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The synthesis of microporous polymers using
Troger's base formation
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A step-growth polymerisation based on the formation of Troger's base, performed by simple reaction of a
suitable aromatic diamine monomer with dimethoxymethane in trifluoroacetic acid, provides polymers of
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high average molecular mass. The properties of the resulting polymers can be tailored by the choice of

monomer. In particular, the Tréger's base polymerisation is highly suited to the preparation of soluble
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Introduction

Leo Baekeland's phenol-formaldehyde resin, patented in 1907
and later sold in huge quantities as Bakelite, initiated the age of
synthetic polymers." Bakelite's rapid commercial success
encouraged investigation of the similar acid mediated reaction
between aniline and formaldehyde (Fig. 1a) and resulted in a
polymer originally sold as Dilectene or Cibanit.** These
aniline-formaldehyde resins proved useful as insulating mate-
rials for electronic equipment and for making composite
building materials. In contrast, the analogous reaction between
4-methylaniline (p-toluidine) and formaldehyde, first studied by
Julius Troger in 1887,° yields a non-polymeric product that was
later identified as the bridged bicyclic diamine, 2,8-dimethyl-
6H,12H-5,11-methanodibenzo[bf][1,5]diazocine, now known as
Troger's base (TB; Fig. 1b).® TB and its derivatives are of
continuing interest as molecular building blocks for supramo-
lecular assemblies, enantiomeric separations and as scaffolds
for molecular replication.”** In addition, TB-containing poly-
mers have been prepared by linking together preformed TB
monomers using well-established polymerisation reactions.****
However, despite its long history, the TB-forming reaction has
only very recently been used to make polymers (e.g. PIM-EA-TB;
Fig. 1c)."**® This oversight is surprising given the continued use
of formaldehyde-based aromatic electrophilic substitution
reactions for the preparation of commodity polymers and the
ready availability of suitable aromatic diamine monomers.

As part of an on-going programme to develop polymers of
intrinsic microporosity (PIMs)'*?* for use in gas separation
membranes,'®'”*** as adsorbents,**** for heterogeneous
catalysis®® and as materials for sensors,*** we are interested in

“EaStCHEM and School of Chemistry, University of Edinburgh, West Mains Road,
Edinburgh EH9 3]J, Scotland, UK. E-mail: neil. nckeown@ed. ac.uk
*School of Chemistry, Cardiff University, Cardiff, CF10 2AT, UK

This journal is © The Royal Society of Chemistry 2014

polymers of intrinsic microporosity (PIMs) due to the resulting fused-ring TB linking group, which is both
highly rigid and prohibits conformational freedom.

NH,
©/ —I> aniline-formaldehyde resin
b) NH, N Me
O T
Me Me N

Troger's base
H2N— \%r : ;
Fig. 1 The synthesis of (a) aniline—formaldehyde resin; (b) Troger's

PIM-TB-EA
base and (c) PIM-EA-TB. In each case the reaction is mediated by a
strong acid with formaldehyde or formaldehyde proxy (e.g. dime-
thoxymethane) as reagent.

polymerisation reactions that can provide highly rigid and
contorted polymers. In addition, the TB unit is an attractive
component for PIMs as it can act as a strong base and therefore
has potential for catalysis, CO, adsorption, metal-binding etc.
Here we assess the potential of TB formation for making poly-
mers with particular emphasis on generating intrinsic
microporosity.**~*

