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BENZOCYCLOBUTENES: A NEW CLASS OF HIGH
PERFORMANCE POLYMERS

R. A. KIRCHHOFF, C. J. CARRIERE, K. J. BRUZA,
N. G. RONDAN, and R. L. SAMMLER

Central Research, Materials Science & Development Laboratory
The Dow Chemical Company
Midland, Michigan 48674

ABSTRACT

Benzocyclobutenes are a family of thermally polymerizable mono-
mers which can be classified into two groups: 1) monomers which
contain only benzocyclobutene moieties and 2) monomers which
contain sites of unsaturation in addition to benzocyclobutene moie-
ties. The monomers can be partially polymerized (B-staged) by
heating to form oligomers having processing advantages for vari-
ous composite fabrication techniques. The polymerization pro-
ceeds through the thermally initiated cyclobutene ring opening to
yield an o-quinodimethane intermediate (calculated to be a ground
state singlet). Preliminary characterization of the network struc-
tures indicates that monomers which contained multiple benzo-
cyclobutene moieties, optionally with sites of unsaturation, were
transformed into multifunctional network junctions when the ther-
mosets were fully cured. The 3-maleimidobenzocyclobutenes ther-
mally polymerize to yield substantially linear, high glass transition
temperature (7,) polymers. Thus benzocyclobutene polymers en-
compass materials which have properties ranging from high T,
thermosets to those of substantially linear thermoplastics. Some
polymers exhibit an excellent retention of their room temperature
mechanical properties to at least 200-250°C, making them useful
as high performance polymers for applications in the aerospace
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industry. Other polymers have outstanding electrical properties in-
cluding very low dielectric constant and water pickup, making them
useful in electronic applications.

INTRODUCTION

The first documented synthesis of a benzocyclobutene (BCB) deriva-
tive was reported by Finkelstein in a 1909 paper dealing with the displace-
ment reactions of aliphatic chlorides and bromides with iodide ion [1a].
During the course of this work, it was found that a,a,a’,a’-tetrabro-
mo-o-xylene reacted with sodium iodide in ethanol to yield 1,2-
dibromobenzocyclobutene. Following this initial report, there were ap-
parently no further research efforts in benzocyclobutene chemistry until
1956 when Cava and coworkers repeated Finkelstein’s work and pre-
pared benzocyclobutene hydrocarbon for the first time [1b]. These work-
ers also demonstrated that o-quinodimethanes were intermediates in the
synthesis of benzocyclobutenes by Finkelstein’s method. In 1959, Jensen
and Coleman prepared 1,2-diphenylbenzocyclobutene and discovered
that it readily reacted with maleic anhydride at room temperature to
yield 1,4-diphenyl-1,2,3,4-tetrahydronaphthalene-1,2-dicarboxylic acid
anhydride [Ic]. This product was proposed to arise from the thermal
conversion of the benzocyclobutene to an o-quinodimethane which then
entered into a Diels-Alder reaction with the maleic anhydride. As a
result of these reports, other researchers entered the field and a steady
growth in the understanding and applications of benzocyclobutene
chemistry ensued. As these efforts progressed, many workers reported
on the cycloaddition and dimerization reactions of benzocyclobutenes.
These discoveries were often used in the synthesis of novel small mole-
cules and diverse natural products.

In the late 1970s, Kirchhoff at The Dow Chemical Company initiated
a research program on the use of benzocyclobutenes in polymer synthesis
and modification. These efforts culminated in 1985 with the issuance of
the first patent describing the use of benzocyclobutenes in the synthesis
of high molecular weight polymers [1d]. Similar work was reported sepa-
rately and independently by Tan and Arnold working at the University of
Dayton [2]. Since these initial discoveries, the field of benzocyclobutene
polymers has rapidly expanded to currently include 44 patents and nu-
merous papers. These numbers are expected to increase considerably
since benzocyclobutenes constitute the basis of a new and versatile ap-
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proach to the synthesis of high performance polymers for applications
in the electronics and aerospace industries [1d-5].

