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ABSTRACT: A series of soluble, thermally stable aromatic polyimides were synthesized using commercially
available five- and six-membered ring anhydrides and 2,6-diaminotriptycene derivatives. All of these
triptycene polyimides (TPIs) were soluble in common organic solvents despite their completely aromatic
structure due to the three-dimensional triptycene structure that prevents strong interchain interactions. Low
solution viscosities (0.07—0.47 dL/g) and versatile solubilities allow for easy solution processing of these
polymers. Nanoporosity in the solid state gives rise to high surface areas (up to 430 m?/g) and low refractive
indices (1.19—1.79 at 633 nm), which suggest very low dielectric constants at optical frequencies. Polymer
films were found to be amorphous. The decomposition temperature (7y4) for all of the polymers is above
500 °C, and no glass transition temperatures can be found below 450 °C by differential scanning calorimetry
(DSCO), indicating excellent prospects for high-temperature applications. This combination of properties

makes these polymers candidates for spin-on dielectric materials.

Introduction

Aromatic polyimides have found widespread commercial
application as a result of their thermal stability, high glass-
transition temperatures, chemical resistance, good mechanical
properties, and dielectric properties. These materials are widely
used in photoresists, alignment layers in liquid crystal displays,
and high-temperature coatings.' ® However, many completely
aromatic polyimides do not display ideal properties, resulting
from deficiencies in processability and solubility.* To address
these problems, several previous approaches have been taken to
increase the solubilitg/, usually by adding aliphatic segments>® or
bulky side groups.”® However, these approaches either under-
mine the rigidity of the backbone or disrupt the packing of the
polymer chains, which generally lead to decreased strength. In
polyimide production it is common to prepare, characterize, and
process the poly(amic acid), which is thermally cured later.”
However, this also has disadvantages in that often thermally
imidized polymers are insoluble so an exact molecular weight
cannot be determined and incomplete imidization may occur.

To circumvent the limitations of current polyimides, we have
designed polymers from this class that include triptycene units in
the backbone. Previous studies in our group have found that
despite their rigid, completely aromatic nature, triptycene units
impart solubility to polymers.'®"!> This general feature arises
from the rigid 3-dimensional structure of triptycenes, which
interrupts the close packing of polymer chains and associated
strong interpolymer interactions when placed in high frequency
along the polymer’s backbone. It is also common for the tripty-
cene-containing polymers to exhibit good thermal stability.'
Previous work from other groups has produced polyimide oligo-
mers end-capped with iptycene units, which were used for cross-
linking. These polyimides exhibited thermal stability to tempera-
tures above 600 °C but were insoluble in their thermally stable,
cross-linked state.'* Linear polyimides have also previously been
synthesized containing triptycene in the repeat unit. Zhang et al.
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synthesized triptycene polyimides with triptycene included in the
dianhydride through the 1,4-positions and investigated the me-
chanical properties;'> however, the optical properties of this
material were not reported. Other polyimides have been synthe-
sized with 1,4- or 1,5-diaminotriptycene as a repeat unit; however,
the triptycene unit was only incorporated as a random co-
polymer,'® or the optical properties were not investigated.'”
Triptycene incorporation has revealed dramatic enhancements
in polymer mechanical properties including increased stiffness,
toughness, ductility, and ultimate tensile strength.'®!” We also
expect high triptycene content materials to have low dielectric
constants based upon the internal free volume imparted by the
triptycene.'>*

