rl o BTLDiRe AR RSl Ry (it =
10j680 pafblel BAIMnOA1.06NendEX 0 @8dind & PHkrotdtt el (GBIVWAT he resulting
stripped fromthe product by applying vacuumfromthe _
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was ramped at 7°C/ minute to 400°C under nitrogen, then held for 120 minutes to allow
the decomposition of polystyrene porogen before cooling. TEM measurement showed
that the pores in the resulting film was highly interconnected with the pore size ranged

from 40 to 200 nm. The refractive index of the resulting film was 1.45.

Applicants believe the pore size was large and interconnected in this case because

of the higher molecular weight of porogens.

Example 6

To a 25 milliter round bottom flask was added 2.0 grams of monomer of
Formula XVI, 1.0 grams of linear polystyrene, monomethacrylate terminated (Mn =
1,900 g/mole, Mw/Mn = 1.10, from Scientific Polymer Products, Inc.) and 5.3 grams of
mesitylene. The resulting mixture was purged under nitrogen for 15 minutes and then

heated to 175°C with an oil bath under nitrogen for 4.0 hours. The mixture was then
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the reactor was placed on a Schl enk Iine under
slightly positive nitrogen pressure. An ice bath was
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r-efbusctofi tidok fie. $hé Fin kvak balecdasidart AT hotpla htSI 000 1fethk
over cracktgd i ce contained in a beaker. After_conplete

rternrltq%gaftslf f Featewatct as BRRMETERd RacHepiB Qier: Thesoven temperature
tn}ﬁ@&j al VY nﬁhﬁt@ koHGIvRL ﬁﬂ@lemﬁ%geﬁ & ld Ydrtlbq_?]rnﬁutes to allow

mater aver renoved usi ng a separ tory f unnel

dhe Hr:@rrmmttlha o€ pelybtiyteine powegsn \nafole coolinghAd estomatz efithe average

hflcel Borersifaded 47 FEMOD RS o IR S P i in

ngthéeter. fThd&ﬁdctg)eaﬁ@exfdmﬁ@fesulhhg fillReasdrsp.filtrate was
passed through a colum of silica gel, using

addi ti onal dichloronmethane (2 liters), as needed. The
di chl oronet hane solution was rotary evaporated to
dryness giving 119.1 grarrs of white powder. Hi gh
gAyate quipde € nsiogidves DecmétrRl C) anal ysi s
revealed the presence of the desired product at 94
area. PRy 89 MERRTRAN SRoBY AR AHBeF £BIPHHE: REFHF of
at area percent. crysta Ization Tro ol I'ing
afoldzd:\wmgtFronhela( 1.4 glramsoﬁl)neaapolystmhe,tmm((mdthmv\ﬁdtettammated(Mn

TN S A el
Wf?ltfayrglfacﬁ])né GﬁL?['ﬂhéorrthﬂﬁ %Wﬂu)&g%%ﬂr%&ﬂﬁ‘[&tnﬁgﬁ%for 15

as shi‘'meri ng | atel 1ke cryst
amabies agd dlembn&td 501 2Q®QC odtipdresibbatb mode nitwdgentfor 7.0 hours. The

mixture was then cooled to 145°C and diluted with 7.0 grams of ethyl-3-

ethoxypropionate (EEP). The mixture was further cooled to room temperature to give a-

polymer mixture in GBL/EEP(22 percent in weight).

The mixture was applied to a silicon wafer and cast by spin-coating to form a
~0.7 micron thick film. The film was baked on an MTTI hotplate at 150°C for 2
minutes, and the coated wafer was transferred to a vacuum oven. The oven temperature
was ramped at 7°C/ minute to 400°C under nitrogen, then held for 120 minutes to allow
the decomposition of polystyrene porogen before cooling. The refractive index of the
resulting film was 1.6225 indicating no pore or very low porosity film was formed (the

refractive index of the pure matrix film from this monomer is about 1.63).
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coproduct (100 area percent product). 1H Nucl ear
magneti ¢ resonance (NMR) anal ysis confirned the

waeooaoorse of the product.C. SYNTHESI S OF PCT/US2004/018390

4. 4' - Bl Sr 4- BROVOPHENYUGL YOXALYL] PHENYL ETHER
4, 4" - bi s[ 4- Bronophenyl ) acetyl ] phenyl ether (95.5
grans, 0.169 nole) from B. above and di net hyl sul f oxi de
(1.8 liters) were added to a two liter glass three
neck round bottomreactor outfitted with a gl ass
mechani cal stirrjing rod with teflon paddles. The
; Iy outted with a chilled (20

Bt 2 th thernostatically
ueous 48 percent

i S ) whWas added as a stream
4 3 nminute period to the stied slurry in the
tor, inducing an exothermto 45€ Heating to 100C
then commenced, with the formation of a clear |ight

orange col ored sol ution noted once 92C was achi eved.

