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A method for the preparation of an entirely new type of nanoporous material, hypercrosslinked
polyaniline, with permanent porous structure and specific surface areas exceeding 630 m> g~ ! has
been developed. The hypercrosslinking reaction was carried out with commercial polyaniline and
diiodoalkanes or paraformaldehyde using both conventional and microwave assisted processes.
Polyaniline swollen in an organic solvent was hypercrosslinked to form a rigid, mesh-like
structure with permanent porosity and a high surface area. The resulting materials were
characterized using infrared spectroscopy and elemental analysis. Porous properties were
determined by means of scanning electron microscopy as well as nitrogen and hydrogen
adsorption. Short crosslinks such as those formed using paraformaldehyde and diiodomethane
led to materials with the highest surface areas. Surface area also increased with the concentration
of polyaniline in solution used during preparation. The hydrogen storage capacities of these
materials were also tested and a capacity of 2.2 wt% at 77 K and 3.0 MPa was found for the best
adsorbent. Hypercrosslinked polyanilines exhibit a remarkably high affinity for hydrogen, which
results in enthalpies of adsorption as high as 9.3 kJ mol ™' (exothermic), in sharp contrast with

hypercrosslinked polystyrenes and metal-organic frameworks for which significantly lower
enthalpies of adsorption, typically in the range of 4-7 kJ mol ™!, are measured.

Introduction

Nanoporous materials are high surface area solids containing
pores with sizes between 1 and 100 nm."? They have a wide
range of applications in areas such as adsorption and
separation processes, catalysis, sensors, biotechnology, and
microelectronics. The most common representatives of nano-
porous materials are carbon, glass, silicates (zeolites), alumi-
nosilicates, oxides, metals, and polymers. Two methods are
available for the preparation of the last family of nanoporous
materials: (i) direct copolymerization of mixtures containing
high percentages of crosslinking monomers and porogenic
solvents,*” and (i) hypercrosslinking.®!! Hypercrosslinking
involves the dissolution/swelling of a non-crosslinked or
slightly crosslinked polymer followed by ‘‘immobilization” of
the pores in their solvated state through a secondary cross-
linking process, thus forming pores that persist even after the
solvent is removed.

The process most often used for the preparation of
hypercrosslinked polymers is shown in Fig. 1. Typically, it
has involved polymers based on styrenic precursors. For
example, lightly crosslinked poly(divinylbenzene-co-vinyl-
benzyl chloride) beads are prepared using a typical suspension
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polymerization, then swollen in dichloroethane, acting as
solvent, and finally crosslinked using a FeCl; catalyzed
Friedel-Crafts alkylation process. Once the solvent has been
removed, the specific surface areas of these polymers can reach
well over 2000 m?> g~ '.'"13 In addition to polystyrene, this
methodology has also been used for the preparation of rigid
porous polysulfone and polyacrylate networks.’

We are now reporting the preparation of novel nanoporous
polyaniline. Porous polyaniline has been suggested for use
in sensors,'*1® electrodes,'”!® and supercapacitors,'®2° where
a porous structure might enhance conductivity and other
electronic properties of the polymer. The use of polyaniline as
a material for hydrogen storage has also been suggested,
although the promising levels of hydrogen adsorption on
non-porous polyaniline and polypyrrole that have been
claimed?! could not be reproduced.?
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Fig. 1 Schematic representation of the hypercrosslinking process.
First, distance is created between polymer chains via swelling or
dissolution in a solvent. Second, the polymer is crosslinked in its
swollen state. Finally, the solvent is removed while rigid crosslinks
keep the polymer chains separated, resulting in a material with
permanent porosity.
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Table 1 Specific surface areas reported for porous polyanilines with
various morphologies”

Morphology Surface area/m> g~ ! ¢ Reference
Microspheres 80 24
Microspheres 46 23
Nanofibers 55 53

This work (mesh) 632 —

“ Calculated from nitrogen adsorption using the BET equation.
b While materials with higher surface areas have been presented,’'>
these are invariably the result of adding a small amount of
polyaniline to a preformed porous material. Since the majority of
the resulting material is not polyaniline, we do not consider
materials of this type here.