Experimental
Materials and methods

Commercially available reagents were used without further
purification. "H NMR spectra were recorded in the solvent
stated using an Avance Bruker DPX 400 (400 MHz) or DPX 500
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(500 MHz) instruments, with ">*C NMR spectra recorded at 100
MHz or 125 MHz respectively. Matrix Assisted Laser Desorption
Ionisation (MALDI) mass spectroscopic analysis was performed
with a Waters MALDI Micro MX spectrometer. GPC analysis was
carried out on a Viscotek GPCmax VE2001 with RI (VE3580)
detector, using chloroform as eluent (columns: KF-805L SHO-
DEX) at ambient temperature and flow rate of 1 ml min*
calibrated with a series of polystyrene standards with molecular
mass up to 9.4 x 10° g mol ' with a narrow polydispersity. Low-
temperature (77 K) N, adsorption/desorption measurements of
PIM powders were made using a Coulter SA3100. Samples were
degassed for 800 min at 120 °C under high vacuum prior to
analysis. Thermogravimetric analysis (TGA) was performed
using a Thermal Analysis SDT Q600 at a heating rate of
10 °C min~" from room temperature to 1000 °C.

General procedure for TB polymerisation

The aromatic diamine (1 mol eq.) was dissolved in dimethoxy-
methane (5 mol eq.) and the solution cooled to 0 °C. Tri-
fluoroacetic acid (120 mol eq.) was added drop-wise over 0.5 h
and the mixture was stirred at room temperature until the
solution became viscous. The reaction mixture was then poured
into vigorously stirred aqueous ammonium hydroxide solution
and left for 2 h. The resulting solid was collected by filtration,
washed with water and then acetone. The solid was dissolved in
chloroform and methanol added to precipitate the polymer.
This process was repeated twice. Finally the polymer was dried
in a vacuum oven.

From Monomer 1, 2,6(7)-diamino-9,10-dimethyl-9,10-dihy-
dro-9,10-ethanoanthracene;* yield = 82%; '"H NMR (500 MHz,
CDCl;) 6 ppm = 7.28 (br, m, 4H), 4.57 (br, s, 2H), 4.05 (br, s, 4H),
1.81 (br, m, 6H), 1.65 (br, m, 4H); *C NMR (100 MHz, solid
state) 6 ppm 145.8, 142.3, 124.4, 117.3, 67.4, 59.2, 41.1, 36.6,
18.0; GPC M, = 40700, M,, = 156 000 g mol'; elemental
analysis: calculated C, 84.25; H, 6.40; N, 9.36 found C, 80.19; H,
6.43; N, 8.81%. BET surface area = 1028 m? gfl; total pore
volume = 0.75 cm® g~ at (p/p® = 0.98); TGA: 4% loss of mass
between 20 and 50 °C, mass loss due to thermal degradation
commences at ~260 °C with a 10% loss of mass below 400 °C.

From Monomer 2, 2,6(7)-diaminotriptycene;'” yield = 79%;
'H NMR (500 MHz, CDCl;) 6 ppm = 3.89 (br s, 2H), 4.41 (br s,
2H), 4.80 (br s, 2H), 5.07 (br s, 2H), 6.97 (br m, 8H); >*C NMR
(solid state, 100 MHz) 6 ppm = 53.7, 58.4, 67.0, 124.2, 145.0;
GPC = M,, = 21 500, M,, = 50 700; elemental analysis: calcu-
lated C, 86.22; H, 5.03; N, 8.74 found C, 76.63; H, 4.15; N, 7.69%.
BET surface area = 870 m” g, total pore volume = 0.51 cm®
g " at (p/p® = 0.98); TGA: 3% loss of mass between 20 and 50 °C,
mass loss due to thermal degradation commences at ~400 °C
with a 30% loss of mass below 1000 °C.

From Monomer 3, 5(6),5'(6')-diamino-3,3,3’,3'-tetramethyl-
1,1’-spirobisindane;'° yield = 73%; "H NMR (500 MHz, CDCl;) 6
ppm = 1.32 (br s, 12H), 2.24 (br s, 4H), 4.22 (br s, 4H); 4.66 (br s,
2H), 6.72 (br m, 4H); *C NMR (100 MHz, solid state) 6 ppm
148.4, 127.0, 120.1, 67.0, 57.7, 43.1, 31.0; GPC = M,, = 96 000,
M,, = 360 000; elemental analysis: calculated C, 84.42; H, 7.28;
N, 8.20 found C, 84.31; H, 7.46; N, 8.09%. BET surface area =
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745 m* g, total pore volume = 0.54 cm® g " at (p/p°® = 0.98);
TGA: 3% loss of mass between 20 and 50 °C, mass loss due to
thermal degradation commences at ~435 °C with a 33% loss of
mass below 1000 °C.