Ahisgporongs(loav XLMIP amonooer 4 bhastd eculaedenoss-linlemoidhedensity of
solution was diluted into 8.2 liters of

?gﬁagéggg%%ﬁomed by washi ng of the tol uene solution

five times with 1.6 liter portions of deionized water.

Fremplgshed t ol uene solution was rotary evaporated to

dryness, giving 99.2 granms (99.1 percent isolated

yi el diroQf23 ihlfier YSRInH Bit6H! MRisR HaB AMEIRI 3.0 Bk ATRSRIMEE of

| i quid chromatographic (HPLC) analysis reveal ed the

Poenda de. b grantseofdinsian padystyretk anongmetigorydate serpenateshd’ percent

1H Nuc] ear net ingnr.eson NI al ysi s..confjrmed
BhloRkS | g RAE 1 ofi BRI M L R B RO ROl
Prouc! Bch AndblN¢h&S bY 62t0he| —Nfle i

4,r 4'u?bi s[ ?4?Br ?n%fpheny?‘l}s@h%%{xal yl | phenyl ertgﬁg%%%l&tgre was
gvrgad under ngveRendPe)S mimrgs@nddhankeatedtie AY0 U cwith(agied bath under

37 car : I et hyl.am 92. [
e 18 R SRR b Mo PK3E 1 B0 C 000 G i 126
gRng, ofeatloAckanond (CHORACEicmexture was further cooled to room temperature
to give a polymer mixture in GBL/CHO (17 percent in weight) with the Mw of 8,800
g/mole and Mw/Mn = 2.0.

The mixture was applied to a silicon wafer and cast by spin-coating to form a
~0.77 micron thick film. The film was baked on an MTT hotplate at 150°C for 2
minutes, and the coated wafer was transferred to a vacuum oven. The oven temperature
was ramped at 7°C/ minute to 400°C under nitrogen, then held for 120 minutes to allow
the decomposition of polystyrene porogen before cooling. An estimate of the average
spherical pore size based on TEM measurement of the film was about 2.0 nm in
diameter. The refractive index of the resulting film was 1.529, showing little or no
further benefit over porogen loading at 33 percent (RI = 1.534 and 40 percent (RI=
1.530).

Example 9 — Use of alpha-methyl styrene monomer as a component of the linear

porogens
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(0.31 gram 0.00137 nole) and N, N-di net hyl f or mam de

(1063 milliliters),

whi ch had been sparged with dry

wordisogem were added under a dry nitrogen at nBSPIIS1084/018390

to a predried two liter glass three neck round bottom

reactor containing a predried magnetic stirring bar.
The reactor was additionally outfitted with fan cool ed
spi r al Thednbewingrtatie ilustratee themffscof ingreasing the ratio of alpha-

R st Rl
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Jhecmevere prepared Som Resagedisplutions fom thamenameref Fosmula I and

S AR Aot iR

S ﬁ‘sse{i r&ﬁmteé

conversi on

fﬁdl)ﬁﬁgh}%ﬁﬁh&fﬁleﬁlylstyrene with a

ﬁn@thadnjlla[eéteﬂt?ﬁﬁﬂtgw@wihb wiry axalbid-helisiyrend b@itent €adt afpkrcent to
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Y

eved. The reactor ?ontent oured
ﬁp%rB&?nél‘YFéﬂ NPIRING M:QPPO 545“1 ular weight. The
1R Eéﬂ&gn@%lotnrb? p%)ﬁ)%en bi&d on infrared
Vi a [Tt ration

trma@mgmeats o theufnlnf eured etB 5§l “456r fl lhoneéxprashed gy oweight percent of
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3 G G et

dei oni zed water,
recrystallized,

unnel

as a danp product,

was washed with two 500 mlliliter
then directly
from boiling

ac Romining [Perqge (onkéntetioh (wipercerd of ysgiahl vahee) inGured Films*
solution was all owed to cool

to r_oomten'perat ure and

et
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teEandT
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el ectron |on|zat|on mass spectroscoplc analysis (E
NB)anihstsher o thess dlatarthatdhe perogerecahpasitonpreadsiotbe dEleast 70

s ?X%@”Ea?é}? FEEOT & AT
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yoxaly?ﬁ

