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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 I in integration using the

porous films. Attaining these very small pore sizes with no “killer pores” was found to

be more difficult with orgamc thermosettmg polymer matnces than with i morgamc

stlsesquioxane based matnces

Summary of the Invention

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

polyarylene matrix materials. Specnﬁcally, this method comprises
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1 imdifon tolfi ¢hel Iaveitidnon The matrix and its

precursor The matrix precursor material for use in
t H*¢ maspeend isvpreewresr to form a highly
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, éulfone, carbonyl, methylenes

(such as methylene, dimethylmethylene, bis(triﬂuoromethyl)methylene, etc) and the
like.

"The inventors have found that there is a mmu'num caleulated cross-link i’noeity
density OQ,MD) 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/m]. The cross-
link moeity density (XLMD) can be calculated as shown below in the equation.

N s
XLMD:DQ_V*ZWE (M, =2)

4

2=



cross-1linked polyarylene. "Pol yaryl ene" as used herein
means pol yners where 20 backbone conprises primarily
aryl groups - nost preferably phenyl groups - but that
may further conprise certain other organic groups or

i nki ng groups in the backbone. These other groups
may be such things as oxygen (e.g. in the case of
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pores obtained by this nethod. ecifica
cal cul aNdsltheneabminbitk of@igfetent HRASIEY spebidl i | d;be .
at | east .0.003 nol/m, preferably at | elas%t.ng%g% polymer is
mofPM®¢he cross- |ink noeity density (XLMD) can be

bel ow in the equation. N YY_ ,(-' |

cal cul . sho :
x (M - v 15%%_\fe19¥€fra_chmﬂf the itlypeeiesefimonomer among all monomers

- CadopipBImgGhE pSlgmbi; Nk noi ety density. DEN is the

density of the matrix (grans/centinmeter); i is an
i ndex VY| &ltheamhlgnaf ﬁ‘écﬁd’é%&ibﬁés&frﬁtﬁ% im%r@*ﬁon%&emgrhexample
Trom ’

t I .S . 5 conprised (i..e, the nononers

wWhHi'e ‘3{‘%5? ‘B’of‘y s mpromer ok Yormugla ListG{4 acefylene moirities +af
dicktieperitidienune MdictfReCd Rl tfojdisgh the polynmer is
conprised WF; is the weight fraction of the ith

speci eMef is MERBREUIAWEGHEH thé IR RIS of GRABLLS T L0e A,
10 M. i e nunber of rglg%ct iov'e noi lé?ig’%t%rﬁnm‘ 2)

FESLXS:E? hé RBYess (ﬁle ﬁlﬁ% 3 golhgpioré ggﬂiﬁ.p@,tionql meonemiersamdérging inter-
1 ; : ght of the ith
SPecl g2 fcrogs[,ln rrg{)iéty-rcnsgsi%ye{ﬂh(/[%l) isa cz:glculated quantity that expresseé the
extent to which a polymer may crosslink if the crosslinking reactions are carried out to
100 perceht conversion, without intra-chain cyclization reactions. It is obtained soiely _
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 quick}y assess the poténtial.

extent of crosslinking for a variety of monomer structures and mixtures of said

structures.

Figure 1 shows the relationship between interparticle distance., D, and calcul.ated
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 Spheri'calnpores (with

diameter d) on a cubic lattice so that the overall porosity is P. D is the smallest distance
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on one functional group reactions will not quite reach
the gel point even at 100 percent conversion of all
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is a cal cul at uant expresses the extent to
which a polyner may crossllnk if the crosslinking

reacgy ons a;g rrléeg 5 i O percent conversion,
Wi t Heut™ | tr zé( )ﬁj zattomgreactions. It is -
obt ai ned solely 20 fromthe structure of the nononer
units and the density of the nononer nix conprising
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15

matrix

20 The pore size diameter (d) for use in the interparticle distance equation were
experimentally obtained from SAXS da—ta 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 cérresponding to
the peak of the differential form of the volume distribution of the pores vs. pore

25 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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val ues, the use of |ow nol ecular weight |linear grafted
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porosity values used in the inter-particle _
equation (above) can be experinentally approxi mated
fromthe refractive index of a porous film The
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t i nter ti.cl e di stance equati on)
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iri t trix material have a -
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C

ﬁlm.gégﬁ%F _esspgﬁt?aép iof ghecipleeat i the film is integrated. In the case of

bromoform sweiling 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 (Ts) by multiplying by a constant (K), and the swelling index value
(S) is calculated from this effective thickness and the original film thickness (To) 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)
1, |
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cal cul ated cross-link density or Swell Index may al so
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desired for the preferred thermally cured systens that
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slightly higher than the tenperature used for cure of
the matrix polynmer. Since for the preferred matrix
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Oth& RbSIrmadtt Wh%}b{ic?ﬁtﬁtrﬁaﬁ:gg% llﬁ-gg ARE e({l}eer &11§bc| ?/"gr“{}" Wou&i provide

1000. Prefera I Sper's
the @ﬁséﬁéﬁd@llyteﬂemsﬂmaMehl@ orBwel] Inde bty bd B8§. FB@”
exarinl I refer |II | ess than about 1.1 The

oy ﬁeﬁ@o 8F AT S“ fsrasetyleng functipari mgnerhers may be

usefplor ogens may be selected from styrene, alkyl
substituted styrenes, such as vinyltoluene, 4-nethyl

