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ABSTRACT: Cationic palladium catalysts containing N-hetero-
cyclic carbene ligands were found to be effective catalysts for the
chain-growth polymerization of monomers based on a fused
[2.2.1]:[2.2.2] ring system. The shape-persistent monomers
prevent dense packing of polymer chains and produce intrinsic
microporosity in polymer solids. Gas absorption isotherm
measurements reveal that surface areas greater than 1000 m” g™'
are produced in some materials. High molecular weight materials
are produced, and catalyst optimization studies reveal that the
steric bulk and electronic nature of the N-heterocyclic carbene
ligands play dominant roles in determining the efficiency of the
polymerization. The hydrocarbon nature of the microporous
polymers enables methane absorption even at high humidity
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levels, which has anticipated utility in the creation of concentrators for robust point methane sensors.

Bl INTRODUCTION

Methane (CH,) is the major component in natural gas' and is a
widely used energy source as a result of its cleaner combustion
and higher energy content relative to other fossil fuels such as oil
and coal.”? Unfortunately, in addition to posing an explosive risk
at elevated concentrations,* methane is also a potent greenhouse
gas with a 20 year global warming potential that is 82.5 times
higher than carbon dioxide.” As a result, there is a need for
expanded methane monitoring and abatement.®™”

There are multiple methods for monitoring methane and
detecting its release into the environment. Satellites can image
larger emissions on a global scale,'”'" but point detection
devices are more suitable on smaller scales for distributed trace
detection at places of interest. The latter implementation is
attractive as it allows the identification of a more precise location
of the leakage source. Most point-sensing devices make use of
calorimetry,'” chemiresistive responses from metal oxide
semiconductors,">™"° and electrochemical oxidation.''” To
be cost-effective as distributed sensors, devices need to have low
power consumption, be inexpensive, exhibit minimal off-target
interference, and be operable over a range of temperature and
humidity levels. There have been multiple reviews on the
development of methane sensors,'* *° but trace methane
detection is generally limited to elevated temperatures,”’
which makes for high energy consumption. Other factors such
as temperature, humidity, and cross sensitivi? to interferants
also negatively impact device performance.”” Our lab has
reported a chemiresistive methane-sensing system based on
carbon nanotubes and a platinum catalytic methane oxidation
cycle that operates at room temperature. It also showed
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selectivity for methane over other hydrocarbons.”” Unfortu-
nately, this system’s performance is compromised at high
humidity, with negligible responses measured at humidity levels
exceeding 40%.

To create more robust methane sensors, we have been
interested in creating hydrophobic polymers that will absorb
methane over a wide range of humidity. These materials have
utility as selective membranes that block humidity but can
transport methane to the sensor. Alternatively, an absorbing
polymer could be used as a preconcentrator that selectively
captures methane for thermal release to a proximate sensor. The
latter method enables temporal sequencing, which produces a
more robust signal that can be used to differentiate between
noise and analyte responses. Similar approaches have been used
to improve sensor performance for H,,** H,S,** as well as other
volatile organic compounds.*® To optimally implement either of
these methods, it is important to maximize a polymer’s affinity
for methane over interferents (humidity). Intrinsically porous
structures ensure that a material can both absorb methane
without undue swelling and also facilitate diffusion. Metal
organic frameworks have been used as preconcentrators;”*”’
however, these materials have electronegative atoms in the
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Figure 1. Structures of monomers examined in this study.
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Figure 2. Mechanistic scheme for Pd-catalyzed insertion polymerization of norbornenes, using Pd(Dipp) and AntN as illustration.

ligands and electropositive metals and the associated polar-
ization results in water absorption as well. To meet the required
characteristics of a humidity-independent methane absorption,
we have designed porous hydrocarbon polymers that lack
heteroatoms and their associated dipolar elements. In this
regard, we have identified rigid 3-D [2.2.1] bicyclic norbornane
hydrocarbon structures that with an insertion polymerization
retain the full rigid 3D structure after polymerization, thereby
improving porosity. Related work by Finkelshtein and co-
workers have also shown that introducing bulky silyl”® and
siloxy’” groups onto these rigid frameworks gives highly
permeable polymers with good gas-separation properties. In
our case, the fusion of triptycene groups to the polymer
backbone faithfully produces polymers with intrinsic porosity.*’
We have also found that [2.2.1] bicyclic structures, such as the
norbornane groups retained within the polymer, similarly
produce high porosity when fused to the polymer backbone.’!
In this investigation, we also make use of chain growth insertion
polymerization to produce high molecular weights and enable
the prospect to create block polymer structures. An added
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element of our design is that monomers are produced in one or
two steps from abundant, inexpensive starting materials.

In accordance with our goals, we report herein the synthesis of
several norbornene monomers (Figure 1) bearing fused [2.2.1]:
[2.2.2] bicyclic rings. The insertion polymerization was
optimized, and methane affinity was determined using quartz
crystal microbalance (QCM) measurements. We also demon-
strate that retaining the norbornane framework through an
insertion provides superior methane affinity relative to composi-
tionally equivalent polymers produced from ring-opening
metathesis polymerization (ROMP).

B RESULTS AND DISCUSSION

Norbornene is a key building block with the requisite strained
alkene for polymerization and lacks polar groups that attract
water molecules. Polymerization of norbornene has been
extensively reviewed’” and includes (1) insertion (addition)
polymerization,” ™" (2) ROMP,**~*" and (3) catalytic arene-
norbornene annulation (CANAL) polymerizations."”*’ Inser-
tion polymerizations are ideal for the norbornene system as a
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Figure 3. (a) Structures of Pd catalysts examined in this study. (b) Polymerization kinetics of 2,6-tBuAntN using these four catalysts.

