
Quinoid-Thiophene-Based Covalent Organic Polymers for High
Iodine Uptake: When Rational Chemical Design Counterbalances
the Low Surface Area and Pore Volume
Onur Yildirim, Arshak Tsaturyan, Alessandro Damin, Stefano Nejrotti, Valentina Crocella,̀ Angelo Gallo,
Michele Remo Chierotti, Matteo Bonomo,* and Claudia Barolo

Cite This: ACS Appl. Mater. Interfaces 2023, 15, 15819−15831 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: A novel 2D covalent organic polymer (COP), based
on conjugated quinoid-oligothiophene (QOT) and tris-
(aminophenyl) benzene (TAPB) moieties, is designed and
synthesized (TAPB-QOT COP). Some DFT calculations are
made to clarify the equilibrium between different QOT isomers
and how they could affect the COP formation. Once synthetized,
the polymer has been thoroughly characterized by spectroscopic
(i.e., Raman, UV−vis), SSNMR and surface (e.g., SEM, BET)
techniques, showing a modest surface area (113 m2 g−1) and
micropore volume (0.014 cm3 g−1 with an averaged pore size of
5.6−8 Å). Notwithstanding this, TAPB-QOT COP shows a
remarkably high iodine (I2) uptake capacity (464 %wt) comparable
to or even higher than state-of-the-art porous organic polymers
(POPs). These auspicious values are due to the thoughtful design of the polymer with embedded sulfur sites and a conjugated
scaffold with the ability to counterbalance the relatively low pore volumes. Indeed, both morphological and Raman data, supported
by computational analyses, prove the very high affinity between the S atom in our COP and the I2. As a result, TAPB-QOT COP
shows the highest volumetric I2 uptake (i.e., the amount of I2 uptaken per volume unit) up to 331 g cm−3 coupled with a remarkably
high reversibility (>80% after five cycles).
KEYWORDS: porous organic polymers, covalent organic frameworks, gas storage, iodine, DFT

1. INTRODUCTION
Nowadays, the demand for energy (∼27 GJ/cap) is increasing
to meet human needs.1 Among the different possibilities,
nuclear power (showing high power density and low carbon
emission) has been recently selected by the European
Commission in the REPowerEU Plan2 as one of the most
crucial sources to support “the green transformation of
Europe’s energy system” (firmly based on photovoltaic, eolic,
hydrogen, and biomasses) to strengthen Europe’s “economic
growth, reinforce its industrial leadership, and put Europe on a
path toward climate neutrality by 2050”. In this context,
uranium is mainly used as nuclear fuel. However, it leads to the
production of highly toxic industrial wastes, including
radioactive iodine isotopes (129I, 131I). The latter poses a
dramatic health risk when uncrontrollably interacting with the
human body, causing thyroid cancer3 and fatal diseases in the
worst cases.4,5 Therefore, its removal from industrial wastes is
crucial but still challenging. Some adsorbent materials have
been developed to adsorb iodine (such as silica,6 chalcogenide
aerogels,7 activated carbon,8 zeolites,9,10 and microporous
polymers11,12) or to transform it into harmless compounds

(silver-doped adsorbents13). In this context, fully organic
materials (and especially covalent organic frameworks (COFs),
an emerging class of (crystalline) porous materials) have drawn
increasing attention.14 For instance, nanoscale channels and
regular voids constructed throughout the COF present an ideal
environment for storage,15 separation, and release processes.16

On the other side, the large interface is useful for catalysis17

and sensing applications.18 Furthermore, the regularity and
connectivity of the organic units make COFs promising
candidates for applications based on charge carrier transport,19

optoelectronics20,21 including photovoltaics,22,23 electrochem-
ical biosensors,24 and electrochemical energy storage.25−28

Besides energy-related applications, COFs have been also
exploited as substitutes of metallic catalyst in organic
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reactions29 or as adsorbent materials,30 especially for hydrogen,
methane, or carbon dioxide sequestration.31

Iodine, and more broadly gases, uptake in COFs is generally
due to their high surface area obtained by controlled
crystallinity and remarkably high porosity.32,33 A series of 2D
COFs were introduced based on the porosity modulation
approach for volatile iodine adsorption. COFs exhibited
different adsorption capacities according to the pore sizes,
and maximum capacity (400 wt %) was reached with a
mesopore COF.34 As an example, the heteropore 2D COF
(SIOC-COF-7)35 has two different micropore types with a
surface area of 618 m2 g−1 and a total pore volume of 0.41 cm3
g−1 and presents a high nitrogen and aromatic rings content,
showing an iodine uptake of up to 481 wt %. As a matter of
fact, iodine uptake could be improved by introducing
heteroatoms within the polymer backbone. Thiophene,
thienothiophene, and dithienothiophene or benzotrithiophene
are sulfur-rich linkers that have been exploited for this purpose,
demonstrating rapid reversible volatile iodine uptake with an
adsorption capacity of 276 wt %.36 More recently, three
different COF adsorbents named TTDP-1, TTDP-2, and
TTPD-3 were reported.37 In their synthesis, thiophene
(TTDP-1), thienothiophene (TTDP-2), and dithienothio-
phene (TTDP-3) were selected as S-rich linkers and
tetraphenyl ethene (ETT) as an additional knot. Adsorption
capacities reached were 536, 470, and 425 wt %, respectively.
However, synthetizing highly crystalline and porous COFs is

challenging, and the obtained materials suffer from relatively
low reproducibility. Aiming at finding innovative functional
materials, the synthesis of 2D conjugated microporous
polymers (CMPs) is a rising field;38 indeed, I2 capture ability
could be tuned by using thoughtfully designed building blocks
embedding specific active sites, extended conjugation, and

aromatic units. Furthermore, the synthesis of CMPs with a
high surface area would further enhance iodine adsorption.39