&I‘ he most pr@fqmdhyatgpcwmuwrs areicoptpbyitisohy mad€By b-staging %
partlﬁﬁ? bol?“‘le?ﬁ&ﬁngy G et h cif \ﬁf{f{légelgfz) Wegﬂg\élvgrélg% Hllogpgglsar weights

of awéﬁ%%y yrode) or eféFabB“W' Sinplee ftdre pRderablye ol Od@eg/mole when
-substituted styrenes: I al kynyT

meadire 185t sXFonahicriptasraany it rﬁﬁbryswmmhbmw @heb-
a r @
st glﬂgﬂ{h@)@écu ﬁtl‘rﬁﬁé’raburés 3“93%316)82% fjg(ﬁl géwgr Pm#eér times of

and aroyl - substituted sty
about fh ¢ 6@ bowis n Preferahiyh Bl-ﬂi@ng yéduys Bd KU19&GRBEh asS Edr leR&RBie,

me&B’? e, meﬁwﬂ;l A ed t¥xy 3%8E§$%dgﬁéﬁéfygf§gwgieand
o o o 5 0, L
ethern@pmylegpﬁlm dgnethyjregiesrpreplylefitgl yoohnathy] ethér3 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

(13 3 . .
Porogen as used herein means a labile component which can be removed
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WO 2006/ 001790 PCT/ US2004/018390 may sinply be
styrene, or according to a preferred enbodi nent, in
order to adjust and tune the pore fornation
tenperature (i.e. bumout tenperature) a conbination
of styrene with al pha nethyl styrene nmay be used.
According to this preferred enbodinent the pol yner

i n &gxcludégg he reactive_ functignal end group)
%ﬁm Paen eRsrEbisepplisdde He %ﬂyﬁoéwemllmcb or pores. .
80 The |eﬁer?¢{s§ﬁéﬁraﬁiy%ﬁ%lf@%‘it B Heattiyy z[rﬁ‘ﬂ:ﬁe g Lis preforably thermally

pref erab et a

urn-out tenmpera
356701 zdluAUlapSé}t@,requbsb%wpb%mt nt%mmfertmmmdlwadmon The
60p§z%g&@a?@5ﬂara%'te?ﬂ yFF&lt W e@ﬁ&rg [hg{‘r%mo%d gﬂll su%‘i1 beé)é ﬁureglas

percent al pha net I'S used,

5 r e AeRMEEd ibthe swtnix mattrinhsch mhannd»pm@rveﬂapsel eoaes.f SRIMANG, it is -
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co hés@t@ﬁ For tﬂeo {’éhx%? k&leﬁﬁé‘ﬁ ! LPrg I@?S{egnos %"ﬁths?sporggenur%gm%glc(? e.

nononers as

P obgmeltlthscmpetahae by bhagl'ely(ﬂi‘g}‘l\#\)hanﬂﬁ feyipactyt aéed thocike Bmhe matrix

- but late to f
Dok B To S e pripsd matts ot Rl e ratpef gue
( nreadtiting be@ﬁ Ihyihafrﬁige o200 to I50°E| Pr6gdnd bl 50t RGhYeratures are
(et hé‘f%h? yl ate) butg/%ﬁ,rret hacryl ate to form” poly

thB Wébhé?@sgv P%@l@}lt 5P Prefiarebiy 3R taabout 40G°6X m
pon (n-butyl nethacryl ate), 15 ethyl nethacrylate to
f or m polRp ROEEFS uﬁ?@llﬁﬁgﬂwné(?@)m as¢ Y molecobar weighbsibstantially

paknset potacs: &"dl@%n{egg%o%s %Qying Q‘i'e%'vg ?n(i %o(xf: Ut the polymer

pol ypropyl ene oxid
p &Wflwg(qsﬁmflaul ﬂfﬁlb‘ﬂﬂfé ﬁ@'ﬁ’@(’!ﬁi afldfpmlkynyl functional monomers.

ol L e ey B shALNE LSRR bl act B ey pippatic. By

pol
r SHbstanfisl grlleeqs i§ meantithat ﬁhenmlyr(qu; oligamijer gieoll@pcmhamhmle or

algrérémblyn® ntdq10 &st 1§&Gg W th the matrix
precur sor materl a resence of the reactive group

i s key 16 Weighsiaurage me@cmtweugmﬁheﬁeanatmlms l¢ssehan or equal to
GO N

0S5 y BEE8 S o o

r é&ﬁﬁ)’rré%ﬁt Predarally 2R0Q or lsgreand pueferpbipeat ledshi500, ot prbderhible at least

r 990b.i I’Fefé‘rkﬁ'lftthé’ﬂakrdﬁﬁé}ﬁﬁe F\%g BRAP LY feritl Ee%gtchan% -5, more

percent of he chains | t he eactl group
mBFeabltlessabany] Jrmems asefemblyssilldesst that auoluel ¢ha| ns 25

i ncl ud ]ﬁﬂ_ﬁt

| east 8‘(1)1 e per ce n({r\ég?yg?ﬁwn Igé}%l g Sﬁ@lrﬁ%&pga%e P 8%’5??Way be selected
gfioupstymene.alipl ebstinied/stptents, suth dseantltodEnpet-nethylsbirene,

t hﬁn&nﬂ'&‘&?enkg %lir%gﬁlygty&gnaecs,t zjeyt—eoutylstyrenc, 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 styrenes, particularly alpha methyl styrene are preferred. The monomer
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and nost preferably at |east 99 percent of the