F)(;Se[r% PerGent porogen)

S5 18 prdion dyom phg film at

3B0 €0.f60L hourphe) thatgbidg Hevgh &i‘@]e{ RvOe 9B alphh-Bettdfistyrene in the

|, 3- bi s(4-phenyl et hynyl p
porogen composition does not appear to'o

poroge

20

n burnout.

henyl

f}er any

pr opanone
benefit with regard to enhanced

The following table illustrates the cured film refractive indices (measure of net

porosity) and average pore sizes obtained using various weight percent loadings of a

2700 molecular weight 70/30 alpha-methylstyrene/styrene (AMS/styrene) copolymer

porogen compared to a 33 percent loading of a 1900 molecular weight polystyrene

homopolymer porogen in conjunction with b-staged solutions from the monomer of

Formula I. The data reported are refractive index coupled with average pore size. It

25

can be seen that the pure polystyrene porogen is not completely burned out as

evidenced by the higher refractive index at the 350 °C/1 hour cure condition, while the

70/30 AMS/S porogen is as completely burned out at the lower temperature as it is at

400 °C, as evidenced by the lower refractive index. Likewise, the 40 percent loading of

-20.




from 1C were added to a reactor

cont ai ni ng 15

mlliliters of anhydrous toluene and 15 nml of

wahgdoons 2-

pr opanol .

and once the suspension reached 80C tenperature,

sol ution of tetrabutylanmoni um hydroxide ( 1 Min
[liliter) diluted with 8.0 mlIliliter
n&d)&é%geeraémssa@ caubelegt efigetiyeiades anshpore size as

'ttﬁﬂ tHd tg{%ﬁ&n%é BFE3-49 '\xﬂr

0.25

Sher BRa OIS Bies

{]géﬁﬁ?drﬂialim ng a‘%rb

i nd| cated that full

or 1 hour

PLC anal

had been achil@Rsfracuye fnsex (Porpsizef hes. Sprogendieadiag

renoved fromthe reactor,

Stirring and heating coparETIE®d4/018390

a

of

]Iaercent

conversion of the limted react ant

and the reaction mixture was

allowed to

cool

toro

pDm t enper at ur ¢.

The pr oduct

e

AP ¢

2- propanol_.

d d338B pgyseRAe
pacheq l(@stol)
Yield 3.

Dowgslero/3iAmsh i |

D g (87 perce

was

t raed i7@B0 AN /0 Ulg has3s 70/30 AMS /

10

15

f urstyehe @rogenna$ hesyrank bdrogeh enft vy stgrbne porogen
pt) with the 9 1

deh&iferyg heusy
n‘"’gé% /Pﬁ eyt

area percent purity

3594} @u‘%amh

583 VrPér"g‘)

The cal cul ate
adést dANPhi ¢

ot 1 ggﬁd%zrogg'ﬂ)

l c

of nmak

ross-1ink

n’oﬁ‘}é &30 imy

SRS

ety
o®§3§2(3 68 nm)

s TO
r aly29 (3.85nm)

T TR

Mv/ Mh

g/rmle

1. 10,

m@?ﬁggﬁﬁﬁmé‘é’%@ma

from Scientific Polymer

fTIICG.I

ted (MWh

11

900

Pr odudiths follaweing datadll@stﬂtegrthmsff@t o@porbgﬂrymoleanlaoweight on the

&B’Feh)lfémrﬁe

resul

?tb"§ !

in

d-

m xt ur

o st

T RS e R S

under

%fh‘% ring

Biadl SculirdRtighits WeRUBRtaig8d withQndtIMies of Fh@nuTh Xlduk&l Mﬂstested and the

t hen cool ed to 145C and diluted with 8.0

rans of

esraltgeilarrapertidhare gilvenun ghofalovingitilde relefovecta thecangrohioading