Unfortunately, only limited I2 uptake has been reached with
non-crystalline systems. Liao et al. reported on amino-
functionalized CMPs with a high adsorption capacity (336
wt %).40 Alternatively, CMP was constructed using porphyrin
and phthalocyanine as π-electrons-rich building blocks
showing an iodine uptake close to 300 wt %.41 The I2 capture
ability could be further increased by coupling aromatic units
and positively charged building blocks.42 Das et al. synthetized
some cationic 2D covalent organic polymers (COP) by using
the viologen units crosslinked with hexatopic cyclotriphospha-
zene core moieties.43 Radical cationic (380 and 258 wt %) and
cationic (212 and 195 wt %) COPs showed remarkably higher
I2 uptake compared to the neutral polymers (2.1 and 2.8 wt
%), proving the positive interaction between the positively
charged moieties and the I2 molecules; yet, cationic systems
generally suffer from poor stability and very low recyclability.
More interestingly, studies related to porous organic

polymers (POPs) indicated that the chemical nature of
building blocks is of paramount importance to enhance iodine
uptake capacity counterbalancing the lower surface area with
respect to crystalline counterparts.36 As already discussed for
COFs, incorporating electron-rich heterocycles (containing
nitrogen and/or sulfur atoms) into the polymer backbone can
improve the iodine adsorption capacity due to strong
electrostatic interaction between I2 and heteroatoms’ lone
electron pairs.12,44 Recently, Mohan et al. proposed two
different POPs based on 1,3,5-triazine-2,4,6-triamine or 1,4-
bis-(2,4-diamino-1,3,5-triazine)-benzene and thieno[2,3-b]-
thiophene-2,5-dicarboxaldehyde, obtaining only limited I2
absorption (300 wt % at 80 °C) coupled with poor
recyclability (<50% after three cycles).45

Figure 1. Schematization of the reaction for the synthesis of TAPB-QOT COP (a); energy profiles (dashed line) for forming the isomers of QOT
building blocks (b) and COP structural unit (c) by rotation over Qi and Li angles. The activation energy for rotation is calculated in kcal/mol.
Infrared spectra of TAPB-QOT COP (red), model compound (blue), TAPB (orange), and QOT (green) in which the spectra are stacked for
clarity (d); 1D 13C (150.91 MHz) CPMAS experiments, acquired with a spinning speed of 20 kHz, of TAPB-QOT COP (red), TAPB (orange),
and QOT (green) in which the spectra are stacked for clarity (e); PXRD pattern of TAPB-QOT COP (f).
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To date, among the reported COFs, 3D-Py-COF shows the
highest iodine uptake capacity up to 1670 wt % due to its very
high surface area.46 On the other hand, among 2D COFs, a
tetrathiafulvalene-based one indicated high iodine uptake up to
8.19 g g−1 due to the synergistic effect of physical trapping and
chemical adsorption of I2: its high surface area (up to 2359 m2
g−1) was designed for efficient physisorption of iodine, and
abundant tetrathiafulvalene functional groups were integrated
into the COFs allowing efficient chemisorption of the latter.
These results show that the presence of (i) aromatic rings in
the material backbone, (ii) a high heteroatoms content, (iii) a
well-ordered network, as well as (iv) microsphere surfaces
could be favorable for high iodine capture. Yet, it should be
noted that remarkable I2 uptake values (>400 wt %) have been
obtained only with materials showing high surface area and/or
wide pore dimensions. This partially relegates a thoughtful
design of the materials to play a wingman role, especially when
high crystallinity could not be reached as for COPs and POPs.
Within this article, we designed and synthesized a linear

building block containing quinoid-oligothiophene (QOT) to
be exploited as a S-rich linker in an imine-based 2D covalent
organic polymer; we used tris(4-aminophenyl)benzene
(TAPB) to synthesize TAPB-QOT COP through a Schiff-
base reaction. The achievement of TAPB-QOT COP was
assessed by means of IR and 13C CPMAS solid-state NMR
(SSNMR) measurements. All building blocks are designed or
selected to contain three different active sites such as π-
electrons, sulfur, and aromatic moieties which should assure a
promising iodine affinity, counterbalancing the possible low
surface area and pore volumes of the synthetized polymers.
Density functional theory (DFT) calculations were exploited
to both clarify the chemical equilibrium between different
isomers of QOT and to support the clarification of the I2/
TAPB-QOT-COP interactions evidenced by Raman spectros-
copy and SEM/EDX morphological analyses. The proposed
structure is designed to ensure not only high and fast iodine
capture ability (for I2 both in its gaseous form and when
dissolved in apolar solvents) but also very good recyclability.

2. EXPERIMENTAL SECTION
All experimental details, such as (i) the nature and the purity of the
employed materials, the details of (ii) experimental methods and (iii)
computational approaches, as well as (iv) the details on the
intermediates and final compounds are thoroughly described in
Appendix B of the Supporting Information.

3. RESULTS AND DISCUSSION
3.1. COP Synthesis. A novel 2D covalent organic polymer

(TAPB-QOT COP) was synthesized (see Experimental
Section for further details and Figure 1a) by a condensation
reaction between TAPB and QOT linkers. First, the QOT
building block was synthesized (Scheme S1): it has been
designed in order to have (i) a high sulfur content, (ii) an
extended π conjugated backbone, and (iii) aldehyde moieties
to promote the condensation reaction with TAPB; the latter
has been selected to obtain a stable polymer and to further
extend the π network of the final COP. More interestingly, the
designed QOT ligand allows the simultaneous presence of S
atoms experiencing two different chemical environments, i.e.,
in a thiophene geometry and a quinoid one. Albeit (3) and its
homologues with 4 or 5 thiophene rings have been already
proposed as p-type semiconductors,47 as far as we are aware,