Scheme 1. (a) Synthesis of 2,6-tBuAnt and 2,7-tBuAnt; (b) Synthesis of 2,6-AdaAnt and 2,7-AdaAnt; and (c) Diels—Alder
Reaction between Norbornadiene and Substituted Anthracenes to Give the Four Monomers 2,6-tBuAntN, 2,7-tBuAntN, 2,6-
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result of the fact that the syn-stereochemistry of each insertion
reaction and the inability to produce a bridgehead double bond
(Brett’s rule) prevent f-hydride elimination reactions that
complicate metal insertion polymerizations of acyclic alkenes.
Additionally, an insertion mechanism preserves the rigid [2.2.1]
bicyclic structure, which generates free volume and intrinsic
porosity. To enhance the porosity generated by the norbornene,
we took inspiration from triptycene, which robustly promotes
internal free volume.**~*® As part of an earlier study directed at
determining a general design rule to create polymers with
intrinsic microporosity, we found that ROMP of benzo-
norbornenes with fused triptycenes produced polymers with
low dielectric constants and surface areas of 400 m* g~'.** Our
target fused [2.2.1]:[2.2.2] monomers can be easily synthesized
by Diels—Alder reactions of anthracenes with norbornadiene.
Adamantyl and t-butyl (tBu) substituents were added to
anthracene via acid-catalyzed electrophilic aromatic substitution
to enhance the solubility and physical size of the 3-D structures
in the polymers. The parent monomer (AntN) has been utilized
in the literature to synthesize a copolymer with ethene using
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insertion polymerization,”” but its successful insertion polymer-
ization into the homopolymer was only very recently reported.*®

During the initial catalyst screening, we were pleased that the
simplest catalyst [Pd(MeCN),][BF,], first reported to
polymerize norbornene,” was also competent in polymerizing
AntN, giving a material (I-Ant) highly soluble in THF with a
molecular weight of 22 kDa determined by gel permeation
chromatography (GPC) (Figure Sla). Even more promising
was that the N, Brunauer—Emmett—Teller (BET) surface area
of the polymer powder was 589 m* g™' (Figure S1b). Based on
this result, we anticipated that utilizing more active catalysts
could further improve molecular weight as well as surface areas.
To this end, we have focused on N-heterocyclic carbene
palladium catalysts previously reported in the literature that are
air stable and enable polymerization under ambient atmos-
phere.*’

Initial attempts with the more readily accessible catalyst
Pd(Dipp) (Figure 3a) gave an insoluble precipitate during
polymerization of AntN presumably as a result of the higher
molecular weight of the polymers. Zotkin et al. also reported
obtaining insoluble material when using a Pd(OAc),-based
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Scheme 2. One-Pot Syntheses of Imidazolium Chloride Precursors
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catalyst for polymerizing AntN."® These insoluble powders
showed enhanced BET surface areas of 838 m” g~ (Figure S1b),
illustrating the value of producing higher molecular weight
materials. As a result, we were hopeful that the more sterically
bulky monomers, 2,6-tBuAntN and 2,7-tBuAntN (Figure
1b,c), would improve solubility at higher molecular weights.
The substituted anthracenes were readily synthesized on scale
under simple electrophilic aromatic substitution conditions,
using anthracene and tert-butyl chloride with good yield under
ambient atmosphere with reagent-grade solvents. A mixture of
2,6-tBuAnt and 2,7-tBuAnt was obtained that was separated
effectively via slow crystallization from hexanes (Scheme 1a).
The adamantyl anthracenes (2,6-AdaAnt and 2,7-AdaAnt)
were also prepared by electrophilic substitution reactions to
anthracene (Scheme 1b). A final Diels—Alder reaction between
the four substituted anthracenes and excess norbornadiene
affords the desired monomers as a racemic mixture, which were
purified by filtration through a plug of silica gel (Scheme 1c).
Only Diels—Alder products corresponding to cycloaddition to
the norbornadiene’s exo face were observed. Traditional
assignment of the reaction as endo or exo with respect to the
diene (anthracene) is ambiguous (Scheme S1). Polymerizing
2,6-tBuAntN with Pd(Dipp) gave a polymer with M, = 38 kDa
that remained highly soluble in THF (Figure S1a). Attempts to
polymerize 2,6-tBuAntN with [Pd(MeCN),][BF,] under
identical conditions as AntN did not lead to significant
conversion, suggesting that the bulkier monomer requires a
more active polymerization catalyst. Based on 2,6-tBuAntN’s
good performance as a monomer and the solubility of its
polymers, we used this system for catalyst optimization studies.
The polymerization of AntN with Pd(Dipp) is detailed with the
accepted mechanism in Figure 2.*

A previous study compared the insertion polymerization
kinetics of Pd(Dipp) and Pd(Mes) and determined the latter to
display a higher rate of monomer consumption during
polymerization of substituted norbornenes.*” The authors
attributed this to Pd(Mes) having a less hindered N-heterocyclic
carbene (NHC),” and we hypothesized that an electron-
donating substituent in the para-position may be beneficial by
enhancing the ligand affinity to the Pd. Therefore, we
synthesized Pd(Xyl) as well as Pd(DMA) (Figure 3) to evaluate
the influence of para-electron-donating substituents. The
dihydroimidazolium chloride precursors (2a and 2b) are readily
synthesized in a one-pot reaction by modification of procedures
reported by Kuhn and Grubbs (Scheme 2).*" Separation of 2a
and 2b from their respective formamidine chlorides (3a and 3b)
is achieved by Soxhlet extraction (see the Supporting
Information). Subsequent metalation®” with allylpalladium (II)
chloride dimer and anion exchange49 with tetrakis(3,5-bis-
(trifluoromethyl)phenyl)borate were also performed following
literature procedures.
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With four catalysts in hand (Figure 3a), we then measured
their polymerization rates of 2,6-tBuAntN by 'H NMR using
1,3,5-trimethoxybenzene as an internal standard (see the
Supporting Information). Monomer consumption was tracked
by the decrease in the norbornene alkene signal at 6.13 ppm,
with results shown in Figure 3b. Consistent with a well-behaved
chain growth polymerization, monomer consumption was linear
over time and the polymerizations display first-order monomer
dependence. Pd(Mes) displayed a higher rate of monomer
consumption relative to Pd(Dipp), which is consistent with
prior reports.49