wo 203?(8?’15’% include a reactive group. The react PCEAGRELDIL390

is preferably a group which can participate in the
diels al der reaction during b-staging or cure of the

t rsor material . Exanples of 30
o35 PGP RepoocBloe fove P OEiscer races, Hovyebesiust and

tunamﬁ’e ﬁ&%h@ﬁﬁéﬂoﬂﬁ@rﬁperﬁtﬂ‘ 61 G & Itéﬁll amr%g?ltcxépﬁ)ma%on of

henyl acet yl enes yl's, cyano,
Stys%gaé o*%fh ajahe%/ gnemyéﬁtgreme mlnagzrtm usedAA\mraﬂ@ﬁb @m P:erred
acry| ate and

emg&? §§§y04/ 863%?? g (f%‘:rjg‘géﬁ éhesrﬁ%‘&"é@'Pﬁ&g?nbleemeuwompnses
20 WWWm@m&@hhg%eﬁe ahd 8% 809 g:%b Cyalstyrenee“:l‘\/lore

radi cal pol ymerization, contro
pre&;al;lmetmggm bam- 01(t mmp@xuuﬁmofMﬂualimCOZO @0 péﬁcérﬁtémﬁfyﬁfne

t and are commercially™5
molyFr il ¥ th8@b§;g¢e§?a¢ﬁgmegwl S6EanE 4! oKy then 80 percent

alpif @@ §t}’£e§5’2§ udeBCthe p gt@fl '1soren{>$'@{g 106%oln ahd rtl}m&gﬁbéecomes

coating sol ution ’The co ron1s

denge fRMpaig cellapspor ogens and the matrix precursor in a
sui tabl e sol vent system Preferably the porogens are
addweitable dliphatinoweoinersinglodx syphesdiosrs $inethyf Iﬁethgﬁ'g}late to

rorl S ARG eaE b Sk ek ”ewwéan pelrotacyi
(Pmﬁwnmac@m@toswﬁ%ﬂy (1R %c?fa‘%@gﬂfbm I;ﬁ%f: s farm,poly (n-

staging in the presence rog

butyl éﬁgthltgb ethybperiiatd todoom pokyr(etl’iyda a@ghcng,etnlmtybmﬁ&ﬁﬁrty%d& tdform
the matri x

pol)I {l trﬁétﬁac%(llg&bj B‘f}tg 7 dgﬁggrc gada ded i)bz{loBl{lty{ Risthacrylate),

sor
ethyiaathac QUK pold el fEmas laYe), ¢ ROLLAE R B d be
4 ead p%gzgigged rmtr?| xe)pregarsor provi ded

polyt %grﬁergtoxé E@)lpéom?qef@lqlq]@ fmrg@@b@rqm'lmomq @PQ)plactide
to farRApINRCcAISIPER )Ofapk SAGHLOD oS I?SE}%%&%F c%’one egr'ﬁlhytﬁ-ofuran to

matri X precursor occurs. The a
fompP‘élb’EﬁrtfagF@foﬁmammd tha sopd Pmpesr therefroly vvel g ht based on
t of porogen and matrix precursor, nore
élg@rraetﬂtlye gtoupass tterﬁﬁneﬂ ¢i.€ ent) grobg waikredifdwd e Ebfrogen to

ogens to pores) of t

reac{ %v}tg tléén mrgt Cgé]{\étglxrrgérgﬁ%{gxé%{uo@g presence of the reactive group is key to

av01dmg 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 mc]ude 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 mclude a reactlve |
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-stagmg 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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sonmewhat | ess than 50 percent | oading. Preferably the

WO 2006494790 of porogens is no greater than 45 peroesions/018390

nore preferably no greater than 40 percent. _ Suitable
sol vents include nesityl ene, nethyl b_enlzoat e, ethyl |
benzoat e di benzyl ether, diglyme, triglyne,
Styra’i%gtzwyléﬁémélwmc%"&t%r, di et hyl ene gl ycg! net hlyl 25
j col methyl ether propyl ene
Thest Poe i ety haBr ot B o Witun St e ichBe Rtmiet her
polythgrizapiph efe gt sigiol yraramioRydondloNed faé Biddag poRIRMLLESE
. carpbonat.e, diphenyl ether, cyclohexanone, '
(nitgoxy rfa?file&eé REAQAYTHRsiar dFesgadindmedymeriation pndfaes cadmercially

; | &ylLer nesbu t one .
T et anisie e SHEROR: PR PRAMSRELBRy repsiooere
Yorknd ni xtures of two or nore of such solvents. 30 The
coat | ng sol ution preferably conprises 75-95 percent b.¥
Forr\f\'é'fgglﬁf QHBM{UQHd  5- 25 percent "sol i ds". Sy "sol i ds
i i ' rii . 0o, and .an :
ot hor adut vty Byt i BB M A e
Precusat et syitahesol vent &ctmen?refe’kalme?@&Gé&QJa?@Qddetd tot _

: 4/ 018390 . renoyval . The precise concentration
o T S SRR BB HiEaitr ey ot RS TR SEecy
disctidsed hbdral to ffbrminin JIEONIH LU 'yrh@r_i@ﬁ)iQerﬂ'a&Hs& ag Léi?s%h%s%'de

on whi-ch the porous polyneric filmis “desire 0 be
aboye,, Fepfgrmingshe bataging ibdbepresence Iof theqorogrncinables e reactive

