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COMPOSITIONS AND METBRODS FOR THERMOSETTING
MOLECULES IN ORGARIC COMPOSITIONS

This patent application is a continuation-in-part of pending US Serial 09/618,945 filed
Tuly 19, 2000.

Fielé of The Invenfion

The field of the invention is reduclion of dielectric constants,

Backeround of The Incention

As interconmectivity in integrated circuits inercases and the size of functional elements
deoreases, the diclectric eenstant of insulator materials embedding the metallic conducior
lines in integrated circuils becomes an increasingly important factor influencing the
performancs of the integrated cirenit. Lusulator materials haviog low dielectric constants (e,
below 3.0) are especially desirable, hecause they typically allow fastor signal propagation,
reduce capacitive effccts and crogs talk between conductor lines, and Jower voltages 1o drive

infegrated circuits,

Since uir has a dielectric constant of about 1.8, 2 major goal is to reduce the dielectric
constant of insulator materials down towanls & theoretical iimit of 1, and scveral methods are
Lnown fn the art for ineluding air into the insulator matecials to reduce the dieleciric constant
of such matenals. In some methods, air is intfroduced into the insulator material by generating
nanosized voids in 2 composition comprising an adequately crosslinked thermostable matrix
and a thermolzahile (thermslly decomposablc) portion, which is cither separately added to the
thermaostable matfix material (physical blending approach), or built-in into the matrix materizl
{chemical grafting approachy. In general, the matrix meferial is flrst crosslinked at a first
temperatore to obtain a three-dimensional matyix, then the temperature is raised to a secomd,
higher temperature to thermolyze the thermolabile portion, and cured at a third, still kigher
temperature to anneal and stabilize the desired nunoporous matcrial that has voids

corresponding in gize and position 1o the size and position of the thermelabiic periion.

In both the physical blending approach and the chemical grafting approach,
nanoporous materials with desirable dielectric constants of about 2.5 and below may be
achieved, Howsver, while there g typically only pocr contrel over pore size and pore distnbu-

tion in the physical blending approaclk, the chemmical grafting approach frequently poses

I
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significant chatlenges in the synthesis of the polymers and prepolyrrers and inchision of
various reactive groups (e.g., to enable crosslinking, addition of thermolabile groups, cic.)
inko the polymers aud prepolymers. Morzover, the chemicul mature of both the thermelabile
portion and thermostable matrix generally limits processing temperaiures to relatively narrow
windows which must distinguish the crosslinking (cure) temperaturs, thermolysis temperaiwre
and plass transition temperature, thereby significantly limiting the chojce of available

Taterials.

In other methods, air or other ges {i.e.voidy) is ihtroduced inta the insulator waterial
by incorporalion of hellaw, nanosized spheres in the matrix material, whereby the nanosized
sphereé aols 2 a "void camriers", which may or may not be removed from he matrix material.
For cxample, in 1.5, Pat. Mo. 5,458,709 0 Kamezal? of el the inventors teadl; the use of
hollow glass spheres in an insulator material. However, the distribution of the glasy spheres is
ypically difficull to comtze!, and with increasing concentration of the glass spheres, the
dielectric inaterial Joses fexibility and other desireble physico-chemical propettics.
Furthermore, glass spheres are genarally latger than 20nm, ard are therefore not suitable for

Daneperous materials where pores smallor thau 2nm are desired.

To prodduce pores with a size substantially smaller than glass spheres. Kestoker ef af.
describe in U.S.Pat. No. 5,744,399 the use of {ullerenes as void carriers. Fullerenes are 1 form
of carbon containing from 32 atoms to about Y&t atoms, which are believed to have the
sireture of 3 spherical geodesic dome, many of which. are beliaved to acour naturally. The
frventors mix @ matrix material with fallerenes, and cure the mixtors to fabricare &
nanoporous dielectric, wherein the fulleranes may be removed from the cured matrix.
Although the pores obiained in this manner are gencrally very wmiform in size, homogeneous
distribution of the void canvers slill remains problermatic, Moreover, both Rostoker's aud
Kemezaki's methods require addition or admixture of the void earricrs to 4 polymerie
matenal, thereby adding essential processing steps and cost in. e f2bricalion of nunoporeus

maierials.

Although various methods are known in the art to Introduee nanosized voids into low
digloctric constant material, alf, or almost all of them have disadvantages. Thus, there is still a
need (o provide improved compositions and methods to intreduce nanesized voids in dielec-

tric material.
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Sammary of the Tvention

The present invention Is directed 1o & method of producing # low diglectric constant
polymer. In onc step, a star-shaped thermosething menamer having 2 cove stiucture and
plurality ef amns is provided, and in 2 subsequeni step the theomasciting monomer is
incotporated into 2 palyrer, wherein {he incorperation inte the polymer cornprises a rsaction

of a riple bond that is located in at least one arm.

In one aspect of the inventive subject marter, the core structurs is a cage compound or
aryl, and prefened amms are aryl, branched aryl or acylene ether, [f is also preferred that where
the core strocturs 35 a cage compound, at least one of the wms has a triple bond, Where the
core sfructure {s en aryl compound, it is preferred (hat all of the anns bave a triple bond.
Especially contemplated cors stmctures inslude adamantane, dizmantane, a phenyl, ind a
sexiphenylenc, and especially conteraplated aims include 2 tolanyl, a phenyletbynyl-
phenylethynylphenyl, a p-tolanylphenyl, a 1,2-vis(phenylethynyl)phenyl, and a p-tolanyiphen-
¥l ether.