QOT has never been exploited as a building block in covalent
organic polymers or frameworks.
The asymmetric building block comprises thiophene and its

quinoid form connected by a methine bridge. Due to the
asymmetric form of the precursor, isomers’ mixture could form
(alkene Z−E isomers) upon reaction, as proved by 1H NMR
spectroscopy (Figure S1a). One of the possible isomers seems
the most stable one, showing a more intense NMR integral,
but two minor peaks (i.e., less likely occurring isomers) could
be clearly detected at least. Following some literature reports,48

the mixture of isomers was heated (393 K) under reflux using
toluene to promote the reorganization of all isomers into the
most stable one. Yet, this procedure turned out to be
unsuccessful, proving that the energy difference between
different forms (at least in toluene solution) is very similar
(vide infra). In order to avoid the effect of the solvent (i.e.,
toluene) that, due to stabilization, could minimize the energy
difference between different isomers, the powder was put into
a vacuum oven and heated up to 373 K overnight. This
approach was successful, as proven by the NMR spectrum
(Figure S1b).
To better understand what type of isomers could be formed

during the synthesis of the precursor and the energetics behind
their interconversion, quantum-chemical calculations were
carried out. The optimization of spatial and electronic
structures of the six most probable isomers was performed,
and the relative energy values were calculated both in the gas
phase and in dioxane solution. The results are shown in Figure
S2. The isomer B has the minimum total energy both in the gas
phase and in solution. The relative energy difference for other
isomers is less than 2 kcal/mol. It means that, based on
thermodynamics only, all isomers have the possibility to
interconvert into one another within the reaction mixture at
room temperature, further confirming the NMR results.
Therefore, solid conclusions on which isomers could be
formed, based on relative energy only, seem unreliable. For this
reason, we performed the analysis of kinetic factors for the
formation of each isomer. All proposed isomers can be
constructed by cis−trans interconversion of two double bonds
from the central thiophenes (Q1 and Q2 in Figure 1b) and
two single bonds the from terminal thiophenes (L1 and L2 in
Figure 1b). The starting structure for the computational
analysis was isomer A (inset of Figure 1b) due to its symmetry.
By changing the left dihedral angle between central and
terminal thiophene rings (L1) from 168° to −21° with a step
of 10°, isomer A forms isomer B, and both the energy profile
and barrier of rotation could be obtained. The transition-state
structure has a dihedral angle of 88°, and the activation barrier
of rotation was estimated at 6.38 kcal mol−1. The rotation of
the right dihedral angle between the central and terminal
thiophene rings (L2) of isomer B from 174 to −25° leads to
isomer C. The transition state between isomers B and C has a
dihedral angle of 88° with an activation barrier at 7.66 kcal
mol−1. Due to the rotation of structure A over dihedral angle
Q1 (from 175 to −7°) isomer D is formed, whereas upon
rotation of dihedral angle Q2 (from −178 to −7°) of the latter,
isomer E is obtained. Since the link between terminal benzene
and central thiophene rings is based on a double bond, the
rotation over Q1 and Q2 angles would result in a higher energy
consumption. Indeed, the activation barriers for these rotations
are 43.67 and 46.80 kcal mol−1, respectively, proving that the
formation of isomers D and E has sizeable thermodynamic and
kinetic limitations. The low relative energy of isomer A and the
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low enough activation barrier for interconversion from A to B
promote the formation of isomer B. The relative energy
between isomers B and C is very low (≈0.2 kcal mol−1), and
the activation barrier is not so big. This favors the
establishment of an equilibrium between isomers A, B, and
C in solution (relative amount equal to 0.808:0.115:0.077),
accounting for the three contributions evidenced in the 1H
NMR spectrum (Figure S1a). These data prove that, albeit a
single isomer is formed after vacuum treatment, the polymer-
ization reaction condition (T = 393 K) could induce the
formation of other isomers. Therefore, it is worth analyzing the
energetic contribution of different isomers toward the COP
formation.
For the formation of COP, the suitable conformer of the

building block should be obtained but additional energy
contribution due to steric hindrance in polymer construction
should be considered as well. DFT calculations were carried
out (i) to predict the composition of the reaction mixture, (ii)
to explore the influence of conformational flexibility on the
stability of the low-energy states, and (iii) to study the
possibility of interconversions between the six possible isomers
(Figure S3). Adding a 1,3,5-triphenylbenzene (TBP) moiety to
the QOT leads to an increase in the relative energy in
comparison to the sole QOT. The analysis of the relative
energy values proves the formation of three isomers Bi, Di, and
Ci. The most favored conformer toward COP formation,
following Scheme S1, is isomer Ci (Figure 1c). As a matter of
fact, isomer Bi has the lowest total energy, but isomer Ci is only
slightly destabilized (≈ 0.2 kcal mol−1), which means that
these two isomers are in equilibrium (51 vs 49%) at room
temperature; indeed, the energy barrier of interconversions
between Ci from Bi is 8.10 kcal mol−1. Yet, the COP formation
shifts this equilibrium toward isomer Ci. It is worth noting that
isomer D has a quite low relative energy too (less than 1 kcal
mol−1 more energetic), which means that its existence in the
reaction mixture is possible. However, the content of isomer Di
could be lower due to higher relative energy and activation
barrier of rotation. The formation of isomer Ei is less favorable
since there are thermodynamic (highest relative energy) and
kinetic (high activation barrier for rotation) limitation factors.
Based on these analyses, isomers Bi and Ci are the most

likely to be present in the reaction mixture, whereas only a very
small fraction of Di (limited by the extremely high energy
barrier in passing from Ai to Di) can exist, thus preventing the
formation of an ideal COP crystal according to the reaction
pathway. Isomer Bi is not suitable to construct a 2D covalent
organic polymer because it has asymmetric and highly
hindered structure. Two other possible forms (Ei, Fi) cannot
be suitable because they cause distortion in the bulky COP
structure. On the other side, the most likely form is Ci because
its relative energy is much lower than that of others and the
geometry is more appropriate to build a 2D polymer.
Pore size and homogeneity of their distribution are two of

the most important properties of COPs, especially considering
their possible application as I2-sponges. Aiming at an
estimation of the pore size, we optimized the structural unit
of studied COP Ci (Figure S4) from which it appears clear that
the optimized geometry is not completely flat; on the other
hand, it should be recalled that when multilayered systems are
conceived, a lot of weak interlayer interactions could take place
forcing the flattening of the structural unit.49,50 For a more
specific estimation of the pore area, the latter has been divided
into 10 triangles (Figure S5a). Polygon vertexes are sulfur

atoms of the thiophene ring and the carbon atom of the
benzene ring, and dummy atoms are in the center of the C−C
bond of the thiophene ring. The area of the triangle was
calculated according to the following equations