Kinetic measurement comparisons of Pd(Mes), Pd(Xyl), and
Pd(DMA) indicate that the electron-donating methoxy group in
Pd(DMA) gives a higher rate of polymerization and therefore all
subsequent polymerizations were carried out with Pd(DMA)
unless otherwise stated. The higher catalytic activity is also
found to generate polymers with higher M, in excess of 10° Da.
This result is evident from the evolution of GPC chromatograms
over time for the four different catalysts (Figure SS and Table 1).

Table 1. Polymerlzatlon Results from Catalyst Optimization
Using 2,6- tBuAntN”

Kkobs total monomer
catalyst (h'M) M, PDI consumption (%)
Pd(Dipp) 77.5 50x10° 19 44
Pd(Mes)” 87.3 88x10° 2.0 48
Pd(DMA)“ 104 L5x10° 2.0 56
Pd(Xyl) 37.9 25x 10 22 17

“Bimodal distribution observed on GPC. Reported values correspond
to the higher molecular weight population. “Reaction conditions: air,
DCM, 0.14 mol % catalyst at 28 °C.

It appears that concurrently increasing the electron density on
the aromatic ring and reducing the steric bulk at the ortho-
positions (Me vs i-Pr) of NHC ligand give an optimal catalyst.
Unexpectedly, Pd(Xyl) showed rapid deactivation during
polymerization, as illustrated by a lower rate constant and R*
value in the kinetic analysis. We found that this catalyst is prone
to decomposition to give back solids when dissolved in less-
coordinating solvents such as DCM and toluene. Hence,
reduced steric bulk at the ortho-positions needs to be
accompanied by para-donor substitution to maintain the catalyst
stability.

Despite Pd(Xyl)’s instability, we successfully obtained single
crystals suitable for X-ray diffraction studies of this catalyst and
Pd(DMA) (Figure 4). There are no significant differences in the
Pd—NHC bond length between Pd(Dipp) and Pd(Mes)
(Table 2). However, the PdA—NCMe bond lengths were slightly
longer in both Pd(Dipp) and Pd(Xyl). The lower solution
stability of Pd(Xyl) may be caused by a labile MeCN ligand
compounded by the lower degree of steric protection relative to
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Figure 4. Single crystal structures of PA(DMA) and Pd(Xyl). Ellipsoids shown at 50% probability. Anion and disorder excluded for clarity. PA—N
bond lengths (A) are 2.0645(17) and 2.075(6), while PdA—NHC bond lengths are 2.0435(18) and 2.048(3), respectively.

Table 2. Selected Bond Lengths in the Crystal Structure of synthesis was only described in the patent literature along
Catalysts with 2,7-AdaAnt.”*

The X-ray structures (Figure 6) of the monomers reveal
bond kngths Pd(Dipp)

(cinny" Pd(Mes)”  Pd(Xyl)  PA(DMA) similar bond lengths of the strained alkenes (1.312—1.336 A) to
Pd—NHC 2.048(6) 2.043(8)  2.048(3)  2.0435(18)
Pd—NCMe 2.077(4) 2059(9)  2.075(6)  2.0645(17)

“From ref 49. A cinnamyl anion is coordinated to Pd rather than an
allyl anion. “From ref 49.

the isopropyl groups in Pd(Dipp). Lastly, the best performing
catalyst, Pd(DMA), has a strong PdA—NHC interaction similar to
that of Pd(Mes), but the donation from the para-methoxy group
can result in greater lability in the MeCN ligand.

We also compared the polymerization kinetics of AntN
relative to those of 2,6-tBuAntN when using Pd(DMA). The
former displayed a roughly 60 times larger rate constant, and
monomer consumption was complete within 10 h, whereas the
latter had only reached 60% monomer consumption after 3 days
(Figure S). The slower polymerization kinetics with the tBu
groups on the monomer are likely the result of crowding around
the Pd catalytic center caused by the growing polymer chain.
The rate constants for both 2,6- and 2,7-tBuAntN were similar
(Figure Sb), suggesting that the norbornene reactivity is not
significantly altered by the different substitution patterns.

However, the chromatogram of the 2,7-tBuAntN polymer 1 2.6-AdaAntN 2.7-AdaAntN

displayed reduction of the high molecular weight components

(Figure S6). Figure 6. Single-crystal structures of (a) 2,6-tBuAntN, (b) 2,7-
The monomers bearing adamantyl groups (2,6-AdaAntN and tBuAntN, (c) 2,6-AdaAntN, and (d) 2,7-AdaAntN. Ellipsoids are

2,7-AdaAntN, Figure 1d,e) were explored and their larger size shown at 50% probability level. Norbornene C=C bond lengths are

relative to tBu was expected to increase the porosity of the 1.326(4), 1.325(4), 1.312(9), and 1.336(S) A, respectively.

resultant polymer. The crystal structure and mass spectrogram
of 2,6-AdaAnt were reported previously;”® however, the

6—— . ; R ——
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Figure 5. Polymerization kinetics of (a) AntN and (b) two isomers of tBuAntN using Pd(DMA) as the catalyst.
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other norbornenes, > % suggesting that the substituents do not

significantly change the strain in the double bond. Unfortu-
nately, both AdaAntN monomers were significantly less soluble
than their tert-butyl counterparts in THF, DCM, and CHCl,
solvents. As a result, none of the Pd catalysts examined were able
to produce polymeric AdaAntN materials with molecular
weights over 10 kDa (Figure S7). Considering the similar
norbornene C=C bond lengths in the monomers, we postulate
that the bulkier adamantyl substituents and low solubility hinder
polymerization. In accord with these considerations, the rate of
monomer consumption was lower than that observed for 2,6
and 2,7-tBuAntN.

