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Abstract: A novel dianhydride 3.3is(3,4-dicarboxyphenoxy)-4;diphenylethynyl
biphenyl dianhydride (BPEBPDA) and a new tetramim®nomer 5,10,15,20-
tetra[4-[(3-aminophenyl)ethynyl]phenyl]porphyrin  APEPP) were successfully
synthesized. Porphyrin-based polyimides (PPBPIsgwgnthesized from BPEBPDA
and porphyrin-based building blocks (TAPP and TAPER/ia polymerization
reactions. The porphyrin-based porous polyimidewagts (PPBPI-CRs) were
obtained from PPBPIs through thermal crosslinkiegctions. The PPBPI-CRs
exhibited BET surface areas (682 git and 693 mg?) and CQ uptakes (2.0 mmol
g* and 1.67 mmol §at 273 K and 1 bar) as well #se separation factors of G,
(837.63, 28.97)and CQ/CH, (7.51, 5.61). Meanwhile, PPBPI-CRs showed an
enhanced Cg@isosteric enthalpies of adsorption (25.1 kJ fand 30.1 kJ md) than
other porous polymers.
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1. Introduction

Porous organic polymers (POPs) are a class farilynztional polymers with large
surface areas, desirable pore sizes and outstapdopgrties. POPs have attracted a
lot of attentions due to their diverse potentialplagations in gas storage and
separation [1], heterogeneous catalysis [2,3], aysorption [4] and sensor [5], etc.
Over the past decades, various POPs including mkyraf intrinsic microporosity
(PIMs) [6], covalent organic frameworks (COFs) [7,8onjugated micro- and
mesoporous polymers (CMPs) [9], hyper crosslinketymers (HCPs) [10] and
porous aromatic frameworks (PAFs) [11,12] have lmareloped.

Normally, POPs are constructed from rigid compowidsvarious reactions [13,14].



Among the POPs, porous polyimides (PPIs) are a é&iridgh performance polymers
featuring with large specific surface areas, highals gas molecules adsorption
capacities, excellently thermal and chemical sitaédsl [15,16]. Porphyrin and its
derivatives with two-dimensional (2D) and largesystems offer well-defined planar
and rigid building blocks. Rigid porphyrin-basedilding blocks are a kind of ideal
candidates for constructing porous organic fram&aoiPorphyrin-based porous
polymers can exhibit large BET surface areas, Mg capture capacities and
excellent catalytic performances [15,17,18]. Takaatyantage of the combination of
imide linkages and porphyrin-based groups can eratowatic polymers with porous
structures and introduce more nitrogen atoms wisdheneficial to carbon dioxide
adsorption.

In general, PPIs including crystalline and amorghporous polymers [19,20], are
constructed from rigid aromatic compounds via tradal polymerization reactions.
Unlike rigid and robust porous polyimides, most éjgganched polyimides (HBPISs)
prepared via traditional polycondensation reactibase flexible skeletons, which
causes the dense stacking and collapsing of the starctures, thus these HBPIs do
not have microporous structures. Crosslinked sirastcan be introduced to fix the
three-dimensional networks and induce the formatdnpore structures in the
hyperbranched polyimides [21,22]. As reported, thesslinking density in the
networks had a significant effect on the pore sae$ BET surface areas of resultant
polycyanurate networks [23]. It is a potential vtaytune the porosity parameters of
crosslinked hyperbranched polyimides by adjustihg trosslinking densities of
alkynyl groups. For the purpose, two tetramine nmoaKs
5,10,15,20-tetra(4-aminophenyl)porphyrin (TAPP),
5,10,15,20-tetra[4-[(3-aminophenyl)ethynyl]phengliphyrin (TAPEPP) and a novel
dianhydride monomer 3:Bis(3,4-dicarboxyphenoxy)-4:-diphenylethynyl biphenyl
dianhydride (BPEBPDA) were designed and succegsfylihthesized. TAPEPP and
BPEBPDA contained crosslinkable alkynyl groups, BAPP did not have €C. In
the present work, in order to study the effect misslinking density on the porosity
parameters of PPBPI-CRs, firstly, two porphyrindshdyperbranched polyimides
with different crosslinkable alkynyl densities wesynthesized using these monomers,
subsequently, the porphyrin-based crosslinked puoties (PPBPI-CRs) were
prepared via crosslinking reactions. Their porogisrameters and carbon dioxide
uptakes as well as the separations op/0and CQ/CH, were fully investigated.