The basic benzocyclobutene technology involves a family of thermally
polymerizable monomers which contain one or more benzocyclobutene
groups per molecule. Depending on the degree and type of additional
functionality, these monomers can be polymerized to yield either ther-
mosetting or thermoplastic polymers. The polymerization is believed to
proceed through the thermally initiated ring opening of a benzocyclobu-
tene to give an o-quinodimethane (o-xylylene) intermediate. The subse-
quent fate of this intermediate depends largely on the number and type
of other functional groups present in the monomer molecule. For the
class of monomers which contains only benzocyclobutene moieties as
reactive groups (i.e., containing no reactive sites of unsaturation), the
o-quinodimethane groups react rapidly with one another to give what
are believed to be linear or cyclic polymeric structures which, for a
bisbenzocyclobutene monomer, quickly lead to a highly crosslinked
polymer.

Another class of benzocyclobutene monomers is the one which con-
tains sites of unsaturation that are themselves capable of reacting with
an o-quinodimethane to give cycloaddition products [6-10]. Typically,
alkenes and alkynes have been used as the o-quinodimethane reactive
moieties. In the particular case where the monomer molecule contains
only one benzocyclobutene group and only one site of unsaturation, the
cycloaddition polymerization goes on to produce what is essentially a
linear thermoplastic polymer.

The benzocyclobutene monomers are typically solids at room temper-
ature and appear to be indefinitely stable in air and to light at ambient
temperatures. However, upon heating to above 170°C, the monomers
rapidly and exothermically polymerize. The polymerization appears to
be a strictly thermal process, and no catalysts are required to get it
to proceed at a conveniently useful rate. Since the polymerization is
fundamentally a ring-opening reaction which proceeds in the melt, there
are no solvent molecules or gaseous by-products evolved which can po-
tentially result in voids being present in the final polymerized part. This
feature is in sharp contrast to the more typical situation with polyimides
where both volatile solvents and condensation by-products are evolved
during the polymerization process.

In the most useful examples, the benzocyclobutene monomers melt
well below the temperature (170°C) where the polymerization rate starts
to become rapid. Typically, the most preferred monomers melt at 150°C
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or below to give low viscosity liquids which are very suitable for a wide
variety of coating and molding processes. The monomers can also be
partially polymerized (B-staged) by heating them for various lengths of
time at 160-180°C [11]. The oligomers resulting from this process typi-
cally have softening points below that of the pure monomers and, when
molten, exhibit higher melt viscosities. These qualities offer certain pro-
cessing advantages for various composite fabrication techniques.

As a family, the benzocyclobutene polymers encompass materials
which have properties ranging all the way from those of high glass transi-
tion temperature (7,) thermosets to those of substantially linear thermo-
plastics and, in some instances, even elastomers. The type of polymer,
thermoset or thermoplastic, depends strongly on the detailed structural
features of precursor monomers. In general, low molecular weight mo-
nomers which contain two or more benzocyclobutene groups per mole-
cule will, on polymerization, tend to give rise to highly crosslinked ther-
moset materials. In contrast, low molecular weight monomers which
contain one benzocyclobutene group and one reactive site of unsatura-
tion will yield substantially linear thermoplastic polymers upon polymer-
ization. Monomers which have two or more benzocyclobutene groups
per molecule and reactive sites of unsaturation almost always polymerize
to yield highly crosslinked high T, thermoset polymers. Superimposed
upon these broad generalizations are the effects of the structural features
of the functional groups which link the benzocyclobutene moieties with
each other and/or with the reactive sites of unsaturation. The chemical
make up of these linking groups can strongly influence many of the
properties of the final polymer. To a certain and, in some instances,
large extent, the properties of the final polymer will be a strong reflection
of the intrinsic qualities of these linking groups. It is possible to prepare
low (~2.6) dielectric constant hydrophobic benzocyclobutene polymers
by starting with precursor monomers which contain hydrocarbon or si-
loxane groups interspersed between the reactive moieties of the monomer
molecule. Overall, benzocyclobutenes provide a unique approach to the
facile preparation of a wide variety of polymers. In particular, they have
served as convenient vehicles for the preparation of high performance
polymers for electronics and aerospace applications [12-18].