B R, BE eSisBele 1By Vb B w5 bonded

era

to the gwtiin grecechni Thiehelps avoid agglobRnidalof RS M8HixSHEY G,

_ i roach such as ink jet rinting, and the
Altefng%i&’ﬁgﬁg P8 %‘?‘ié%ﬂéjdeﬂﬁe alygadyeirstaged matrixvmrdcuyor provided
hat &trsyiieqi i L . YoRe - epyed. at h
D o eohe flocesie R BrE N oS At R in e
p°’°§‘?‘l§f"é‘1‘faé1ey“at¥lé§sectlf$ahOQ@!@@- more preferably |ess than

the.solvent without 10 significantly _
1508 LR L0E SHLAETL LB 00 SLam Leapt L
weightef porogeneandhodtrix pkatiugsodmérePréRfable At 036 ggﬂcg& The

Al t er.nat,i vel y, heating to higher tenperatures wl| |
efficish i lirto HAROMY4HEIOR S pEREcRI @ Dosen) ahthe Ronegepueashes a phageau at

somevfit fbss Maht50petRRt BHERS. PRAALR) L g%ogr?tyof%eoroug%xelg id o
greatgre t?llalrl (?1(5:I percent, hlore preferably no greater than 40 percent.

Suitable solvents include mesitylene, hethyi benzoate, cfhyl 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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articularly if additional solvent coated | ayers are
wo

&% o be applied and the |ayer 15 needs pOTRMb®MPs390
resiggt the solvent for the next layer, but full cure
and burn-out of the. porogens is Inot :je_SI rgd. A?emis
' ! t of th esently clained sys _
et s it R BLSS S e e
of the&haln@insequence. Unlike prior systenms where nultiple
heating steps were required to avoid pore size _
i ncrl@gselitionpasapplied seasubsyrsteam whichbke paatepbigmedc film is
] t significant inpact on pore _
deslih B 6 Bk 8RBk Sl o GifemsssPosisinat (hgterably in
the bangu gififesalivitabd)t S0 YO FERESYy gpcftﬁ @9 i§ g@(%g]q,) Slf)iln lm ting
Wiile this is preferably, conveniently done by '
teCRHEs At used. iHoweyar effisr aelsenttdoating apmeaclhgnelngyaimugaes
in$i - adi ati on cou al so be
Prie g oG AR BRI LIS o2 Locdh T Galienbi &Pt B dene. 1 qpugmany,
the enleent onayf ber mamsednt slightly eRFIed ArhPéta@ifesti @l‘feeraﬁge glt ?ngerab ly
re,tenperature is preferably in the range of “about
less%ﬁ‘ 3{@, g‘E‘BﬁP”Af@G@Y lexsithan [H08Cepabmyvethe lSDB/entrw'ﬁ]ﬂbl#t neL t
i oi d,undesi rabl e oxi dati on of the
sienfiCmARARL A B2 chid, B0 \hiisafae Seaironipesar op a hot
plate pesimalapbeatB@ayicer ef er abl y about 340 to about 400C
are also effective in burn-out (i.e. therma:c rengaI)
_ : : . .
ocour s i p ouen or it e L REEAEIR ehens gna
advapee ﬂé‘wﬁi’é? gt thedssinf Miutingtep3ntestan taitplates ﬁﬁl@,beprsedz ﬁ‘Lcﬁbﬂryd
i 48060 j about =~ 10 minutes to ours.
parSdlanty af ARor? ol T Ra Bl 1 83R fre i Toe aPlidecandshe e
needsfto eurs to rdsist IR D1GM6 fatQhd neid 1dyeP Gt lﬂﬁ?&%ﬁ/ag% gglt%igonlg of the
. g t he burnout tine. e CcC '
porod I RE AP (R T RRyiat PSR OF hs prarery whemed e is
that itgs miote AbestaEE lesTBLRGH b WP %&Q,gg gg%ugﬁégz o%%‘b‘fe R

or is in the range of 5000 t (
Syst r e‘gﬁ‘%rg doyltiplediegiangasteps éro meqhredrratiogidgiobey/sivé inbBreases, the

: . Il fill
PR ot GRSl AP RS i et ompor

size gathe fiint h  aspect ratios of 2: 1 (depth:width) are
?]?Ibl ed by matrix precursors having nol ecular weights

of Caecinid fod&kent Ceri®V 8 id 1, _ l{iginggtooy ﬁﬁ%biy?ngoénze%ynéocthg Qoated

s, With aspect ratios o _ _
ﬁlm.-g&’%xle 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 ~ éreater 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 bum-out pfeferabl Yy 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
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of 7:1 are conpleted filled by matri x precursors

WO 200640817199 nol ecul ar wei ghts of about 5000 to @houd004/018390

20,000. 10 The filns formed by this nmethod have
aver-age pore size of about 0.5 to 4 nm with a narrow
ore size distribution and substantially no pores
porﬁ%ﬁﬂsﬁﬁd&W%&%PBWOQP%?H than 5 nm Pore size can
advany aaaRy §$Mt19§sl ?ﬁhﬁr m@%ﬁv b%rtlciniar!y Yvﬁ%—. g]e é% axgrage

scattering as
molegAxSyeighipafitherematsx pryudser g6 fmrrma@ 500 to aboih 306466, dvhen