Given the potential of polyaniline in a variety of applica-
tions, a significant amount of attention has been directed
toward the development of a porous polyaniline structure. The
synthetic methods described so far have included the grafting
of polyaniline on porous materials, and the use of interfacial
polymerization, which produces nanofibers or porous micro-
spheres. For example, porous polyanilines can be prepared
using a surfactant-free emulsion process> or via a bubble-
induced mechanism?* that leads to pores ranging in size from
10 to 300 nm. Another approach has involved the deposition
of polyaniline onto high surface area carbon.'® Table 1 shows
that the specific surface areas of porous polyanilines reported
thus far are modest, typically up to 80 m> g~ !. While these
surface areas far exceed that of a non-porous polymer, they do
not approach the values that have been achieved for
polystyrene-based porous polymers.!''>?° We now report
the preparation of nanoporous polyaniline using the hyper-
crosslinking approach. To achieve this, we identified reactions
that enable the post-crosslinking of a linear polyaniline base
and developed conditions leading to the formation of materials
with high surface areas.

Results and discussion
Preparation of hypercrosslinked polyaniline

The hypercrosslinking process includes swelling/dissolution of
the polymer in a solvent followed by addition of a bifunctional
reagent that crosslinks the solvated chains and preserves their
spatial distribution even after the solvent is removed, leaving
behind a network of intercommunicating pores. Depending on
its state (reduced: leucoemeraldine; 50% oxidized: emeraldine),
polyaniline contains a number of amine and/or imine func-
tionalities that can be alkylated.?® Typically, N-alkylation is
achieved using alkyl halides. Since we target crosslinking,
bifunctional alkylating agents must be used and to compensate
for the limited reactivity of polyaniline, the more reactive
o, m-diiodoalkanes were chosen over dichloro- and dibromo-
alkanes. The reaction path we used is shown in Scheme 1A.
The alkylation reactions generally proceeded rather slowly
when performed under standard reaction conditions.
Significantly faster reaction kinetics were obtained using a
microwave-assisted process that enables the use of higher
reaction temperatures and sealed vials to prevent evaporation
of volatile reagents and solvents. Although Scheme 1A only
shows the crosslinking of emeraldine base polyaniline, both
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Scheme 1 Simplified reaction schemes showing the preparation of

hypercrosslinked polyaniline using single step crosslinking with
diiodoalkanes (A), dimethylsulfoxide-assisted two-step crosslinking
with dilodomethane (B) and crosslinking with paraformaldehyde (C).

emeraldine and leucoemeraldine bases were used in these
experiments as shown in Tables 2 and 3. In addition,
diiodoalkanes of differing lengths were tested to investigate
the effect of crosslink length on surface area and porous
properties. Fig. 2 compares the specific surface areas of porous
polyanilines prepared under comparable conditions using three
different crosslinkers. SEM images of the porous polymer 4
in the protonated form shown in Fig. 3 reveal a mesh-like
nanostructure that is homogeneous in appearance and similar
in morphology to hypercrosslinked polystyrene.'? Although
some larger pores are clearly visible, the nanopores that
account for most of the surface area in the polymer are smaller
than the resolution of the microscope.

FTIR spectra of the hypercrosslinked polyanilines clearly
demonstrate the presence of an alkylated polyaniline base. For
example, the spectrum of polymer 4, which was crosslinked
with diiodomethane, exhibits a C-N stretching band at
~1295 cm ™ '. A small N=Q=N quinoid stretching band is
also visible at 1108 cm ™~ '.>* While the precursor for polymer 4
was leucoemeraldine polyaniline, it is possible that quinoid
regions reappeared because segments of non-crosslinked
polyaniline had the opportunity to oxidize in air during the
Soxhlet extraction step. Bands near 1500 and 1600 cm ™',
characteristic of the stretching of benzenoid and quinoid
rings, are slightly upshifted. This observation is in good
agreement with literature data concerning the N-alkylation of
polyaniline.?’
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Table 2 Porous properties of leucoemeraldine polyaniline hypercrosslinked with diiodoalkanes in DMF using the microwave-assisted process

Surface area/m> g~ !

Entry  Crosslinker Chpolyaniline/g mL™"  BET“ Langmuir” Vp,tof/cm3 g ! Vp_mmod/cm3 ¢ ' Hy (Wi%)  AH,ad/kJ mol ™!
1 Diiodomethane  0.019 120 186 0.43 0.05 0.46 5.0
2 Diiodomethane  0.028 222 360 0.89 0.10 0.18 8.8
3 Diiodomethane  0.034 332 322 0.78 0.16 0.24 7.9
4 Diiodomethane  0.038 439 326 0.78 0.20 0.51 7.8
5 Diiodomethane  0.058 493 327 0.78 0.23 0.73 7.4
6 Diiodomethane  0.076 632 396 0.94 0.29 0.96 7.5
7 Diiodoethane 0.039 47 128 0.32 0.02 0.11 5.7
8 Diiodopropane  0.039 20 30 0.08 0.01 0.06 —

