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A new benzothiazole linked nanoporous polymer, imine benzothia-
zole polymer (IBTP), was synthesized via a Schiff base condensation
reaction. IBTP showed high isosteric heat of adsorption (Qs) (37.8 kJ
mol ™! at 273 K) and reasonable CO, adsorption (7.8 wt% at 273 K/1 bar)
as well as good selectivities, CO»/N, (51) and CO,/CH,4 (6.3). The
Brunauer—Emmett—Teller (BET) surface area of IBTP was 328 m? g~*
and it also showed good thermal stability up to 450 °C under a N,
atmosphere, thus showing good potential for CO, capture.

To date, robust porous organic polymers (POPs) have been
limited to well-known imine, imide, benzimidazole and triazine
organic units." Other types of linkages in covalent organic
frameworks (COFs), polymers of intrinsic microporosity (PIMs)
and conjugated microporous polymers (CMPs) have also been
explored as extended crystalline and amorphous frameworks."?
Here, we describe the first example of linking benzobisthiazole
functional groups within a single framework that is a highly
conjugated polymer containing imine functional groups.
Carbon dioxide capture using nitrogen rich imine linked COFs,
metal organic frameworks® (MOFs), zeolitic imidazolate
frameworks* (ZIFs) and POPs have been explored for environ-
mental applications. These imine-linked COFs and POPs are
porous networks containing thermally stable polymeric C=N
bonds. The ability to capture CO, through R = N(67)-C(67)0,
interactions have been recently studied using neutron scat-
tering and X-ray diffraction techniques.® The realization of high
CO, capture within a porous organic polymer depends on a
number of factors such as chemical structure, porosity, thermal
stability and isosteric heat of adsorption. Many other types of
microporous and mesoporous amorphous sorbents have been
studied as potential sorbents for CO, capture, such as nitrogen
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rich porous benzimidazole based polymers' (BILPs), which
exhibited very good gas uptake and selectivity. Sulfur containing
porous polymers showed a moderate CO, capture capacity at
low pressures (1 bar), however they can adsorb exceptionally
high amounts of CO, at high pressure.” This article describes
the synthesis and characterization of a conjugated porous
organic polymer, IBTP, which contains both sulfur and nitrogen
electron rich functional groups that retains a high amount of
nitrogen content and binds CO,. To the best of our knowledge,
the use of an imine and benzothiazole functionalized porous
polymer for CO, capture, or for H, and CH, storage, has not
been reported thus far. The IBTP was prepared via a Schiff base
condensation reaction between 1,3,5-tris-(4-formylphenyl)-
benzene (1) and 2,6-diaminobenzo bisthiazole (2) in dime-
thylsulfoxide under reflux conditions for 72 hours (Scheme 1).

The IBTP porous polymer was isolated in 72% yield as a dark
brown powder. It was thoroughly washed with anhydrous
dioxane and N,N'-dimethylformamide and was totally insoluble
in dimethylsulfoxide, dichloromethane, acetone, and tetrahy-
drofuran. This new material exhibited a CO, capture capacity of
7.8 wt% and a CH, adsorption capacity of 0.9 wt% at 273 K, 1
bar and an adsorption capacity of 0.78 wt% for H, at 77 K/1 bar.
The chemical connectivity, components, crystallinity, porosity,
and thermal stability of the IBTP porous polymer was deter-
mined by several analytical methods such as Fourier transform
infrared spectroscopy (FT-IR) and solid-state **C CP-MAS NMR,
elemental analysis, powder X-ray diffraction (PXRD), surface
area measurements, and thermogravimetric analysis. The FT-IR
spectrum of IBTP showed highly attenuated N-H and C=0
stretching frequencies from the 1,3,5-tris-(4-formylphenyl)-
benzene and 2,6-diaminobenzo bisthiazole at 3400 cm™?,
3280 em™ ' and 1740 cm™'. The formation of imine bonds
between 1 and 2 (see ESIf) was confirmed by FT-IR which
exhibited a new characteristic C=N stretching frequency at
1690 cm ' (Fig. S1-S2, ESI{). Solid-state “*C CP-MAS NMR
measurements support the presence of benzothiazole and 1,3,5-
tris-(4-formylphenyl)-benzene monomers in the framework. The
IBTP polymer exhibited peaks at 169 and 156 ppm which