Chlorinated solvents such as DCM and CHCl; are not ideal
for a sustainable synthesis; as a result, we explored more
environmentally benign solvents such as THF and 2-MeTHF in
the polymerizations. Unfortunately, no polymer was observed
using Pd(DMA) in either THF or 2-MeTHF, even with the
most reactive monomer AntN. Apparently, the cationic Pd
center is deactivated by ether coordination, and generating the
required alkene binding event to a vacant coordination site prior
to insertion is not possible under these conditions. We also
observed that the ethereal reaction mixture is colorless, as
opposed to pale yellow observed with halogenated solvents. This
observation is consistent with a different coordination environ-
ment around Pd in the two solvent classes.

We did have limited success with Pd(Dipp) as the catalyst in
2-MeTHF and partial conversion of AntN to polymer was
observed via precipitation of the insoluble polymer material.
However, the more coordinating THF prevented polymer-
ization under the same conditions. This result does suggest that
balancing the larger steric bulk provided by the i-Pr groups in the
ligands with a bulkier ethereal solvent can be effective in
facilitating polymerization. Unfortunately, GPC analysis of the
polymer produced in 2-MeTHF is not possible due to poor
solubility and qualitative observations for different reaction
conditions tested are summarized in Table S1.
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During the course of catalyst optimization, analysis of the
crude (unfractionated) polymers of 2,6-tBuAntN produced
with Pd(DMA) and Pd(Mes) revealed unexpected bimodal
distributions in the chromatograms (Figure SS). Polymers
produced with these catalysts display chromatograms with a
lower molecular weight material (¢t ~ 20 min retention time) and
a distinctly non-Gaussian peak at lower elution time (= 15 min)
that is estimated to have a molecular weight exceeding 10° Da.
This M,, is much higher than the theoretical expected value using
0.14 mol % of the catalyst that should give a degree of
polymerization of 700 (2.7 X 10° Da for 2,6-tBuAntN, M\W. =
383). We endeavored to understand the factors contributing to
the formation of the bimodal distribution and high molecular
weight fraction.

The polymerization reactions only involve three components
(catalyst, monomer, and solvent). We have also shown that
changing the catalyst can eliminate the high molecular weight
fraction. As a result, we examined the role of monomers and
solvents in the polymerization.

Investigation of Polymer Molecular Weight Distribu-
tion. To determine whether the unusual distribution is unique
to 2,6-tBuAntN, we performed a monomer screening study
using Pd(Mes) as the catalyst, which produced bimodal M,
distributions with 2,6-tBuAntN (Figure SSa). Among the
substituted norbornenes examined (Figure 7), those with
coordinating substituents such as carboxylic acid (N1), nitrile
(N2), and carbonyl groups (N3) did not give detectable
polymerization. The alcohol-substituted norbornene N4 was
tolerated, although the polymerization rate was much slower
than that of monomers with no heteroatoms (N5 and N6),
which developed precipitates within the first hour of polymer-
ization. The tolerance of hydroxyl groups is consistent with the
prior literature which utilized this class of Pd catalysts in
emulsion polymerizations.*” This polymer of N4 (I-N4) was
characterized by GPC using DMF as the eluent and displayed a
unimodal molecular weight distribution (Figure S8a).
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Scheme 3. Two Probable Pathways of Resulting in Cross-Linked Polymers through Revealing a Branch Point; (a) Steric
Congestion around Neighboring Repeating Units Inducing Cycloreversion and (b) Pd-Induced Cycloreversion through

Cation—z Interactions with a Phenyl Group®

tBu

(B

“L represents generic ligands.

NS produced a THF insoluble polymer that likely has
significant cross-linking via the primary alkene. The ethylidene
norbornene N6 was previously reported as a well-behaved
monomer,” and our resulting material (I-N6) also showed a
unimodal GPC chromatogram in THF (Figure S8b). The small
shoulder at 14 min for this material may be a result of small
amount of cross-linking induced by the less reactive exocyclic
double bond. We therefore conclude that the bimodal
distribution is not caused by the catalyst but rather is unique
to 2,6-tBuAntN.

To test monomer purity, we performed polymerizations with
2,6-tBuAntN that was recrystallized twice, first from hexanes
and then from acetone. The 'H NMR of the resulting material
showed no detectable impurities, suggesting that no species
(e.g, norbornadiene) that can lead to cross-linking are present.
Nonetheless, the bimodal distribution was still observed using
Pd(DMA) and DCM as the solvent (Figure 8), making it
unlikely that impurities are the cause of the bimodal distribution.

When 2,7-tBuAntN was used as the monomer and
polymerized with Pd(DMA), some high molecular weight
material is clearly visible in the GPC as a shoulder at lower
elution times (=15 min, Figure S6), although it accounts for
40% of the total integrated area (72 h) as opposed to 50% with
2,6-tBuAntN (Figure SSb). Based on this result, we suspect that
the distribution of the tert-butyl substituents may play a role in
the formation of the high molecular weight fraction.