“ Calculated from nitrogen adsorption isotherms using the BET equation. ” Calculated from hydrogen adsorption isotherms using the
Langmuir equation. ¢ Total pore volume calculated from nitrogen adsorption at a relative pressure of 0.99. ¢ Nanopore volume estimated from
nitrogen adsorption at a relative pressure of 0.25. ¢ Hydrogen storage capacity at 77 K and 0.12 MPa. / Peak enthalpy of adsorption of
hydrogen calculated using the van’t Hoff equation based on adsorption isotherms measured at 77 and 87 K.

Table 3 Porous properties of polyanilines hypercrosslinked using conventional processes

Surface area/m? g~

1

Entry  Polyaniline type Synthesis BET“ Langmuir” H¢ (wt%) Vp‘wt“l/cm3 g ! Vp,nam"/cm3 g !
9 Emeraldine Diiodomethane 426 323 0.77 0.32 0.20

10 Leucoemeraldine DMSO-assisted diiodomethane 36 44 0.11 0.11 0.02

11 Emeraldine Paraformaldehyde 0 0 0 0 0

“ Calculated from nitrogen adsorption isotherms using the BET equation. ” Calculated from hydrogen adsorption isotherms using the
Langmuir equation. ¢ Hydrogen storage capacity at 77 K and 0.12 MPa. ¢ Pore volume calculated from nitrogen adsorption at a relative
pressure of 0.99. ¢ Nanopore volume estimated from nitrogen adsorption at a relative pressure of 0.25.

It is conceivable that the reaction with diiodomethane also
affords some quaternized nitrogen functionalities. If such a
quaternization reaction occurred despite the severe steric
constraints that exist, these quaternized amines would be
accompanied by iodide counterions. However, elemental
analysis of polymers 1, 4, and 7 did not reveal the presence
of any detectable amounts of iodine suggesting that quaterni-
zation did not take place to any significant extent. This is
confirmed by FT-IR analysis of the polymer showing no split
peaks as would be expected if some quaternization had taken
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Fig. 2 Specific surface areas of nanoporous polyanilines hyper-
crosslinked with diiodomethane, diiodoethane and diiodopropane
using a polyaniline concentration of 0.04 g mL ™. Surface areas were
calculated from nitrogen adsorption isotherms using the BET equation
and hydrogen adsorption isotherms using the Langmuir equation.

place, and strong peaks at 3380-3390 cm ! characteristic of

polyaniline base for both polymers 4 and 12.%8

Since the solubility of polyaniline is limited even in solvents
such as NMP and DMF, we also carried out crosslinking
of the sodium salt of polyaniline, which is more soluble than
the base.”” Deprotonation of polyaniline was achieved using
the sodium salt of DMSO as shown in Scheme 1B. The
resulting polyaniline salt, which is highly soluble in DMSO,
was then crosslinked wusing diiodomethane; the result
obtained is shown in Table 3. Clearly, this two-step procedure
does not afford a material with the desired high surface area.
Crosslinking the sodium salt of polyaniline in DMSO only
affords products with specific surface areas of less than
50 m?> g '. While the polyaniline salt dissolves well in

DMSO, polyaniline base itself is less soluble in this solvent.
Given its lack of ionic character, the crosslinked product
likely begins to de-solvate early in the crosslinking process,
before enough crosslinks are formed to afford a rigid structure.
The crosslinking of polyaniline then continues in a less

Fig. 3 SEM micrographs of hypercrosslinked leucoemeraldine poly-
aniline 4 after protonation with HCI at magnifications of 1000 x (A)
and 15000 x (B).
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Table 4 Porous properties of polyaniline hypercrosslinked with paraformaldehyde using the microwave-assisted process

Surface area/m> g~ !