RSC Adv., 2014, 4, 9669-9672 | 9669


http://dx.doi.org/10.1039/c3ra47587e
http://pubs.rsc.org/en/journals/journal/RA
http://pubs.rsc.org/en/journals/journal/RA?issueid=RA004019

Published on 28 January 2014. Downloaded by The University of Texas at El Paso (UTEP) on 05/05/2015 21:55:05.

RSC Advances

- A
}—%

+
NYS
AT T2
oI 2
DMSO/
Reflux/

/\r,N 72hrs

Scheme 1 Synthesis of IBTP from 1,3,5-tris-(4-formylphenyl)-
benzene and 2,6-diaminobenzo bisthiazole.

correspond to the C=N (-C=N) carbons in the benzothiazole
and imine units (Fig. S3, ESI}), respectively. In addition, the NMR
spectrum also showed multiple peaks between 104 and 139 ppm
which can be assigned to other aromatic carbon atoms from both
building blocks. Powder X-ray diffraction (Cu Ko radiation) did
not exhibit any diffraction peaks, as commonly observed for
amorphous porous organic polymers (Fig. S4, ESIT).

N, gas adsorption-desorption measurements of degassed
IBTP confirmed its microporosity at 77 K (Fig. 1). The apparent
Brunauer-Emmett-Teller (BET) surface area was 328 m> g~ "
and a surface area of 1705 m”> ¢~ was obtained by applying the
Langmuir model. The steady N, uptake at low pressure (0-0.1
bar) and the gradual increase at higher pressures (0.1-1 bar)
resulting a type I isotherm (Fig. 1a), which is typical for
microporous frameworks that show permanent microporosity.
This surface area is lower than others reported for imine linked
polymers. Pore size distribution curves were analyzed by fitting
the uptake of the N, isotherm using the nonlocal density
functional theory (NLDFT) method, and were found to be
around 15 A (Fig. S5, ESIt) and the pore volume was calculated
to be 0.81 cm?® g~ . Hysteresis was observed with the desorption
low lying above the adsorption, which could be due to the
presence of micropores and diffusion of gas through micro-
pores to mesopores that are also present in the framework and
vice versa. To find the possible impact of the microporosity and
nitrogen rich pore walls of IBTP, we measured CO,, CH,, N, and
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Fig. 1 (a) Nitrogen at 77 K; (b) hydrogen at 77 K; (c) CO, at 273 K and
298 K; (d) CH4 at 273 K and 298 K adsorption (filled symbols) and
desorption (empty symbols) isotherm curves.