Polyimides have also been considered for use as dielectrics for
integrated circuits?' due to their ease of processing, high ther-
mal dimensional stability, and excellent electrical insulating
properties.*>** Dielectric constants for non-fluorinated poly-
imides are in the range 3.1-3.9.2! However, smaller integrated
circuit feature sizes give rise to increased capacitive crosstalk
between adjacent data lines, and there is a need for new dielectric
materials with dielectric constants of 2.0 or lower. Two major
methods have been employed to further reduce dielectric con-
stants (¢) in polyimides. One method is to incorporate fluorinated
groups into the polyimide structure, which lowers the ¢ by
localizing electron density in the C—F ¢ bond and thereby
reducing electronic polarizability.*** Another method is to
generate nanoporosity within the bulk polyimide, which has the
effect of modulating the structure with the dielectric constant of
air (=1).% Perhaps the best known polymeric spin-on dielectric is
SiLK, a highly cross-linked polyphenylene produced by Dow
Chemicals. In the bulk, its dielectric constant is 2.65, with a
refractive index of 1.63 at 633 nm,”’ and porous versions have
been shown to exhibit dielectric constants as low as 2.0. Because
of these impressive properties, IBM used SiLK as its dielectric
material in its integrated circuits briefly in the early 2000s;
however, integration issues arose from the softness. Despite this,
SiLK is still reported in hybrid devices.”® Finding materials with
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Scheme 1. Synthesis of DAT1 and DAT2
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requisite solubility, processability, thermal stability, and intrinsic
dielectric constants below 2.0 continues to be a challenge which, if
met, may allow for enhanced performance in small feature size
electronics.?

In this report, we describe the synthesis and characterization of
a class of soluble, aromatic polyimides based on commercially
available dianhydrides and a 2,6-diaminotriptycene, which has
never been incorporated in polyimides previously. We expected
this unique connection, with the two of the three triptycene
“paddles” parallel to the polymer backbone, to give rise to
improved optical properties. Refractive indices were found to
be extremely low for several of these triptycene polyimides (TPIs),
suggesting suitably low dielectric constants (1.42—3.20). BET
(Brunauer—Emmett—Teller) surface area measurements reveal
high surface areas (up to 430 m?/g), with greater surface areas
roughly correlating with lower refractive indices. Polymer films
were found to be amorphous by X-ray diffraction (XRD), and
solution viscosities were also measured, revealing lower viscos-
ities than expected for polymers of reasonable molecular weights.
We also show that they exhibit excellent thermal stability, with
decomposition temperatures above 510 °C, no observable phase
transitions below 450 °C, and high solubility in common organic
solvents even once fully imidized. This combination of properties
suggests that these polymers may be useful as solution processed
spin-on dielectric layers.

HoN

Results and Discussion

Synthesis. The synthesis of 2,6-diaminotriptycene has
been previously reported® but was optimized to create
higher yields of the dinitrotriptycene intermediates so as
to minimize the amount of triaminotriptycene byproduct.
Under-nitrated byproducts can be subjected to further nitra-
tion; however, over-nitrated products cannot be used for our
purpose. A stoichiometric amount of nitric acid and in-
creased reaction times allowed for the greatest yield of
dinitrotriptycene (Scheme 1). The initial nitration produced
a 1:1 mixture of regioisomers that could be separated to yield
pure 2,6-dinitrotriptycene which was primarily used for
diamine synthesis. Reduction of the purified 2,6-dinitriotrip-
tycene with Raney-Ni and hydrazine in anhydrous THF
yielded 2,6-diaminotriptycene (DAT1) nearly quantitatively.

Synthesis of the extended iptycene structure DAT2 is ac-
complished via a Diels—Alder reaction between 2,6-diami-
noanthracene and a benzo-fused 1,4-endoxide (Scheme 1),
which has been proven to be an efficient way for preparing
various iptycene compounds.”®*° 2.6-Diaminoanthracene is
prepared as previously reported.”® Reaction with 1,4-dihydro-
1,4-epoxynaphthalene yields a single Diels—Alder adduct

s
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(DAA), which was dehydrated in the presence of perchloric
acid, leading to DAT2. Both monomers were characterized by
"H and "*C nuclear magnetic resonance (NMR) spectroscopy
as well as high-resolution mass spectrometry.

To produce high molecular weight polymers, two different
polymerizations methods were utilized. Polymerization
method 1 involves a conventional two-step polymerization
involving ring-opening polyaddition and then subsequent
ring-closing dehydration. Initial step-growth polymeriza-
tion of the diamine and dianhydride was carried out in
N-methylpyrrolidone (NMP) to give the poly(amic acid),
and pyridine and acetic anhydride were added in a second
step as chemical dehydrating agents to facilitate ring closure.
Polymer yields were 78—93% after purification, and this
particular procedure was effective for the synthesis of the
S-membered ring polyimides (TPI1—TPI6). However, high-
er molecular weights were achieved for TPI3, TPIS, and
TPI6 using polymerization method 2.