MONOMER SYNTHESIS

Benzocyclobutene hydrocarbon [19a] 1 is the precursor to a wide
variety of benzocyclobutene monomers. 3-Bromobenzocyclobutene 2 is
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prepared from 1 in high yield by electrophilic aromatic bromination
[19Db, c] (Eq. 1).

[@ + Br, — r

1

(M

Formation of the Grignard reagent (Mg°®/THF/reflux) followed by
addition of carbon dioxide (dry ice) affords the 3-benzocyclobutene car-
boxylic acid 3 in 60-70% yield [20]. Alternatively, acid 3 is available by
hydrolysis of the ester 4 [21]. Ester 4 is prepared in one step from 2
through carboxymethylation by using a palladium zero catalyst in the
presence of carbon monoxide and methanol [22, 23] (Eq. 2.).

RO

Pd(PPh;), 2 1) Mg®, THF, reflux
CO, MeOH — 2) Dry Ice
EtyN , >100°C 3)H,0
()
HOH"
O poen, o+ B,
COOCHS 2) H30+ 3 OOH
4

After acid 3 is converted to the acid chloride 5 via thionyl chloride, it
can be reacted with either a diamine in the presence of a base to give a
bisamide 6 or, with a diol under similar reaction conditions, to afford a
bisester 7 [24-26] (Eq. 3).

50C, HO-R-OH
E@\ > — E@\L 0—R—0 [:D
COOH >0Cl bid ~C
3 5 o
lHZN -R-NH2 (3)
H H
! )
.N—R —N
O WOs
tH il
0 0

The R group between the bisamine or bisdiol functionality can be
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widely varied to include straight chain and branched alkyl groups as well
as additional functionality. Olefin and acetylene containing sections may
also be present. R may also be an aromatic group which may or may not
contain additional functionality. In general, all of the monomers of the
general structure of 6 and 7 are crystalline solids and have melting points
lower than the temperature required for the onset of efficient homopoly-
merization.

The bisamides and bisesters provide two different families of benzo-
cyclobutene monomers and polymers derived from bromobenzocyclobu-
tene 2. Heck and coworkers demonstrated that aromatic bromides and
iodides react with olefins in the presence of a palladium catalyst to
afford the vinyl arylated product [23, 27, 28]. This technology has been
used with 2 as the starting aromatic halide to prepare more highly func-
tional bis- and monobenzocyclobutenes (Eqs. 4).

E@ Pd(OAC) CH=CH,
+ CH,=CH, 7772
; Br 2 2 “oph E@/
£ Et;N,CH4CN 8
>100°C

" "H=CH—R )
2. ok —— oy
9

CH:-CH-R-CH=CH

2+ R*[CH:CHZ]ZH—b O o

When the reaction is carried out with an olefin which is eitheragasora
low boiling liquid, it must be run in a pressure vessel. Depending upon the
product desired, the olefin is usually present in an excess concentration in
order to insure formation of vinyl-substituted products (Eq. 5).