2. Result and discussion
2.1. Synthesis and characterization of polymers

A novel dianhydride (BPEBPDA) containing two craskable pendant alkynyl
groups and a tetramine with alkynyl functional gyeuand porphyrin unit were
designed and synthesized. As illustrated in Schemél,
3,3-bis(3,4-dicarboxyphenoxy)-4diphenylethynyl biphenyl dianhydride
(BPEBPDA) was obtained via a five-step chemical ctiea. Firstly,



3,3-dihydroxy-4,4-diaminobiphenyl was reacted with sodium nitritettie presence
of hydrobromic acid via Sander Maier reaction teeg#,4-dibromobiphenyl-3,3diol
(I). Subsequently, 3:®is(3,4-dicyanophenoxy)-4:dibromo biphenyl (Il) was
obtained from | and 4-nitrophthalonitrile via numbdhilic substitution reaction.
3,3-Bis(3,4-dicyanophenoxy)-4 Aliphenylethynyl biphenyl (lll) was synthesized
from Il and phenylacetylene via Sonogashira cogplieaction using PdgiPPh),
and Cul as catalysts. 3Bis(3,4-dicyanophenoxy)-4 4liphenylethynyl biphenyl was
hydrolyzed in the presence of potassium hydroxiolet®n to give the carboxylic
monomer (V). The final target product
3,3-bis(3,4-dicarboxyphenoxy)-4diphenylethynyl biphenyl dianhydride (V) was
obtained from IV via dehydration reaction in a rpg solution of acetic acid and
acetic anhydride. 5,10,15,20-Tetra(4-aminophengbppyrin (TAPP) was prepared
according to the literature (in the EBI
5,10,15,20-Tetra[4-[(3-aminophenyl)ethynyl]phengliphyrin (TAPEPP) was a novel
polyamine containing porphyrin building block andbgslinkable alkynyl groups.
TAPEPP (Scheme 2) was synthesized via a two-stepactioe.
5,10,15,20-Tetra(4-bromophenyl)  porphyrin ,{I®PBr) was produced by
Alder-Longo reaction, and the final product wadexiked via Sonogashira Hagiwara
coupling reaction. The resultant dianhydride andppgrin-based monomers were
characterized by FTIRH NMR, *C NMR (Fig. S1, S2, S4, S5, S6, S7 in the ESI*).

HOOH NaNO,, CuBr HOOH K,CO;, DMAc NC@,OO@CN
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Scheme 1 Synthesis route to BPEBPDA.
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Scheme 3 Synthesis routes to the porphyrin-based porougmiale networks.

A series of porphyrin-based hyperbranched polyisilePBPI-1 and PPBPI-2)
were prepared from BPEBPDA and two types of tetrenmhonomers (TAPP and



TAPEPP) via polymerization reactions (Scheme 3hs8guently, the crosslinked
hyperbranched polyimides (PPBPI-1-CR and PPBPI-2-@&e obtained from
crosslinking reactions.

For PPBPIs, the significant stretching bands inRfdR spectra (Fig. S3 in the
ESI*) at 3310 crit were attributed to the porphyrin rings, demonstgathe
successful incorporation of porphyrin units witlpalymer skeletons. The strong
absorption bands at 1776 ¢mand 1722 cm were assigned to the carbonyl
asymmetrical and symmetrical stretching, indicatieé the formation of
polyimides and the consumption of tetramines aadfuydride. The characteristic
absorption bands existed in the FT-IR spectra &2 22 were on account of the
presence of alkynyl groups. Meanwhile, comparec VAPBPI-1, there was a
more intense band around 2212%tin the spectrum of PPBPI-2, it was ascribed
to more alkynyl groups existing in both dianhydrated TAPEPP monomers. For
PPBPI-CRs, the characteristic bands at 2212 disappeared, indicating that
PPBPI-CRs had undergone crosslinking reactions. Teappearance of
absorption bands at 3310 ¢ncould be due to the fracture of N-H bonds of
porphyrin structures accompanying with the cro&stig reactions.
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PPBPI-2-CR (2d). Scale bar: 500 nm.