In polymerization method 2, an acid catalyst is added in
the initial polymerization and imidization is accomplished by
addition of a base (Scheme 2). Specifically, freshly distilled
m-cresol and benzoic acid were used in the first step, with
isoquinoline acting as the base in the second step to drive the
reaction to completion. Similar methods have been pre-
viously developed for 6-membered ring imides,*' and our
highest molecular weights for TPI3 and TPIS—TPI8 were
achieved by this method. Polymer yields from this method
were 79—91%. When the syntheses of 6-membered ring
polyimides were attempted using the first polymerization
procedure, only oligomeric polyimide products were ob-
served. It has been suggested that this is because 6-membered
ring polyimides go through an isoimide intermediate,!
rather than the poly(amic acid), in which case the classic
chemical dehydrants would not facilitate imidization. How-
ever, in the polymerizations of our 5S-membered ring dianhy-
drides, no evidence of the isoimide was observed in the FTIR
spectra of polymer intermediates during polymerization
method 2. Instead, it is possible that the poly(amic acid)
intermediate is more soluble in the acidic reaction conditions
of polymerization method 2, allowing polymer chains to
grow longer. This theory would explain the higher molecular
weights by polymerization method 2 for TPI3, TPI5, and
TPI6.

The polymers were characterized by '"H NMR, Fourier
transform infrared spectroscopy (FTIR), and gel permeation
chromatography (GPC). The 'H NMR spectra (Supporting
Information) show subtle upfield shifts of the aromatic imide
protons from the dianhydrides and do not show any proton
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Scheme 2. Polymerization Methods 1 (left) and 2 (right) and the Structures of TPI1—TPI8
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Figure 1. FTIR spectra of TPI1 and the intermediate poly(amic acid),
TPA1. Transmittance scales offset for clarity.

signals in the carboxylic acid region, suggesting complete
imidization. For TPI1 and TPI2, the '’F NMR shows only a
single peak, also suggesting that there is only one polymeric
species present. The FTIR spectra of the TPIs exhibit typical
vibration features for a polyimide. Upon stopping the reac-
tion of TPI1 before the addition of the dehydrating agents,
the poly(amic acid), TPA1, was isolated, and a FTIR spec-
trum was taken for comparison (Figure 1). Dehydrative cycli-
zation is accompanied by loss of the amide and carboxylic acid
carbonyl stretching bands at 1654 and 1718 cm™ " and gives
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rise to symmetric and asymmetric stretching bands of the
imide carbonyl at 1726 and 1785 cm ™', respectively. FTIR
data for the remaining TPIs can be found in the Supporting
Information. Molecular weights were determined by GPC in
DMF versus polystyrene standards and are shown in Table 1.
Number-average molecular weights (M) ranged between
13 and 29 kDa, with the higher molecular weights being
achieved for the most soluble polymers. Polydispersities of
1.5—2.1 are in accord with polymers produced by a step-
growth mechanism with the lower PDIs reflecting some
degree of fractionation with isolation and purification. Poly-
merization yields were good, suggesting that no major side
products were present before purification.

Solubility Properties. Previous work has shown triptycene-
containing polymers exhibit excellent solubility characteris-
tics in comparison with their non-triptycene-containing
counterparts.'>'® TPI1—TPI8 were no exception, and qual-
itative solubilities in common organic solvents are reported
in the Supporting Information. All polymers are soluble
in dimethylformamide (DMF) and dimethyl sulfoxide
(DMSO). TPI1—TPI6 are soluble in toluene and xylenes,
good solvents for spin-coating applications. TPI1 and TPI2
are also soluble in tetrahydrofuran (THF), chloroform,
dichloromethane (DCM), and even acetone. Several of the
other polymers are soluble in these solvents as well. Solution
viscosity measurements in DMF (at a concentration of
5 g/dL) reveal extremely low inherent viscosities in the range
0.066—0.47 dL/g (Table 1). Typically, the poly(amic acid)s
that are processed due to the insolubility of the fully cyc-
lized polyimide display inherent viscosities in the range
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Table 1. Summary of the Properties of TP11—TPI8