Int avother aspset of the invenhive subgeoct matter, the incorporation of the.
thermasetting monomer inclodes a reaction on more than one iriple band, preferably on three
friple bonds located ox three arms, and more preferably on all iriple bonds located in all amms.
Lt particubasty prefermed aspects ol the fovenlive subject matter, the incorpuration tales place
withovt participation of an additional molecule and preferably cotprises a cycle-addition

reaction.

‘While it is generally eontemplated that the thenuosetiing monomer is incorporated in
4 baslbone of a polyner, other pogitions inclnding the termini and side chains are also
appropriate. Proferred patymers include poly(arylene ethers) and polymors comyprising, or
consisting of conterplated thermeselling monemers, X is especially contemplated thal by
increasing the length of the srms of the thermosetting monomers, the monomers will define
an increased void volurne between the monomers after eresslinking, thereby decreasing (he

deasity of the crosslinked structure and decreasing the dielectric constant of the polymer.

Varigus objects, featurcs, aspects and adventages of the present invention will bocome
miore apparent from the following detailed degeription of prefarred crebodirents of the
invention, along with the accompanying drawing.

3
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Brief Description of The Drawing

Figures 1A-1C are exemplary stnuwtures for star shaped thennosetting monomers

having an aduemantane, a diamantane, and a silicon aton as a cage compeund, respectively.

Figures ZA-2B arc exemplary structurcs tor star shaped thermosetting monomers
having a sexiphenylene as an aryl group.

Figures 14-3C are exemplaty synthetie scheres for star shaped thermosetting mono-

mers according to the foventive subject maiter.

Figure 4 is an exemplary scheme for the synthesis of substituted adamantanes with

aryl arms of verying length.

Detailed Description

Az used herein, the ierm "Tow dislectric consiant palymner” refers to i organic,
arganomeatallic, or inorganis polymer with a dielectric constant of approximately 3.0, or
lower. As also used hercin, the term "sage compound® vefers to a molecule in winch a
Plurdlity of rings formed by covalently bound atoms define 2 volume, such that g paint
located within the volume can not [cave the volume without passing through a ring. For
encurnple, adamantane-rype stmemires, including adarnzentane and diamentane are considered a
cage compound. In contrast, cing compounds with a single bridge such as norbomime
(bicyelo(2.2. 1 lbeptane} are not considered a cage compourd, becavse the rings in a single

bridged ring compound do not define a volume.

In a method of producing a low dielectric constant polymer, a thermaosefting monomer

is provided having a general sfruciore as .:ImwnR'n Structure 1,
1

AR,

Ry Ry

(Structurs 1)

whdcin Y is sclected from 2 cage compound and a silicon wfom, aod Ry. Ry, Ry, and Ry are

independently seiecied from an aryl, a branched aryl, and an arylene ether, and wherein at

least one of the aryl, the branched aryl, and the arylene ether has a triple bond, In a further
4
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step, the thermesetting monomer is incorporated inte & polymer thereby forming the low
dielectric canstant polymer, wherein the incorporation into the polynter comprises a chemical
reaction of the &t least one triple bond. As used beresn, the term “aryl” without furthec
specification means aryl of any type, which may include, ter exampie 2 branched aryl, or an
arylene ether. Exemplary structures of thermosetting monomers that include an adamantane, a
diamaniane, and a2 silicon, atom are shown in Figures 1A, 1B, and 1C, respectively, wherein

nis an integer between zero and five, or more.

In anether method of producing a low dicleciric constant polymer, & thermusetiing
monomer is provided having a general structure as shown in Structure 2,

Rt p
Rig [ /R2

{Biructure 2
wherein Ar is an ary], and i2',-R' are independently selecied from an aryl, a branched aryl, 2o
arylene ether and nothing, and wherein each of the aryl. the branched aryl, and the arylene
ether have at least one fripke bond. Tn a subsequent step, the thermogetting monamer is
incorporated into a polymer thereby forming a low dieleciric constani polymes, whercin the
incorporation ints the polymer comprises a chemical reaction of the af least one triple bond.
Exemplary struetures of thermosetting monomers thiat include a teita-, and a hexasubstituted

sexiphenylene are shown in Figures 2A and 2B, respectively.

Thermosstting menomers as generally shown in Structures | and 2 may be provided
by various synthotic routes, and exermnplary syothetic shategics for Structures 1 and 2 are
shown in Figures 3A-2C. Figure 34 depicts a preferred synthetic route for the generation of
star shaped thenmosetting monomers with an pdanantane as & cage compound, in which a
bromoarene is phenylethynylated in a palladium catalyzed Hock reaction, First, adamantane
(1) is brominated to tetrabrogroadamaniane (TBA} (21 following a procedure previously
described () Org. Cher. 45, 5405-5408 (19803 by Sellot, G.P. and Cilbert, BE.). TBA s
reacted with phenyl bromide to vield tetrabromophenyladamantzne {TBPA) (4) as described
i Macromolecudes, 27, 70157022 (1990) by Reichert, V. R, and Mathias L. J., and TBPA is
subsequently reacted with a substinzed stiynyiaryl in a palladium catalyzed Heck reaction
following standard reaction procedures fo yield tetrzarylethynylphenyladamantane (TATPA)

(5} The palladivm-catatyzed Heck reaction may atso be eraployed for the synthesis of a star
5
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shaped thermogctting monomer with a sexiphenylenc as ihe eromutic portion as shown in
Figure 2C and Figure 2D, in which a tetrabromosexiphcuylene and 2
hexabromosexiphenylenc, respectively, Is reacted with an ethymylaryl 1o yield the desired

correspounding star shaped thermosetting monomer.