10

CH,=CH, (excess) CH=CH,
/ 8
Br
2 \ CH,=CH, (0.5 eq) E@,CH:CH

9a

©)
LoD

The reaction of 2 with terminal olefins such as styrenics and higher
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alkyl substituted olefins is a general reaction which can lead to several
different monomers which contain at least one benzocyclobutene. This
same type of chemistry can be used to prepare bisbenzocyclobutenes if
the starting olefin contains two olefins capable of undergoing the vinylic
arylation reaction (Eq. 4, Reaction 3). Two important molecules pre-
pared via this reaction are shown below:

EE)j\CH:CH CII:CH/©3

mp
10a

CH; CHy
E@\CII:CH 4 CH:= Ln/@

\Sn-

&113 &113

10b (mixed isomers)

(6)

Monomer 10a is a crystalline solid which, when homopolymerized,
affords a high T, thermally stable polymer that has potential application
in both the microelectronic and aerospace areas. Monomer 10b (mixed
isomers) is a liquid at room temperature and, when homopolymerized,
also yields a high T, thermally stable polymer that has a low moisture
uptake and a low dielectric constant. This polymer has been targeted into
the microelectronics area because of this interesting set of properties,
combined with the prepolymer’s unique ability to planarize over underly-
ing topography.

The monomers described so far have all been prepared by starting
with 3-bromobenzocyclobutene 2. Another approach to the preparation
of monomers begins with the parent hydrocarbon benzocyclobutene 1
by carrying out electrophilic aromatic substitution reactions [29]. Benzo-
cyclobutene readily undergoes a Friedel-Crafts type of benzoylation re-
action (Eq. 7).

() ()
Lewis Acid

L - gt ———’E@@@ﬂm

Many of the common Lewis acids which have been used for the Frie-
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del-Crafts reaction, such as AICl,, TiCl,, SnCl,, SbCl;, and FeCl,, also
function effectively with benzocyclobutene 1. In general, the catalyst
must be present in greater than one equivalent for every equivalent of
acid chloride functionality present. The reaction may be run with or
without solvent and can be carried out at subambient to elevated temper-
atures depending upon the catalyst used. Some care must be exercised
when running this type of reaction in order to minimize by-product
formation. The principal by-product arises from the Lewis-acid-
catalyzed reaction of HCI with the four-membered ring of benzocyclobu-
tene. Monomer 11 (mp = 152°C) is being investigated as its homopoly-
mer in high performance composite applications.

The use of the Friedel-Crafts type of technology can also be used for
the preparation of monomers that contain one benzocyclobutene and a
second functional group that will react with the benzocyclobutene. These
types of molecules are commonly called AB monomers. An example of
this class of monomer is shown in Eq. (8).

()\\C,Cl 0
Lewis Acid ¢ H, |
D@ + %)2 - @ IL@N()Z Pd/C E@
_] =
Q
C
2oROK;
0~
14

Reaction of 4-nitro-1-benzoyl chloride with benzocyclobutene 1 pro-
vides the benzoylated product 12 [29]. The nitro group of 12 can be
hydrogenated in the presence of palladium on charcoal to afford the
amine product 13 [30]. Reaction of the amine with maleic anhydride
produces the amic acid which can be cyclodehydrated with acetic anhy-
dride and sodium acetate at 95°C to afford the final maleimide product
14 [31-33].

MECHANISM OF BENZOCYCLOBUTENE RING OPENING

The first step in the reaction of a benzocyclobutene monomer is the
thermal opening of the cyclobutene ring to yield an o-quinodimethane
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derivative. A computational study of this benzocyclobutene < o-qui-
nodimethane interconversion has been carried out in order to determine
the mechanism of the BCB ring opening as well as to characterize the
transition state and/or intermediates that could exist and the ground
state structure of o-quinodimethane. The studies were anticipated to
yield an understanding of substituent and temperature effects as well as
a description of the dimerization and polymerization processes.