= + +p a b c( )/2 (1)

= · · ·S p p a p b p c( ) ( ) ( ) (2)

where a, b, and c are the lengths of the sides of the triangles, p
is the semiperimeter, and S is the area of the triangle. The
pores area of the structural unit based on the sum of the area of
a triangle is 11.7 nm2. Since the deviation from the flat
structure of the optimized unit is sizeable (Figure S4), a
displacement of roughly ±1 nm2 could be expected in the real
polymer when a crystalline structure is considered. Pores size
distribution calculated using the DFT approach reveals mainly
the presence of micropores with an average pore diameter of
around 1.3−1.5 nm (Figure S5b). The computational sources
for quantum-chemical calculations based on DFT are very
sensitive to the size of the studied system. In the presented
results, the structural unit consists of 546 atoms, which is a
relatively high number of atoms in running the calculation.
Therefore, albeit the study of interlayer interaction or several
numbers of structural units by DFT would be very informative,
it became a very challenging task. For this calculation, it would
be more reasonable to use theories based on molecular
dynamic approaches which will be the subject of our future
work.
3.2. COP Characterization. Once the thermodynamics

and the kinetics behind the formation of the isomer mixture
were investigated (obtaining the formation of one single
isomer after vacuum treatment), we proceeded with the
synthesis of COP. Due to the relatively low solubility of COPs
in conventional solvents, the occurrence of the reaction was
first monitored by infrared spectroscopy. Following on from
the polymer formation, a complete disappearance of N−H
stretching bands at 3424, 3347, and 3187 cm−1 was expected
(Figure 1d); indeed, the −NH2 moieties of TAPB reacted with
the carbonyl groups of the QOT, leading to the formation of
imine bonds in the polymer as proved by the rising of a band
due to the C�N stretching (1611 cm−1). Indeed, the carbonyl
stretching band (1647 cm−1) is absent in the spectrum of the
polymer. To verify the completion of the reaction and the
formation of TAPB-QOT-COP, we also performed SSNMR
spectroscopy. Indeed, this technique is very sensitive to
carbonyl-to-imine transformation. A chemical shift disappear-
ance of the carbonyl signal (at 185.5 ppm) of the QOT in
TAPB-QOT COP spectrum suggests a complete conversion of
the carbonyl group into an imine group, clearly confirming the
formation of the COP (Figure 1e). Indeed, according to the
formation of an imine C�N group, the signal shifts to lower
chemical shifts, around 150 ppm, overlapping with the
aromatic resonances. It should be noted that the signals of
COP are considerably wide, and this suggests a high degree of
amorphousness (as proven by PXRD data, vide inf ra). At the
same time, the high degree of disorder of the sample makes the
acquisition of a 15N spectrum of TAPB-QOT COP prohibitive.
Indeed, 15N is present only in 0.36% at natural abundance,
resulting in a major sensitivity penalty. Sensitivity is made even
worse by its low gyromagnetic ratio (γ = −27.126 × 106 T−1

s−1), which is 10.14% of that of 1H. Thus, the only 15N
CPMAS spectrum acquired was that of TAPB and is reported
in the Supporting Information (Figure S6).
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After checking the nature of the obtained material via both
IR and NMR spectroscopy, powder X-ray diffraction (PXRD)
was employed to determine the structural regularity of TAPB-
QOT-COP. The PXRD pattern demonstrates two broad
diffraction peaks at around 5.1° and 20.5° that might be
corresponding to the (100) or (110) and (001) planes,
respectively (Figure 1f).51 Yet, peaks are relatively broad
showing the occurrence of low-range crystallinity due to the
random displacement of the 2D layers (i.e., exfoliation).52

These findings agree with the computationally predicted
relatively low energy differences for isomers leading to a
mixture of COP with slightly different geometries, that would
severely reduce the crystallinity of the structure making less
favorable the packing of isostructural layers.
The thermal stability of the TAPB-QOT polymer was

investigated by thermogravimetric analysis (TGA), as shown in
(Figure S7). A moderate weight decrease was recorded after
523 K likely due to the evaporation of solvent molecules
trapped into pores. Indeed, the synthetized COP seemed to be
highly stable up to 673 K (93% residual), and it still retained
around 60% weight at 1073 K. Exhibiting such high stability is
significant in terms of using it as adsorbent material even in
harsher conditions compared to room temperature.
As widely demonstrated in the literature, high surface area

polymers are very effective in I2 uptake due to the great

availability of active sites and the possibility of physically
trapping I2 into the pores. For this reason, a careful evaluation
of the textural properties of the TAPB-QOT-COP polymer
was carried out by collecting adsorption/desorption isotherms
with different molecular probes. A first attempt was made
employing N2 at 78 K. The adsorption/desorption isotherm
collected in this condition is reported in Figure S8. The
material exhibits a very low N2 adsorption capacity, basically
approaching zero, and the computed BET specific surface area
(SSA) is less than 10 m2 g−1.
It is well known that nitrogen adsorption is of limited value

for the characterization of microporous materials due to kinetic
restrictions at a cryogenic temperature (77 K). Indeed, the
restricted diffusion prevents nitrogen molecules from entering
the narrowest micropores.53,54 The diffusion limitations of
nitrogen in ultra-micropores can be overcame by the use of
CO2 at 273 K, thanks to the enhanced diffusion kinetics of this
small probe molecule at a temperature closer to ambient. The
CO2 adsorption/desorption isotherms measured at 273 K on
TAPB-QOT are shown in Figure S9. The amount of adsorbed
CO2 is higher compared to N2 at 77 K, and the BET SSA
computed by the CO2 adsorption isotherm is 113 m2 g−1.
Moreover, by applying the non-local DFT method, as reported
in the Experimental Section, the cumulative pore volume curve
was derived and is reported in Figure 2a (grey curve), allowing