From Monomer 4, 9,9-spirobisfluorene-2,2'-diamine;*
yield = 90%; "H NMR (400 MHz, CDCl;) 6 ppm = d 7.60 (br m,
4H), 7.30 (br m, 2H), 6.96 (br m, 2H), 6.43 (br m, 4H), 4.62(br s,
2H), 4.25(br s, 2H), 3.82 (br s, 2H); "*C NMR (100 MHz, solid
state) 6 ppm 148.6, 141.7, 127.5, 119.1, 66.2, 59.9, 54.1; GPC =
M, = 15 000, M,, = 30 000; elemental analysis: calculated C,
88.16; H, 4.49; N, 7.34 found C, 80.62; H, 4.34; N, 6.79%. BET
surface area = 566 m”> g ', total pore volume = 0.37 cm® g~ ' at
(p/p° = 0.98); TGA: 3% loss of mass between 20 and 100 °C,
mass loss due to thermal degradation commences at ~270 °C.

From Monomer 5, 5(6)-amino-1,1,3-trimethyl-3-(4-amino-
phenyl)indan;*® yield = 63%; 'H NMR (500 MHz, CDCl;)
6 ppm = 6.60 (br, m, 5H), 4.44 (br, m, 2H), 4.10 (br, m, 4H), 2.10
(br, s, 1H), 1.86 (br, s, 1H), 1.34 (br, s, 3H), 1.05 (br, s, 3H), 0.81
(br, s, 3H); '*C NMR (100 MHz, solid state) 6 ppm 147.5, 126.8,
67.2, 60.0, 50.3, 42.6, 30.9; GPC = M,, = 36 000, M,, = 45 000;
elemental analysis: calculated C, 83.68; H, 7.02; N, 9.29 found C,
83.45; H, 6.91; N, 9.24%. BET surface area = 535 m”> g~ *, total
pore volume = 0.61 cm® g™ " at (p/p°® = 0.98); TGA: 4% loss of
mass between 20 and 50 °C, mass loss due to thermal degra-
dation commences at ~350 °C with a 45% loss of mass below
1000 °C.

From Monomer 6, 4,4’-diaminophenylmethane; yield =
95%; insoluble solid. *C NMR (100 MHz, solid state) 6 ppm
146.7, 137.6, 128.0, 66.5, 59.2, 41.0; elemental analysis: calcu-
lated C, 82.37; H, 5.62; N, 12.01 found C, 76.93; H, 6.40; N,
11.91% (note low values for carbon likely to be due to solvent or
water trapped in insoluble network).

From Monomer 7, 4,4’-diamino-3,3’-dimethylphenyl-
methane; yield = 54%; "H NMR (500 MHz, CDCl;) 6 ppm = 6.81
(br, s, 2H), 6.58 (br, s, 2H), 4.54 (br, m, 2H), 4.29 (br, s, 2H), 3.95
(br, m, 2H), 3.67 (br, s, 2H), 2.37 (br, s, 6H); **C NMR (100 MHz,
solid state) 6 ppm 144.7, 137.0, 132.6, 128.2, 68.2, 55.6, 40.6,
16.8; GPC = M,, = 49 500, M,, = 94 500; elemental analysis:
calculated C, 82.72; H, 6.56; N, 10.72 found C, 82.56; H, 6.45; N,
10.59%. BET surface area = 38 m”> g~ ', total pore volume =
0.14 cm® g~ at (p/p°® = 0.98); TGA: 1% loss of mass between 20
and 50 °C, mass loss due to thermal degradation commences at
~350 °C with a 45% loss of mass below 1000 °C.