The benzocyclobutene < o-quinodimethane reaction pathway has
been investigated by calculating the electronic structures of BCB, o-qui-
nodimethane, and the transition structure for the ring-opening reaction.
The transition structure is the energy maximum along the reaction path
and cannot be isolated experimentally. The species that were computed
are depicted in the reaction pathway shown below.

o= o | = &

benzocyclobutene transition structure o-quinodimethane

The structures of BCB, o-quinodimethane, and the transition struc-
ture were calculated using ab initio quantum mechanics and the 3-21G
basis set [34]. This methodology is contained in the molecular orbital
program package Gaussian 86 [35]. Single-point calculations with
second-order correlation energy corrections (MP2/3-21G//3-21G) were
carried out on BCB, o-quinodimethane, and the transition structure [36].
In calculating the transition structure, a C, symmetry constraint was
imposed, consistent with the symmetry element in a conrotatory pathway
(see below) [37]. The resulting energy maximum was proven to be a
transition structure by calculating the vibrational frequencies using ana-
lytical second derivatives [35]. All the calculations were carried out on
the VAX 8650 and IBM 3090-2VF computers.
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Benzocyclobutene

According to the 3-21G basis set, the ground state structure of benzo-
cyclobutene has a C,, symmetry. The bond lengths are in angstroms and
the bond angles are in degrees.

110.6
6 H
1.396 1.371 Iy
5 116.2 1 1.538 7
86.0
1.387 1.386 1.599
122.2 94.0
121.5 \
4 , B
115.0%", H
rd
H
3

The aromatic character of the benzene moiety is maintained, as is evi-
dent from the small differences in the aromatic C=C bond lengths. The
calculated Hartree-Fock energy is —305.84646 atomic units (au). Upon
inclusion of the correlation energy (MP2/3-21G//3-21G) correction, the
total energy is lowered to —306.54086 au. The zero-point vibrational en-
ergy is 90.98 kcal/mol and the computed entropy is 74.3 cal/mol - K.

o-Quinodimethane

The electronic structure of o-quinodimethane has been extensively in-
vestigated both experimentally and theoretically. Interest in this particular
species is attributed to the controversy regarding the ground state struc-
ture. Recent experimental and theoretical studies are consistent with the o-
quinoid form 15 and not with the biradical structure 16 [38-40}. It was also
concluded that the o-quinoid structure is planar and a ground state singlet.

CH,

cH.
15 16
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The electronic structure of o-quinodimethane has now been com-
puted, and it has been found that the ground state is indeed singlet and
quinoid in structure. However, it was also found that o-quinodimethane
is nonplanar and has a C, symmetry, contrary to earlier contention by
others [40]. The planar C,, structure, which is also quinoid in form, is
not an energy minimum because it has one imaginary frequency corre-
sponding to the opposite twisting of the —CH, groups. The nonplanar
structure is an energy minimum not only because it is more stable than
the planar structure by 0.14 kcal/mol, but most importantly, all vibra-
tional frequencies are “real.” 0-Quinodimethane is quinoid in structure
as evident from the C—C bond lengths. For example, the C,C, and C,C,
bond lengths are 1.329 and 1.327 A, respectively, typical of a double
bond, while the C,C, and C,C, bond lengths are 1.474 and 1.501 A,
respectively. It is believed that if o-quinodimethane were a biradical, the
electrons in the benzene moiety would be more delocalized so that all the
CC bonds are aromatic and comparable in lengths.

Hou!

1.463

Hout

The dipole moment of the planar form is 0.0262 debye while that of
the nonplanar is 0.0399 debye. The charge distribution between the two
forms is comparable. The ionization potential of the nonplanar form
is 7.38 electron volts (eV) while that of the planar form is 7.33 eV. The
electron affinities are —1.99 and —1.92 eV for the nonplanar and planar
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structures, respectively. From these results, we conclude that the experi-
mental data for o-quinodimethane might also be explained by using the
nonplanar structure.