The DCM for the polymerization reactions was used as
purchased, and we considered the possibility that the added
amylene stabilizer might be responsible for the high molecular
weight peak when polymerizing 2,6-tBuAntN. However, using
d,-DCM that does not contain any stabilizers (DLM-23-10 X
0.5 from Cambridge Isotope Laboratories) in place of DCM did
not give any improvement in the chromatogram distribution.
When the monomer and catalyst were dissolved separately in
DCM and the monomer solution was added slowly to the
catalyst solution, the high molecular weight signal at 13.5 min is
suppressed, and the predominant polymer population displays
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lower molecular weight. We performed this last experiment to
determine if a slower rate of monomer dissolution might be
causing the higher molecular weight species. As 2,7-tBuAntN
has a higher solubility than 2,6-tBuAntN in DCM, this may
explain why the former did not form significant amounts of high
molecular weight material in the large-scale polymerization
(Figure S11b).

Interestingly, using CHCI; as the solvent during polymer-
ization resulted in the complete disappearance of the high
molecular weight signal and only the low molecular weight
material was observed in the GPC chromatogram (Figure 8a).
The overall polymerization rate was also reduced, and low
molecular weight material produced after 4 h in DCM had an
equivalent molecular weight to the polymer produced after 28 h
in CHCl,.

Using either bromochloromethane (CH,BrCl) or dibromo-
methane (DBM) as the polymerization solvent also resulted in
the absence of high molecular weight material (Figure 8b),
although a weak peak between 15 and 18 min suggests that some
high molecular weight population is developing in DBM after 4 h
of polymerization. Using dichlorobenzene (oDCB) also resulted
in a partial suppression of high molecular weight material at ¢ =
16 min, similar to the DCM case with slow monomer addition.

After 28 h, all reaction solvents had polymerizations with
shorter GPC elution times, suggesting increased degree of
polymerization (Figure S9). Qualitatively, most chromatograms
had similar profiles, but a strong RID (refractive index) signal at
1S min is now visible for oDCB, suggesting the presence of a
high molecular weight species similar to the case with DCM as
the reaction solvent.

Among the variables examined, the bimodal distribution
seems to be highly specific to a combination of monomer (2,6-
tBuAntN), catalyst (Pd(DMA) or Pd(Mes)), and solvent
(DCM or oDCB). Other alterations of reaction parameters lead
to the suppression of the high molecular weight GPC peak. We
conducted GPC of the crude polymerization product with
CHCI; rather than THF as the solvent and still observed two
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Scheme 4. ROMP Reactions of (a) 2,6-tBuAntN and (b) 2,6-AdaAntN to Give R-2,6-tBuAntN and R-2,6-AdaAntN, Respectively”
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clearly discernible peaks (Figure S10), showing that the unusual
chromatogram is likely independent of the GPC solvent.

The large differences in apparent molecular weights allowed
for selective extraction of the low M, polymer from 2,6-
tBuAntN by Soxhlet extraction with hexanes (Figure S11a). To
investigate whether the remaining high molecular weight
material was an aggregate, we compared its THF GPC
chromatogram with and without first dissolving it in CHCl; at
room temperature; both traces appeared to be effectively
identical (Figure S11c). However, heating the thimble residue at
50 °C in CHCI; overnight resulted in an increase in the GPC
signal from low molecular weight species at 22 min (Figure
S11d). This suggests that either (1) there is aggregation and
equilibration between the high and the low molecular species
that only occurs upon heating or (2) a more polarizable solvent
than hexanes/THEF is required to release low molecular weight
material trapped within the high molecular weight matrix.

Dynamic light scattering (DLS) was also used to check
whether aggregation was responsible for the high molecular
weight signal (Figure S12). In DCM, the polymer fraction
extracted with hexanes was fit to a hydrodynamic radius of 4 nm,
and the apparent high M|, residue had a hydrodynamic radius of
10 nm. DLS of the crude polymerization material is best fit to a
bimodal distribution with highest fractions at hydrodynamic
radii of approximately 3.5 and 30 nm, consistent with a mixture
of low and high molecular weight material. Therefore, both
species should be soluble, and we believe that aggregation is an
unlikely explanation for the high molecular signal measured. We
also found that filtration through 0.22 or 5 ym syringe filters did
not affect the bimodal distribution.

All factors considered, the most probable explanation for our
bimodal molecular weight distribution is a small amount of
cross-linking during the polymerization. The relatively well-
defined chromatogram signals and relatively low PDI of the two
populations suggest that any cross-linking happens in a
controlled manner. Considering that Diels—Alder reactions
can be reversible, we suggest that either (1) steric congestion
between neighboring repeating units induced a retro Diels—
Alder reaction or (2) perhaps the cationic Pd catalyst can have a
cation—7 interaction with one pendant phenyl group on the
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monomer and facilitate a retro Diels—Alder reaction (Scheme
3). In either case, a small amount of this reaction would produce
a norbornene group in the polymer chain and allow for a cross-
link (branch) point. The amount of norbornyl units in the
polymer is below NMR detection limits, and hence we presently
can only speculate about the origins of the proposed cross-
linking.