G F}é & 32 19oY ‘fir% oKl &he
gg?cy? o%exoanone @ecglercen niSIsV\gjl;gﬁt mo@@%ﬁg\ﬁg)gen’
that the fornulation has a nol ecul ar wei ght of 43,000
g/ ol e (Hlwy Refragtivg Ipdex/dospiire’)tvy. RarogenMolecular Weight
33% 1900 MW 40% 1900 MW 40% 2700 MW 40% 3600 MW
Cure Conditions polystyrene 70/30 AMS / 70/30 AMS / 70/30 AMS / styrene
porogen (control) | styrene porogen | styrene porogen porogen
400 °C for 2 hours | 1.533 (2.05nm) | 1.572 (1.99 nm) | 1.542 (2.50 nm) 1.534 (2.90 nm)
350 °C for 1 hour 1.545 (1.94 nm) | 1.555 (1.95nm) | 1.533 (2.19 nm) 1.527 (3.01 nm)
* determined by SAXS

It is observed that a 2700 g/mol molecular weight 70/30 AMS/styrene porogen is

required to obtain comparable refractive index and pore size to the control sample

containing 33 percent of the 1900 g/mol molecular weight polystyrene porogen.
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The m xture was applied to a silicon wafer and cast by
spin-coating to forma ~0.9 mcron thick film The

wo 2doai00ers0 baked on an MIl hotpl ate at 1500C f oPCRUS2004/018390
m nutes, and the coated wafer was transferred to a
vacuum oven. The oven tenperature was ranped at 7C/
m nute to 400C under nitrogen, then held for 120

A :he deconposition of polystyrene

porogen before cooling. An estimate of the average
dphtmethad qf derenisg 2 @apeppsensdHmseamprisiiggl e X-r ay
scattering (SAXS) neasurement of the filmwas about
2.0 nrfmtrmina Mmr@rsolum@ wl@f:ln a@nplws larmaéﬂx pfecutser materlal a
r%SMJln m ng% i ¢ gonst ant terial
POPER "PS SRR, yosFe ‘&%?150 ESFY%‘S“% P’r‘rpﬁ%“%%%’a eria
RWHith Ereks-lisksnd fhat 4 ﬁﬁh{)l ar&h awaRuReliegoss-1thkGhaiesy d¥nsity (XLMD)
mononer of Fornmul a granms of |inear PMVA

95 ﬁb@w O3 énqlés/wﬂ r"rlafl é%ﬁccln& the pplyayplens Ml PrRgyragy material with
éa_ Q)S? lPﬁll%@%rrC%%%er%%whl 19§ ml)er(]igqunﬁ} go&gg%rr&)fnsmg

act one he resu
raufegghbrmﬂic;enyl funttiagée mohomeds wiii chitas scaatice éﬂmg“rotmmmﬂda weight
to 1800C with an,oil _ bath under nitrogen for 4.0 Lo
AUETARS mpleSular ELBhbIn e 1488 9' B B108E tag SPA WhER dieasyred wig size
Weé1Bsisn th%ﬁﬁ’fﬁ‘gré}fhy%lm’f)dl?st%@ N AR ORRER thEFSboged ﬁepresent in

m xture was furthér cool to roomterrperatureto grv
anponwerhermugaﬁf@bow @pllﬁﬁm(mogemment hymlgmb)ased on total

The .m xture was ied to a silicon wafer and cast by
STl btoRe e il gr@C&rsggﬂ#e&aén thick film The

film was d an te at

o nutBDY B ering Sablion {5 BB inazRauridhe solvapt to form a
Ya@uum oven. The oven tenperature was ranped at 7C

m nute to 400C under nitrogen, then held for 120

M nut @fpllhegank@y tb e flaceResiiinkale aatrBMMAcRe61a8&8rial and
before cooling. An estimate of the average spherica

pRIRRVesths ponpgesdo dprmrEnes At anayyeigge peresize of l¢sfhgagt nm.
about 3.3 run in

2. The method of claim 1 where applying energy comprises heating the film at
a temperature in the range of 300 to about 425°C to cross-link the matrix precursor
material and remove the porogens to form pores with an average pore size of less than 4

nm.

3. The method of claim 1 where the calculated cross-link moiety density is

greater than 0.0035 moles/ml.

4. The method of claim 1 where the weight average molecular weight of the

linear porogen is less than 4000 g/mol.

