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Abstract   Intermolecular  synergistic  adsorption  of  indole  and  carbonyl  groups  induced  by  intermolecular  hydrogen  bonding  makes

microporous organic polymer (PTICBL) exhibit high CO2 uptake capacity (5.3 mmol·g−1 at 273 K) and selectivities (CO2/CH4 = 53, CO2/N2 = 107 at

273 K).  In addition, we find that indole units in the PTICBL networks inhibit the attachment of bacteria (E.  coil and S.  aureus)  on the surface of

PTICBL and extend its service life in CO2 capture.
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INTRODUCTION

Carbon dioxide emission is mainly from the burning of oil, coal,
and energy gas  (such as  oil  gas  and natural  gas)  which consti-
tute  the  primary  source  of  energy  for  economic  development,
industrial  production,  and  even  our  daily  life.[1−5] Before  the
realization  of  alternative  cleaner  energy  or  energy  technolo-
gy,[6,7] CO2 emissions  in  the  atmosphere  will  continue  to  in-
crease.[8,9] It  is  thus so significant and obligated for  us to study
novel  adsorbents  to  reduce  their  environmental  impact.  In  re-
cent  years,  indole  is  considered  as  a  functionality  of  CO2 up-
take via local dipole-π interaction.[10,11] Later, we have confirmed
that  high  and  selective  CO2 capture  can  be  carried  out via
intramolecular  synergistic  effects  of  bifunctional  indole  and
their  adjacent  functional  groups  (such  as  amide  or  carbonyl
groups).[11,12] Generally,  a  huge  bifunctional  unit  should  be
synthesized and introduced into the microporous organic poly-
mers (MOPs) to achieve the intramolecular synergistic effects on
CO2, which will increase the cost of MOPs. In order to reduce the
cost and maintain high and selective CO2 capture of  the resul-
ting  MOPs,  in  this  work,  we  synthesized  a  facial  indole-based

MOP with carbonyl (C＝O) and imino (NH) groups in the poly-
mer network.  Hydrogen bonding between the  polymer  chains
can  shorten  the  distance  between  C＝O  and  NH  of  indole,
leading  to  intermolecular  adsorption.  It  was  expected  that  the
indole  and carbonyl  bifunctional  groups between the polymer
chains  would  exert  effective  intermolecular  synergistic  effects
that is essential requirements for CO2 capture.[14−16]

As we know, the surface of materials is susceptible to bac-
terial  attachment  and  further  formation  of  a  biofilm  due  to
the mutual attachment among bacteria cells after a long-term
recycle  in  practice,[17−19] which  will  block  the  porous,  reduce
specific  surface  area,  and  decrease  the  CO2 uptake  capacity.
Indole and its derivatives as natural antifouling materials can
effectively inhibit bacterial growth and reproduction due to a
strong inhibition for DNA replication and protein synthesis of
bacteria.[20−23] Bearing this  in mind,  we expected that the in-
dole-based  microporous  organic  polymer  obtained  in  this
work would exhibit encouraging antifouling property and ex-
tend its service life working in CO2 capture.

To demonstrate the concept, a simple functional monomer,
1,3,5-tris(3-indolcarbonyl)benzene  (TICB),  was  successfully
synthesized  by  a  traditional  Friedel-Crafts  acylation  reaction
using  indole  and  1,3,5-benzenetricarbonyl  trichloride  as  the
monomers.[24] The  resulting  TICB  was  polymerized  with  di-
methoxy  methane  (DMM) via Friedel-Crafts  reaction  cata-
lyzed  by  FeCl3 (Fig. 1a),[25,26] and  then  indole-based  MOP
(PTICBL)  can  be  easily  obtained  (see  the  electronic  supple-
mentary information, ESI, for details). As-prepared PTICBL was
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characterized  by 13C  CP/MAS  NMR,  FTIR,  and  elemental  ana-
lysis, and the results agreed with the proposed structures (Fig.
2).  In  this  work,  gas  adsorption  capacities,  selectivities,  the
isosteric  heat,  and  antifouling  properties  were  investigated.
As  we  expected,  the  indole-based  MOP  (PTICBL)  exhibited
high  CO2 uptake  capacity  with  high  selectivity  owing  to  the
intermolecular  synergistic  adsorption  of  indole  and  carbonyl
unit  toward  CO2 (Fig. 1d).  Additionally,  the  indole-based
PTICBL  network  showed  encouraging  antifouling  behaviour,
such  as Staphylococcus  aureus (S.  aureus)  and Escherichia  coli
(E. coli), which lay the foundation for extending its service life
in CO2 capture.

