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A B S T R A C T   

A new ethynylated Schiff base complex, [Cu(SALANI)2], in which two N-salicylidene(3-ethynylaniline) (SALANI) 
ligands coordinated one Cu2+ ion, was prepared and characterized by single-crystal X-ray diffraction, FTIR and 
1H NMR spectroscopy. The 1H NMR spectra were obtained and interpreted (with the help of DFT calculation) 
despite the paramagnetic character of the [Cu(SALANI)2] complex. Chain-growth copolymerization of [Cu 
(SALANI)2] with 4,42-diethynylbiphenyl and 1,4-diethynylbenzene provided polyacetylene-type micro/meso-
porous organometallic networks with [Cu(N-salicylideneaniline)2] segments as network knots. Networks of this 
type were also prepared by postpolymerization metalation of polyacetylene networks containing N-salicylide-
neaniline segments as pendant groups. Postpolymerization metalation (leading to further cross-linking) enabled 
to transform nonporous parent networks into organometallic networks with permanent porosity. The new porous 
organometallic networks showed a speci昀椀c surface area from 400 to 700 m2/g and a Cu2+ content of about 6 wt 
%. The networks prepared by both prepolymerization and postpolymerization metalation were active as het-
erogeneous catalysts of oxidation of linalool to linalool oxide.   

1. Introduction 

Schiff base complexes of metal ions are well known as versatile 
catalysts of many different reactions including oxidation, isomerization, 
epoxidation, condensation, polymerization and ring-opening/forming 
reactions [1–3]. In addition to imine CH=N group(s) the Schiff bases 
derived from salicylaldehyde also contain hydroxy group(s) suitably 
positioned for metal binding. The lone pair electrons of the N atom of the 
imine group(s) and the deprotonated hydroxy group(s) participate in the 
coordination of the metal ions in such complexes. The negative charge of 
the deprotonated OH group(s) fully or partially compensates the positive 
charge of the coordinated metal ion. Salen-type tetradentate ligands 
[various N,N2-ethylene-bis(salicylimine)s] containing two imine groups 
and two hydroxy groups are probably the most used ligands of catalyt-
ically active Schiff base complexes [4]. Complexes with bidentate N- 
substituted salicylimine ligands (e.g. of the N-salicylideneaniline-type) 
containing one pair of CH=N and OH groups are reported less frequently 

as the catalysts in the literature [1,5]. On the other hand, various 
complexes with bidentate N-substituted salicylimine ligands were pre-
pared and tested in non-catalytic applications. For example, Kargar et al. 
reported Cu and Zn complexes with bidentate Schiff-base ligands 
composed from ring-substituted salicylaldehyde and ring-substituted 
anilines or aminopyrazoles. The complexes were applied as antibacte-
rial agents and their binding to DNA was studied [6–9].Fig. 1.. 

Much attention has been paid to the heterogenization of Schiff base 
complexes aimed at the preparation of easily separable and potentially 
reusable catalysts [10,11]. For example, Mn, Fe, and Cu salen complexes 
were anchored on surface-modi昀椀ed siliceous mesoporous molecular 
sieves of various types to form porous heterogeneous catalysts for the 
synthesis and transformation of epoxides [12,13] and Henry reaction 
[14]. Ef昀椀cient heterogeneous catalysts were also achieved by immobi-
lizing Schiff base complexes on (i) polymer resins [15], (ii) graphene 
oxide [16], (iii) glass beads [17], (iv) magnetic nanoparticles [18] and 
other supports. 
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In several cases, heterogenization was carried out by covalent 
incorporating Schiff base complexes as building blocks into so-called 
Porous Organic Polymers (POPs) while maintaining the catalytic activ-
ity of these complexes. POPs are amorphous polymer networks with 
permanent micro/mesoporosity and a high speci昀椀c surface area origi-
nating from the stiffness of the network segments combined with 
extensive cross-linking [19,20]. A number of different polymerization 
and postpolymerization procedures have been developed for the prep-
aration of POPs, which allowed to tune the covalent structure and 
textural parameters of these materials. This makes POPs very promising 
for a number of applications, especially in the 昀椀eld of reversible sorption 
[21–24] and heterogeneous catalysis [25–29]. Xie et al. prepared a POP 
containing Co-salen segments by Sonogashira cross-coupling copoly-
merization of 1,3,5-triethynylbenzene and a dibromo-functionalized Co- 
salen complex. The prepared POP contained Co-salen segments as the 
struts between benzene-triyl knots and showed a Brunauer-Emmett- 
Teller speci昀椀c surface area, SBET, of 965 m2/g [29]. Co-salen contain-
ing hyper-cross-linked POPs with SBET up to 663 m2/g were achieved by 
a knitting polymerization of the Co-salen complex with a 1,4-bis(bromo-
methyl)benzene cross-linker [30]. POPs containing Schiff base com-
plexes with Al, Co and Ni ions were prepared by condensation 
polymerization of 2,3,6,7,14,15-hexaammoniumtriptycene with 2,6- 
diformyl-4-methylphenol in the presence of salts of respective metals 
[31]. One pot condensation reaction of 5-tert-butyl-4-hydroxyisoph-
thalaldehyde, ethylenediamine, and copper(II) acetate provided POPs 
composed of Cu-salen and porphyrin segments [32]. The SBET values up 
to 280 m2/g were achieved. Schiff base complexes containing POPs were 
active as heterogeneous catalysts for the Henry reaction [32] and for the 
conversion of epoxides and CO2 to cyclic carbonates [29–31]. 