The*C CP-MAS NMR spectra of PPBPIs and PPBPI-CRs whrstiated in Fig. 1.
The resonance bands at 164 ppm were assigned taribenyl carbons, the aromatic
carbons and the carbons of porphyrin rings locatdbe overlapping resonance bands
from 110 to 155 ppm. The signal bands at 96, 90&h@pm were attributed to the
carbons of alkynyl groups for PPBPIs [24,25]. Thsence of resonance bands of
alkynyl carbons in PPBPI-CRs suggested that PPB¥4@ad undergone crosslinking
reactions. As shown in Table S1, the elementalyaisatlata was in accordance with
the theoretical values.

DSC analysis was used to study the crosslinkingawiehs of the alkynyl groups in
the PPBPIs (Fig. S8 in the EBIThe disappearance of exothermic peaks which were
attributed to the alkynyl groups indicated that theosslinking reactions of
PPBPI-CRs were complete.

The PPBPI-CRs had outstanding chemical and thestaddilities. They were not
dissolved in common organic solvents such as Npethyl formamide,
1-methyl-2-pyrrolidinone, acetondetrahydrofuran and chloroform due to the
crosslinked structures [26]. Besides, PPBPI-CRs=vas0 stable in acidic and
alkaline solutions. TGA analysis (Fig. S9 in theltSvas conducted under a
nitrogen atmosphere to evaluate the thermal stialsilof all the polymers. As
illustrated in the TGA analyses curves, PPBPI-CRsl tigh 5% thermal
decomposition temperatures above 80Gnd high residues of more than 60% at
800 °C. The slight loss at around 280D might be originated from the gas or
solvents absorbed in the PPBPI-CRs skeletons [27].

Powder X-ray diffraction of PPBPIs and PPBPI-CRig.(510 in the ESI*) were
studied and exhibited amorphous nature charadteostpolymers [28,29]. The
surface morphologies of PPBPIs and PPBPI-CRs wereasared by
field-emission scanning electron microscopy (Figa@d Fig. S13 in the ESI*).
As shown in Fig. 2, the samples showed rough sesfaand irregular
morphologies, which were consisted of tight agglates of tiny nanoparticles.
Meanwhile, transmittance electron microscopy (ig. 811, S12, in the ESI*) was
studied to confirm the porous structures of PPBRECThe images revealed that
the micropore channels existed within the PPBPI-G&w/orks [30].

2.2. TheBET surface areas and pore size distribution of PPBPI-CRs

Brunauer-Emmett-Teller (BET) surface areas of PPBR$ were investigated by
physical sorption of nitrogen in the liquid nitrogérigation at 77 K. The sorption
isotherms revealed porosity parameters of crosstinpolymer networks and
elucidated the characteristic of permanent micrepoAs illustrated in Fig. 3, the
sorption isotherms belonged to the characterigpe i sorption curves according to
IUPAC classifications. The isotherms displayed eegtrise at a very low relative
pressure (P < 0.01), indicating that abundance wiicropores existed in the
PPBPI-CRs skeletons [31]. And the distinct capyllaysteresis loops of sorption
isotherms exhibited the presence of mesopores anptire channels and the



swelling effect between PPBPI-CRs skeletons andgen [32].

The BET surface areas of PPBPI-1-CR and PPBPI-2vER calculated to be 682°m
g* and 693 Mg, respectively. Simultaneously, the total pore wuds of PPBPI-CRs
revealed 0.429 cing® and 0.457 crhg®, respectively. It was reported that porous
structures of HBPI-CRs was mainly influenced by tnesslinked structures rather
than by the topological structures of polyamines|.[ZAPP and TAPEPP were both
porphyrin-based tetramine monomers offering rigidding blocks, but the numbers
of their alkynyl functional groups were differemt. contrast to TAPP, TAPEPP had
four crosslinkable alkynyl groups linked with extied benzene rings through the
C=C triple bonds. Therefore, PPBPI-2 had a highessiioking density of alkynyl
group than that of PPBPI-1, but the BET surfacasuend the total pore volumes of
PPBPI-1-CR and PPBPI-2-CR were close to each otifitech perhaps because steric
hindrance restricted the chain segment movemerdragslinkable alkynyl groups
within polymer skeletons [13]. Meanwhile, in Fig, this clearly showed that
PPBPI-2-CR had more mesopores, which could acctarthe higher total pore
volume of PPBPI-2-CR than that of PPBPI-1-CR. Hosve¥PBPI-1-CR possessed
more micropores, thus it had larger micropore s@farea and higher micropore
volume than PPBPI-2-CR.
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PPBPI-CRs, (b) pore size distribution by DFT method