S (APS) x-ray source.
medilANGE %a%?a%i@%%ﬁﬁr‘f%ﬁmg Wlmmly@:ﬁmnva@lmmamahmﬂ

exc¥ien€ Ea;hﬁ’ﬂl §Fo§>e?t1e%evf/l'1 fsa? dS)S gf:lf 2h 1y, %lrL% %gxglﬁ%{esh\gﬁh

rect angul ar shaped be SI'z
aSPELk Fates phe: Mé@mtbrw@tiarmeﬁllm mB&S(S;ﬁScdrEkBr@ He¥in2ifolecular

el bR RIS AT RIS vl gﬁggwg,?gs%ut”r%tm
of 7Clhﬁﬁb&rhp1e£¥dl Al By RAx &é&ﬂ%r@ hhvin ﬁ‘g)%jcu egé}t Bt ?eoé%t

m before the sanpl e position. 'S CO
500{)}%%@’0&‘62%9%k any .20 of the parasitic balckgroundf
The R4S AT Y Alaaggg%evgaa;vgggg B 5 T St

optic onen

narr@ApSreesqredstntlsn ane sﬂﬁfahﬁﬁll’@aﬁe (:S‘rgs ﬁh’@hgt gghéﬁsﬂﬁadgreater

(-100- 700
_ thansﬁl'c n wafers

ﬂﬁetslﬁecﬂ?nﬁﬁﬁmége%ﬂﬁ che rdsremgmmrmmr@m )O-mymmd&ermg

ener et bet we
o B S T

a stapdard ety angeddthatoreS cwrug (ARS Jdevtyaeufc@CR) mdabasbRkLd §ea|m

t -ray scatteri fromthe sanple.
Passiss‘gg"p‘;‘ 33%%@’3?8?’85%&#3 Bop? e spTesdRaaisanEss o deﬁne a
rectapghitr sapedlbdan® 6T Rhdwizé NEhSBIRA Aie Ak fls ﬁ%t\gglélg? G5h &Y and

di nal data
passeisqh{ogﬁg Ia{r)e}'g@é\ﬁgqltg}g a iaglt?{lg rﬁllﬁlg réﬁ;;{);rpnoq to edterieg t1|1e=path to the
samplé hsdim i a vachm‘sath?ﬂlg cha%be‘f h&n %crilcg lglaz}qf u‘;l-gp??t ’f'?t%rglﬂﬁf'](gt in

? = wavel ength of ‘radi ation)
appreyimatety 1Ggm Uﬁfmﬂle(&ambledﬁﬁmo&ethlsTd'tﬁlnﬁ‘xQQ)HQseﬂ,e&i&I @oé@%ny
rmn pore size distribution and

of th @arldsciﬁg b!i&lggoel}dl 1axs (éa‘usede Yy legiene e nsithe gptside limits of the

qﬁwﬂ@%hﬁﬁﬁ&ﬂéﬁﬂﬂ&ﬁ%@tthgmthferent met hods are used to

eperate the average pore size and pore si ze
g "Ph Sa S experiments %re performed on double polished silicon wafers (~100-

700 um thick) coated with ~0.1- Ipm 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 scatteﬁng, 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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istribution fromthe corrected scattering data --

.d
WO 2(08@P178¢t Fourier Transformation method for perusze
4018390

‘concentrated systens devel oped by Gatter et al. (see

Brunner-Popela, J. and datter, 0., J. Applied

Cy 499 0,A431-442 or Weyerich, B.,

Br uﬁftﬁ"e"r @?QB%%&?Q’F%S Jre usefl 49 gegjeratg the pvemgp IppeedsiBr atst pare size
dis(ril88i9h, frodR thelddfreRA koA | 0gal; odi sper s )
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electioA8nicRise HAGH fQughpess - Rq on the
order of ?%}gg%?ﬁh]gﬁh%%?%ﬁéﬂa gt %u?ﬁ‘?% Eﬁl usqgl toidstect pere sizes in
eXCEpS@E 2 (atomic force mcroscopy). Furthernore, the
smal|l pore size vyields |low sidewall roughness in
Miseallonetres and vias after etch which in turn enables
formation of barrier layers in the feature that -

dihe porddsgtiadsingdd j dielectri
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Ai}other- 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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Ing| Vi ’5‘66é€foﬂiﬁéw@3§0@mtneutral i ze the solution.
The | ayers were separat ed
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. A fter 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 HC} (30

mulliliters). After cooling, the layers were separated, and the organic layer solidified to
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eent higu® HEA My aanitaed g

or uekﬁg Hg:l@ wat gtf} and sat ur at eg aquedblggenl\g Pk pphydrous
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HPWIE RIANEE (34 Zram S, obEhiaeq upﬁu mmnlﬁbupéf tﬁ&ﬂ)ollt'ﬁene and
f t t o]l uene an
e P o b R e AR ol vt ane ke vl 1 per cont

recrysta

I'zat1 on
IeI d 15 D. SYNTHESI S OF MONOMER OF FORMULA

: 2 i LY QRMIUBAVI et her (3.24 grans,
0. 0075 nDIe) and 6.78 grans (0.0165 nole) of
L, S-itai@hphagybe iy phan! o2 BLARANG i R eds.78

wer e added r eact or

grams @rq1|6l5tné91§) 1, 5ﬁpﬁ§ﬂ1pbgqutbymwpber@m#2-@53mhoﬁ from 1C. above

_ wer@m&égrt@%ﬁea%id? Qﬂéﬂﬁ 512]8151 g 8?‘1 g%m)gig%tslt 0 omﬁdgf

and once the suspen
anhyslgpust2-propafiolt (Smnarhgmr)d InaTing b@lﬂi}ﬂl%@!f‘@)éli&i %ml(el]mlé/'sh ensio