Entry Polyaniline type FA“ BET” Langmuir® Vp,md/cm3 g ! Vp’mm‘”/cm3 g ! Hy (wt? 0) AH,4 &k mol ™!
12 Emeraldine 24 480 351 0.55 0.21 0.82 9.3
13 Leucoemeraldine 3.7 141 184 0.41 0.06 0.44 7.0
14 Leucoemeraldine 2.4 175 267 0.65 0.08 0.60 6.7
15 Leucoemeraldine 4.8 141 186 0.54 0.07 0.44 7.2

@ Equivalents of paraformaldehyde relative to the amine content of polyaniline. * Calculated from nitrogen adsorption isotherms using the
BET equation. ¢ Calculated from hydrogen adsorption isotherms using the Langmuir equation. ¢ Pore volume calculated from nitrogen
adsorption at a relative pressure of 0.99. ¢ Nanopore volume estimated from nitrogen adsorption at a relative pressure of 0.25./ Hydrogen
storage capacity at 77 K and 0.12 MPa. ¢ Peak enthalpy of adsorption of hydrogen calculated using the van’t Hoff equation based on

adsorption isotherms measured at 77 and 87 K.

solvated state and leads to a product with significantly smaller
surface area and pore volume.

Paraformaldehyde is another reagent that can be used to
hypercrosslink polyaniline without risk of quaternization.”
Scheme 1C shows the reaction scheme used to crosslink poly-
aniline with paraformaldehyde. The conventional method we
tested first led to a solid insoluble product with no appreciable
surface area (Table 3). The volatility of gaseous formaldehyde
appears to be one of the reasons for the failure of this early
attempt. Further attempts using the microwave-assisted appro-
ach within sealed vials were much more successful affording
the solid, hypercrosslinked products with high surface areas
listed in Table 4. The features of the FTIR spectrum of
polymer 12, used as an example for hypercrosslinked polymers
produced by this approach, are only slightly different from
those observed in the spectrum of polymer 4. In particular,
polymer 12 has a broadened C-N stretching peak.

Porous properties

Nitrogen adsorption isotherms measured at 77 K were used to
characterize the porous structures of the hypercrosslinked
polymers. The type 4°° isotherms observed for polymers
prepared using the single step crosslinking with diiodomethane
and paraformaldehyde indicate the presence of both nano-
pores, which fill with nitrogen at low pressure, and macro-
pores, which fill with nitrogen as the pressure increases. The
limited adsorption of nitrogen onto polymers hypercrosslinked
using 1,2-diiodoethane and 1,3-diiodopropane as well as the
DMSO-assisted method suggests a lack of substantial pore
structure. In hypercrosslinking, the purpose of the crosslinks is
to prevent pores from collapsing during solvent removal. The
trend described above, and in particular the precipitous drop
in surface area caused by the change from diiodoethane to
diiodopropane, suggests that the rigidity of the crosslinks is
critical to the formation of a high surface area material.
Table 2 details the effect of polyaniline concentration in
the reaction mixture on the surface area of leucoemeraldine
polyaniline crosslinked with diiodomethane. The BET surface
area increases monotonically as the concentration of poly-
aniline increases. The Langmuir surface area increases as well,
though this increase is not monotonic. The generally accepted
mechanism of hypercrosslinking suggests that pore formation
is related to the interplay between the rate of crosslinking and
the rate of solvent rejection from the partially crosslinked
polymer. We speculate that higher reaction rates achieved at

higher concentrations increase the number of pores created in
a fully solvated state. This then leads to formation of more
pores that are accessible to nitrogen. Since part of this pore
formation occurs at the expense of pores that are accessible
only to hydrogen, these effects result in the differing slopes of
the BET and Langmuir surface area curves.

It should also be noted that the ratio of surface area, as
calculated using the BET equation, to nanopore volume is
nearly constant at around 2200 m> mL™' for all samples
of leucoemeraldine base crosslinked with diiodomethane.
Although this analysis and the nanopore volume calculation
itself consider only pores that are large enough to be detected
using nitrogen adsorption, this provides some insight into
these materials. Since the relationship between apparent
surface area and pore volume is a function of the nanopore
size distribution, this suggests that the nanopore size distribu-
tions for these materials are very similar.

Fig. 4 illustrates the effect of the method used for hyper-
crosslinking on the specific surface area of the resulting
nanoporous polymer. While the single step approaches afford
products with surface areas in hundreds of m”> g~ !, products
prepared using the two-step DMSO-assisted process have