Figure 2. Cumulative pore volume (grey) and pore size distribution (red) of TAPB-QOT-COP calculated by NL-DFT from CO2 adsorption
isotherm at 273 K (a); gravimetric measurement of iodine uptake (mass polymer = 10 mg) at 350 K and 1 atm (b); repetition of iodine uptake
(same conditions as Figure 2b) for pristine samples (c); comparison of thermogravimetric curves of I@TAPB-QOT COP (violet solid line) and
pristine TAPB-QOT COP (red solid line) (d).
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the calculation of the TAPB-QOT-COP micropore volume
(0.014 cm3 g−1). The pore size distribution (PSD) was then
obtained and is reported in Figure 2a (red curve). The PSD
has a bimodal character, with two maxima located at 0.6 and
0.8 nm, with a clear prevalence of the smaller micropore family
(0.010 cm3 g−1), as derived by the cumulative pore volume
curve. The two types of micropores obtained by the non-local
DFT (NL-DFT) are in fair agreement with the expected
TAPB-QOT-COP porous structure and relatively lower
compared to highly ordered systems.55 One should note that
the micropore size obtained from CO2 adsorption data is
slightly lower compared to the values obtained by theoretical
calculations (Figure S5). This behavior could be ascribable to

the poorly crystalline nature of the polymers partially
preventing the gas access to inner microcavities: as a matter
of fact, the unsymmetrical stacking of the different 2D COP
layers leads to a displacement of the cavity in the z-axis causing
a reduction of the effective pore dimension. A slight
discrepancy between the theoretical and experimental value
could be related to the selection of the proper model in the
NL-DFT elaboration of experimental data. Indeed, despite the
high number of COF structures reported to date, proper DFT
kernels to study the unique pore size and shapes of these
microporous materials are still missing. For this reason, the
experimentally obtained PSD could be affected by an error due
the selection of the proper kernel of isotherms. However,

Table 1. Iodine Adsorption Capacities in Selected POP Materials

materials BET surface area (m2 g1) pore size (Å)
pore volume
(cm3 g−1)

iodine uptake
(wt %)

volumetric iodine uptake
(g cm−3) references

TPB-DMTP 1927 33 1.28 620a 4.84 56
TTDP-1 12.08 17.9 0.036 536a 149 37
CMPN 86.2 101 0.218 502a 23.0 57
TTA-TTB 1733 22 1.01 500a 4.95 56
SIOC-COF-7 618 11.8 0.41 481a 11.7 35
CalPOF-1 303 477a 58
ETTA-TPA 1822 14, 27 0.95 470a 4.95 56
TAPB-QOT COP 10 464 this work
TAPB-QOT COPb 113 5.6−8 0.014 464a 331 this work
NDB-H 116.93 74.6 0.13 443a 34.1 59
NDB-S 56.45 75.5 0.11 425a 38.6 59
TTDP-3 13.20 0.052 470a 90.4 37
CalPOF-2 154 406a 58
POP-2 41 20, 400 382a 60
COP10 380c 43
POP-1 12 20, 400 357a 60
CalPOF-3 91 353a 58
SCMP-II 119.76 20 345a 61
HCMP-3 82 <10 0.08 336c 42.0 40
HCMP-1 430 <10 0.22 291c 13.2 40
AzoPPN 400 5.8−12.7 0.68 290a 4.26 41
CMPNH2 6.44 63 0.012 283a 236 57
HCMP-2 153 <10 0.06 281c 46.8 40
COP20 277d 43
PAF-24 276a 42
BTT-TAPT-COF 864 10−20 0.56 276a 4.92 36
PAF-23 271a 42
TTA-TFB 1163 16 0.55 270a 4.91 56
PAF-25 260a 42
NAPOP-4 626 12.7 0.15, 1.17 265a 17.6 62
COP2++ 258d 43
NAPOP-3 702 <4.3, 5.8 0.18, 1.01 241a 13.4 62
NAPOP-2 458 <4.2, 5.9 0.10, 0.78 239a 23.9 62
SCMP-2 855 1.50 222a 1.48 12
HCMP-1 <10 222c 40
COP1++ 212d 43
COP1.+ 211d 43
CMP-4 9.5 4.6−8.2 208a 63
NAPOP-1 657 <3.9, 7.2 0.25, 1.49 206a 8.24 62
CMPH 222.4 38 0.213 195a 9.15 57
CMP-2 20.2 4.6−8.2 177a 63
CMP-1 16.1 4.6−8.2 151a 63
CMP-3 284.6 4.6−8.2 131a 63
aIodine vapor adsorption, 75−80 °C, ambient pressure. bMeasured by CO2 absorption at 273 K. cIodine vapor adsorption, 358.15 K, 1.0 bar.
dIodine vapor adsorption, 60 °C, ambient pressure.
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although the NL-DFT analysis was carried out considering a
slit pore geometry and applying a model for CO2 adsorption at
273 K on carbons, the fit between the calculated and the
experimental isotherm was perfect, with a very low standard
deviation (around 0.00925 cm3 g−1 STP) as reported in Figure
S10, testifying the goodness of the experimental PSD.
Despite the relatively low surface area and pore volume