The 3-21G total energy of nonplanar o-quinodimethane is
—305.82335 au. Inclusion of correlation energy correction lowers the
energy to —306.51652. In contrast, the planar structure is less stable by
0.14 kcal/mol. The zero-point vibrational energy is 89.76 kcal/mol while
the entropy is 78.2 cal/mol-K. For comparison, the zero-point vibra-
tional energy of the planar form is 89.73 kcal/mol, comparable to that
of the nonplanar, while the entropy is 73.9 cal/mol-K, 4.3 cal/mol-K
lower than the nonplanar structure. Thus, entropy also favors the non-
planar form. According to these calculations, benzocyclobutene is more
stable than o-quinodimethane by 14.1 kcal/mol. In other words, the
interconversion from benzocyclobutene to o-xylylene is endothermic by
14.1 kcal/mol. This theoretical value is considerably larger than the
experimental value reported by Roth [38] and Hehre [39]. However, the
endothermic nature of the reaction is consistent in each of these studies.

Transition Structure

The important geometrical parameters for the conrotatory transition
structure of the benzocyclobutene < o-quinodimethane interconversion
are shown in the diagram below. The computed transition structure is
nonplanar and has a C, symmetry.

1.424

120.2
L d

o’

.,

out

In the transition structure, the breaking C,C; bond length is 2.274 A,
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corresponding to reaction progress of 42%. The C,C, bond, which is a
single bond in the reactant and becomes a double bond in the product, is
1.434 A (60% reaction progress). The other CC bonds as well as bond
angles show a smooth transition in going from the reactant to the prod-
uct. That is, the double bonds in BCB that become single bonds in
o-quinodimethane possess partial double bond character in the transition
state. The 3-21G total energy of the BCB transition structure is
—305.75932 au. Inclusion of the correlation energy correction (MP2/
3-21G//3-21G) lowers the energy to —306.47444 au. The zero-point
vibrational energy is 88.86 kcal/mol while the entropy is 74.2 cal/mol - K.
The calculated 3-21G activation energy with zero-point energy correc-
tions is 52.6 kcal/mol. Inclusion of correlation energy lowers the activa-
tion energy to 39.6 kcal/mol, in essentially perfect agreement with the
experimental activation energy of 39.9 kcal/mol [38]. The small negative
activation entropy (—0.1 cal/mol-K) is consistent with the experimental
activation entropy of cis-diphenylbenzocyclobutene which is 0 cal/
mol-K [41]. The computed activation energy for the reverse reaction,
i.e., o-quinodimethane — BCB, is 25.5 kcal/mol. The 3-21G vibrational
frequencies were calculated, and it was found that the computed transi-
tion structure is indeed authentic because it has an imaginary vibrational
frequency. The imaginary vibrational frequency has a magnitude of 839
cm™}, corresponding to the stretching of the C,Cy bond coupled with the
conrotation of the two methylene groups.

The highest occupied molecular orbital (HOMOQ) of the transition
structure is essentially the o-orbital of the breaking C,C, bond, mixed in
bonding fashion with one of the benzene n*-orbitals (¢ + 7*). The low-
est unoccupied molecular orbital (LUMO) is the C,Cg o*-orbital mixed
in antibonding fashion with one of the benzene w-orbitals (¢* — =).
Stabilization of these orbitals increases if the orbital mixing increases.
Stabilization of these orbitals would also lead to stabilization of the
transition structure. That is, one of the possible consequences of orbital
stabilization is the lowering of the activation energy of ring opening such
that the transition structure will occur earlier. How then can the mixing
of these orbitals be decreased? It is predicted that an electron-donating
substituent at C, and/or C; will raise the energy of the c-orbital such
that it can mix more with the =*. In other words, electron donors at the
cyclobutene moiety (C, and/or Cg) would ring open faster. Similarly,
the stabilization of the transition structure can be increased if electron-
withdrawing substituents are incorporated in the benzene moiety because
in doing so the benzene 7* orbital energy is lowered so that it will have
greater mixing with the C,C; g-orbital. Thus, the best combination to
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FIG. 1. Proposed reaction pathway for Diels-Alder type reactions.

lower the activation energy would be electron acceptors on the benzene
ring and electron donors on the cyclobutene moiety.