Linear substituted polyacetylenes, i.e. mostly soluble polymers of 
formulas [–HC=CR-]n and [-R1C=CR2-]n, are the 昀椀rst described conju-
gated polymers [33]. Polyacetylenes are prepared by transition metal- 
catalyzed coordination chain-growth polymerization of acetylenes, 
HC–––CR and R1C–––CR2 [34,35]. In this way, not only hydrocarbon 
acetylenes but also monomers functionalized with a whole range of 
heteroatom groups, including imino [36–38] and hydroxy groups 
[39,40], were successfully polymerized into linear polymers. Recently, 
we modi昀椀ed and optimized this polymerization to provide micro- and 
micro/mesoporous hyper-cross-linked networks of the POP-type (SBET 
~ 1000 m2/g) [28,35,41]. In order to ensure extensive cross-linking of 
the products, aromatic acetylenes with two to four ethynyl groups per 
molecule were used as (co)monomers. The resulting POPs consisted of 
conjugated polyacetylene (polyene) main chains in which single and 
double bonds alternated. These chains were hyper-cross-linked by rigid 
arene-type cross-links. The polymerization was well compatible with 
different heteroatom groups of monomers, which enabled the prepara-
tion of functionalized POPs for speci昀椀c sorption, catalytic and lumi-
nescence applications [24,42–45]. 

In this paper, we report new micro/mesoporous organometallic 
polyacetylene POPs containing molecules of N-salicylideneaniline 
complex with Cu2+ ions as network knots. These POPs were achieved by 
chain-growth polymerization of ethynylated precursors combined with 
either prepolymerization or postpolymerization metalation with copper 

(II) acetate. Both methods provided organometallic POPs with a high 
content of Cu2+ ions which were active as heterogeneous catalysts for 
oxidation of linalool. 

2. Experimental Section 

Materials: (Acetylacetonato)(norbornadiene)rhodium(I), [Rh(nbd) 
acac], (>98 %), 4,42-diethynylbiphenyl, DEBPh (>98 %), 1,4-diethynyl-
benzene, DEB (>98 %), 3-ethynylaniline (>98 %) (all TCI Europe), 
copper(II) acetate, Cu(OAc)2 (98 %), salicylaldehyde (g99 %), salicy-
lideneaniline (97 %), methanol (g99 %), tetrahydrofuran (g99 %), tert- 
butylhydroperoxide (water solution 70 %) (all Merck), linalool (>95 %, 
Aroma Praha, a.s.), dichloromethane (99.95 %, Lach-Ner) was distilled 
with P2O5. 

Synthesis of proligand/monomer: N-Salicylidene(3-ethynylani-
line), SALANIH, was prepared by smooth condensation of 3-ethynylani-
line (21 mmol) with salicylaldehyde (21 mmol) in a minimal amount of 
methanol at room temperature. The reaction mixture was stirred for 90 
min during which the product was formed as a precipitate. The product 
was washed in cold methanol and dried under a vacuum. Yield 69 %. 

νmax (KBr)/cm−1 631 s, 684 s, 755 s, 939 m, 1140 m, 1212 m, 1284 s, 
1368 m, 1502w, 1565 s, 1620 s, 2105vw, 3285 s. 