-31-



10

15

di ameter. The refractive index of the resulting film

was 1.54. Conparative Exanple 5 - Method of naking
woaveporreous filmw th higher nol ecul ar wei ght PECTIE82004/018390

porogens To a 25 milliter round bottomflask was added

3.0 granms of nononmer of Fornmula I, 1.5 grans of |inear

pol ysgyrene, rmnotphe,nyl et hynyl term nated (M = 10, 600

g/ mol &; Tasmathed af gam hders the yiewght avsragg molegilar weighhef the

The . ' ' re was purged under nitrogen

glb%?&plgfm ﬁd% eé&%%éﬁ?g%&élat ed to 180C with an oil

bat h under nitrogen for 4.0 hours. The m xture was

then cooled to 145C and diluted with 8.0 grans of

" bom Coraint ot deig) bR SRyt SR SRy Pt e

(iddamRiGRAS isl 41 1861 YW g/molhe m xture was applied to a
silicon wafer and cast by spin-coating to forma -0.92
mcron thick film The filmwas baked on an MII

hotpl ate at 150C for 2 mnutes, and the coated wafer

was  t rrangkendtis 6fclainy Boerd tBY SRourttE pBMen i CRRAMBLYUS percent

was ranmped at 7C/ mnute to 400C under nitrogen, then
& vepight of pooeessAndasatiis. al | ow t he deconposition of

pol ystyrene porogen before cooling. TEM neasurenent
showed that the pores in the resulting filmwas highly
i nterconnected with the pore size ranged from40 to
200 nih Theenatedd efcdlaipel whasthematrirepreewsstrtis priedted fivmas
1.45. Applicants believe the pore size was |arge and
ithet fotlewmeanerangrs or pligoneis mage faustbe &ellavriag hioghmers:
%ﬁ&gllar wei ght of porogens. Exanple 6 To a 25
mlTiter round bottomflask was added 2.0 grans of
Formula XVI, 1.0 granms of |inear

, hononet hacryl at :@ rmnated (M =
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1,900 g/nmole, MM Mn = 1.10, from Scientific Polymer
Products, Inc.) and 5.3 grans of nesitylene. The

WO e®@alobi7og ni xture was purged under nitrogen fBET/L52004/018390

m nutes and then heated to 175C with an oil bath under
nitrogen for 4.0 hours. The m xture was thencooled to
145C and diluted with 5.0 grans of

diorpuladliet hoxypr opi onate (EEP). The ni xture was
further cooled to roomtenperature to give a polyner
m xture in ene/ EEP(23 percent in wei ght). The
m xt ure was er and cast by
SpLn-coati n hick film The

f s_bakgd n An Ml 50C @
es, the coat ed waf er \was A r ansf er to a

ranped at 7C
7|d for 120

§ tg allow the deconp05|t|on of| pol ygtyxene
genoefore cooling. An estimate =XC -@ age
spheri cal pore size based on TEM neasurenent—of the
filmwas about 3.6 nmin dianmeter. The refractive
index of the resulting filmwas 1.52. Conparative
la‘?IY using lower XLMD matrix To a 25 mlliliter
rou bottomfl ask was added 3.0 granms of nononer of
following Formula, 1.5 grarrs of |inear polystyrene,
nononet hacr ylqt e = 1,900 g/nmole, MW =

1.10, from Products, Inc.) and 9. O

g of g-Tw Zctone 6BY) . The ulting m xture
@ﬂﬁ@%@ uxd [ jen i and then
h d tol26 ' m ith under—#itrogen for 7.0

hours. TR ) ed to 145C and diluted
j ionate (EEP). The
4 rature to give

pol ymer m xture in GBL/EEP(22 percént in weight).
The m xture was applied to a silicon wafer and cast by
spin-coating to forma

Formula IV:

O VA i
: __ _ _ |

\ /\ /\\ //\ /<\ />
<: :)—CEC

-33.



10

15

20

~0.7 micron thick film The filmwas baked on an MII
hotpl ate at 150C for 2 m nutes, and the coated wafer

wor®ehoEansf erred to a vacuum oven. The oven t ePQBUS1004/€18390

was ranmped at 7C/ mnute to 400C under nitrogen, then
held for 120 mnutes to all ow the deconposition of

pol yst yrene porogen before cooling. The refractive
FHHQRaXf the resulting filmwas 1.6225 indicating no
pore or very low porosity filmwas fornmed (the
refractive |ndex of the pure matrix filmfromthis
nononer is 63) . Thi s ROTER (| ow XLMVD nonormer