Fig. 4 Specific surface areas of nanoporous polyanilines hyper-
crosslinked using diiodomethane, paraformaldehyde, and diiodo-
methane assisted with dimethylsulfoxide. Data calculated from
nitrogen adsorption using the BET equation and hydrogen adsorption
using the Langmuir equation.
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substantially smaller surface areas. The crosslinking of
polyaniline base with diiodomethane and paraformaldehyde
leads to polymers with the largest specific surface areas,
reaching values of 630 and 390 m? g~ ! as calculated from
nitrogen adsorption isotherms using the Brunauer—-Emmett—
Teller (BET) and Langmuir equations, respectively. This
difference in surface areas is typical for data obtained using
these two methods. While the BET method, which uses
adsorption of a gas such as nitrogen in a subcritical state, is
the most common method of determining the surface area of
porous materials, it is known to afford inflated values for
materials that contain nanopores.’! The Langmuir equation is
used in conjunction with hydrogen adsorption isotherms
measured in a supercritical state and provides an alternative
to BET. The surface areas of most of polymers prepared in
this work far exceed those shown in Table 1 for polyaniline
microspheres or microfibers, but remain well below the
2000 m? g~ ! obtained with hypercrosslinked polystyrene.'!:!?
This difference may be attributed to the dissimilar character
of the crosslinking reactions. A completely hypercrosslinked
polystyrene features two crosslinks per aromatic ring while
fully reacted, non-quaternized, hypercrosslinked polyaniline
has only one. In addition, the selection of the type of
thermodynamically compatible solvents that are required for
good hypercrosslinking is much richer for poly(chloromethyl-
styrene) than for polyaniline.

Hydrogen storage

Nanoporous polymers have recently emerged as promising
materials for hydrogen storage.'*!'*? Early reports have
claimed?! or predicted®* high levels of hydrogen adsorption
in polyaniline. The low-pressure testing of the hydrogen
storage capacity of our nanoporous polyanilines is
summarized in Tables 2-4. Some of the more promising
polymers were also tested for hydrogen adsorption at higher
pressures. As shown in Fig. 5, polymer 6 has an adsorption
capacity of 2.2 wt% at 77 K and 3.0 MPa.
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Fig. 5 Hydrogen adsorption isotherms determined for polyaniline
12 hypercrosslinked with paraformaldehyde (circles) and 6 hyper-
crosslinked with diiodomethane (squares).
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Fig. 6 Hydrogen adsorption isotherms measured using leucoemer-
aldine polyaniline 4 hypercrosslinked using diiodomethane before
(squares) and after (circles) protonation with HCI at pressures of 0 and
0.12 MPa.

Protonation of hypercrosslinked polyaniline severely
decreases its ability to physisorb hydrogen at 77 K. As shown
in Fig. 6, the hydrogen adsorption capacity of polymer 4 at
0.12 MPa is 0.8 wt% before protonation but drops to only
0.3 wt% after its treatment with HCl. Aromatic rings are an
important adsorption site for hydrogen in materials of this
type.>>° It has also been suggested that aromatic rings that
contain electron donating groups adsorb hydrogen more easily
than those bearing electron withdrawing functionalities.*®
While the aniline functionality is strongly electron donating,
the quaternary ammonium group formed upon protonation of
polyaniline is electron withdrawing and thus decreases the
ability of the polymers to adsorb hydrogen. No significant
room temperature hydrogen adsorption onto polymer 4 was
noted after protonation.

An ideal nanoporous material for hydrogen storage should
possess a high adsorption capacity to accommodate as much
hydrogen as possible and, simultaneously, its enthalpy of
adsorption should be sufficiently high to achieve the desired
adsorption at ambient temperature. Most of the currently
known porous materials including polymers, metal-organic
frameworks, and carbon have rather low enthalpies of
adsorption and show a rapid decrease in activity as the most
active sites become saturated.'>?>3%3738 Thjs is also why the
vast majority of hydrogen adsorption studies are run at 77 K.
Fig. 7 compares the apparent enthalpies of adsorption of
hydrogen in polyanilines 4 and 12 hypercrosslinked with
diiodomethane and formaldehyde, respectively, and a hyper-
crosslinked polystyrene we have studied previously.'”> The
enthalpy of adsorption measured for emeraldine base poly-
aniline hypercrosslinked with paraformaldehyde reaches a
value of 9.3 kJ mol™! (exothermic), significantly higher than
those found for either leucoemeraldine base polyaniline
hypercrosslinked with diiodomethane or hypercrosslinked
polystyrene. Interestingly, while for most porous hydrogen
storage materials the affinity for hydrogen rapidly decreases as
their surface is covered, the opposite trend is observed for
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Fig. 7 Enthalpy of exothermic adsorption of hydrogen onto poly-
aniline hypercrosslinked with diiodomethane (polymer 4) and para-
formaldehyde (polymer 12), compared with the enthalpy of adsorption
onto hypercrosslinked polystyrene.