δH (CD2Cl2, 400 MHz) 12.99 (s, 1HOH), 8.65 (s, 1H9), 7.45 (d, 1H11), 
7.42 (d, 1H6), 7.40 (d, 1H2), 7.39 (d, 1H5), 7.01 (d, 1H13), 6.99 (d, 
1H12), 6.97 (d, 1H14), 6.95 (d, 1H4), 3.20 (s, 1H8). 

δC (CD2Cl2, 100 MHz) 164.2 (C9), 161.5 (C15), 149.0 (C3), 133.9 
(Carom), 133.1 (Carom), 130.8 (Carom), 130.0 (Carom), 125.0 (Carom), 123.5 
(Carom), 122.6 (Carom), 119.6 (Carom), 119.5 (Carom), 117.5 (Carom), 83.2 
(C7), 78.1 (C8). 

(1H and 13C{1H} NMR spectra can be seen in Figure S1 and 
Figure S2 in the Supplementary Data). 

HRMS ESI, measured (calculated) m/z: 222.091502 (222.091340), 
C15H11NO. 

Melting point: 77.4 çC. 
Synthesis of the [Cu(SALANI)2] complex: 2.26 mmol of SALANIH 

was dissolved in 15 ml of methanol and 1.13 mmol of anhydrous copper 
(II) acetate was dissolved in 5 ml of distilled water. Both solutions were 
mixed in a vial and stirred for 5 days at room temperature. The 
precipitated complex [Cu(SALANI)2] was isolated and washed with 
methanol and water, and dried under a vacuum. Yield 92 %. 

Polymerization of [Cu(SALANI)2]: [Cu(SALANI)2] complex was 
homopolymerized and copolymerized with (i) DEBPh and with (ii) DEB. 
The polymerization catalyst was complex [Rh(nbd)acac] and reactions 
were performed in distilled dichloromethane. The total initial concen-
tration of (co)monomer(s) was 0.3 mol/dm3 and catalyst 0.025 mol/ 
dm3. In the copolymerization setup, two molar ratios were used: (i) 1:1 
and (ii) 1:4 in favor of the cross-linker (DEBPh or DEB). The solution of 
the catalyst was mixed with the solution of (co)monomer(s). The reac-
tion proceeded for 7 days at 75 çC. The precipitated product was isolated 
and washed in dichloromethane. The product was dried under a vac-
uum. Organometallic polyacetylene networks (NET-1, NET-2, NET-3, 
NET-4 and NET-5) were prepared in quantitative yields. 

Copolymerization of proligand/monomer: SALANIH was copo-
lymerized with (i) 4,42-diethynylbiphenyl (DEBPh) and with (ii) 1,4- 
diethynylbenzene (DEB). The molar ratio of comonomers was 1:1. 
Polymerization catalyst was [Rh(nbd)acac] complex and reactions were 
performed in distilled dichloromethane. The total initial concentration 
of comonomers was 0.3 mol/dm3 and catalyst 0.025 mol/dm3. The so-
lution of the catalyst was mixed with solutions of monomers, which 
started the polymerization. The reaction proceeded for 7 days at 75 çC. 
The precipitated product was separated from the liquid and washed in 
dichloromethane. The product was dried under a vacuum. In this way, 
non-metalated parent networks Poly(SALANIH-co-DEBPh) and Poly 
(SALANIH-co-DEB) were prepared in quantitative yields. 

Postpolymerization metalation of Poly(SALANIH-co-DEBPh) 
and Poly(SALANIH-co-DEB): Non-metalated polymer network (0.4 

Fig. 1. Structure of the proligand/monomer SALANIH with numbered atoms 
according to the NMR spectra. 
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mmol of SALANIH units) was dispersed in 2 ml of tetrahydrofuran and 
0.2 mmol of copper(II) acetate dissolved in 2 ml of tetrahydrofuran were 
added into that dispersion. The reaction mixture was stirred at room 
temperature for 10 days. After that, the solid was separated by 昀椀ltration, 
washed in tetrahydrofuran, and dried under a vacuum. In this way, the 
organometallic polyacetylene networks (NET-6 and NET-7) were 
prepared. 