Comparison of ROMP Materials. To verify our assertions
that an intact norbornyl system promotes free volume, we have
synthesized ROMP polymers that are compositionally equiv-
alent in terms of C/H but have a ring opened structure as shown
in Scheme 4. We polymerized both 2,6-tBuAntN and 2,6-
AdaAntN using Grubb’s third generation catalyst to obtain the
ring opened polymers R-2,6-tBuAntN and R-2,6-AdaAntN.
Both polymerizations proceeded well, and Table 3 summarizes

Table 3. GPC Parameters of ROMP Polymer Using 2,6-
tBuAntN and 2,6-AdaAntN as Monomers”

M, M, PDI
R-2,6-tBuAntN 1.65 x 10° 1.71 x 10° 1.04
R-2,6-AdaAntN 1.80 x 10° 1.87 x 10° 1.04

“A bimodal distribution was observed, with a lower molecular weight
population having M, = 5.05 X 10% M,, = 5.17 X 10* and PDI = 1.02.

their GPC characterization. Considering their similar GPC
traces (Figure S13) as well as M, and M,, values of the two
different polymers, we believe that the bulky adamantyl
substituent did not significantly affect the monomer’s propensity
to under ROMP. This is in contrast to the insertion
polymerization outlined earlier, where both 2,6 and 2,7-
AdaAntN isomers did not undergo significant degree of
polymerization with Pd(DMA). This is consistent with the
fact that ROMP polymers have a more flexible and open
structure that provides better access to the active metal catalytic
center, thereby allowing for facile chain propagation.
Interestingly, both chromatograms showed a small shoulder at
16 min, which was reminiscent of the chromatogram of N6.
Assuming that this is also a result of cross-linking, it necessitates
the formation of a second alkene in the polymer backbone which
is only achievable if retro Diels—Alder reactions occur. The
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Figure 9.N, (77 K) BET comparisons of (a) tBuAntN insertion vs ROMP-based polymer films with MeOH treatment and (b) different treatments of

1-2,6-tBuAntN.

Table 4. BET Parameters for Synthesized Polymers

N, BET area

cumulative pore volume

pore width at maximum micropore volume mesopore volume

entry polymer® (m? gh)? (em® g7t)° dv/dw (A)“ (cm® g7h)° (cm® g7h)°

1 1-2,6-tBuAntN (film) 754 0412 8.7 0248 0.164

2 I-2,6-tBuAntN (MeOH- 871 0.495 6.8 0.296 0.199
treated film)

3 12,6-tBuAntN (powder) 1086 0.815 6.8 0.328 0.487

1-2,7-tBuAntN (MeOH- 867 0.534 6.8 0.284 0.250
treated film)

S R-2,6-tBuAntN (powder) 322 0.531 105 0.0980 0.433

6  R-2,6-AdaAntN (powder) 479 0.466 14.8 0.144 0.322

“For 1-2,6-tBuAntN and I-2,7-tBuAntN, measurements were conducted on the residue after removing lower molecular weight material through
Soxhlet extraction with hexanes. bRouquerol transformation was performed on data before surface area estimation. “A slit geometry was assumed
and an NLDFT model was used (see the Supporting Information). 4dV/dW is obtained as the first derivative of cumulative pore volume against
pore width. “Micropores have widths of <2 nm, while mesopores have widths with range 2—50 nm.
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Figure 10. WAXS diffractograms of (a) insertion-based I-2,6- and I-2,7-tBuAntN and (b) ROMP-based R-2,6-tBuAntN and R-2,6-AdaAntN.

secondary peak at 20 min (Figure S13b) that is absent for R-2,6-
tBuAntN may indicate a polymeric species after cycloreversion,
but not cross-linking. We suggest that this species is absent for
R-2,6-tBuAntN as the bulkier adamantyl substituents could
provide a stronger driving force for cycloreversion compared
with tert-butyl groups.

Surface Area Determination and Porosity. N, BET
measurements at 77 K were performed to measure the surface
areas of our materials. Different samples were prepared under
three conditions: (1) film cast from slow evaporation of CHCl,
solutions, (2) CHCI, cast film treated with MeOH overnight
and then dried, and (3) dried powder collected via vacuum
filtration after precipitating a CHCI; polymer solution into
MeOH. Regardless of the MeOH treatments, the ROMP thin-
film materials display negligible porosity (Figures 9a and S2).
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This supports our central hypothesis that preserving both
[2.2.1] and [2.2.2] bicyclic structures in the insertion polymer-
ization is key to maintaining the highest intrinsic porosity. Both
I-2,6- and I-2,7-tBuAntN with similar molecular weights gave
similar surface areas, suggesting that the substitution pattern is
unimportant for the porosity (Figure 9a). Thin-film measure-
ments on solution cast I-2,6-tBuAntN revealed that MeOH
treatment resulted in 15% higher surface area, presumably as a
result of the removal of trapped CHCI; molecules through
polymer swelling (Figure 9b). The ROMP materials did not
benefit from MeOH soaking, and the low surface areas are the
result of the more flexible backbones that allow for more efficient
packing.

Powdered morphologies have a significant effect on measured
BET surface areas (Figure 9b). All powders exhibited
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approximately an additional 200 m* g~' of area compared to
when cast into films, and this was also applicable to the ROMP
polymers (Figure S2). Interestingly, the desorption curve of
powdered I-2,6-tBuAntN displayed a H2-type hysteresis as
defined by the IUPAC,”” which was also observed for I-AntN
(Figure S1). This characteristic is reported to indicate a
mesoporous character” and indicates the presence of bottle-
neck-type pores within the polymer.®""*> This type of hysteresis
has been seen in cross-linked triptycene-based polymers®*~%°
and similar norbornene insertion polymers.

Performing pore size fitting on the BET isotherm data reveals
that the ROMP polymers have two distinct pore size regimes at
approximately 10 and 100 A, while the two pore size regimes in
insertion polymers are much more similar in size, centered
around 7 and 12 A. 1-2,6-tBuAntN that was treated with MeOH
also showed a reduction in the pore size from 8 to 6 A (Figure S3
and Table 4 entries 1 and 2).