From Monomer 8, 2-methyl-1,3-benzenediamine; yield =
91%; *H NMR (400 MHz, CDCl;) 6 ppm = 6.30 (br s, 1H), 4.11
(br m, 6H), 2.35 (br s, 3H); ">*C NMR (100 MHz, solid state) 6
ppm 146.0, 124.4, 67.6, 55.5, 44.6, 11.8; GPC = M,, = 3800, M,, =
8100; elemental analysis: calculated C, 76.42; H, 5.77; N, 17.82
found C, 65.72; H, 4.83; N, 14.64%. BET surface area =
504 m* g~ ', total pore volume = 0.37 cm?® g™ ! at (p/p° = 0.98);
TGA: 5% loss of mass below 150 °C, mass loss due to thermal
degradation commences at ~380 °C.

From Monomer 9, 2,5-dimethyl-1,4-phenylenediamine; yield
= 95%; "H NMR (400 MHz, CDCl;) § ppm = 4.31 (br m, 2H), 4.09
(br m, 2H), 3.79 (br m, 2H), 2.15 (br s, 3H), 1.79 (br s, 3H); *C
NMR (100 MHz, solid state) 6 ppm 142.8, 126.5, 66.3, 54.7, 11.7;
GPC = M,, = 6500, M,, = 10 500; elemental analysis: calculated

This journal is © The Royal Society of Chemistry 2014
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C, 77.16; H, 6.48; N, 16.36 found C, 69.21; H, 6.98; N, 13.03%.
BET surface area = 677 m” g, total pore volume = 0.49 cm®
g " at (p/p° = 0.98); TGA: 5% loss of mass below 150 °C, mass
loss due to thermal degradation commences at ~350 °C.

Results and discussions

Aromatic diamines are commonly employed as monomers for
polyamide, polyimide and polyurea preparation. Hence many
thousands of monomers with potential for TB polymerisation
are commercially available or can be prepared readily. Diamines
1-4, based on ethanoanthracene,'® triptycene,” 1,1-spi-
robisindane'® and 9,9-spirobifluorene,*> respectively, were

Table 1 Synthesis of polymers via TB-formation
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selected for investigation because they all contain fused ring or
spirocyclic structures and hence have the potential to generate
intrinsic microporosity.” Diamine monomer 5, based on 1,3,3-
trimethyl-1-phenylindane,** was chosen due to its use as a
monomer for making commercial polyimides (e.g. Matrimid)
that are exploited for many different applications including the
fabrication of gas separation membranes.** Monomers 6 and 7,
based on diphenylmethane, and the diaminobenzene mono-
mers 8-9 are commercially available.

A meticulous study by Didier et al."> showed that TB and its
simple derivatives can be prepared from suitable anilines in
excellent isolated yields (>95%) from the reaction with a
convenient source of formaldehyde such as paraformaldehyde

M, x 10 M, x 1073 SAggr Vo
Monomer Polymer Yield (g mol™) (g mol™) n (m>g™) (mlg™) Ref.
NH, N'
O"O IOQO J 82 41 156 133 1028 0.75 16
H,N N
1 n
OL 79 22 51 66 899 0.51 17
HoN 2 e
HoN O.O NH, 73 96 360 281 745 0.54 16
3
HoN O.O NH; 90 15 30 39 566 0.37 —
o
HoN 63 36 45 120 535 0.61 —
5
NH,
H2NNH2 95 n.a n.a n.a n.a n.a —
HoN O 7 O NH, 54 50 95 175 38 0.14 -
HoN NH,
s 91 3.8 8.1 24 504 0.37 —
HoN N N
9 r 95 6.5 10.5 32 677 0.49 -
NH, N+
L in
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or dimethoxymethane in trifluoroacetic acid (TFA), which acts
as both acid catalyst and solvent. Hence, these reaction condi-
tions were used as the initial basis for the step-growth poly-
merisations of aromatic diamine monomers 1-9 (Table 1).