Allemutively, TRA (supra) can he converied to a irydroxyarylated adamantane, which
is subsequently transformed jnfo & stor shaped thermossthing monomet in a nueleophilie
arumatic substitution reaction. In Figure 3B, TBA (2) is zenerated from adamantane (1) as
previously described, and finther reactad in an electraphilic tetrasnbstitution with phenol to
yield fetrakisfhydroxyphenylladamentans { THPA) (7). Altemnafively, TBA. o also bo rensted
with anisole fa give totrakis(4-methoxyphenyl)adamaniane (TMPA) (6}, which can forther be
reacted with BDr to yield TIPA (7). THP'A can then be reacted in various pucleophilic
aromatic substitution reactions witl activated fluoroaromatics in the presence of potassium
carhonate erploying standard procedures {e.g., Engincering Plastics A Handbook of
Polyurylethers by B 1. Cotter, Gerdon and Bresch Publishers, ISBN 2-88445-112-0) to
produce the desired thermosetting menomars, or THPA may be reacted with 4-balo-4*
fluorotalane ¢with halo=Br ar T} in & standard aromazic substitelion reastion (2.g., Engineering
Plastios, supra) to yield tetrakis[4-(4-halophenylethynylphenoxy)phenyl]adamantime (8). hn
further altemative reactions, various alternative reaclants may also be amploved to generate
the shaped thermossiting monemers. Similarly, the nuclcophilic aromatic substitution
reaction may alse be utilized in a syniliesis of a star shaped theymosetting monomer with 2
sexiphenylene as the aromatic portion as depicted m Figure 21, in which sexiphenylene is
reacted with 4-fluorotolans to praduce a star shaped thermaseiting monomer, Altsehatively,
phloroglucinol may be reacted ji a standard aromatic substittion cenclion with 1-{4-fluere-
phenylethynyl-4-phenylethynyl]-4-benzene to vield 1,3.5-tris(phenylethynylphenylethynyl-

phenoxy)benzene.

Where the cage compound is 2 silicon atom, an exemplary preferred synthetic schome
is dopicted in Figure 3C, in which bromo(phenyiethymyarematic arms (9} are converted inte
the cotresponding lithium{phenyiethyoylysromatic arms (10}, which are subsequently reactcd
with silicon tstrachloride to vield the desired star shaped thenmoseiting monomer with a

silicon aton as & cags compound.
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Although it is preferred that the cage compound is an adamantage or diamaniune, in
alternative aspects of the inventive subfect matter, various cage compounds other than an
adamantanc or diamantane ars also contemplated. It should be especially appreciates that the
molecular size and configutation of the cage compound in combination with the overull
Jength of the arms 1y-Ry or R'-R'% will determing fhe size of voids in the final low distectric
constant polymer (by steric effect). Therefore, where relatively small cage compornds are
desirable, substituted sud derivatized adamantaaes, diamantanes, and relatively smell, bridged
cyelio aliphatic and aromatic compoeunde (with typically less than 15 atoms) are
contemplated, In cunirast, in cases wheve larger cage compounds ave desirable, larger bridged
cyelic atiphatic and aromatic compounds (with typically more than 15 atomns) and fullerenes

ave contomyplatod.

Tt should further be appreciated that centernplated cage compounds need not
necessarily be limited o carbon atorms, but may also inclade heteroaloms such as N, 5, G, T,
cie, Heteroatoms may advantageonsly introduce rnon-tetragonal bond angle configurations,
which may in turn enable covalent attachment of arins Ry-Ra ar R'-R's at additional boud
angles, With respect 1o substitutents and derivatizations of contemplated cage compounds, it
should be recognized that many substients and derivatizations are uppropriate, For exanple,
where the eage eompounds are relatively hydrephobic, hydrophilic substituents may be
introduced to increase solubility in hydrophilic solvents, or vice versa. Alternatively, in cases
where polarity fs desired, polar side groups may be added to the cage compound. Tt is further
conlemplated that appropriafe substiiients may also includs thermolabile gmups,ﬁucleuphili.c
and electrophilic groups. It should alse be appreciated that functional groups may be
crnploved in the eage compound (2.g., to facilitate crosslinking reactions, derivatization
reactions, etc.) Where the cage contpounds are derivatized, it is cspecially contennpiated that
derivatizations include halogenation of the cage compound, and & particularly preferred

halogen is flucdne.