EXPERIMENTAL

Materials, measurements, and synthetic routes of the monomer
and MOPs, physical properties of the resulting MOPs, and anti-
fouling capability testing are described in ESI.

RESULTS AND DISCUSSION

In  order  to  confirm  the  successful  formation  of  microporous
polymer, PTICBL was characterized at molecular levels by using
FTIR  spectrometry  and 13C  CP/MAS  NMR  spectrometry.  FTIR
spectrum of  the microporous organic polymer is  shown in Fig.
2(a), where the absorption bands at about 2962 and 3415 cm−1

correspond to the structure of methylene and NH in the indole
groups, respectively. The structural information of the prepared
PTICBL  was  also  obtained  by 13C  CP/MAS  NMR  spectroscopy
(Fig. 2b).  There  are  three  broad  signals  at  186,  150−75,  and  38
ppm.  The  signal  at  about  186  ppm  is  ascribed  to  the  carbonyl
group  carbons  (Fig. 2b and  Scheme  S1  in  ESI),  and  the  broad
signals  at  150−75  ppm  are  ascribed  to  the  indole  group  and
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Fig. 1    (a) The structure of monomer (TICB) and the synthetic route to PTICBL; Micro-structures of the PTICBL network: (b) TEM and (c) SEM
images; (d) The intermolecular synergistic adsorption mechanism of indole and carbonyl units on CO2 uptake in antifouling PTICBL network.
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Fig.  2    (a)  FTIR  spectra  of  indole-based  microporous  organic
polymer  (PTICBL)  and  1,3,5-tris-(3-indolcarbonyl)benzene  (TICB);  (b)
13C  CP/MAS  NMR  spectrum  of  indole-based  microporous  organic
polymer (PTICBL).
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benzene  carbons  (Fig. 2b).  The  signal  at  about  38  ppm  corres-
ponds  to  methylene  carbons  between  indole  groups,  which  is
perfectly  consistent  with  a  previous  study  about  carbazole-
based porous organic polymer.[15]

Microstructure  is  an  important  factor  for  MOPs  materials,
which determines their application in CO2 uptake. SEM image
displays  that  PTICBL  contained  aggregated  particles  around
3 μm in diameter (Fig. 1c), and TEM image (Fig. 1b) shows the
microporous  structure  of  PTICBL,  which  plays  an  important

role in CO2 adsorption and separation. Microporous structure
means  high  specific  surface  area  and  facilitates  carbon  diox-
ide  loading.  The  pore  size  distribution  and  specific  surface
area  of  PTICBL  were  determined  by  nitrogen  (77  K)  adsorp-
tion-desorption method and the results are shown in Fig. 3(a).
At  a  low  pressure  (0−0.01  MPa),  the  nitrogen  adsorption-de-
sorption  isotherm  rose  rapidly  at  77  K,  which  reflected  the
properties  of  microporous  structure,  consistent  with  the  res-
ults  of  the  TEM  image.  The  pore  size  distribution  (PSD)  of
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Fig.  3    (a)  N2 adsorption-desorption  isotherm  curves  and  the  pore  size  distribution  (inset)  of  PTICBL  at  77  K;  (b)  Adsorption  and
desorption isotherm curves of PTICBL for different gases at 273 K; (c) Heat of adsorption of PINAA,[13] PKIN,[12] and PTICBL; (d) Isothermal
adsorption curve for CO2 adsorption at 273 K of PINAA, PKIN, and PTICBL; (e) CO2/N2 and CO2/CH4 adsorption selectivity of PINAA, PKIN,
and PTICBL; (f) IAST selectivity (CO2:N2 = 15:85, CO2:CH4 = 5:95) at 298 K; (g) Cycles of CO2 adsorption for PTICBL at 273 K.
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PTICBL  was  approximated  by  local  density  functional  theory
(NLDFT)  using  a  cylindrical  oxide  pore  surface  model.[27] The
calculation  yielded  a  sharp  peak  at  1.379  nm.  At  relatively
high pressure (0.09 MPa),  the increasing nitrogen adsorption
owing to inter-particulate voids was related to the meso- and
macrostructure  of  the  sample.  Data  calculation  showed  that
the specific surface area of PTICBL by Brunauer-Emmett-Teller
(BET) method was up to 1237 m2·g−1. In addition, PTICBL net-
work  showed  good  thermal  property  in  a  nitrogen  atmo-
sphere (Fig. S5 in ESI).[12,26,28]