HOMOPOLYMERIZATION OF BCB MONOMERS

Benzocyclobutenes are a family of thermally polymerizable mono-
mers which can be classified into two groups: 1) monomers which con-
tain only benzocyclobutene moieties and 2) monomers which contain
sites of unsaturation in addition to benzocyclobutene moieties. The o-
quinodimethane structure described above is thought to be a key inter-
mediate in each pathway. The reaction of a BCB group with an olefin,
illustrated in Fig. 1, is referred to as the Diels-Alder pathway. The
reaction between two BCB groups, illustrated in Fig. 2, is referred to as
the BCB-BCB pathway.

Homopolymerization Kinetics

The reaction kinetics were investigated experimentally with differen-
tial scanning calorimetry (DSC). DSC is advantageous in that it allows
the study of a thermoset throughout its polymerization and not just

A n /o
O — %

FIG. 2. Proposed reaction pathway for BCB-BCB type reactions.
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prior to or after the gel point. Results for six BCB monomers are pre-
sented here. The reaction exotherm was analyzed by the method of
Borchardt and Daniels [42] to obtain the reaction order n, the Arrhenius
activation energy E,, and preexponential factor log Z. The highly exo-
thermic reactions and volatile monomers required the use of small sam-
ple sizes, hermetically sealed sample containers, and vaporization correc-
tions.

The structure, designation, and physical characteristics of the BCB
monomers are shown in Table 1. The melting points reported in Table 1
were obtained from DSC measurements. All the DSC data were obtained
with a Du Pont 1090 thermal analyzer. The heat evolved from each
sample contained in hermetically sealed pans was measured relative to
that of an empty pan. The BCB monomers were typically scanned from
60 to 400°C at 10°C/min. Each polymerization exotherm typically
ranged between 500 and 1000 J/g, and had a single maximum near
258°C. Results were corrected for sample vaporization when the sample
weight decreased during the DSC scan.

The measured enthalpies, AH,,,, for all monomers in bulk are sum-
marized in Table 2, assuming complete reaction. The reaction enthalpies
can be combined with the reaction stoichiometry to ascertain the path-
way favored by thermodynamics. Two moles of BCB moieties, that react
according to the BCB-BCB type reaction, yield an average enthalpy of
—53 + 3 kcal. One mole of the BCB moieties, that react according to
the Diels-Alder type reaction, yields an enthalpy of —44 + 3 kcal. The
BCB-BCB reaction is more exothermic by about 9 kcal and hence is
favored thermodynamically. In contrast, homopolymerization products
of monomers that could undergo both reaction pathways (e.g., 10b)
were dominated by the Diels-Alder type reaction [43]. This result would
seem to indicate that the Diels-Alder pathway is kinetically preferred.

The kinetics results are summarized in Table 3. The reaction order is
roughly unity for all the monomers studied except 18 [60]. Log Z falls
between 11 and 17 min~', and E, falls between 28 and 42 kcal/mol. E, is
determined with the best precision and characterizes the energy required
to form the activated complex of the rate-limiting elementary step. This
step is thought to be the ring-opening reaction of the BCB functionality
for both reaction pathways (vide supra). Roth and coworkers [38] stud-
ied this ring opening in benzocyclobutene and found the reaction to be
first order with an E, of 39.9 kcal/mol. Both results are consistent with
that observed for the homopolymerization of the BCB monomers and
that theoretically calculated herein. Differences in the observed E, rela-
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1096 KIRCHHOFF ET AL.

TABLE 3. Kinetic Parameters for Selected BCB Monomers

log Z, E,
Monomer structure Reaction order min™' kcal/mol

& o
RENAO=
CH, CH,

10 (mixed isomers) 1.03 + 0.01 15.7 = 0.1 38.5 £ 0.2

e CH,
17 "mp
18
o &
- O-Si
E@—em 5.:\@3
19 (mixedisomers) 124 4+ 0.3 17.0 £ 1.2 41.8 + 3.1

0.86 = 0.13