Measuring the WAXS diffractograms of our synthesized
polymers gives us insights into their subnanometer structures.
All polymers showed uniform halos in their two-dimensional
pattern, consistent with being an amorphous material (Figure
S15). Comparing the diffractograms of our synthesized I-AntN
and I-N6 with that reported in that literature, peaks at similar g
values are present in their WAXS profiles (Figure S16a and
Table S2). 1-2,6-tBuAntN and I-2,7-tBuAntN also shared
similar profiles with two peaks, suggesting that similar polymers
are obtained even with different substitution patterns on the
monomers (Figure 10a and Table 5). The diffraction patterns do

Table S. g Values and Corresponding Distances of I-2,6-
tBuAntN, I-2,7-tBuAntN, R-2,6-tBuAntN, and R-2,6-
AdaAntN Obtained from WAXS

q (A7) dy (A)“ q (A7) d, (A)”
1-2,6-tBuAntN 0.317 19.8 1.06 5.94
1-2,7-tBuAntN 0.305 20.6 1.07 5.87
R-2,6-tBuAntN 1.20 3.19
R-2,6-AdaAntN 1.08 5.80
“d = q/2x.

not seem to be strongly dependent on the polymer molecular
weight (Figure S16b). Peaks at lower g values are attributed to
distances between polymer chains, while larger g values are
attributed to intrachain distances.**%°

Notably, R-2,6-tBuAntN and R-2,6-AdaAntN had a
scattering profile with only one major peak at higher g values,

indicative of a different subnanometer structure compared to
insertion-type polymers (Figure 10b). The absence of a peak at
low gq values is consistent with ROMP polymers having more
flexible structures and tighter packing. The bulkier adamantyl
substituent in R-2,6-AdaAntN increases the distance within
chains compared to R-2,6-tBuAntN, indicated by the former
polymer’s lower g, value (1.08 vs 1.20 A™'). Overall, WAXS
analysis supports our hypothesis that insertion-based polymer-
ization gives material with high porosity and is anticipated to
have better methane affinity.

Thermogravimetric analysis (TGA) measurement of I-2,6-
tBuAntN showed that it has a Ty value around 321 °C (Figure
11a), which is slightly higher than that of I-AntN (300 °C)
synthesized using Pd(Dipp). A literature Ty value of 316 °C in
argon for I-AntN synthesized using a nickel-based catalyst has
been reported recently.** Compared to 1-2,6-tBuAntN, R-2,6-
tBuAntN had a lower Ty value (303 °C) which may be due to
its more flexible structure. R-2,6-AdaAntN had an improved T,
of 347 °C, suggesting that using adamantyl substituents
increased the thermal stability even though the polymer
backbone still has a flexible structure.

We also performed differential scanning calorimetry (DSC)
measurements on [-2,6-tBuAntN, R-2,6-tBuAntN, and R-2,6-
AdaAntN and in accord with literature studies,*® we did not
detect any evidence of glass transition temperatures (T,) below
their Ty values (Figure S14).

We conducted variable-temperature (VT) '*C NMR to gather
further evidence supporting the rigidity of the insertion polymer.
Using I-2,6-tBuAntN, we acquired its spectra at 60 and 95 °C in
solution and 25 °C in the solid state. The solution spectra are
qualitatively identical to that of the solid state, and there is no
obvious peak sharpening with increasing temperature (Figure
11b). This is consistent with a severely restricted backbone
wherein there is no free rotation about bonds.

Comparing the *C spectra of 1-2,6-tBuAntN and R-2,6-
tBuAntN, the latter polymer had an additional peak at 133 ppm
(Figure 12a) attributable to an alkene unit that was absent in the
former, again supporting insertion polymerization using the Pd-
based catalysts. The sharper solution-state '*C and 'H NMR
signals of R-2,6-tBuAntN product compared to I-2,6-tBuAntN
(Figure 12b) are also consistent with the former having a more
flexible structure due to the ring opening of the rigid [2.2.1]
norbornyl ring. The broad 'H NMR spectra of insertion-
polymerized norbornenes have also been observed in the
literature.***’

a : : : b
) 100 4 —— I-AntN b )60°C, CDCl,
—— 1-2,6-tBuANtN 7\ !
804 ——R-2,6-BuAntN | Sl MU
R-2,6-AdaAntN '
—_ T T T 95 °C, tetrachloroethane
X 60 i
< 100 g
z Solid st t‘
s 404 \\ \ g id state \
—— I
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0 N: 1 ”LM ‘ ’
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150 135 120 105 90 75 60 45 30 15
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Figure 11. (a) N, TGA comparison between I-AntN, I-2,6-tBuAntN, R-2,6-tBuAntN, and R-2,6-AdaAntN. The horizontal line in the inset
corresponds to 95% mass remaining. (b) VT '*C NMR measurements on I-2,6-tBuAntN.
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Figure 12. NMR comparison between insertion-type polymerization vs ROMP of 2,6-tBuAntN in CDCl,. (a) **C spectra and (b) 'H spectra.
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Figure 13. Percentage change in the Sauerbrey mass of (a) I-2,6-tBuAntN and (b) R-2,6-tBuAntN when exposed to 0.5% CH, at 0 and 90% RH.
Baseline correction was performed on all traces. Shaded area around traces represents one standard deviation from the mean.

Affinity for Methane. We quantified the affinity of our
synthesized polymers for methane absorption usinga QCM with
dissipation (QCM-D). Initial optimization of spin-coating
conditions points to an optimal coating thickness of
approximately 300 nm, as quantified by a cross-sectional analysis
using scanning electron microscopy (Figure S17). Imaging was
performed on a film both with and without MeOH treatment,
and the resulting thickness increase from approximately 200 to
300 nm is consistent with MeOH swelling of the coatings. The
additional porosity is corroborated by QCM measurements,
where the films that has not received MeOH treatment
displayed a reduced response to S000 ppm (0.5%) CH,
exposure at 0% relative humidity (RH) at room temperature.