The  CO2 adsorption  capacity  and  selectivities  (CO2/N2 and
CO2/CH4)  of PTICBL at 273 K were characterized, as shown in
Fig. 3(b);  the  CO2 adsorption  capacity  rose  with  the  increas-
ing pressure, whereas the increase of N2 or CH4 adsorption ca-
pacity was negligible. The CO2 adsorption capacity of PTICBL
at 273 K was as high as 5.3 mmol·g−1, while that of CH4 and N2

were  only  0.21  and  0.06  mmol·g−1,  respectively  (Fig. 3b).  Ac-
cording  to  initial  slope  fitting  at  273  K  for  PTICBL  (Fig.  S7  in
ESI),  the  adsorption  selectivities  (CO2/N2 and  CO2/CH4)  were
approximately  107  and  53  (Figs. 3d and 3e).  Gas  uptake  iso-
therms  at  291,  298,  and  308  K  are  shown  in  Fig.  S6  (in  ESI).
Equilibrium  CO2 adsorption  capacity  is  found  to  decrease
with an increase in temperature (Fig. S8 in ESI) due to the exo-
thermic  nature  of  the  adsorption  process,  as  expected  for
physical  adsorbents.  Compared  with  our  previous  indole-
based MOPs, PINAA[13] and PKIN,[12] the PTICBL network show-
ed  comparable  CO2 uptake  capacity  and  higher  selectivity
(Figs. 3d and 3e) due to the following two reasons: (1) PTICBL
network exhibited multiple mechanisms working for CO2 ad-
sorption such as  local  dipole-π interactions,  hydrogen bond-
ing,  and  dipole-quadrupole  between  sorbated  gas  molecule
and  the  adsorbent;  (2)  because  of  the  intermolecular  hydro-
gen bonding, intermolecular synergistic adsorption was form-
ed  between  indole  and  carbonyl  units  from  two  different
polymer chains, which is beneficial to the increase of CO2 se-
lectivity.[11] In  addition,  we  found  the  CO2 adsorption  capa-
city and selectivity of PTICBL polymer were higher than those
of a large number of CO2 capture porous materials (Table S6
in ESI).

In  real  industrial  applications,  the  flue  gas  from  a  power
plant is a mixture of CO2, water vapor, and others. It is known
that  water  vapor  tends  to  prevent  CO2 adsorption.[29] Here,
we quantified the CO2 capture performance under a wet con-
dition (Fig.  S9 in  ESI).  The CO2 adsorption capacity  of  PTICBL
decreased from 5.3 mmol·g−1 to 3.7 mmol·g−1 (0.1 MPa, 273 K)
in the presence of water vapor [relative humidity (RH) = 3%].
The  presence  of  water  vapor  did  not  influence  CH4 and  N2

capture  in  PTICBL.  These  results  indicate  that  water  may  oc-
cupy some strong adsorption sites,  while  the capture of  CH4

and N2 is nonspecific. Overall, although the selectivity (CO2/N2

= 65;  CO2/CH4 = 43) was decreased under humid conditions,
PTICBL, to the best of our knowledge, still has the highest CO2

selectivity  over  other  CO2 capture  materials  in  similar  condi-
tions.[30]