In further alternative aspeots of the inventive subject matter, the cage compound may
be replaced by a non-carbon atom, with a polygonal, more preferably tetregonal configuralion.
Conlemgrlated afoms iuclude a silicon ator, and particularly conteroplated atoms includs
atoms that exhibit polyponai ligand configuration aud form covalent bonds with a resistance

fo oxidarion greater than a carbon-carbon bond. Furthermor, aliernative ators may alsa

7
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include eatianic and anionic species of a parlicular afom. For example, appropriate atoms arc
Ge, and P,

Where the thermosetting mnonomer has an aryl coupled io the anms R'-R'g as shown in
Structure 2, it is preferved that the aryl comprises a phenyl group, and ii is even more
preferred that the ary) is 4 pbeny] group or & sexiphenylens. In allermative zspects of the
inventive subject matter, it is contemplated that various aryl compoeunds other than a phenyl
group or a sexiphenylenc arc also appropriate, including substituted and unsubstituted bi- and
pelyeyelic aromatic compounds. Substituted and unsubstituted bi- and pelyvyclic aromatic
compounds are particularly advantapeous, where increased size of the thermosctting
manoemer is preferred. For examgple, where if is desirable that altermative aryls extend in one
dimension mere than in ancther dimension, naphthaleng, phenanthrene, and anthracene are
partioularly contemplated, Tn athar cases, whewe it 1s desitable that alternative aryls extend
symmetricatly, i}olycyclio aryls such as & coronens are contemplated. In especially preferted
aspecis, contemplated bi- and polyeyehe aryls bave conjugated aromatic systems (hat may or
may ot include heteroatoms. With respect to substitutions and derivatizaiions of
coniemplated aryls, the sime considerations agply as for cage compeunds (vide supra).

With respert to the amms R, -Ra and B'\-Rs, it is preferred that R, -Ra are individually
selecter] from an aryl, a branched aryl, and an arylene ether, and R')-R's are individually
selected from an eryl, a branched aryl, and an atylens ¢ther, and notling, Particularly contemn-

'platcd aryls for Ry-R; and R'\-R’; inchade wryls having a tolanyl, a
Thenylethynylphenylethynyiphenyl, and a p-olanylpheny) moiety, and 10lanyl, pheny-
ethynylphenylethynylphenyl, and p-tolanylphenyl moieties. Especially preferred branched
aryls inelude a 1,2-bis{phenylethynyUphenyl, and particulaly contemplated wrylenc ctbers
include p-talanyiphenyl ether.

Tnt alternative aspects of the inventive subject matter, appropriate arms need not be
limited to an aryl, a branched aryl, and an arylene ether, so loug as alternative anns Ri-Ry and
R'|-R'yeomprise p reaclive group, and so long as the iacorporation of the thermesotting
Tonemer comprices a rezction involving the reective group. The tenm "reactive group” as
used herein refers to any element or combinations of elements having sufficient reactivity to
be used in incerporating fle moncmer into a polymesr. For exampls, countemplated arms may
e relattvely short with no more than six atoms, which may or may not be carbon atoms. Such

8
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short arms may he especially advantapeous where the size of vaids incorporated into the final
fow dicleetric constant polymer need to be relatively smeil. In conirast, whers espectally long
arms are preferred, the acms may comprise a ollgomer or polymer with 7-40, and morc atoms.
Furthermore, ths length as well as ths chemical somposition of the arms covalently coupled
to the contemplated thermosetting monomers may vary within one monomer. For example, a
cage compound may have two relatively short arms and ywo relatively long arms lo promste
dimensional growth in a particular direction during pelymerization. In another example, 4
cage compound may have two aﬁs chentically distiuet fron another two arms to promote

regloselective dedivatization reactions.

1t should further bs appreciated thet whils it is prefered that all of the amms in &
thermosetting monomer lsve at least one reactive group, in altemative aspects less than ali of
the arms nead 1o have a reactive group. Far example, a cage compound may have 4 arms, and
only 3 or two of the arms carry @ reactive group. Altematively, an aryl in 2 theymoselling
moromer may have three amms wherein only two of one arm hias a reactive group. Itis
wenerally contemplated that the nuraber of reuctive groups n each of the arms Ry-R; and RY-
R'g nay vary considerably, depending on the chemical nature of tho arms and of the qualities
of the desired end produst. Moreover, reactive groups arg contemplated 1o be positioned in
any part of the anm, ineluding the backbone, side chain or terminus of an arm. I¢ should be
especizlly appreciated that the number of reective groups in the thermosetling mepomer may
be employed as a ool to control the degree of crosslinking. For example, where u relatively
Tow degree of crosslinking is desired, coniernplated thermoeselbing metiomers may have only
ane oF two reactive groups, which may ar may not be Iocated in ope atm. On the other hand,
whers a relatively high dogree of croaslinking iz required, three or more reactive groups may
he included into the monomer. Preferved reaclive groups include electrophilic and
nucleophilic groups, more preferably groups that may participate in & cycle addition reaction
and a particaliorly prefermed veactive group is an ethynyl group.