1) has a c 9 cross-1i y density of
0 216_npl & . /anple 8 il liter round
bwt t/O0m f 1 agsk\was_added 3.0 grv nonomer of Formul a
I, 2.7 gr pnonet h ate
terninat \ i1l"” Qﬁi} “ﬂi95<%ﬁ053ff§%o

\/ =1 fromScientif Pol yrrer

S ?§=Clnc ) and 9.0 grans of g-butyrolactone

(GBl ). The resulting m xture was purged under nitrogen

for 15 minutes and then heated to 1800C with an oi

bat h under nitrogen for 4.0 hours. The m xture was

tFeanuieaqat ed to 145C and diluted with 13.6 granms of

cycl ohexanone (CHO). The m xture was further cooled to

roon1tenperature to give a polymer mxture in GBL/CHO
i SN\ 8,800 g/ nol e and

to a silicon

-0/ 7\ m cron
3 QWdiilkte at
wa\elr Was
tenperature was
hen hel d

r arped at 77¢€ ' ‘ |rogen
@ ©=atnutes to al I ow t he decorrposctaec @ -
peHyst yrene porogen before cooling. An esti ke of the

"aver age

Formula VII:

(D
Cyome LYy oI
& OQ c—c~(")
QCECQ "’
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wo paexo0bo t he resulting filmwas 1.529,

spherical pore size based on TEM neasurenent of the
filmwas about 2.0 nmin dianeter. The refractive

or no further benefit over porogen |oading at 33
percent (RI = 1.534 and 40 percent (Rl = 1.530).

- Use of al pha-nethyl styrene nononer as a
J@ﬁﬁ%ﬁéﬁ@l@ﬁn%ﬁgepﬂnear porogensThe fol | owi ng table
illustrates the effect of increasing the ratio of
alphanetﬂisnyrene in the porogenfCpnposition in order
to effectseghanced burnout at a geduced cure
tenperature aﬂ; VS g;andard condition of 400
C for 2 hours. ye’prepared from B-staged
sol utions fromfy @ of of JFormula | and various
por ogen cQp
pol ystyr @'
term nal grod

a met hacryl ate
i n al pha- net hyl styrene

100 nDIe percent. Al

por ogens were no
wei ght. The nurmeri
concentration of Rof og&nlbd
measur enent s A he f|In18ured at 35 for 1 hour
expressed as melght percent of 10 t e origina

val ue. Renalnlng Por.ogen ncentration (w percent of
original value) i (5 | ms* * neasured by FTIR and
normal i zed to dal 2 hours (zero percent
porogen) It car ese data that the

por ogen comnposi ey at | east 70 15 percent
al pha-neth &nove nost of the

por ogen f ) hour, and t hat
going to even higher |levels of alpha-nethylstyrene in
Fhemped¥de migtmnpaldi t i on does not appear to offer any
benefit . wth regard to enhanged porogen burnout.

@
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The followng table illustrates the cured film
refractive indices (nmeasure of net 20 porosity) and

W@I@eAgEIpor e si zes obtai ned using vari ous wei BEIT/US2004/018390

percent | oadings of a 2700 nol ecul ar wei ght 70/ 30
al pha- et hyl styrene/ styrene (AMS/ styrene) copol ymer
porogen_conpared to a 33 percent |oading of a 1900
foreslarate pestysethol yst yrene honopol yner porogen in
conjunction with b-staged solutions fromthe nononer
of Formula | . The data reported are refractive index
coupl @ with average pore gire. It @. can be seen that
sSTA e 7 i sxet™~>conpl etely burned
msefractive i ndex at the
Nyl e the 70/30 AVB/ S
Ui~ at the | ower
svi denced by the
the 40 percent
| oadi ng oftyiy : , por ogen af fords an
equi val ent L y pore size as the 33
percent pol . | the total range of
' dex (Pore Size*)
termined by Small angle X-ray
\\I/ ng data illustrates the

e Ts as .cor?pl et el
tenperature as it

vs. Porogen Loadi ng
scattering (SAXS) T

ef fect of { 3 g lh"l on the cured film
refractive A 3e { 7707 30 AMB/ styrene

g §
with n@n y)tested and the
resulting filmproperties are given’in the follow ng
table relative to t | oadi ng of 33 wt percent
of a 1900 nnlchg.,
por ogen. Rl m HeJ
Por ogen %".’ 8
obser ved the