H, adsorption capacities and selectivity and calculated their
respective isosteric enthalpies (Qg). All CO,, CH, and N,
isotherms were measured at 273 and 298 K from 0-1 bar (Fig. 1c
and d). Both CO, and CH, isotherms are reversible and exhibit a
steep rise at P = 0-1 bar, the CO, capture capacity of IBTP was
7.8 wt% at 273 K and 5 wt% at 298 K, respectively. The Qg value
for CO, was estimated from data collected under these condi-
tions using the Van't Hoff equation. At zero coverage, the Qg is
37.4 k] mol ™" (Fig. S6, ESIT). The CO, uptake and Qg are higher
than the corresponding value for most COFs and for imine
POPs and comparable to ZIFs containing nitrogen functional-
ized pores. The relatively high binding capacity of IBTP for CO,
is likely due to favorable interactions between CO, molecules
and the nitrogen rich imine and benzothiazole units in the
framework. The reversible adsorption-desorption behavior
indicates that CO, interactions with pore walls are weak enough
to allow for IBTP regeneration without applying heat. Usually
materials that have strong basic sites display high CO, affinities
and require energy input in the form heat to regenerate their
active sites as in the case of commercial amine solutions. In
addition to CO, adsorption, we have evaluated the adsorption
properties of N,, H, and CH, on IBTP at low pressures and
different temperatures due to their potential use in automobile
applications. The H, uptake of IBTP shown in Fig. 1b, exhibited
a reversible profile and pronounced hysteresis that we believe is
due to the sulfur-hydrogen interactions. At 77 K, 1 bar, IBTP
exhibited an uptake of 0.78 wt% which is comparable to other
crystalline 2D COFs such as COF-10* (0.8 wt% at 77 K and 1 bar).
Similarly, we measured CH, and N, storage properties on the
IBTP polymer at both 273 K and 298 K, which revealed an
uptake of 0.9 and 0.5 wt% for CH, at 273 K and 298 K/1 bar and
almost zero for N, under similar conditions (Fig. 1d). Once
again, both isotherms are reversible and exhibit a steep rise at
low pressure for CH, and then reach maxima at 1 bar, 273 and
298 K, respectively. The Qg for CH, was calculated using
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Fig. 2 Solid-state UV absorption spectra of IBTP (red) and 2,6-dia-
minobenzo bisthiazole (blue) obtained from powders using a praying
mantis diffuse reflectance accessory.

adsorption data collected at 273 and 298 K. At zero coverage, the
Qs for CH, is 20.7 k] mol " which is higher than for most COFs
and POPs (Fig. S6, ESIT). A higher Q value for CO, compared to
that of CH, is likely due to the -N(67)-C(6")O, interactions.
Furthermore, the selectivity of IBTP towards CO, over N,/CH,
was investigated by collecting isotherms at 273 and 298 K
(Fig. S6, ESIT). At 273 K and 1 bar, the CO, uptake is 7.8 wt%
whereas that of CH, is only 0.9 wt%. On the basis of Langmuir
model fits and Henry's constant values in the pressure range of
0 to 1 bar, the estimated adsorption selectivity for CO,/N, is 51
and for CO,/CH, it is 6.3 at 273 K/298 K/1 bar. Similar calcula-
tion methods have been reported for COPs, obtaining selectiv-
ities higher (63-109 at 273 K) than the IBTP.*” We also
measured the absorption spectra of IBTP and diaminobenzo
bisthiazole monomer to find the absorption ability of benzo-
thiazole units in the UV-Vis region. The molecular organization
of these benzothiazole chromophores in the porous polymer
was evident from new absorption peaks at 595 and 640 nm, with
the spectrum of monomer 2,6-diaminobenzo bisthiazole, while
peaks at 230 and 290 nm (Fig. 2) were conserved. This proves the
presence of benzothiazole chromophores in the IBTP polymer
which is further evident from the color change of the polymer
sample to dark brown whereas the monomers are white and
yellow.

To measure the thermal stability, IBTP samples were sub-
jected to thermogravimetric analysis under a flow of N, (Fig. S7,
ESIT). The TGA trace is typical of the other reported POPs,
retaining 80% of the mass at 450 °C. Visualization of these
imine and benzothiazole based networks using scanning elec-
tron microscopy (SEM) showed randomly aggregated particles
of IBTP powder, which did not provide any further insight into
the porous nature of the framework (Fig. S8, ESIf).

Conclusions

In conclusion, we have synthesized a new nanoporous polymer,
IBTP, containing nitrogen rich functional groups, an imine and
benzothiazole groups, for the first time. The BET surface area of
the IBTP was 328 m”> ¢~ ' and a CO, capture capacity of 7.8 wt%
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with very good selectivities of 51 and 6.3 compared to N, and
CH, under similar conditions. This design strategy for extended
m-conjugated molecules and the high chemical and thermal
stabilities make it attractive for post synthetic modification for
enhanced selective gas uptake. These aspects are currently
under investigation.
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