75mlliliter) diluted wit m r- o
reaclg@gréop aﬁgllpewétge i glqﬂqufrgw@éltylammomum hydroxide (1 M in
MeOH, 0.75 milliliter) diluted with 24 millilitet of 2-propanol was added dropw1se
during a period of 30 minutes, 1mmed1ate1y 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(phenyl gloxalyl)pheny1 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. Yie_ld, 7.8g (85 percent) with the 91

area percent purity.
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Formula I with 93 area percent and 8.2 gram after dry.
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Exa ha@bdfivhaki ofe? of FVBhMAkWf Making Monomer
of Fornula XVI A SYNTHESIS OF 4- HENYLACETYL

o ' 99, rams, O0.46
A- ﬁmm@ﬁ%ﬁ B %@#&—P&é&éﬁl iliters)
o ey ard ™ i here to a
re added under a dry nitrogen atnosp : _
4E$m?%nblﬁ@eqci acid (9@[5.ag_gm,i thgb ?lem?)i(ﬁngﬂﬁghﬂemi C}‘lﬁﬁhamlde (2
[PV e, L .nlLn a@ . -
e o flaof £ B ABLth Bofifite &y Pradrousyiter dass
single agek wrunddotipinadvattnknestddebhiing b'ﬁ)?edﬂﬁggﬁaénéﬂié AitihyY bar,
PQ 1t1 ve.nitrogen pressure. Thionyl chloride (300

Afte S ?'H é Iurt)%af Qj'y “ﬁrggg\gd}é@mﬂ%@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-bromophénylacetyl chloride product (105.95

grams, 98.1 percent isolated yield) was maintained under dry nitrogen until use.
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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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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 them]ostatlcally 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 achleved and maintained for the next 14.7 hours. At this tlme HPLC

223-



solution was diluted into 8.2 liters of tol uene

WO 20pediged by washing of the toluene sol uti opcfigéins01s390

20

25

times with 1.6 liter portions of deionized water. The

washed toluene solution was rotary evaporated to

oy | Yl 99.2 grans (99.1 percent isol ated
anhy?lell tearey that 1 conFeiop l dheeds pbiebromapbraismat i pheny
ethief cpattinchudoreeh aghiand. CTHHR sis reveal ed the
coRresence of the desired epr%%%%ﬁé@% reaDrOéléedp%Vreéé’ﬁ‘P{(ed ice

HORE &1 2B o irstbeekars sAftancenf BvRhelaARbF S Sce. ipi
@D. SYCI\CITEE éir%cxpltated

: t f th .oduct .
pr:éeﬂtﬂﬁ%?@? Brattadtioroveh @fm%&mgfﬁttﬂﬁm&%fmw%;aﬁoduct
ke ot the Franbinis vl . (99,
feineAwky easHedemm el YWﬁE}’lhleP Bgﬁ%ns ?g%cg{)v%%(ﬁgater, then

nole) fromC. above, eny

) ns, 0.167
- dlr%il%_rgéfygﬁ'iwﬁi 39 adlmprispdyct, fromemoHidgartknaitiRY25 5AH&3F, Th
R a@g84 e

. H t
recBs@lifzaliBh Sdlutid s \V?F ‘Fgl]g\lvgch tg)z ogi po?r@_ éit%épgqr??ur;g ’amghgg therein for

mlpnr%l e, pal _Idgldl um ace
rgjo pravidil IR 2gramis (96,7 pereni id W4 dLters),
phey@i ﬁi}nhﬁ% bee spamged@vvi th ldgs&ﬁg?%%&#n%’a V\l/l)el%@ added

uhder 4 P?“ﬁ?”ﬂ?*&f@é{ﬁet&?rnﬁsaplme/eu@waryg&lmeemba@a. MG, C
analysis@tvegledsh bottom.reactor containin
’ a pr e‘tlj?i ed ?rg%ngrt?ciegﬁq lslﬁf:t ?%?P%Spooélﬁ am‘llﬁg afeé‘aB‘?rB‘?“tV\gg Nuclear
Ma%g‘F T¢SORNICy NHARY t'iillhéﬂyﬂiis and diedtfon iﬁ@i@%ﬁ% ﬁ@isrs?lectrcisrc))};ic

d t her.noneter with thernostatica

anal?ggggpmggﬁecﬁn?iﬁ@e Juctusg pf the pgodnsti heat i ng

contro
omenced, and after 13 m nutes, when a tenperature of

E. S Y2 HESIS{eRMOMOMERCDERORMUIM x¥a! | ow col or ed

solution formed. After a cumul ative 1.2 hours, a
and mmi nt ai ned for

Lhe et Mi?i’.'gifsKgﬂ’ngﬁKW%ﬁé‘gi’fﬁ\iﬁphw@th@r@om@l) (0.0025
mol9)308 2T 12700 KT L5200 001 BISIR(4- Gy etliyhy hoh SRS Tod Ndhe

f ' the . . -
ﬁ°m4},t5, Meﬁ%& K %E%%LO@ r??{?‘)a&‘% kamjlliligre afanhydtdvertoluenc and 15
ml of grhydanis 2hpdplesn Sﬁﬁﬁhgeé/xﬁﬂ]eafmg ﬁ&@&%hgerd, ek %}r?cgtﬁgl\sl\lﬁingnsion

ed I'na’pal

ed over cracked ice conta
reachied 4 8kﬁ‘é‘HR%rP@.re’Afspéﬁloéd)fmt@tbet}rlahnionmﬁydrbﬂdk ¢EM fhe

Iter
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O oPRHBHER GiRK LW S hIiRES S 2 oot e sddeddeapveise
duringaqeriod of B8 nfiinntes) inuAedi waRiRGu S Qd&éfaogr@chJT&l. LAkl ter
tly _

mamgagrgpgg@oﬁf?g‘g[h%gg mﬁ%ﬁgﬁ@%@dﬂuﬁn@mwgm of the
limitetrebctanttiad|beer 2chidvddl LA E)X 'tinIJ] %he oil bath was removed ﬁoﬁ 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

1s 0.00452 moles/ml.