polyaniline hypercrosslinked with paraformaldehyde. The
enthalpy of adsorption determined for this polymer grows
over the range of coverage we studied. One possible explana-
tion for this unexpected trend is the presence of net attractive
interactions between adsorbed species. Another possibility
involves changes in the morphology of the polymer due to
swelling during adsorption of gas. It is clear that the slope of
this curve must eventually change and that the enthalpy of
adsorption will decrease as the surface fills further. Since the
increase is observed only for polyaniline hypercrosslinked with
paraformaldehyde and not for its counterpart crosslinked with
diiodomethane, it is likely that some yet to be determined
material property is responsible for this behavior. In contrast,
leucoemeraldine base polyanilines hypercrosslinked with
formaldehyde under the same conditions have enthalpies of
adsorption in the range of 6.7-7.2 kJ mol~' (Table 4). Our
experiments do not show any significant effect of the con-
centration of paraformaldehyde used in the reaction mixture
on the enthalpy of adsorption of the resulting material.

While most metal-organic frameworks (MOF) and porous
carbons exhibit enthalpies of adsorption from 4-7 kJ mol!,*
Dinca et al. have designed MOFs with exposed magnesium*
and copper*! centers, which exhibit enthalpies of adsorption of
9.5 and 10.1 kJ mol ™', respectively. Unlike the materials
presented in this work, these systems rely on the presence of
coordinatively unsaturated metal centers to enable interactions
that lie on the edge between physisorption and chemical
reaction. While this is an interesting approach, it produces
materials that react irreversibly with ambient air and thus
require special handling procedures. In contrast, our sorbents
do not need any special care. Oxidation has been used to
increase the adsorption enthalpy of some nanostructured
carbons affording sorbents with enthalpies of adsorption of
7.5 kJ mol ™'

Polyanilines hypercrosslinked with diiodomethane also
exhibit adsorption enthalpies larger than those determined
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Fig. 8 Incremental surface areas for hypercrosslinked polyanilines 12
(circles) and 6 (squares) prepared using paraformaldehyde and
diiodomethane, respectively, as calculated using the Tarazona DFT
method.

for many other porous materials (Table 2). The highest
enthalpy of adsorption found was 8.8 kJ mol ! for polymer 2.
There is no clear relationship between enthalpy of adsorption
and the concentration of polyaniline in the precursor solution.

Two of the primary theoretical justifications for the high
enthalpies of adsorption exhibited by hypercrosslinked poly-
anilines are (i) enhanced H,—polymer interactions due to the
presence of an electron donating group on the aromatic ring
and (ii) the presence of small pores in the polymer. These pores
increase adsorption enthalpy by allowing hydrogen to interact
with multiple pore walls simultaneously.

Fig. 8 shows the apparent pore size distributions for two of
our hypercrosslinked polyanilines. It is worth noting that
current methods available for the determination of pore size
distribution in materials with small pores do not account for
either swelling of the polymer matrix or surface heterogeneity.
Since hypercrosslinked polymers swell in even the most
thermodynamically unfavorable solvents,'' they might swell
in nitrogen as well. Swelling of the polymer tends to increase
their pore size relative to the dry state. Unlike the hyper-
crosslinked polystyrenes we presented earlier,'” the swelling of
hypercrosslinked polyanilines is not restricted by the state of
the precursor. Thus, our pore size distribution plots serve only
as a general guide to the properties of the material.

Several studies describe polymers of intrinsic microporosity
(PIMs) with substantial presence of very small pores.**** For
example, Ghanem er al. determined that the distribution of
pores in their triptycene-based PIMs is centered around
0.7 nm.** McKeown et al. synthesized a series of nanoporous
PIMs with pores of approximately the same size.*® Also,
hypercrosslinked polystyrenes have been reported with pore
sizes that range from 1 to 1.8 nm.'>!* The pore size
distributions shown in Fig. 8 indicates that polymer 6 has
more pores with sizes in the 1 nm range than polymer 12.
However, these two polymers appear to have similar extents of
surface area in pores centered around 3 nm. While limitations
in techniques, in particular with regard to the effects of
swelling and surface heterogeneity, make direct comparisons
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of these results difficult, it is reasonable to suggest that both
the hypercrosslinked polyanilines and the PIMs have sub-
stantial surface areas in pores smaller than 1 nm.

Experimental

Materials and equipment

Polyaniline (MW 5000, batch 07106JE), diiodomethane, 1,2-
diiodoethane and 1,3-diiodopropane were purchased from
Aldrich (St. Louis, MO). Paraformaldehyde was purchased
from Fisher. Dimethylformamide was purified using a solvent
purification system®” before use. All other solvents were of the
best available quality and used without additional purification.