values, the thoughtful design of building blocks having (i) a
bent form and (ii) S-, N-, and aromatic sites (active toward I2
interaction) makes the exploitation of the polymer as an iodine
sponge promising. To evaluate the adsorption capacity of
TAPB-QOT COP, a gravimetric approach (see Supporting
Information for more details) was employed. The iodine-
uptake kinetic of TAPB-QOT was proven to be remarkably
fast: the amount of adsorbed I2 constantly rose (mean slope of
500 mg/h) for the first 7 h before reaching a plateau, having
maximum absorption capacity of 428 wt % after 24 h (Figure
2b) that reaches 464 wt % after 48 h. A very high
reproducibility of the iodine uptake was obtained (449 ± 11
wt %,Figure 2c). As far as we know, the iodine capacity of
TAPB-QOT COP is comparable or even higher than the
highest capture values reported in the literature for POPs (see
Table 1).32 Furthermore, the dramatic effect of the presence of
heteroatoms in the backbone of the polymers is evident when
the iodine uptake (i.e., 4640 mg g−1) is normalized for the pore
volume of the COP (i.e., 0.014 cm3 g−1) to obtain the
volumetric uptake of I2 (i.e., 331 g cm−3) that is the amount of

iodine captured for a unit of volume. The latter is the highest
value ever reported for POPs (see Table 1). This finding is
even more disrupting, considering that the overall pore volume
is generally quite underestimated if N2 (literature reports) is
employed instead of CO2 (this paper).
Some thermogravimetric analyses were performed to further

quantify the iodine uptake; indeed, the weight loss occurring
below 573 K in the I@TAPB-QOT polymer could be
ascribable to the thermal-induced I2 release, and this data
could be compared to the ones obtained through the
gravimetric approach. The weight loss of I@TAPB-QOT-
COP between 323 and 573 K (measured as the difference
between the weight of I@TAPB-QOT-COP polymer and the
pristine form at 573 K) is around 80% (Figure 2d), leading to a
calculated I2 uptake value as high as 4000 mg g−1 (400 wt %),
comparable with iodine adsorption results (Figure 2b,c).
To more precisely investigate the role of the heteroatoms in

I2 uptake, we collected some SEM images of I@TAPB-QOT
COP (also correlated by EDX analyses), comparing them with
the pristine polymer. TAPB-QOT-COP showed a morphology
composed of uniformly agglomerated spheres with different
sizes, and the EDX pattern evidences the presence of C, S, and
N as constitutive elements (Figure 3a). Following on from the
I2 uptake, polymer nanospheres tend to agglomerate (Figure
3b) due to the loading of iodine onto the polymer surface;
additionally, a typical signal of iodine could be seen in the EXD
mapping (Figure 3c). Very interestingly, an almost perfect

Figure 3. SEM images of TAPB-QOT-COP and elemental mapping measured by EDX in which C, S, and N are in red, green, and blue,
respectively, whereas the relative weight ratio is reported in white (a); SEM image of I@TAPB-QOT COP (b); elemental mapping measured by
EDX of the sample reported in Figure 3b, in which C, S, N, and I are in red, green, blue, violet, respectively, whereas the relative weight ratio is
reported in white (c); Raman spectra of TAPB-QOT-COP (red), I@TAPB-QOT COP (violet), and TAPB-QOT COP-Rel (magenta), in the inset
is reported the zoomed portion between 100 and 240 cm−1 (d); density functional theory calculations of the binding energies of C, B, Ci, and Bi
isomers of COP building block with I2, I3−, and I5− (black squares, red circles, and blue triangles, respectively). The structures were obtained by
geometry optimization without any symmetry constraints (e).
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superimposition of the I and S mapping could be detected;
more importantly, the ratio between the atomic percentage of
S and I is approximately two, proving that sulfur atoms are the
ones that likely bind I2 molecules. In order to further verify
this, we also performed Raman measurements adopting the
514 nm exciting laser line (i.e., in resonant conditions with I2
molecule, vide inf ra); the results are shown in Figure 3d, where
Raman spectra recorded on pristine COP (TAPB-QOT-COP,
solid red line), I2-contacted COP (I@TAPB-QOT-COP, solid
purple line), and after two I2 release cycles (TAPB-QOT-
COP-Rel, solid magenta line) are presented. When Raman
spectra obtained on TAPB-QOT-COP and I@TAPB-QOT-
COP are compared, three main features can be noticed: (i) the
appearance of a strong band (hereafter νId2

) located at 172 cm−1

(see also inset in Figure 3d); (ii) a strong modification in the
1700−1100 cm−1 range after I2 addition; and (iii) a quenching
of the fluorescence background characterizing the TAPB-
QOT-COP Raman spectrum. As far as feature (i) is concerned,
νId2
is located quite near (even if remarkably red-shifted) in a

Raman shift range compatible with the I2 stretching vibrational
mode which in solid/gas phase is centered at 180/214 cm−1

with Ag/A1g symmetry;
64 this testifies that I2 uptake by COP

can be followed by Raman spectroscopy too. It is worth
noticing here that a band in the same position appears after a
12 mM solution of I2/n-hexane is added of 3-hexylthiophene
(Figure S11): this is accompanied by the consumption of the
strong and sharp peak centered at 214 cm−1 (i.e., quite close to
what observed for isolated I2 molecules in the vapor phase),
suggesting the formation of a I2-3-hexylthiophene adduct, thus
enforcing the observation coming from EDX analysis that a
one to one I2/S interaction is occurring.
In particular, the interaction between I2 and TAPB-QOT-