In addition to reactive groups in the amms, other groaps, including fnctional groups
may also be included inte the acme. For example, where addition of particular functionalities
{ey., a thermolabile portion] after the incarporation of the thermesetting menomer to a

pelvmer is desitable, such funclionalities may be covatently hound te the faactional groups.
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The themosetting monomers can be incerporated Into a polyruer by a large varicty of
rocchanisms, aod the actual mechanism of incorporatien predominantly depends on the
reuctive group that participates in the ncorporation. Therefore, contemplated mechanisms
clnde nucleophilic, electrophilic and aromatic substitetions, additions, climinatians, radical
palymerizatione, and cycloadditions, and a particularly preferred incorporation is a
cycloaddition that involves at least one ethynyl group located af least one of the arms. For
example, in a thermosetting monemer Laving arms selected from an aryl, a branched aryl :nd
an arylene ether, in wivich at least three of the aryl, the branched aryl, and the aryiene cther
have a single triple bond, the incorporation of the monomer info the polymer may comprise &
<yeloaddition reaction (f.e. a chemical reaction) of at least three iriple bonds. In another
cxample, in a thermosctting imonemer wherein ell of the aryl, the braached aryl, aud the
arylene cther arms have o single trple bend, the incorporation of the monomer inta the
polymer may comprise a cycloaddition (.e. 2 chemical reaction) of all of the triple bands, In
other examples, cycloadditions (2.g., a Dicls-Alder reaction) may oscur between an ethymyl
group in at least one arm of the rhenna.éetfmg monorer and a diene group located ina
polymer. If is firther contemplated thal the incorperation of the thermoseiting monomers into
2 polymer takes place without participation of an additional molecule (2.£.. a crosslinker),
preferably as a cyclo addition reaction between reactive proups of thermosetting monomers.
However, in alternative aspects of the inventive subjoct matfer, crosslinkers may be employed
to vovalently couple a thennoseting monumer (0 a polymer, Such covalent coupling may
thereby either ocour between. & reaetive group and a polymer or 2 fimetionel proup and g

pealymer.

Nepending on the mechunism of incorporation of the thermosotting monomer info the
polymer, reaction conditions may vary considerably. For example, where a monomer is
incorporated by a eycloaddition employing a triple band of at least one of the arm, heating of
the thermosetling monomer to approximately 230°C for about 45 min is generally sufficient.
In contrast, where the monomer is incorporaied Into a polymer by & radical reagtion, room
temperature and addition of a radical starter may be appropriate. A preferred incorporation is

set forth in ths examoples.

‘With respect to fac position of incorporation of the thermoselting monomer into

polymer it is contemplated that thennosetting monomers may be incomporaled info the

19
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Buckbone, 4 terminus or a side cluin ef the polymer, As used herein, the term "hackbone"
refers t¢ a contignons chain of utoms or moieties forming 4 polymecic strand that are
cavalently bound such that removal of any of the atoms or moiety wowld result in inferruption

of the chain,

Centemaplated polymers include 2 large variery of polymer types such ae polyimides,
polystprenes, polyamides, sto. 1lowever, it is cspectally contemplated that the polymer
comprises 2 polyaryl, more preferably a poly(acylene ather). In an even naove prafermed aspect,
the polymer is (ahricated af least m part from the thermosetting menomer, ad if is
particularly contemplated that the polymer is entirely Bibricated fiom the fhermosctting

IONOmer,

It should b eapecially appreciated that (1) the size of the cage compouml or the aryl,
and (2) the ovorall length o the anms R-R, and R')-R's that are cavalently eoupled to the cage
compound will determine the nanoporosity imparted by a stevic effect. Therefore, whetea
therrmosélling monomer with a cage compound or a silicon atom is part of a tow dielectric
constanl pelyroer, and wherein the ams Ry-Ry have 2 total length L and the low dielectric
congtant polymer has a dieleciric constant K, the diclectric constant K will decrease when L
increases. Likewise, where a thermosetting monomer with an aryi is part of a low diclectric
constant polymer, and wherein the arms R-R's have a tolal length L and the low dielectric
constant polyrer has a diclectric constant K, the dielectic constant K will decrease when L
increases. Conscquently, the size of the cage compound, the aryl, and particularly the size of
{he s i & thermosetting monomer van be emplayed 1o fine tune or regulate the iclectric
constant of a low digleciric constant polymer harboring ihe thermesetting mengmer. It is
sspecially contemplated that by extension of the anms in 2 thermasetting monomer the
dieleetric constant may be reduced iz an amount of up to 0.2, preferably of up to 0.3, mere
preferably of up to 0.4 and most preferably of up to 0.5 dielecttic constant oits,

In an especially contemplated ann extension sirawegy depicied in Figure 4, in which
AL represents an admantane or diamantane group. Phenylacetylene is a starting molecule that
is reacted (AL) with TBA. (rupre) to yield totralds(mona-tolanyl)-adamantane. Allernatively,
phenylacetylene cun be converted (B1) to talanylbromide that is subscquently reacted (C1)
with timethylsiiviacetylene to form iolanylacetylene. TBA can then be reacted (A2) with
tolanylacetylenc 1o tetvakis{bistolanyl)-adamantane. In a furthor extension reaciion,
11
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tolumylacstyiene is reacted {B2) with 1-bremo-4-lodabenzene to bistolanylbromide that is
further eonverted (C2) ta bistolanylacetylene, The so formed bistolanylacatylene may then be
reacted {A3) with TBA to yield tetrakisiitisielanyl)-adamantans.