-24.



10

15

20

25

recrystallization solution was allowed to cool to room

wo 2‘%’@9&5%?‘Jature and held therein for 16 hours pETRIESMIER390

2 grans (86.7 percent isolated yield) of

4 4 bIS[4 phenyl et hynyl ) gl yoxal yl ] phenyl ether as a
gh crystalline product. HPLC 10 anal ysis

sa-edt-He-Paadpg poreps fims desi red product at 100
area percent. 'H Nuclear Magnetic resonance (NWR)

an alry$|2§ rﬁﬂlﬁiee}cﬁfﬁﬂ lb@&omoﬂllds%%&dsgxﬁdﬁﬂa tg? {M 8%§$rg?$%f

both confirne ure

(El
"ifbﬁ Eamsv %I@lmrmu@ﬁanﬁﬂlimwvﬁﬁ{dte&(ﬁﬂ =01,900

| g/m%ﬁe‘ﬂw lg SLd RS BXLet E;%Iya!gl 2@@% )?%%&ég]a?u:ﬁ@)v-

from

butyrblatidhe !
o o et
nd‘gﬁmgqagﬁgstot 18P% (o Métheancbill Bath rmhdexfmaﬂgnj]dbﬁwﬂ Koupy. TRaAfkeure

h d th
washéd EddiéH fﬁnlqlrSeg% d@%g%@%@r%@rﬁg af g)&ﬁﬁ@p{@;qn@n T mixture

suspensi on

WaStfgttha‘meyddammimh i g EXdodg v é !1 lpMy?’rﬂ:t g{r\&fgﬂ' lélo D r2 g panol

GBIE')' llhlter%ﬁ&él uted with 8.
L3R WesEndm wexrghagGacpsepwe thao theXOrmuIAtioR fas a
xnmeanadwa & of a3 reen oIor ter
et Ll Ica(h}i‘%ﬁ P&ﬁ%iy 7.i ndi cat ed

mai nt ai ni ng at 8
tgﬁt full conversion of the I|mted r eact ant had been

F aytire Kas aplied te psilicon @va(ﬁtd andabét byapin-esunivgdo foraim
~0.9t AR rod 8RK Bn. BRARLLG a5 %3‘1? am&fplﬁgt }algi_:%v\l\fg? ago

cool to room tenper at ure.
minyfgs, gngd Ith,fefwatﬁdmdafer whstrindférkat i vachinpYebn ATHE g{'é@emperamre

ano

the q@eomﬁﬂdm@tléf ﬂdlystﬁ%ﬂe S@iloggh BLRe &% 91?@ /kh I’e]:ls<t1mate of Yhe average

pol ymers made from thi s”non

Sit
spheﬁCQ %Slﬁ%[’%@fi @ smaplpangly Xﬁ@ﬁﬁ@ﬂtﬁﬁ@(mmﬁgﬂﬂ#érﬁé{ﬁ%?%e
film @ag ABbR 230 nmlvﬁpighgl?ci om’ﬂ% ﬁg\:/\gor Og%cbtj %sgﬁlgggizlgxfwas 1.53

mlliter round
with gelielpetric ebnstampiofifl2za |, 1.50 grams of |inear
pol yst yr ene, nnnonethacrylate term nated (M = 1,900

Example 4 — Method of making porous film

| and washed with plent
‘was Ez{rhpéetdeaq 7'43/a i X(g)':l% Upderitigaen; dhan heli ‘?dn ltZﬂenlﬁtltealtceallow

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 Sburces, 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 éthyl-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 51hcon wafer and cast by spin- coatmg 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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e oA RSl 45 Qb o
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tenperature to give a pol yner
was fppedhat 7°Chmigitg bt 300°Thendet Hittogen, W?@ lﬂﬂ’?kdr?‘iotlﬂmﬁtes to allow
IL.n-coatln 0 orm

d t b
the c&bbfn&ggtlg\ﬁgﬁﬁ?l ﬁgg%? %ngxéffﬁgfcfw FoRlings E%M@Qastylneramtlvlﬁbwed

mcro
that thetpoirest ia tixd re3d€ifg 0k was hlghrly 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 XV, 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
me51tylene The resulting mixture was purged under nitrogen for 15 mmutes and then

heated to 175°C with an oil bath under nitrogen for 4.0 hours. The mlxture was then
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m xture was applied to a silicon watfer and cast by
spin-coating to forma -0.92 mcron thick film The
filmwas baked on an MIl hotplate at 150C for 2
m nutes, and the coated wafer was transferred to a
Co le ThsingV@merte alattixe Was ranped at 7C/
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ethoxyprgmonate (lléEPhﬁFlQﬁﬁixhﬁé rv&bélls Hurndr ebBA 3 fbnf M]nperature to give a-
polymer mixture in GBL/EEP(22 percent in weight).