2.1 Testing of catalytic activity 

The prepared metalated polymer networks were tested as the cata-
lysts for oxidation of linalool. The catalyst (10 mg) was dispersed in 
dichloromethane (3 ml) in a reaction 昀氀ask (25 ml) equipped with a 
condenser. The reaction 昀氀ask was placed on the magnetic stirrer in the 
preheated oil bath (60 çC). Followingly, tert-butylhydroperoxide (molar 
ratio to linalool 3:1) and linalool (100 mg) were added under vigorous 
stirring. The reaction was carried out for 24 h, after that, the sample of 
the reaction mixture was analyzed using GC coupled with a 昀氀ame 
ionization detector. The evaluation factors for catalytic activity were (i) 
conversion (calculated as the difference in the amount of linalool at the 
beginning and at the end of the reaction) and (ii) selectivity (calculated 
as a ratio of the areas of GC peaks of linalool oxide and linalool, ALO/AL, 
at the end of the reaction). 

2.2 Techniques 

Nitrogen adsorption and desorption isotherms were measured at 77 
K using Tri昀氀ex V4.02 apparatus (Micromeritics). The 昀椀nely ground solid 
samples were 昀椀rst degassed (Micromeritics SmartVacPrep instrument) 
under a vacuum at a temperature of 383 K and a residual pressure of 1 Pa 
and then the adsorption and desorption isotherms were measured. The 
measurement was performed up to the value of relative nitrogen pres-
sure p/p0 = 0.99 (p0 = 101 325 Pa). The speci昀椀c surface area, SBET, was 
calculated by the method of Brunauer, Emmett and Teller from the 
amount of adsorbed nitrogen in the range p/p0 from 0.05 to 0.20. The 
volume of micropores, Vmi, was determined from the adsorbed amount 
of nitrogen at p/p0 = 0.1 and the total pore volume, Vtot, was determined 
from the adsorbed amount of nitrogen at p/p0 ~ 0.99. The density of 
liquid nitrogen at the boiling point of nitrogen was considered for the 
calculation, ρ = 0.806 g/cm3. The maximum in micropore diameter 
distribution, Dmi, was subtracted from Horvath-Kawazoe differential 
pore volume plot. Atomic Absorption Spectrometry (AAS) was used to 
determine the content of Cu2+ ions. Before the measurement, the sample 
was 昀椀rst completely decomposed in a Biotage Initiator microwave 
reactor in HNO3 or HNO3/HClO4 medium. The mineralized sample was 
then measured on a Perkin Elmer Model 3110 instrument. UV/VIS 
spectra were recorded on Perkin Elmer Lambda 465. A Nicolet Magna IR 
760 spectrometer and a Diffuse Re昀氀ectance Infrared Fourier Transform 
Spectroscopy (DRIFTS) method were used to characterize solid, 昀椀nely 
ground samples. KBr was used as the background. HR-MS (high-reso-
lution mass spectrometry) spectra were obtained on a Bruker Q-TOF 
Compact instrument. 1H and 13C{1H} NMR spectra of soluble SALANIH 
were measured on Bruker AVANCE III 400 MHz in CD2Cl2. The 1H and 
13C{1H} spectra of paramagnetic [Cu(SALANI)2] were acquired on 
Bruker Avance III 600 MHz spectrometer (300 K, 14.3 T) using a direct- 
excitation spin-echo-detected experiment [46]. Crystallographic data 
were collected on Bruker D8 VENTURE Kappa Duo PHOTONIII by IμS 
micro-focus sealed tube MoKα (λ = 0.71073) at a temperature of 120(2) 
K. The structure was solved by direct methods (XT) [47] and re昀椀ned by 
full-matrix least squares based on F2 (SHELXL2018) [48]. The hydrogen 
atoms on carbon were 昀椀xed into idealized positions (riding model) and 
assigned temperature factors Hiso(H) = 1.2 Ueq(pivot atom). Shimadzu 
GC 17-A with non-polar column ZB–5 (60 m, ID 0.32 mm, SF 0.25 μm 
coupled with a 昀氀ame ionization detector was used for the analysis of 
reaction mixtures after catalytic tests. 

3. Results and discussion 

3.1. Synthesis of proligand/monomer 

The main building block for the construction of organometallic 
polyacetylene networks reported in this article was a proligand/mono-
mer N-salicylidene(3-ethynylaniline), SALANIH, which was synthesized 
by smooth condensation of 3-ethynylaniline with salicylaldehyde in 
methanol at room temperature (Scheme 1). SALANIH was designed to 
contain (i) a terminal ethynyl group suitable for chain-growth poly-
merization and (ii) a combination of imine (azomethine) and hydroxy 
groups suitable for metal ions complexation. SALANIH served as 

Scheme 1. Synthesis of SALANIH and [Cu(SALANI)2].  