It ig particularly contemplated that the thermosetting monomers according to the
imventive subject maiter may be employed in & dicleetric layer of nn elestronic device,
wherein preterred dielectric Jayers have a dieleeiric constant of less than 3, and preferred
eleotric devices include an integrated circuit, Therefore, 4 coniemplated electrical device may

include a dielectric layer, wherein the dielevizic layer comprises a polymer fabricated from 2

. . 4 N 1R,

thermosefting menomer baving the s\l{rucmresor R "‘i’ Ry
. .

R4/ ‘R:X R;,/IJP‘ Ky

wherein Y is selected from a cage compound and a silicon atom, Ax is preferably an aryl, Ry-
R, are: independently selected from an aryl, a beanched aryl, and an arylene sther, RG-R are
independently selected from an aryl, a branched aryl, and an arylene ether and nothing, and

wherain at least one of the aryl, the branched aryl. and the arylene cther has a triple bond.

Examples
The following examples describe exemplary syntheses of thenmosetting molecules

according 1o the inventive subject matter, and peeparation of a low dielectric canstant film.
Example 1

Spthesis of Tetrabromoadamantans (TBA;

Adameniane i brominated to TBA following a procedure as proviously described inJ Org
Chem. 45, 5403-5408 {1980}, by Seliol, G.P. and Gilbert, E.E.

Suathesis of Tetrokis(3/4-bromophenylladamantane (TRPA)

Re r Be
™
LW —
B e B B
Be & n
12

-50% % ~10%
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TBA was reacted with bromobenzene to vield tetrakis(3/4-bromophenyl)adamantane (TBPA)
as deseribed in Macromelecules, 27, 7015-7022 (1990) by Reicheri, V.IR. and Mathias L.J.
The reaction resulted in the formation of vurtous byproducts. FIPLC-MS analysis showed that
the vield of the desired TBI A was approximatcly 50%, accompanicd by 40% of the
tribrominated tefraphenyl adamantane avd about 1t % of the dibrominated
tetraphenyledamantanc. Unexpeciedly, bewever, when the product mixture was subjected to
frosh reagent and catatyst (bromobenzene and AlCl, ITmin at 20°C), TBPA was obtained in
yields of approzimately 20%.

Synthesis of Tetrakis(tolanpliadamantane (TTA)

TEPA was reacted with phenylacstvlgne w yield the final product tetrakis(tolanylladaman-
tane following a general reaction protocol for a palladium-catalyzed Heck ethynylation.

A TTA prepared by the nreceding proccss was dissolved in eyclohenanens to obtain
15-20% {by weight) sohition, 3 ml of which were spun omo two silicon warfers using standard
procedures well known in the art. The TTA was polymerized on the wafer by heating tc a
wanpetanite of about 150°C apd holding for one minute under N, heating to a temperature of
about 200°C and holding for one minute under Nz, and heating to a temperature of about
250°C and holding for one minute under Nz, and by curing at 400°C for ane hour in N, after
rawping up from 250°C at 3°K/minute. The k value was obtained by coating & thin film of
aluminum an the cured TTA film and then doing o capacitance-voltage measarement at

13
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IMHz and calenlating the k value based on the film thickness. The cured TTA film had the
following properties: k-value = 2.63, refractive indox after bake = 1,702, refractive indox
after core = 1.629, thickness after hake = 8449 Avpsiroms, thickoess after cure = 9052
Angstroms, thickness change from bake-ta-cute = 7.1%, and the as-prepaved adhesion tape

test = pass.

Example 2

Synrhesis af p-hromaotolane

G_ECH — @czc@ﬁr

In s 500-mL 3-neck roond-bottom flask, equippeg with an addifion funnel and a
nitrogen gas iwlet, 4-iodobromebanzene (25.01g, §8.37mmoL), wiethylamine (500mL),
bis(triphenylphosphine)paladivm[IT} chloride (3.82¢) and copper(T] todide (0.54z) were
added. Then, a solution of phenylacetylene {$.025g, 88.57mmoL) in triethylamine (50mL)
was added slowly, and the fernperature of the soluiion was kept under 35C vpder stirring. The
mixture was stitred for another 4 hours afier addition was commpleted. The solvent was
evaporated on the rotary evaporator and the residue was added to 200mL of water. The
pradusi was extracted with dichloromethane (2 X 150aml). The organic layers were combined
and the solvents were removed by rotary evaporator. The residue was washed with 30mi
hexanes and filtered. TLC and HPLC showed & pure product (yield, 19.5g, 86%). Additional
purifization was petformed by short silica colummn chromatography (Elucnt is 1:2 mixture of
toluere and hexanes). A white crystalline selid was obtained afier solvent removal. The puavity
of the product was characterized by GC/MS in zcetone solution, and further characterized by
proton NME.

Synihesis of p-Cthyrvliolane

O—czc—@—nr . QCEC@ECH
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The synthesis of p-ethynyliolane trom p-bromotolane was performed in two stepy. fn
the firsl step, p-bromotolans was trinwethylsilylethymylated, and in the second step, the
reaction product of the fitst step was converted to the final endproduct.