M, (kDa)* PDI T,(°C) T4(°C)’ char weight (%) inherent viscosity (dL/g) n & n*!  BET surface area (m?/g)
TPI1 29 1.8 >450 531 62 0.22 149 222 140 68
TPI2 17 1.6 >450 540 62 0.19 .19 142 124 430
TPI3 15 2.1 > 450 577 73 0.090 1.66 2.76  1.55 74
TPI4 16 1.5 >450 565 67 0.066 1.69 286 1.68 93
TPI5 13 1.7 >450 591 64 0.10 1.69 286 1.37 121
TPI6 16 2.0 >450 S11 59 0.41 1.27  1.61 1.24 100
TPI7 21 2.1 >450 565 56 0.47 1.79 320 1.66 39
TPI8 18 2.0 >450 565 71 0.14 .31 1.72 1.24 360

“Number-average molecular weight calculated by GPC in DMF versus polystyrene standards. ” Ty reported as the 10% weight loss temperature
under nitrogen. ¢ Estimated from the refractive index using n = 2. “ Refractive index of sample subjected to 200 h at 150 °C.
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Figure 2. UV—vis absorption spectra. &, is the molar extinction
coefficient per polymer repeat unit.

1.0—1.79 dL/g.** Other triptycene-containing polyimides
have been found to have inherent viscosities in the range
0.45—0.74 dL/g."> These viscosities are extremely low for
polymers of reasonable molecular weights.

Optical Properties. All of the TPIs are yellow to orange in
color, which is typical for aromatic polyimides. UV—vis
absorption spectra of the polymers (Figure 2) in dilute
chloroform solutions confirmed that all of the polymers
absorbed strongly in the near-UV region with sharp absorp-
tions at 239—242 nm and low intensity broad absorption tails
to ~400 nm that are assigned to charge transfer transitions.
Polymers TPI7 and TPI8 containing the naphthalene
diimide units also exhibited additional peaks at 274, 310 nm
and 361, 381 nm, respectively. Interestingly, the extension of the
paddle wheel of the triptycene does not alter the absorption
maxima, suggesting that it does not interact with the diimide
chromophores. However, both polymers produced from
monomer DAT2 exhibit a stronger absorption around
280 nm.

It has previously been demonstrated that high triptycene
content in the polymer backbone increases the free volume in
the solid state, essentially creating molecular-scale pores in
the material. These internal voids have been shown to
substantially decrease the dielectric constant of insulating
polymers'>?° since the dielectric constant of the polymer is
modulated with air (¢ ~ 1). To estimate the diclectric con-
stant of these TPIs, the refractive index was measured by
spectroscopic ellipsometry. In this technique, linearly polar-
ized light is reflected at a known angle (in this case, 70°) from
the sample surface. The change in the polarization of the
light can be interpreted to give information about the thick-
ness of the film and its refractive index. Polymers spin-cast
from 5 mg/mL solutions of DMF on silicon wafer yielded the
thin films (3—47 nm) used for the measurement. From the
refractive index (n), the dielectric constant (&) at optical
wavelengths can be estimated from ¢ = n°.

Although this estimation often underestimates the dielec-
tric constant of polyimides, it is clear that incorporation of
triptycene into these aromatic polyimides lowers their re-
fractive index such that they are comparable to or better than
those used commercially. Kapton(R) HN, a commercial leader,
has a refractive index of 1.70°* at 633 nm and a dielectric
constant of 2.7, and in comparison our triptycene polyimides
have refractive indices ranging from 1.19 to 1.79 at 633 nm,
which gives approximated dielectric constants of 1.42—3.20
at optical frequencies (Table 1). The value of 1.42 is esti-
mated for TPI2, where both fluorine groups and the bulkier
triptycene unit, DAT2, are incorporated. These results war-
rant further investigations into TPI2’s use as a spin-on
dielectric material. Other promising candidates with esti-
mated dielectric constants lower than 2.0 are TPI6 and TPI8
with an estimated € of 1.61 and 1.72, respectively. These poly-
mers may hold even more promise than TPI2, as there are
reservations toward use of fluorine-containing polyimides.?®