AVB/ st@Fene porogen is required to fOpt ai n conpar abl e
refractive index and pore size to the control sanple
Formula XI:
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cont ai ning 33 percent of the 1900 g/ nol nol ecul ar
wei ght pol ystyrene porogen. WHAT IS CLAIMED IS: 1. A

woreddioadi7ed f ormi ng a nanoporous fil m conpri si NBCT/OBT0NYIS390

a coating solution which conprises a matri x precursor
material, a porogens material and a sol vent, by

sel ecting a polyarylene matrix precursor materi al
werewlackldlss- | inks to forma matrix with a cal cul ated
cross-link noiety density (XLVMD) of at |east 0.003
nol es/m, and reacting the polyarylene matrix
precursor material with a porogen which is |inear

ol i gomer which i noners conpri sing

al kenyl or al K bnoer s, whi ch has
reactive end g aver age nol ecul ar
wei ght in the ) \ han 5000 when neasur ed
vi-a.si ze exclus A Aphy wit h pol ystyrene
@s @IiL@n g : Eeé%m‘am)unt s

it e range han abo\ 0 percent

by wei ght based on t ot& of porogens and nmatri X
precursor material, applyg coating solution to a
substrate and renoving the ent to forma film

appl ying energy to the filmto cross-link the matrix
precursor material and renove the porogens to form
Fponds XVt h an average pore size of less than 4 nm 2.
The met hod of claim1 where applying energy conprises
[ the ra of 300
R=p r

Qr m po with an
The net hod of

Ak noi density
yres

Formula XV

o'
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4. The nmethod of claim 1l where the wei ght average

nmol ecul ar wei ght of the |inear porogen is |ess than
wdooe/ogireml . 5. The method of claim 1l where theP@BEUSIIN4/018390

average nol ecul ar wei ght of the |inear porogen is |ess

than 2000 g/nmol. 6. The nethod of claim1 where the

wei ght average nol ecul ar wei ght of the |inear porogens

iFBorrmatilal X2dE (LB @nd XMl (Right):;The net hod of claim 1 where

the anmount of porogen is from 30 to 45 percent by

wei ght of poregens and matri x. 8. The nethod of claim

1 where the matrix pgecursor is selected ff'om t H&

fol |l owi ng
I11: Fornul

0 3TFO‘

pol ystyrene/ al pha- net hyl styrene copol yner of up to &
percent by nole al pha-nmethyl styrene. 10. The net hod
of claim1l where the porogen is formed primarily from
one or

9. The method of claim 1 where the porogen is a linear polystyrene or a linear
polystyrene/alpha-methyl styrene copolymer of up to 80 percent by mole alpha-methyl

styrene.

10. The method of claim 1 where the porogen is formed primarily from one or
more of the following monomers: styrene, alkyl substituted styrenes, aryl-substituted
styrenes, arylalkynyl alkyl-substituted styrenes; 4-phenylethynylstyrene, phenoxy-,
alkoxy-, carboxy-, hydroxy-, or alkyloyl- and aroyl-substituted styrenes;
vinylnaphthalene, vinylanthracene; stilbene; acrylates and methacrylates, alkylene

oxides.
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nore of the follow ng nononers: styrene, alkyl
substituted styrenes, aryl-substituted styrenes,

waeybabikynyl al kyl - substituted styrenes; PCT/US2004/018390

4- phenyl et hynyl st yrene, phenoxy-, al koxy-, carboxy-,
hydroxy-, or al kyl oyl - and aroyl -substituted styrenes;

V|nyIn pht h Vvinyl ant hracene; stil bene; acryl ates
dd” el ae«?tswg?fg@amal RS 8e BafTifeRreqursorip @n pligermer foymed from

qh@ﬁﬂh&nghgqgnﬁaglnatrlx precursor is an oligomer
formed tfromthe nononer of formula I : and the porogen
is a linear styrenic oligonmer having a nol ecul ar

wei ght of 2000 g/ nol or |ess and the porogen is
present in amounts of 30-45 percent by wei ght based on

wei ght @ he matri x and the @ ogens. 12. The net hod

is linear polystyrene.

and the porogen is a linear styrenic oligomer having a molecular weight of 2000 g/mol
or less and the porogen is present in amounts of 30-45 percent by weight based on

weight of the matrix and the porogens.
12. The method of claim 11 where the porogen is linear polystyrene.

13. The method of claim 11 where the porogen is a linear copolymer of

polystyrene/alpha-methyl styrene of up to 80 percent by mole alpha-methyl styrene.
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