Isothermal  adsorption  models, e.g. Langmuir,  Freundlich,
and Temkin, are widely used to analyse adsorption phenom-
ena.  The results  of  nonlinear  fitting of  isothermal  adsorption
curves are shown in Figs.  S10−S12 and Tables S1−S3 (in ESI).
The Langmuir  isotherm and the Freundlich isotherm both fit

quite well with experimental data (correlation coefficient R2 >
0.95).  Therefore,  a  better  criterion  to  evaluate  experimental
isotherm data is a parameter called normalized percent devi-
ation (P), and the details can be found in ESI. The P-values cal-
culated from the Langmuir model were lower than that from
the  Freundlich  model  and  below  the  value  of  5,  which  can
give conclusion that the CO2 adsorption behaviour of PTICBL
could be better described by the Langmuir isotherm. The se-
lectivity  level  at  298  K  was  calculated  by  the  theory of  ideal
adsorption  solution  (IAST).  The  theory  predicts  the adsorp-
tion  selectivity  of  mixed  gases  according  to  the  pure-com-
ponent gas isotherms. The results are displayed in Fig. 3(f).

Furthermore, the adsorption behaviour of PTICBL was con-
veniently predicted by the adsorption kinetic models, and the
results  can be seen in Fig.  S13 and Table S4 (in ESI).  Pseudo-
first model (correlation coefficient R2 = 0.99) better described
the adsorption behaviour of PTICBL than pseudo-second mo-
del did, indicating the reversible interaction between adsorb-
ent and adsorbate which was suitable to predict the CO2 ad-
sorption behaviour on physical adsorbent.[31] Furthermore, re-
versible adsorption/desorption behaviour could be well achi-
eved by vacuuming the system even though small hysteresis
existed in the desorption branch (Fig. 3b); this is beneficial to
the recycling of PTICBL. The reversibility of CO2 adsorption on
PTICBL  at  273  K  was  further  characterized  over  10  cycles.  As
shown in Fig. 3(g), the CO2 adsorption capacities were nearly
identical  for 10 cycles,  which suggests that PTICBL possesses
a great recyclability.

The isosteric heat of adsorption (Qst) of the binding affinity
of  CO2 to the resulting material  was calculated by the meth-
od  of  virial  analysis.[32] As  shown  in Fig. 3(c) and  Fig.  S14  (in
ESI), PTICBL had a Qst value of 34.5 kJ·mol−1 at low adsorption
values.  The  high Qst value  indicates  that  the  combination  of
indole  and  carbonyl  unit  can  be  considered  as  an  effective
synergetic unit for fast CO2 capture.

To illustrate the capture mechanism, we used DFT[33] to in-
vestigate  the  mechanism  of  intermolecular  synergistic  ad-
sorption  induced  by  intermolecular  hydrogen  bonding  dur-
ing CO2 uptake. The calculation is detailed in ESI. Fig. 4 shows
a  series  of  snapshots  of  carbon  dioxide  captured  by  model
compounds,  in which indole and carbonyl units worked syn-
ergistically to capture several carbon dioxide molecules. Fig. 4
shows  a  minimized  geometry  of  the  model  compounds.  As
presented in Fig. 4(a),  the  hydrogen bonding between C＝O
and  NH  groups  established  and  formed  intermolecular  ad-
sorption  unit.[33−36] The  CO2 uptake  process  can  be  descrip-
ted  as  follows.  (1)  The  first  CO2 molecule  could  be  captured
on the indole ring due to its relatively large binding area (Fig.
4b), and the calculated binding energy of CO2 with indole was
18.2 kJ·mol−1 (Fig. S15 in ESI). For the CO2-indole complex, the
minimum energy structure was obtained when CO2 lay on the
indole  ring at  a  distance of  3.16 Å to form the local  dipole-π
conformation (Fig. 4b).[13] (2) With the help of an adjacent in-
dole, conformation of the CO2-carbonyl-imine group complex
was  formed  while  maintaining  the  high  selectivities  of  CO2