To confirm that the internal free volume imparted by the
triptycene was a plausible mechanism for the lowering of the
refractive index, BET surface area measurements were carried
out. Previously, the Swager group has reported a triptycene-
containing polymer with a refractive index of 1.56 to have a
surface area of 400 m?/g.'? This polymer included triptycene
through a 2,3-substitution and also attached tert-butyl groups
to the 6- and 11-positions to enhance the bulkiness. TPI2 and
TPI8 containing the larger DAT2 exhibit a similar surface area
to this polymer (430 and 360, respectively) and lower refractive
indices. The TPIs including DATI1 as the diamine exhibit
considerably lower surface areas (39—120 m?/g). Calculations
suggested that pore sizes of the TPIs were in the mesoporous
range; however, the shape of the isotherms suggests micro-
porosity and that the model used for calculations may be
inadequate. For mesoporous materials, the hysteresis loop of
the isotherm should close at a relative pressure of p/py = 0.4,
which is not the case for the TPIs.** The BET isotherms take a
shape that most closely resembles a type II isotherm.®® This
type of isotherm, without hysteresis between absorption and
desorption, is usually characteristic of a nonporous mate-
rial. In practice, however, it can describe porous materials,
as a type IV isotherm, which is a modification of the type II
isotherm.*® Additionally, the TPIs exhibit significant hys-
teresis between adsorption and desorption, even at low
relative pressures. This nonclosed loop hysteresis can be
attributed to plasticization and swelling in a microporous
structure.®* Comparatively, most bulky polyimides exhibit
surface areas of 40—68 m?/g*”*® with only filled polyimides
previously achieving surface areas of 214—1153 m?/g. %4
As expected, the magnitude of the surface area roughly
follows a reciprocal trend to the refractive index, with the
highest surface area and lowest dielectric constant found
for TPI2 (430 m?/g and 1.19) and the lowest surface
area and highest refractive index found for TPI7 (39 m?/g
and 1.79).
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Thermal Properties. Differential scanning calorimetry
(DSC) analysis of the polymers showed no glass transition
temperatures (7,) up to 450 °C, and thermogravimetric
analysis (TGA) indicated that the decomposition tempera-
tures (Ty4) are above 510 °C (Table 1). This impressive
thermal stability is comparable to or better than leading
commercial polymers, such as Kapton, which is recom-
mended for applications <400 °C.>' The polymer char
weights at 800 °C are also shown as percentages and range
from 56 to 73%. This number provides an indication of the
practicality of these materials as a high-temperature coating.
To begin to probe the true thermal stability of the TPIs at
elevated temperatures, the refractive indices of thin films on
silicon were measured and then measured again after sub-
jection to 200 h at 150 °C. It was found that the films
maintained their refractive indices within 20% of their
original value. In fact, the refractive indices decreased over
the time period for all of the polymers except TPI2. These
values are reported in Table 1 as n*. The small changes in
the refractive index can be explained by a rearrangement of
the polymers to their thermodynamic equilibrium since the
original films were likely in a kinetic state due to the spin-
casting process. An annealing step should eliminate this
variability.

Conclusions

We have synthesized a series of novel triptycene polyimides
that exhibit high thermal stability and solubility. The free volume
imparted by the triptycene units enhances solubility, while
retaining the rigidity of a fully aromatic backbone. TPI1 and
TPI2 are very soluble in toluene, xylenes, DMF, DMSO, THF,
chloroform, DCM, and acetone. Low inherent viscosities and
solubility in a variety of solvents suggest that these polymers may
be ideal for solution processing. None of the polymers exhibit
glass transition temperatures below 450 °C, and all of them
decompose above 510 °C with the highest decomposition tem-
perature of 591 °C exhibited by TPIS. Char weights are around
60%, and all polymers are amorphous in thin films. Furthermore,
low refractive indices of 1.31, 1.27, and 1.19 were found for TPIS,
TPI6, and TPI2, respectively. These values suggest dielectric
constants at optical frequencies well below 2.0 (1.72, 1.61, and
1.42 for TPI8, TPI6, and TPI2). The extremely low dielectric
constant of TPI2 can be explained by the increase in nanopor-
osity as a result of the larger triptycene, DAT2, in combination
with the electronic effects of the fluorine groups.
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