The MeOH treatment also increased the QCM measurement
consistency at high (90%) humidity levels across different
resonant frequencies and dissipations. As seen in Figure S18, an
untreated device exhibited irregular responses over a 0 to 90%
RH range, when exposed to 0.5% methane. However, uniform
responses are achieved after MeOH treatment over the entire
RH range. It is noteworthy to mention that neither the MeOH
treatment nor the RH levels significantly affected the dissipation
values during methane exposure. In fact, exposure of a clean,
uncoated crystal to CH, at either humidity level also gave similar
changes in dissipation values. Usually, an adsorption event is
reflected as a decrease in resonant frequency, as well as a
corresponding increase in dissipation due to the formation of a
viscoelastic layer above the crystal that increases damping. A
decrease in dissipation values during methane exposure could
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suggest that the coating material increases in rigidity upon
adsorbing methane. Changes in resonance frequencies may be
converted to changes in mass adsorption using the Sauerbrey
model. The absence of any dissipation is consistent with a very
rigid polymer structure.

Under optimized spin-coating conditions, the high molecular
weight fraction of I-2,6-tBuAntN isolated during Soxhlet
extraction exhibited a positive change in Sauerbrey mass toward
0.5% CH, exposure under both dry and humid conditions
(Figure 13a). As such, the material has an affinity for CH,
adsorption that is largely independent of changes in humidity
levels.

R-2,6-tBuAntN demonstrated a similar response to 0.5%
CH, after spin coating. It demonstrated positive changes in
Sauerbrey mass during CH, exposure at both 0 and 90% RH.
However, response under humid conditions was less consistent
than I-2,6-tBuAntN (Figure 13b) as seen from the larger
standard deviation within the data. Figure S19 shows changes in
Sauerbrey mass in ng cm™ before conversion to %. Comparing
Figure S19b,d, the data before baseline correction at 90% RH for
R-2,6-tBuAntN showed a more dramatic change than that for I-
2,6-tBuAntN, which could also be consistent with the ROMP
structure being more affected by water. Each exposure appears
to consist of three time periods: (a) an initial increase in mass at
the start of exposure, (b) subsequent slower mass uptake for the
rest of the exposure, and (c) rapid decrease in mass when
exposure stops and equilibration to the baseline.
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We propose that under humid conditions, noncompetitive
adsorption of CH, occurs within the material during the initial
period (a), increasing the adsorbed mass. Eventually, com-
petitive adsorption between CH, and H,0O occurs during the
second period (b), where CH, displaces H,O on the adsorption
sites. As CH, has a density lower than that of H,O vapor, this
results in an apparent decrease in mass. During recovery time
period (c), CH, first escapes the polymer matrix, corresponding
to the rapid mass decrease. H,O vapor then equilibrates
throughout the material, leading to a rise in mass during baseline
recovery.

The lower M, materials, the hexane soluble Soxhlet extract of
I-2,6-tBuAntN and the CHCI; soluble I-2,7-tBuAntN, were
also evaluated for methane absorption by QCM. These materials
have comparable degrees of polymerization with THF GPC M,
values of 1.80 X 10* and S5.65 X 10 respectively. N, BET
adsorption isotherms of these two materials as MeOH films
show that the former has a reduced surface area compared with
the latter, consistent with the trend in molecular weights (Figure
S4).

These two materials behaved similarly when exposed to 0.5%
CH, (Figure $20). Under dry conditions (0% RH), we observed
an uptake in Sauerbrey mass, consistent with the adsorption of
methane. However, when we repeated the exposure under
humid conditions (90% RH), we observed an apparent decrease
in Sauerbrey mass. This may be due to the lower molecular
weight material having a sufficiently flexible structure such that
increased humidity triggers enough conformation change to
detach the polymer film from the quartz crystal substrate. As a
result, lower-molecular-weight materials are less useful for
methane adsorption.

B CONCLUSIONS

In summary, we have performed insertion polymerizations on
substituted norbornenes and identified two preferred Pd-based
polymerization catalysts. Through our optimization efforts, we
determined that Pd(DMA) was the ideal catalyst and 2,6-
tBuAntN gave the best balance between processability and high
molecular weight. An unusual bimodal distribution was formed
during polymerization, and our investigation into this
phenomenon suggests that it is unique to 2,6-tBuAntN and is
strongly influenced by solvent choice. Our best hypothesis to the
bimodal nature of the molecular weight distribution is a cross-
linking/branching process, made possible by a Diels—Alder
cycloreversion to unveil a reactive norbornene within the
polymer backbone.

For comparative studies, we synthesized R-2,6-tBuAntN and
R-2,6-AdaAntN using ROMP to confirm the importance of the
[2.2.1] bicyclic structures in promoting intrinsic free volume and
microporosity, which assist in well-behaved reversible CH,
adsorption over 0—90% RH. VT 'H and "*C NMR results
suggest that I-2,6-tBuAntN has an extremely rigid structure.

The polymers synthesized had morphology-dependent N,
BET surface areas. Powdered samples produced by precipitation
in MeOH displayed the highest BET values, followed by those
from MeOH-treated thin films. Solution cast untreated films
displayed the lowest surface areas. Preserving the [2.2.1] bicyclic
norbornyl unit was important for maintaining the highest
porosity levels, as both R-2,6-tBuAntN and R-2,6-AdaAntN did
not show appreciable surface areas as films and a much lower
surface area as powders when compared to I-2,6-tBuAntN.
WAXS analysis suggests that insertion polymers generally had
distances between and within chains larger than those of their
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corresponding ROMP counterparts, consistent with a higher
porosity. Lastly, both high molecular weight fraction of I-2,6-
tBuAntN and R-2,6-tBuAntN had appreciable affinity for
methane as demonstrated by QCM studies, but the former had
better consistency at high humidity levels. This suggests that I-
2,6-tBuAntN has the potential to function as a preconcentrator
in methane-sensing applications.
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