Pore size distribution (PSD) was collected frontagien sorption isotherms at 77 K
by original Density Functional theory (DFT). The rposize distribution of

PPBPI-1-CR and PPBPI-2-CR were shown in Fig. 3y thad similar pore size

distribution including mesopores and ultramicrogorelhe pore diameters of
PPBPI-CRs (in Table 1) were around at 0.6 nm a@dnin. The pores with bigger
sizes might come from the possible crosslinked caires formed during the
crosslinking reactions (Scheme. S1 in the ESI*)}383 The pores with smaller sizes
could be derived from the hyperbranched polyimikeletons [37]. The total pore
volumes of PPBPI-CRs were mainly ascribed to theropiores and mesopores
existing in the PPBPI-CRs networks, which was beraf for carbon dioxide

adsorption.

Table 1 Specific surface area, pore volume, and poredisgteibution in PPBPI-CRs
networks.

Sam p les SBETa S_angmui rb Shi croC Viota d Vi croe PS |j
m’gt m’g’ m’g* cmigt cnmPg? nm
PPBPI-1-CR 682 930 332 0.429 0.155 0.59,1.27
PPBPI-2-CR 693 1050 275 0.457 0.147 0.54,1.26

2 P The Brunauer-Emmett-Teller and Langmuir surfaceasref samples were
calculated from the sorption isotherms of nitrogen.

“The micropore surface areas were collected bagirteptot method.

4Total pore volume derived from,Nsotherms aP/Py= 0.99.

®Micropore volume determined from t-plot method.

"Pore size distribution (PSD) was based on origieaisity functional theory.

2.3. Carbon dioxide adsorption and selectivity of CO,/N, and CO,/CH, of
PPBPI-CRs

CO, sorption isotherms (Fig. 4) were collected at K78nd 295 K to calculate GO
uptakes (in Table 2) and G@osteric heats of adsorptio®4). The CQ uptakes of
PPBPI-1-CR and PPBPI-2-CR were 2.0 mmdland 1.67 mmol § at 273K and 1
bar, respectivelyThe previous reports had revealed that N and Otifumalities,
high micropore volumes and small micropore sizedlifated the small gas
molecules adsorption capacities [23,38]. The, Gfdakes of PPBPI-CRs could be
attributed to two reasons: first, there were N @ntlinctionalities existing in the
crosslinked polymer skeletons; second, PPBPI-CRsabandant micropores and
considerable micropore volumeSompared with PPBPI-2-CR, the g@ptake of
PPBPI-1-CR was higher. The higher £@dsorption value of PPBPI-1-CR was
probably due to the larger micropore volume (0.158' g*) and the higher
micropore volume ratio (micropore volume/total peume = 0.361) than those of



PPBPI-2-CR (0.147 cthg?, 0.322). Moreover, the GQuptake of PPBPI-1-CR was
comparable to or exceeded those of many other pasoganic polymers with high
specific surface areas, such as PAF-1 (2.07 mmo5640 nf g*) [39], COF-5 (1.34
mmol g%, 1670 nf g*) [40], CMP-1 (2.05 mmol §, 837 nf g%) [41].