Hydrogen (99.999% purity) and nitrogen (99.9995% purity)
adsorption measurements at pressures of up to 0.12 MPa were
carried out on a Micromeritics ASAP 2020 (Norcross, GA)
surface area and porosity analyzer as described previously.'?
The porous polymers were degassed at 110-115 °C. High
pressure hydrogen adsorption measurements were carried out
with a PCT Pro 2000 (Hy-Energy, Newark, CA). Samples were
first degassed on the ASAP 2020 instrument, then moved to a
nitrogen filled glove box where they were transferred into the
PCT Pro 2000 sample holder. Measurements using pressures of
up to 3.0 MPa were carried out in a microdoser with the
sample holder placed in a Dewar containing liquid nitrogen or
liquid argon.

Microwave-assisted reactions were conducted in a Biotage
Initiator 2.0 (Biotage, Inc., Uppsala, Sweden). Since different
microwave reactors even of the same model can produce
different results, the water calibration curve for the reactor
used in this work is presented in the ESL.}

SEM images were taken using a FESEM Ultra 55 (Carl
Zeiss, Inc.). Polyaniline was protonated with HCI before
imaging.

Elemental analyses were conducted by
Technologies, Inc. (Whitehouse, NJ).

Infrared spectra were collected using an Excalibur 3100
FT-IR (Varian, Inc., Palo Alto, CA). Thoroughly dry samples
were mixed with KBr and formed into pellets within a nitrogen
filled glove box. The resulting KBr pellets were transported to
the IR spectrometer and characterized as quickly as possible.
FTIR spectra are available in the ESI.§

The Brunauer—Emmett-Teller (BET) equation was used to
calculate specific surface areas based on nitrogen adsorption
isotherms measured at 77 K and relative pressures approach-
ing 1.0. The Langmuir equation was used to calculate specific
surface areas based on hydrogen adsorption isotherms mea-
sured at 77 K and pressures of up to 0.12 MPa. Calculations
using density functional theory (DFT) were carried out using
the Tarazona DFT**® portion of the DFT Plus software
(Micromeritics) with the regularization set to 0.1000.

Quantitative

Preparation of leucoemeraldine polyaniline

Leucoemeraldine polyaniline was synthesized using a modified
method of Moon er al®® In a typical synthesis, 100 mL of
water was added to 10.4 g of emeraldine base polyaniline
and 21.4 g of sodium dithionite. Another 10.3 g portion of
dithionite was added after 6 h. The dispersion was allowed to

stir overnight, and the solid then decanted in 1.5 L of water
that had first been purged with nitrogen to lower its oxygen
content. After separation, the solid polymer was dried in vacuo
at room temperature and stored in a desiccator under vacuum.
The reduction to leucoemeraldine polyaniline was verified by
the disappearance of the peak at about 630 nm in the UV-vis
spectrum.50

Preparation of hypercrosslinked polyanilines

Conventional method of hypercrosslinking of emeraldine base
polyaniline with diiodomethane. In a typical synthesis, 1.10 g of
emeraldine base polyaniline and 7.38 g of potassium carbonate
were placed in a flask and 40 mL of DMF added followed by
addition of 6.2 g of diiodomethane. The mixture was then
reacted under dry nitrogen and reflux for 3 days with a
condenser cooled to below 0 °C.

Microwave-assisted hypercrosslinking of emeraldine base
polyaniline with diiodomethane. In a typical synthesis, 0.17 g
of emeraldine base polyaniline and 1.10 g of potassium
carbonate were placed in a dry microwave vial and 5 mL of
DMF added. The vial was flushed with dry nitrogen and the
polyaniline allowed to dissolve. Then 1.03 g of diiodomethane
was added, the vial sealed and placed in a microwave reactor.
The reaction was carried out at 200 °C for 8 minutes.

Microwave-assisted hypercrosslinking of leucoemeraldine
base polyaniline with diiodoalkanes. Leucoemeraldine base
polyaniline and 3.8 equivalents of potassium carbonate were
placed in a dry microwave vial under dry nitrogen flow and
DMF added to achieve the concentration of polyaniline shown
in Table 2. A typical synthesis used 3-5 mL of solvent. The
polymer was allowed to dissolve for a few minutes. Using a
syringe, 4 equivalents (relative to amino groups in polyaniline)
of the appropriate diiodoalkane were added and the vial
sealed. The vial was then placed in the microwave reactor,
stirred for 4 minutes at room temperature and allowed to react
first at 110 °C for 4 minutes and then at 170 °C for another
10 minutes.