Siep 1 (Trineahylsilylethynylation of 4-bromotolape). 4-Bromotolane (10.285g, 40.0mMoi),
ettynyltrimethylsilone {5.894g, 60.0mMol}, 0.505g (0.73mMal) of
dichlorobis{triphenylpaosphinejpalledinm[II] caalyst, 40 il of anhydrous wiethylamine,
0.214g (1.12mMol) of conper(l] iodids, and €.378g (1.44mMeo)) of triphenylphosphine were
pleced infa the N purged, S-Liter 4-steck reund-bottom flask. equipped with an overhead
mechanical stimer, condenser, and positioned inside  hearing mantle. The mixture was hested
o # gentle 12Aux {ubour 857C) and waiatained at reflux for 1.5 hours. Tha reaction nrxture
becune a thick Bluck paste and was sovled. Thin-layer chremnatographic anabysis indicated
completc eanversion of starting material 4-bromtolane 10 a single product. The solids were
filtered and washed with 50ml’. of rethylamine, mixed with AGOmL of water and stirred for
3fy minmes. The solids was filtered and washed with 40mL of methanel. The crude solid
was recrystallized from SU0mL of methonol, On standing, lustrous silver eoloted erystals
settled out. They were isalated by filtration and weshed with 2x S8mlL of rethanol. 4.662g
was recovered (42.5% vield).

Step 2 (Comversion of 4-(Trimetlylsilvljethyny)tolane 1 4-Eihynyliolane): Toa 1-Liter 3
neck round-bottom fask enquipped with a nittogen inlet, an overhead mechanical stirrer, was
charged 300mL of anbydrous inethanol, 12.68g (46.2mMal) of 4-
(irimethlsilyl)ethynyllofane, and 1.12¢ of anhydraus potassivm carbonste. The mixture was
heated ta 50°C. Stinivg continued uniil no starting matarial is detscted by HPLC analysis
(about 3 hours). The reaction mixture was toaled. The crude solids wore stixted in 40mL of
dichleromethane for 30 min and fillered. The filtered suspended solids by HPLC showed
meinly impuriiies. The dichioromathane filwate was drted und evaporated to yicld 8.75g of a
solid. In farther drying ir an oven, the final weight was 8.67g, which represented a yield of
92.8%.

Synihesis of tefrakisibistoloryl)admantane(TBTA)
w7y

4 et e 2 Qég(i‘;_ .
15 "
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TBP A {supra) was reacted wilh 4-ethytivltalane to yield the final product tetvakis(bis-
tolanyl)sdemantans (TRETA) following o general protocol for a palladium-catalyzed Heelk

elhynylation reaction.

The so prepared TBTA was dissolved in cyclohexanone 1o obtain a 10% (by weight)
solutien, 3ml of which were spun onto twe silicon wafers using standard procedures well
kuown ja the art. The TBTA was polymerized on the wafer by heafing to a temperature of
about 300°C, and cured at a temperatuzs oL 408°C for T hour. The k-value was determined to
be 2,57, I should be especially appreciated that whea ihe k-value was compared to the k-
volue of TTA, {which is a strecrutal anglog to TBTA with a shortened lengih of the arms) the
l-value of TTA was higher at about 2.60. Thus, the contemplated decrease in the I-valus due
to an inoreased length of the arnzs exiepding from the cage compound has been

experimentally confirmed.

Thus, specific embodiments and applications of compositions and methods to produce
a low dielectric constant pelymer have been disclused. It should be apparcut, however, to
those skilled in the art that many more modifications besides those already described are
possible withont departing from the inventive concepts herafn. The inventive subject matter,
therefore, is not to be restricted exeept in the spirit of the appended claims. Moreover, it
interpreting both the spucifivation und the claima, all terms should be interpreted in the
broadest possible manner constsient with the context. In particular, the terms “comprises”
and “comprising" should be ﬁll.crp[cfcd a5 referting to clements, somponents, or steps ina

non-cxelusive manner, indicating that the referenced elements, components, or steps may be

16
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present, or wiilized, or combined with other elements, components, or steps that are not

expressly referenced.

17
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CLAIMS
What ig claimed is:

1. A method of preducing z low dielectric constant polymer, cornprising:
providing a thermoselting monomicr having the struclure
EI{1
Yo
j:9 \‘1%3{2
wherein Y is selected from # cage compound and 2 silicon atom, and Ry, Ry, Ra, and
R,; are indeperdenily sclocted from an aryl, 4 branched aryl, and an arylene
ether, and whercin at least one of the aryl, the branched aryl, and the aryiens
ether has a triple bond; and
incorporating the thermosetting menomer into a polymer thereby forming the low
dielectric constant polymer, wherein the incorporafion inte the pelymer

comprises u chemigal reaction of the triple bond.

2 The method of clair | wherein ¥ is selected from the group consisting of an

adamantanc, and a diamantane.

3 The method of claim 1 wherein the aryl comprises a muiety selecicd from the group
consisting of 2 talanyl, a phenylethynylphenylethynylphenyl, and a p-tolanylphenyl.

4 The method of claim 1 wherein the branched aryl comprises a 1,2-bis(phenylethyn-
ylyphenyl.

5. The method of claim 1 wherein the arylene ether coroptises a p-tolanylphenyl ether.

6. The method of elaim 1 wharein at least three of the aryl, the branched aryl, and the
arylene ether have a triple band, and wherein the incorporation into the polymer

comprises a ¢hentical resction of the ai least three riple bends.