over other gas molecules (Figs. 4c and 4d),[11,13] and the calcu-
lated binding energy of CO2 on carbonyl-imine unit was 19.5
kJ·mol−1 (Fig.  S15 in ESI).  (3)  The second CO2 molecule could
be adsorbed on the indole group via the local dipole-π inter-
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actions  (Figs. 4e and 4f).  According  to  the  calculation  result,
we can find that the synergistic effect of multiple interactions
of indole and carbonyl units with CO2 was successfully gener-
ated  which  also  has  the  same  phenomenon  in  the  polymer
(Fig.  S17  in  ESI),  and  this  is  why  PTICBL  showed  a  higher  se-
lectivity  compared  with  our  published  works.[12,13,37] Refer-
ring  to  the  −ΔEe value  of  model  compound-CO2 (18.2  and

19.5  kJ·mol−1),  lower  −ΔEe of  model  compound-CH4 and  N2

implies  strong  interaction  between  CO2 and  adsorbate  (Fig.
S20 in ESI).

According to the previous work,[12] there is no intermolecu-
lar hydrogen bonding on carbonyl group of PKIN with full CO2

(Table S5 in ESI). Hence, compared with PKIN, the red shift of
the band of carbonyl group in PTICBL after absorbing CO2 in-
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Fig.  4    DFT  results  for  tracking  the  entire  carbon  dioxide  capture  process.  (a,  b)  The  face  of  an  indole  with  electron-rich π
heteroaromatic ring can adsorb a CO2 molecule by the local dipole-π interaction. (c, d) An adjacent carbonyl and NH group can
capture  a  desorbed  CO2 molecule.  (e,  f)  Another  CO2 molecule  is  closing  to  the  face  of  indole  ring  by  the  local  dipole-π
interaction.  The grey,  blue,  white,  and red spheres represent carbon,  nitrogen,  hydrogen,  and oxygen atoms;  the green,  blue,
and red dotted line represent the local dipole-π, dipole-quadrupole interaction, and hydrogen bonding, respectively.
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Fig. 5    The microscopic images at the same magnification of bacteria attachment after 2, 10, and 24 h of culture time: (A−L) SEM images, and
(a−l) LSCM images. (A−C, a−c) PTICBL for E. coli; (D−F, d−f) RF aerogel for E. coli; (G−I, g−i) PTICBL for S. aureus; (J−L, j−l) RF aerogel for S. aureus.
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dicated intermolecular  hydrogen bonding between carbonyl
and imine group (Fig. S3 in ESI).  As for PINAA network, inter-
molecular  hydrogen  bonding  was  not  formed due  to  strong
π-π stacking interaction (Fig.  S16 in ESI).  Additionally,  the ex-
istence of methyl groups in PTICBL provided the possibility of
intermolecular  synergistic  adsorption  induced  by  intermole-
cular hydrogen bonding (Figs. S18 and S19 in ESI).

Gram-negative  and  gram-positive  representative  bacteria,
Escherichia  coli (E.  coli)  and Staphylococcus  aureus (S.  aureus),
have  been  widely  used  for  discussing  antifouling  capability
of  materials.[38−42] In  this  work,  the  antifouling  capability  of
the  resulting  PTICBL  network  was  characterized  with E.  coli
and S.  aureus.  In  order  to  further  understand  the  antifouling
capability of PTICBL network, the traditional Resorcin-Forma-
ldehyde  (RF)  network  with  similar  microstructure  was  also
constructed (see ESI).  PTICBL and RF were separately immer-
sed in E. coli and S. aureus suspension, and the inoculated sur-
faces  were then incubated in  fresh modified Luria  Broth (LB)
at 37 °C for 2, 10, and 24 h. After centrifugation and stratifica-
tion,  the  samples  were  soaked  in  2.5%  glutaraldehyde  solu-
tion  to  fix  bacteria  on  their  surface,  rinsed  with  phosphate
buffered saline (PBS) three times to get rid of bacteria not ad-
hered  to  the  polymer  surface  and  guarantee  the  shape  and
activity of bacteria,  and washed with ethanol to gradient de-
hydration. After vacuum-dried, the attachment of bacteria on
the  surface  of  the  samples  was  observed  by  scanning  elec-
tron  microscopy  (SEM).  As  shown  in Figs. 5(A)−5(L),  the  sur-
face  of  indole-based  microporous  organic  polymer  PTICBL
was attached by less E.  coli and S.  aureus than that  of  the RF
aerogel  at  same  culturing  time,  indicating  that  the  resulting
indole-based PTICBL exhibited compelling antifouling capab-
ility.