Dimethylsulfoxide-assisted hypercrosslinking of leucoemeral-
dine base polyaniline with diiodomethane. In a typical synthesis,
0.98 g of sodium hydride was placed in a dry flask under dry
nitrogen and 10 mL of dry DMSO was added. The mixture
was allowed to react for 24 h before an additional 60 mL of
DMSO was added. Then, 1.47 g of leucoemeraldine poly-
aniline was admixed and allowed to stir at 60 °C for 36 h.
Finally, 2.0 mL of diiodomethane was added to the mixture
and the reaction allowed to continue for 2 days. The polymer
was then separated and rinsed with alternating aliquots of
DMF and water.

Conventional method of hypercrosslinking of emeraldine base
polyaniline with paraformaldehyde. Paraformaldehyde was
used to hypercrosslink polyaniline using a modified procedure
described by Giumanini er al® Specifically, 1.64 g of
emeraldine base polyaniline was added to a flask containing
50 mL of dry DMF held under dry nitrogen followed by

This journal is © The Royal Society of Chemistry 2007
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addition of 0.31 g of paraformaldehyde and the flask heated
under a reflux condenser to 120 °C overnight. Then 0.30 g
paraformaldehyde was added to the mixture After 4 h another
0.28 g paraformaldehyde was added and the reaction was then
allowed to continue overnight.

Microwave-assisted hypercrosslinking of polyaniline with
paraformaldehyde. In a typical synthesis, 0.35 g polyaniline
was placed in a dry microwave vial under dry nitrogen and
5 mL of anhydrous N-methyl pyrrolidinone (NMP) added.
The polyaniline was allowed to dissolve for a few minutes, then
paraformaldehyde was quickly added and the vial sealed.
The exact quantities of paraformaldehyde used are shown
in Table 4. Alternatively, polyaniline and paraformaldehyde
were mixed together and placed in a microwave vial before
addition of NMP. The vial was placed in a microwave reactor
and the reaction carried out at 120 °C for 2 h, followed by
250 °C for 4 h.

Recovery and purification of hypercrosslinked polyanilines.
Following each hypercrosslinking reaction, the polymer was
recovered and extracted with DMF in a Soxhlet apparatus
until the solvent around the thimble was visually clear for at
least one day. The polymers were recovered by filtration and
then placed in a saturated solution of NaOH in methanol for a
few minutes. Finally, the solid was rinsed with water until the
effluent had a neutral pH. To speed drying, the polymers were
then rinsed with diethyl ether before being dried in vacuo at
room temperature. To minimize physisorption of water and
carbon dioxide, all hypercrosslinked polyanilines were handled
quickly when in air and stored either in a glove box under N,
or in a desiccator under vacuum.

Protonation of polyaniline. Hypercrosslinked leucoemeral-
dine polyaniline 4 (Table 2) was rinsed with a solution of
1 mol L™ ! HCI in water, then rinsed with water until the
effluent had a pH of 7. The polymer was then dried in vacuo via
the degas procedure described earlier. Protonation of hyper-
crosslinked polyaniline 4 was verified by elemental analysis.
No chlorine was detected in polyaniline prior to protonation
while after exposure to HCl a Cl : N ratio of 4 : 10 was found.

Conclusions

Nanoporous polyanilines can be prepared using hyper-
crosslinking of commercially available polyaniline with
diiodoalkanes or formaldehyde. Some of these polymers
exhibit specific surface areas exceeding 630 m> g~ ! that are
unprecedented for this class of polymers. As shown in Table 1,
this value is significantly larger than the 40-80 m? g~!
previously reported for porous polyanilines. Materials with
the highest surface areas were obtained using either diiodo-
methane or formaldehyde, reagents that lead to formation of
rigid crosslinks. The porous properties are a function of the
concentration of polyaniline in the reaction mixture.

Our preliminary experiments indicate that these materials
have a certain potential for hydrogen storage. Although their
overall hydrogen storage capacity at 77 K is currently lower
than that of our hypercrosslinked polystyrene,'>** they offer

the highest enthalpy of adsorption of any air-stable sorbent-
type hydrogen storage material. Further optimization of
reaction conditions is expected to lead to materials with much
higher surface areas and therefore enhanced hydrogen storage
capacities. In addition, porous polyanilines have potential
applications in the area of electronic materials, especially those
areas that would benefit from the nanoscale mixing of a
soluble polymer in the network of an insoluble one.
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