7. The method of claim 1 wherein all of the aryl, the branched aryl, and the arylene ether
have 2 triple bond, and whereix the incerporation into the polymer comprises a chemi-

cal reaction of all of the iriple bonds.
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8.

13.

The method of claim | wherein R, Ry, Ry and Ry have a total length L, and the low
diclectic constani polymer has a dielectric constant K, and wherein K. decreases when

L inereases.
The methed of clain | wherein the polyiner comprises 2 poly(arvlens stber).

The method of clainl | wherein the step of incorporating the thermasetting monemer

in1e the polymer iakes place without participation of an additional moleeule,

A methad of preducing a low dielectric constant polymer, corprising:

providing a thermosetting monomer having the struciure

wherein Ar is an aryl, and Ry, R'z R, Ry, R';, and RY are independently selected
frow an aryl, a branched aryl, an arylene ether, and nothing, and wherein ¢ach
of the aryl, the branched acyl, aud rhe arylene ether hava ar least one triple
bond; and

incorporating the thermosetiing monomer into a polymer therchy fomming the low
dielectric consiant polymer, wherein the incorpomtion iute the palymer
comprises a chemical reaction of the at least one friple bond,

The method of claim 11 whercin the aryl comprisez a phenyl group.

The method of claim 12 whensin Ar is selected [rom the group consisting of a phenyl

graup and a sexiphenylene.

L'he method of claim 1 | whersin R'y, RY, B3, R, 's 2nd R'g have a total length L, and
the low dielectric constant polymer has a dicleclvic constant K, and wherein K

decreases when L increases.
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15.

The method of ¢laim. 17 wherein the step of incorporating the thermosefting monomer

inte the polymer takes place without participation of an additional malecile.
The method of claim 11 whezein the polymer comprises a poly(arylene cther).

A thermaselting monomer having the struoiure
1}1
R.‘/Y;‘T’%z
wherein Y is selected from a cage compound and 2 silison #om, and By, Rz, Ry, and
R, are independently selecicd thom an aryl, a bronched aryl, and an arylcne
ether, and wherein at teast one of the uryl, ibe branched aryl, and the arylene
ether has a triplc bond.

A thermosetting monener having the steucture
Y R
Rige, .?[u:/ 2
AR
SRy E
wiierein Ar is an ayl, and Ry, R'z, RS, Ry, R, and RY; arc independently selected
fram an arvl, a branched aryl, an arylens ¢ther, and oothing, and wherein each
of the aryl, the branched aryl, and the arylene ether have 2t least one wiple
bond.
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19 A thermosetting monomsr having u structure according to formula TM-1:

(ML)

whercin n=1-3.

20, A thermosetting monomer having u structurc according to formula TM-2:

wherein n=1-3.

21
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21. A thermpserting monomer having £ stueture nocording 1o farmuka TM-3;

(TM-3)

22, Aneleclical devies ncluding a dielectds luyer comprising @ pulymer fabricared fram
at feast one thermosetting monomer from the group consisting of:
l}-l

R

R
wherein Y is selected from a cage compound and a silicon atom, and R, R, Rs, and
Ry are independently selected from an arvl, a branched aryl, and sn arylene
ether, and wherein at least ore of the aryl, the branched aryl, and the arylene
ether has z triplc bond;
Ry o
Rig.. | ’l’le
T
R RS
wherein Ar is an arvl, and R',, R, R4, R, R's, and R, are indepandently selecied
from an aryl, 2 branched aryl, an arylene ether, and nothing, and wherein each
of the aryl, the branched aryl, and the arylene ether bave at least one triple
bond;
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25, Adielectric material comprising a pelymer fabricated from st [sast oo thermossiting

monomier from the group consisting of:

I‘l]

R,,/leﬁz

wherein Y is selected from a cage compound and a silicen atom, and R, Ry, Rs. and
Ry are independently selectzd from, an acyl, a branched aryl, and an arylenc
ether, and wherein at least one of the aryl, the branched aryl, und the arylene

ether has a triple bond,

R o
(]
b Al'/

A s
R: R'4 R3

R

wherein Ar is an arvl, and R, R'z, R, Ry, R'5, and R'g are independenily seizcted
from. an aryl, & branched aryl, an arviene ether, and nothing, and whercin cach
of the aryl, the branched aryl, and the arylene sther bave at least one tipls
bond;
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24, The dieleciric material of claim 23 wherein said pelymer is fabricated from at least one
thermosetting monomer from the group consisting of:

R
| L

. V.
S
s R \R32
wherein Y is selected from a cage compound and a silicos avom, and R, Rs, Bs, and
R.; are independently selected from an aryl, a branched aryl, and an arylene
ether, and wiierein at least one of the aryl, the branched aryl, and ths arylene
10 ether has a triple bond,
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5.

2

7.

28,

9.

30

=

=

A layer comprising the diclectric material of claim 23.

Alayer comprising the dielectric material of clahm 24.

A filmn comprising the dielectric material of claim 23.

A filne formed from the dielectric material of clajm 24.

The film of elaim 27 wherein the diclectric constant is less than 3.

The film of claim 28 wherein the dielcclric canstmt is less (han 3.
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