The area fraction covered by E. coli and S. aureus was calcu-
lated by images of laser scanning confocal microscopy (LSCM)
in order to further discuss the attachment of  bacteria on the
surface  of  PTICBL  and  RF.  The  samples  were  stained  with
SYTO 9 about 20 min for confocal imaging, and the results are
displayed  in Figs. 5(a)−5(i) and 6.  Indole-based  microporous
organic  polymer  (PTICBL)  showed  a  lower  coverage  rate,
2.061%  of E.  coli and  0.539%  of S.  aureus,  than  that  of  tradi-
tional  RF,  about  13.223% and 1.593%,  as  the existence of  in-
dole  group  effectively  inhibited  bacterial  growth  and  repro-
duction.[19−22] Compared with other porous materials, PTICBL
exhibits  excellent  adhesion resistance to E.  coli and S.  aureus
(Table  S7  in  ESI).  In  addition,  the  coverage rate  of E.  coli was
higher than that of S. aureus due to different susceptibility of
these  bacteria  to  indole-based  PTICBL,  which  potentially  de-
pends upon their cell structure such as the absence of S. aure-
us outer membrane.[43] Importantly, the CO2 adsorption capa-
city  of  PTICBL  after 24  h  of  culture  time  was  also  character-
ized  and  the results  are  shown  in Fig. 6(c).  The  CO2 adsorp-
tion capacity of PTICBL after bacteria attachment at 273 K was
decreased (4.1  mmol·g−1 of S.  aureus,  3.7  mmol·g−1 of E.  coli)
due to the reduction of  specific  surface area.  The adsorption
capacity of PTICBL after S. aureus attachment was higher than
that of PTICBL after E.  coli attachment,  which is owing to the
more  area  coverage  of E.  coli colonization  on  the  surface  of
PTICBL. However, the CO2 adsorption capacity of PTICBL after
bacteria attachment was comparable with other MOPs (Table
S6 in ESI).

CONCLUSIONS

In  summary,  the  indole-based  microporous  organic  polymer
(PTICBL)  was  prepared  by  one-step  Friedel-Crafts  reaction  and
applied  as  CO2 adsorption  material.  Taking  advantage  of  the
intermolecular  synergistic  adsorption  of  indole  and  carbonyl
groups  induced  by  intermolecular  hydrogen  bonding,  the
PTICBL network exhibited encouraging CO2 adsorption capacity
and  selectivity  (5.3  mmol·g−1,  CO2/N2 =  107,  CO2/CH4 =  53  at
273  K).  The  key  innovation  of  this  work  includes  two  aspects:
first, the facial construction technology can reduce the produc-
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Fig. 6    Area coverage of bacteria colonization calculated by confocal
images  after  inoculation  of  2,  10,  and  24  h  on  PTICBL  and  the
traditional  RF aerogel:  (a) E.  coli and (b) S.  aureus;  (c)  CO2 adsorption
capacity of PTICBL after 24 h bacterial culturing.
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tion costs and maintain high CO2 capture properties for the re-
sulting PTICBL; second, PTICBL can efficiently inhibit the attach-
ment of bacteria on the surface to extend its service life in CO2

capture.  Taken  together,  the  structure  design  of  PTICBL  is  ex-
pected to be a new rationale for fabrication of high CO2 capture
materials with long service life.
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