COP is expected at a higher energy than what is observed for I2
entrapped in TiO2 nanovoids, where νId2

falls at 178 cm−1.65

Also, the selective formation of I2/QOT adducts is strongly
supported by the absence of signals in the 214−180 cm−1

range (see solid purple line in Figure 3d), which should be
indicative for the formation of non-interacting (I2)n (2 < n < 7)
small clusters.64 The release of iodine leads to an almost
complete recovery of the spectrum of the pristine material but
with a lower background ascribable to a decrease of the
fluorescence of the spectrum, probably due to the presence of
some iodine molecules still entrapped in the COP backbone, as
confirmed by the uptake/release study (vide inf ra). Such
evidence is also corroborated by computational data (Figure
S12) in which the rising of a band at around 150−160 cm−1

and the lowering of the intensity of the band at 1425 cm−1

could be clearly seen following on from the binding of an
iodine molecule.
To estimate the binding energy of TAPB-QOT-COP

structural units with iodine systems, the optimization of
electronic and spatial structures was done. As iodine sources,
three types of systems were used (molecular form I2 and two
anionic forms I3− and I5−). It was found that the main
absorption site is the central thiophene ring (i.e., the thiophene
in its quinoid form) and the molecular form of iodine localizes
perpendicular to the heterocyclic ring. Similar binding
geometry was published earlier.66−68 The localization of
anionic forms has two types. The first one consists of their
stabilization above or under COP-structural units (isomers A,
B, D, F). In the second localization geometry, the iodide ion
lies in the same plane as the COP structural unit, inside a

pocket formed by three thiophene rings (C and E isomers).
This second type of binding is more suitable for iodine uptake
in COP since adsorbed systems will be localized in the polymer
pores and will not interfere with the formation of a layered
structure of COP. In the case of the small COP structural
units, there are no significant iodine binding energy differences.
The values are in the ranges of 10−14, 16−21, and 14−20 kcal
mol−1 for I2, I3−, and I5−, respectively. The results for the two
most interesting isomers (i.e., C and E) are shown in Figure 3e,
whereas the others in Figures S13−S18. The isomer C has one
of the biggest binding energies with I2 and In−, suggesting a
markedly stronger affinity of this isomer toward iodine species.
The obtained results are consistent with expectations and
explain the experimental observation that, among all COP
structural isomers, isomer C exhibited more suitability for
COP formation and a higher adsorption capacity of iodine
sources.
Albeit the above-discussed evidence clearly points toward a

pivotal role of thiophene (and mainly its S atom in the quinoid
form) in iodine uptake, an effective role of benzene rings (as
electron-rich moieties) could not be completely ruled out.
Once more, Raman spectroscopy proved to be a very useful
tool to investigate the I2-COP interaction: this technique has
already been adopted in the past to study the interaction of
iodide with electron donor systems.69 Indeed, I2-benzene
complexes (as emerging from the literature data70,71) are
characterized by a small red shift (near 2 up to 6 cm−1) of the
frequency associated to I-I stretching which in the gas phase
falls at 213 cm−1. The same holds for I2−C�C complexes
(e.g., I2 stretching frequency at 199 cm−1 for I2−1-hexene
complex70). Conversely, the red shift of I2 stretching frequency
observed on the present COF system is quite bigger (I2
stretching frequency moves from 213 to nearby 170 cm−1)
and comparable with what is observed for 3-hexyl-thiophene
(Figure S11). Such an interpretation is further corroborated by
the comparison of Raman spectra of I@TAPB-QOT COP,
pristine COP, and its precursors: in fact, QOT vibrational
features appears to be strongly quenched after I2 adsorption,
whereas TAPB features remain quite unaffected (Figure S19).
Therefore, the role of the benzene rings could not be
completely ruled out, but the latter seems to be marginal
compared to the one assured by the S-rich moieties.
Further support in this interpretation comes from

calculations we made to better evidence the charge
delocalization in the pristine and I2-loaded COPs. To reduce
the computational time, we simulated the model compounds
(A′−F′), but such approximation would not impact result
reliability. To minimize the possible selection of a local
minimum energy point, the iodine was located at the center of
the model compounds. Then, we extracted Mulliken atomic
charges of all electron-rich moieties (i.e., S, N, and benzene
rings) from all different isomers before and after the I2
absorption. As one can see from Table S1, the interaction
leads to charge redistribution mainly on the S atoms, whereas
only negligible changes could be seen for N (Table S1) or the
C of the benzene rings (Tables S2 and S3), further proving
their marginal (i.e., supporting) role in the uptake process. It
should be noted that useful, complementary information could
be extracted by 127I NMR or 33S NMR, the chemical shift
being strongly influenced by the charge state. Unfortunately,
liquid-phase NMR was impossible to perform due to the very
low solubility of TAPB-QOT-COP; on the other hand, SS-
NMR of both the nuclei is very challenging: 127I SSNMR
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spectra are hard to interpret due to the breakdown of second-
order perturbation theory.72 Indeed, even for a single site in a
crystalline sample, the linewidths broaden in the range of MHz
and this will be worsened by the partial amorphousness of our
samples and by the presence of slightly different I2-
coordination geometries. Concerning the 33S SSNMR, the
receptivity relative to 13C at natural abundance is 0.101 which
is even further complicated by its quadrupolar nature. Having
this in mind, we performed 13C CPMAS NMR spectrum of I@
TAPB-QOT COP; very interestingly, the spectrum obtained
was quite different from the one of the unloaded COP (Figure
S20). The differences in the spectra were in terms of chemical
shifts and linewidths, and they suggest a strong interaction
between I2 and the COP. Albeit the overlap of the signals and
their linewidths makes very hard to properly assign the peaks
and characterize the I2-loaded COP at an atomic level, one
should note that the perturbed chemical shift region (i.e., in the
range 135−140 ppm) is the one typical of the C of the
thiophene ring in α and β positions with respect to the sulfur,73
and a tentative explanation for this would be likely related to
the interaction of I2 with the sulfur atom, leading to a shielding
of the proximal C atoms.
Despite the reliable results obtained by both Raman

spectroscopy and calculations, also fairly supported by 13C
SSNMR, definite information on the charge state of the
different atoms could be extracted by XPS; unfortunately, the
ultra-high vacuum required would cause the complete leakage
of the I2 from our material, preventing us to obtain useful
information on the absorption mechanism.
In order to be effectively used as an iodine sponge, besides a

good uptake, TAPB-QOT COP has to be proven to also
release I2 effectively and relatively fast. It should be noted that