In general, the TB polymerisations proved remarkably easy to
perform by simply mixing the monomer and dimethoxy-
methane in TFA at 0 °C and leaving under ambient conditions
until the solution becomes too viscous to stir using a conven-
tional magnetic stirring bar. Preliminary investigations showed
that dimethoxymethane produces polymers with higher average
molecular mass than paraformaldehyde and that an excess of
dimethoxymethane (i.e. molar ratio of aromatic diamine to
dimethoxymethane of approximately 1:5) also gave better
results. The lack of the requirement for an exact stoichiometric
balance between the two monomers is an unusual but helpful
feature of this step-growth polymerisation. Work-up involves
the precipitation of the resulting polymer from the reaction
mixture by pouring into water or aqueous ammonia solution
followed by collecting the solid polymer by simple filtration.
Purification (i.e. removal of oligomers) is achieved by repreci-
pitation of the polymer from chloroform solution into methanol
or hexane.

With the exception of monomer 6, polymers were obtained
from all monomers 1-9 that were wholly soluble in chloroform
allowing for confirmation of the expected structure by solution
'H NMR and an estimation of their average molecular mass by
Gel Permeation Chromatography (GPC), calibrated to poly-
styrene standards (Table 1). Polymers with promisingly high
average molecular masses were obtained. In addition, a *C
solid state NMR spectrum consistent with the ideal structure
was obtained for each polymer. For monomers 4 and 5, which
both possess additional sites adjacent to the amine groups
activated towards electrophilic substitution, a high concentra-
tion of monomer or a prolonged reaction time resulted in
insoluble gel formation presumably due to cross-linking via
further reaction involving the excess dimethoxymethane. Gel
formation is less problematic for monomers 1-3 probably
because of steric hindrance provided by the central hydro-
carbon framework blocking further electrophilic substitution.
Cross-linking is also likely to be responsible for the failure to
obtain a soluble polymer from monomer 6, whereas gel
formation is not observed for the similar monomer 7 for which
the methyl substituents block one of the activated sites adjacent
to the amine group. It should be noted that the cross-linked
polymer from monomer 6, itself prepared from an excess of
aniline and formaldehyde, is likely to be structurally similar to
aniline-formaldehyde resin (AFR). Conversely, the possibility of
the formation of TB components within AFR is overlooked.

Matrix Assisted Laser Desorption Ionisation Mass Spec-
trometry (MALDI-MS) analysis of the relatively low molar mass
material removed from the polymers during purification by
reprecipitation confirms the structure of the expected repeat
unit obtained from TB formation. For monomers 5 and 7, in
which the two aniline units possess conformational freedom
relative to one another, these MALDI spectra are dominated by
the full series of cyclic oligomers (e.g. Fig. 2). In contrast,
MALDI-MS indicated the formation of only a small proportion
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Fig. 2 MALDI-MS (Top) of oligomers from the TB polymerisation of
monomer 5 showing the full family of cyclics and (bottom) from
monomer 1 showing a significant peak only for the cyclic based on
three repeat units.

of possible cyclic products from monomers 1-4, within which
the relative conformation of the aniline units is locked due to a
fused ring structure, and from monomers 8-9, for which the
amines share a common benzene ring. For example, the
MALDI-MS spectrum of the small amount of material removed
during reprecipitation of PIM-EA-TB, prepared from monomer
1, showed a significant peaks only for the cyclic oligomer
composed of three (m/z = 901) repeat units (Fig. 2). This cyclic
oligomer is composed of six alternating TB and ethanoan-
thracene components, that both contain “bite” angles of
~120 °C, and is therefore unstrained. Unfortunately, this cyclic
oligomer could not be isolated from the other low molar mass
by-products of the polymerisations. The small yield of such by-
products from monomers with locked conformations of the
amine groups relative to one another (i.e. 1-4, 8 and 9) suggests
that cyclic oligomers form under strict kinetic control and that
TB formation is not reversible under the conditions used for the
polymerisation. This is consistent with previous conclusions on
the non-reversibility of TB formation in strong acids such as
TFA based on isomerisation studies of oligomers.*” For the
monomers with fixed conformations the polymer yields after
purification by reprecipitation are high (79-90%), whereas for