CO,isosteric enthalpies of adsorptioQ«) (Fig. 5) were calculated at two different
temperatures by Clausius-Clapeyron equation touetel the interaction forces
between the crosslinked polymers and,@@lecules. As illustrated in Table S2 (in
the ESI¥), Qo Ky, and Ay were calculated by usind.nP=Q«/RT+C and
d[LnKy] /dT=Qu/RT?, the Ky and As values of PPBPI-1-CR exceeded those of
PPBPI-2-CR, respectively), is the enthalpy of adsorption and the indicatién o
binding affinity at zero coverag@&he Qg isotherms revealed that PPBPI-2-CR had a
much higherQ (30.1 kJ mof) than those of PPBPI-1-CR (25.1 kJ fjohnd other
porous organic polymers such as PAFs (15.6-27.&&l") [39], STPIs (28-36 kJ
mol®) [42], and CMP-1 (26.8 kJ mid) [41]. PPBPI-2-CR had highe®, than
PPBBPI-1-CR, which meant PPBPI-2-CR had strongedibg affinity between
its crosslinked polymer skeleton and £O0rhe higherQ, of PPBPI-2-CR
compared to PPBPI-1-CR might be attributed to th®gities, network structures
and complexities of pore channels in the skelefd8k And the enhanced binding
affinity was probably attributed to the interactiohdipolar and quadrupolar between
CO, guest molecules and porous networks [44]. Besittes,virial plots of CQ
adsorption for PPBPI-CRs at 273 and 295 K (Fig. réyealed good linear
relationships. The pore sizes calculated from, G@ption isotherms at 273 K were
centered at around 0.6 nm, indicative of the presesf ultramicropores within the
crosslinked polymer networks.

The sorption isotherms of ,Nand CH at 273 K were measured and compared
with those of CQto calculate the separation properties of PPBPs-(FiRy. 7 and
Fig. S14). As reported, compared tp &hd CH, CO, had the stronger adsorption
ability with polymer skeletons, leading to the higéparation factors of G,
and CQ/CH, [37,43]. For PPBPI-1-CR, the separation factorsCak/N, and
CO,/CH, from initial slopes of component sorption isothermere 37.63 and
7.51, respectively, which were higher than thosePBPI-2-CR (28.97 and 5.61).
The higher C@N, and CQ/CH, selectivities of PPBPI-1-CR compared to
PPBPI-2-CR were attributed to two reasons: fiP8BPI-1-CR possessed more
micropores and higher micropore volume, causinghtgker CQ uptake over Bland
CH, because of the molecular sieving effect; secdmel content of nitrogen atoms in
PPBPI-1-CR was higher than that in PPBPI-2-CR, Wwhias advantageous for the
affinity of PPBPI-1-CR skeleton toward G(35].
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Table 2 CO, uptakes and pore size distribution from £0rption isotherms at 273 K,
gas selectivities from CON, and CH sorption isotherms at 273 K.

Samples  C@uptaké CO,uptak8  Pore sizé Gas selectivity/

mmol g* mmol g* nm CQ/N, CO,/CH,
PPBPI-1-CR 2.0 1.28 0.66 37.63 7.51
PPBPI-2-CR 1.67 1.05 0.68 28.97 5.61

2CO, uptakes derived from GGQorption isotherms at 1.0 bar and 273 K.

P CO, uptakes determined at 1 bar and 295 K.

“Pore size distribution was collected from £&0rption isotherms at 273 K.
9The CQ/N, and CQICH, selectivities were calculated from initial slopefs
pure-componergorption isotherms.



3. Conclusions

Two porphyrin-based porous hyperbranched polyimid¢3PBPI-1-CR and
PPBPI-2-CR) were synthesized from a novel dianldgdr{BPEBPDA) and two
porphyrin building blocks (TAPP and TAPEPP) via ypoérization and subsequent
crosslinking reactions. PPBPI-CRs revealed spesifitace areas (682 and 693 git)
and pore sizes (0.6 and 1.2 nm). Although PPBPI-G&3 different crosslinking
densities of alkynyl groups, they exhibited simiBET surface areas due to steric
hindrance. The PPBPI-CRs exhibited Q@takes (2.0 mmoland 1.67 mmol §)
and CQ isosteric enthalpies (25.1 kJ rifohnd 30.1 kJ md) as well asthe
separation factors of G, (37.63, 28.97and CQ/CH, (7.51, 5.61).
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Highlights

« Two porphyrin-based porous polyimides (PPBPI-1-CR and PPBPI-2-CR) were
synthesized via polymerization and post-crosslinking reactions.

- PPBPI-CRs reveaed specific surface areas (682 and 693 m? g*) and CO, uptakes
(2.0 and 1.67 mmol g* a 273 K and 1 bar) as well asisosteric heats of adsorption
(25.1 and 30.1 kJ/mol).

« Although PPBPI-CRs had different crosslinking densities of alkynyl groups, they
exhibited similar BET surface areas due to steric hindrance.