for radioactive iodine uptake, a chemisorption over sulfur
atoms is preferred over a physisorption (i.e., the entrapping of
gaseous I2 in the pores of the COP), allowing a safer and more
controlled uptake/release kinetic. In order to investigate the
reversibility of the uptake/release process, we subjected the
polymers to multiple cycles. Based on the previously collected
data, the uptake process was considered to be completed after
24 h. On the other hand, the release process was conducted by
dipping the I@TAPB-QOT-COP in EtOH (Photo S2), and
UV−vis spectroscopy was employed to monitor the I2 release:
the latter was considered complete when the absorption of the
solution does not vary with time (i.e., after 120 min, Figure 4a).
Indeed, the polymer recyclability was proved to be very good
since it retained more than 80% (i.e., 3400 mg g−1) of its initial
uptake ability after 5 cycles (Figure 4b), comparable or even
better than the state-of-the-art references.45 The decrement in
the I2 uptake of TAPB-QOT-COP during cycles could be
related to (partial) irreversible chemisorption of molecular
species as well as to sequestration of the latter (and possibly
the washing solvent) in the inner pores of the materials.74

Additionally, as confirmed by both FESEM images and Raman
spectra, a slight deformation of the TAPB-QOT-COP’s
structure could not be completely ruled out (Figure 4d−f):
the latter could reduce the iodine accessibility to some sites.75

Finally, we also investigated I2 uptake when the molecule is
dispersed in an organic solvent (n-hexane). Indeed, the
solubilization of the gaseous iodine into a solvent followed
by its capture by molecular sponges could be a practical
approach to limit the leakage of highly volatile I2. A fixed
amount of iodine (20 mg) was dissolved into hexane (2 mL)
and then the TAPB-QOT polymer was added (5 mg). UV−vis
spectroscopy was exploited to monitor the uptake reaction by

Figure 4. UV−vis spectra at different time of EtOH solution employed for I2 release from TBP-QOT-COP (a); amount of I2 uptake for each
uptake−release cycle for the same TBP-QOT-COP sample (b); gravimetric measurement of iodine uptake (mass polymer = 5 mg; concentration of
I2 in hexane = 10 mg/mL, volume 5 mL) at 273 K and 1 atm (c); SEM images of TAPB-QOT-COP (d), I@TAPB-QOT-COP (e), and TAPB-
QOT-COP-Rel (f). Samples for SEM analyses are the same used for the collection of Raman spectra.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c20853
ACS Appl. Mater. Interfaces 2023, 15, 15819−15831

15827

https://pubs.acs.org/doi/suppl/10.1021/acsami.2c20853/suppl_file/am2c20853_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c20853/suppl_file/am2c20853_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c20853/suppl_file/am2c20853_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c20853?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c20853?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c20853?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c20853?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c20853?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the decrease in the intensity of the characteristic I2 peak (at
522 nm, Figure S21). After 48 h, the spectrum remained
constant, and an iodine uptake up to 2480 mg/g (248 wt %)
was measured (Figure 4c). This indicates that the TAPB-QOT
polymer still exhibits a relatively high iodine adsorption
capacity even when it is solubilized in hexane. A lower
adsorption capacity in solution than in the vapor phase can be
due to the impact of the solvent encapsulation.37 Indeed, the
solvent would (i) compete with iodine to be adsorbed onto the
polymer surface and (ii) interact with the I2, leading to a higher
hydrodynamic radius, preventing the interaction with inner
(and smaller) cavities. One should note that, in the present
context, our main aim was to prove the effectiveness of the
synthetized COP as an I2 sponge and its maximum capability
for both gaseous and solubilized iodine. Indeed, it would also
be very interesting to test the I2 uptake when the latter is
present in very low concentration (i.e., traces or ppm), but this
will require dedicated analyses (also varying the temperature or
the solvent nature) that will be discussed in a forthcoming
paper.

4. CONCLUSIONS
Throughout this paper, we designed and synthetized a novel
imine-linked 2D covalent organic polymer (COP) containing
quinoid oligo thiophene (QOT) and tris(aminophenyl)
benzene (TAPB) moieties. Some detailed DFT-based
calculations were run to clarify the energetics between the
different isomers formed by QOT in reaction conditions,
evidencing that isomer C was the most suitable one for the
COP formation as a result of both energetic and steric
constraints. The synthetized QOT-TAPB-COP showed only
poor crystallinity (due to a not-perfect stacking between the
2D layers) and very low surface area (10 or 113 m2 g−1 when
calculated by N2 or CO2 absorption, respectively), micro-
porosity (pore diameter <8 Å), and low total pore volume
(0.018 cm3 g−1, calculated from CO2 absorption). Notwith-
standing this, the COP was tested as an effective iodine sponge
exhibiting a maximum uptake capacity as high as 464 wt %.
This remarkably high value, one of the highest ever reported
for a not crystalline and low porous COP, was mainly related
to the thoughtfully designed QOT building block; the latter,
once implemented in the polymeric structure is highly
appropriate for I2 uptake, mainly due to its high sulfur
content. The pivotal role of S atoms (especially when present
in the quinoid form of thiophene) in the I2 uptake was further
confirmed by Raman spectroscopy and DFT calculations from
which a very strong S-I2 interaction was evidenced; moreover,
EDS mapping showed a superimposing of the S and I
distribution and a relative ratio remarkably close to 0.5 (i.e.,
one sulfur atom for each iodine molecule). Furthermore,
excellent recyclability of the QOT-TAPB-COP polymer was
proven (higher than 80% after 5 cycles). Our findings are quite
exciting, considering the relatively low surface area and
porosity of the synthetized materials. The remarkable uptake
capacity (464 wt %), together with the relatively low active
surface area (113 m2 g−1), leads to the highest volumetric
uptake of iodine ever reported (i.e., 331 g cm−3, see Table 1),
evidencing how a rational chemical design of the COP’s
moieties could largely counterbalance a low surface area and
limited pore volume.
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