This journal is © The Royal Society of Chemistry 2014
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monomers 5 and 7, for which the aniline units have rotational
freedom with respects to each other, the yields are lower (54-
63%), presumably due to the greater proportion of small cyclic
oligomers which are subsequently lost during reprecipitation.

Properties

Thermal Gravimetric Analysis (TGA) indicates that the TB
polymers are stable up to temperatures of 350 °C with the
exception of the ethanoanthracene-based polymer from mono-
mer 1 which loses mass (~10%), corresponding to loss of
ethene via a retro Diels-Alder commencing above 250 °C.
Polymers from monomers 1, 2, 4, 8 and 9 provided exceptionally
high char yield (60-80%) and in each case the elemental
analysis is low in carbon possible to incomplete combustion.
The polymers do not degrade on prolonged contact with hot
water or warm dilute aqueous acids or bases (70 °C). As noted,
with the exception of the product from monomer 6, which
appears cross-linked, the TB polymers are all freely soluble in
chloroform but insoluble in most other organic solvents (e.g.
acetone, methanol, hexane, THF, toluene, DMF). Polymers
prepared with sufficient average molecular mass, such as those
from monomers 1-3, 5 and 7, form robust self-standing films by
simple casting from chloroform solution. Further optimisation
of reaction conditions involving monomers 4, 8 and 9 to provide
TB polymers with higher average molecular mass is required to
yield film-forming materials.

All TB polymers whose ideal structure consists entirely of
fused rings demonstrate significant intrinsic microporosity
with apparent BET surface areas within the range of 550-
1028 m* g ' as calculated from nitrogen adsorption isotherms
of powdered samples collected at 77 K. The apparent surface
area for the PIM-EA-TB prepared from the ethanoanthracene-
based monomer 1 (1028 m* g ') is of particular note as it
exceeds all other non-network PIMs reported to date. In addi-
tion, it appears that for the polymers derived from simple dia-
mino-benzene monomers 7-9 the V-shaped TB unit itself acts as
an efficient site of contortion for the generation of intrinsic
microporosity. As expected, the TB polymer from monomer 6,
which contains a flexible methylene unit about which there is
conformational freedom, does not demonstrate intrinsic
microporosity. However, the TB polymer from monomer 5 has a
respectable BET surface area of 535 m” g™, therefore, it appears
that rotation about the single C-C bonds within its 1,3,3-tri-
methyl-1-phenylindane component must be sufficiently
hindered to suppress efficient polymer packing via conforma-
tion rearrangement.

Conclusions

Despite its long history and wide-spread exploitation in
synthetic chemistry, only recently has TB formation been
employed directly as a polymerisation reaction. This reaction
can provide polymers of high average molecular mass by simple
mixing of suitable aromatic diamine monomers and dime-
thoxymethane in TFA solvent under ambient conditions. Film-
forming polymers can be prepared from a number of monomers

This journal is © The Royal Society of Chemistry 2014
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and the choice of monomer facilitates control over the proper-
ties of the resulting polymer. In particular, the TB polymerisa-
tion reaction is suitable for the preparation of polymers of
intrinsic microporosity (PIMs) due to the resulting fused-ring
TB linking group, which is both highly rigid and prohibits
conformation freedom. Recent studies have demonstrated that
microporous polymers prepared by this polymerisation reaction
have potential for membrane gas separations,'®'”*** CO,
adsorption,'®*® catalysis** and electrochemical membranes.**>*
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