The mixture was applied to a silicon wafer and cast by spin-éoating to form a
~0.7 micron thick film. The film was baked on an MTI hotplate at 150°C for 2

. minutes, and the coated wafer was transfened 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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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 littie 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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The follovﬁng table illustrates the cured film refractive indices (measure of net
20  porosity) and average pore sizes obtained using various weight percent loadings of a
2700. rﬁolecular weight 70/30 alpha-methylstyrene/styrene (AMS/styrene) copolymer
porogen compared to a 33 percent loading of a 1900 molecular wei ght 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 compl¢tely bumed out at the lower temperature as it is at

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

15

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

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

containing 33 percent of the 1900

-30-

g/mol molecular weight polystyrene porogen.
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2 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/mi. '

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

linear porogen is less than 4000 g/mol.
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t he porogen is characterized in that it is not renoved
WO 200609179 uf fi ci ent cure has occurred in the BRtigs004/018390
mat eri al such that no pore collapse occurs. 2. The
nmet hod of claim 1 where applying energy conprises
. hegtir]g the filmat 20 a temperature in the range di-OYDWISE
ogpyallh about 425C to cross-link the matrix precur sor
mat eri al and renove the porogens to form pores with an
aver age pore Si of less than 4 nm 3. The nethod of
hert cal cul at -link noiety density

25 gr : gan 0. 003 . 4. The net hod of
i dn=lc wher § wei ght : p| ecul i ght of
e |i ‘ ogen is |ess\tHhan/ 4005 g -31 WO
2006/ 00 3K YD WS 7 The

| Tnear porogen is te€ss thaga-2000 g/ nol .
ret hod of claim| where them&irage
5 nol ecul ar weight of the 5 -linear porogens/is at
| east 500 g/nol. 7. The nethod of claim 1l where the
anmount of porogen is from30 to 45 percent by weight
ForfulPRf.09ens and natrix. 10 8. The nethod of.claim1
ere 'the matrix precursor is selected from the
10 . follow ng nononmers or oligoners made fromthe
fol | owi ng~R R_rs: ~Formyla I: I5-\/ [/ \\ 1 0\
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WO 2qgftide- 11: 0 . a- - cc CCec-c 5 For
10 Qcc7 C 15 Formula IV: Cc CGC 20 25
2006/ 001790 PCT/ US2004/ 018390 LLOYD W SE

I\ V1 V1 \ 0-7 G=c ac-c¢c 5 Fornul

PlayViac~c occ\ /

Form

g?%‘g2l)04/018390

For mul a
v YE.OYD WISE

Formula VII:
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/-\' ¢c-CCC15 Formula M1l: I 1 1 I ac~-¢c 0 0 C--Co
WO 2006/001901 20 -34 WO 2006/ 001790 PCT/ US2004/ 03483905,
WSE Formula VII1 (a mxture of): I- / 5 I\ PPs20tb b0
\I Formula IX (a mxture of): 151 I Q I - ol j \LLbyDwiSE
I~ 1~1/ 1%I1j) - 20~1 I i owl ol~\ 1 ~1 1~ o\
Formufa Y1i5(q myxtute of5 - 35
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WO 2006081789 xt ure of): 5 10 o i 15 Fornula Xl : l}cjl/ﬁszg?“mswo
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["~~o0o (~~oI\N/ N1 1__ oI VIl ol%\ Fornu

X'l: 200'N" ol " I "N 25 -36 WO 2006/ 001790  LLOYD WISE
FPCT{ '355004/018390 LLOYD WSE Formula XliIl: C=C C=c

OLBMAR khEdusg af): ac -C C=C C=c CC Cc 0 5CC\ /
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WO 20Bd0maa XVI (Left) and XVII (Right): Ph Ph llé%f{g.mﬁpogggo
(I

/Il 11 Opp Ph O\ / OOPh =1/
Ph\ I / I =Ph Ph Ph /] II Ph Ph Il 5 9. The
hod of claim| where the porogen is a linear LLOYD WISE

FO“BBEV% Hirene or a linear polystyrenel/al pha- net hyl
styrene copol yner of up to 80 percent by nole
al pha-nmethyl styrene. 10 10. The nethod of claim1
where the porogen is formed primarily fromone or

ng nononers: styrene, alkyl

fjbsti tuted styrenes,

arylalkynyl alkKy | gd styrenes;

4- phenyl et hxnylist €, [ , al koxy-, carboxy-,

<ii§i?roxy-, -substituted styrenes;
=3

Formula XIV:
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vi nyl napht hal ene, vinyl anthracene; stilbene; acrylates
WO mezmo ﬁacr yl ates, al kyl ene - 15 oxi des. Ei’ﬁT/%)mu/mswo
2006/ 00. 1790 PCT/ US2004/ 018390 LLOYD WSE
nmet hod of claim 1l where the matri x precursor is an LLOYD WISE
ol igomer formed from the nononmer of formula 1: 5 /\
Fotmula\X V1 (Léft)landd XVIIQREht)10 ~~ 11 15 and the por ogeﬂ i's
a linear styrenic ollgoner havi ng a nol ecul ar wei ght
of 2000 g/ mol, or ;| ess and the porogen is present in
anounts of B0-45 prcent by wei ght based ron wei ght of

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;
_vmylnaphthalene vmylanthracene stilbene; acrylates and methacrylates, alkylene

-oxides.
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11. The method of claim 1 where the matrix precursor is an oligomer formed from

the monomer of formula I:

15 . 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.

20

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

polystyrenc/alpha-méthyl styrene of up to 80 percent by mole alpha-fnethyl styrene.
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