Fig. 2. FTIR spectra of proligand/monomer SALANIH, complex [Cu(SALANI)2] 
and homopolymer network NET-1. 
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proligand and/or monomer in our study. 
The proligand/monomer SALANIH was used for the complexation of 

Cu2+ ions to form the [Cu(SALANI)2] complex. Two molecules of 
deprotonated SALANIH coordinated one Cu2+ ion in [Cu(SALANI)2] as 
con昀椀rmed by single-crystal X-ray diffraction (vide infra). This reaction 
was performed at room temperature in methanol/water (3/1 V/V), 
copper(II) acetate served as a source of Cu2+ ions. The yield of [Cu 
(SALANI)2] was 92 %. 

The evidence of successful complexation was gained from FTIR 
spectroscopy (see Fig. 2). The FTIR spectrum of SALANIH showed a 
characteristic band of CH=N stretching at 1620 cm−1, while this band 
was slightly shifted to 1605 cm−1 in the spectrum of the [Cu(SALANI)2] 
complex. This difference of 15 cm−1 indicated a change in the CH=N 
bond stretching due to metalation. A similar shift in the position of the 
CH=N stretching band was reported by Dong et al. who studied the 
complexation of Cu2+ ions with salen-type Schiff-base ligand [49]. The 
FTIR spectra of both SALANIH and [Cu(SALANI)2] showed a strong band 
at 3285 cm−1 belonging to cC–H stretching of the ethynyl groups 
con昀椀rming that the ethynyl groups were not affected by metalation (see 
Fig. 2). 

Figure S3 in the Supplementary Data shows UV–vis spectra of 

SALANIH and [Cu(SALANI)2] in dimethylsulfoxide. The UV–vis spec-
trum of SALANIH contained two absorption bands at wavelength λ =

280 and 331 nm. The position of the latter band (ascribable to n → π* 
transition of the azomethine group) was signi昀椀cantly red-shifted in the 
spectrum of [Cu(SALANI)2] due to the complexation of Cu2+ ions with 
SALANIH (λ = 384 nm). A similar bathochromic shift in the UV–vis 
spectra of free Schiff-base-type ligands and complexes of Cu2+ and other 
ions with these ligands were reported, for example, by Vinusha et al. who 
dealt with Schiff-base ligands composed of substituted benzaldehydes 
and aminotriazoles [50]. 

Additionally, the formation of the [Cu(SALANI)2] was proved by 
NMR spectroscopy. The presence of a paramagnetic center in the vicinity 
of observed nuclei results in a substantial paramagnetic-induced shift 
and accelerated relaxation re昀氀ected in the signal broadening [46]. In 
our case, copper(II) in the square-planar coordination environment, 
induced the broadening of NMR signals to 50–4000 Hz and an increase 
of the spectral width to 60 ppm (see Fig. 3) which was in agreement with 
typically reported values [51]. Due to the fast relaxation and subsequent 
signal vanishing, the spectral assignment of the [Cu(SALANI)2] reso-
nances could not be completed by conventional methods of correlation 
spectroscopy (Figure S4 in the Supplementary Data). Therefore, we 

Fig. 3. 1H NMR spectrum (14.3 T, 300 K) of (A) diamagnetic SALANIH and (B) paramagnetic [Cu(SALANI)2] in CD2Cl2 solution. The rainbow-colored circles 
correspond to the calculated shifts using different Hartree–Fock exchange admixtures in hybrid DFT functional used for the hyper昀椀ne coupling calculations 
(Table S1), ranging from 10 % (orange) to 40 % (green). The H9 signal (theoretically predicted in the region between 335 and 520 ppm) was not observed in the 
experimental spectrum due to fast paramagnetic-induced relaxation. Signals of H2, H4, H6 and H14 are presented in an overlapped pattern between 0 and –20 ppm. 
Signal deconvolution is shown in gray. 

Fig. 4. View on the molecule of [Cu(SALANI)2], the displacement ellipsoids are drawn at a 50 % probability level. Symmetry code: (i) -x + 1, -y + 1, -z + 1. The 
selected bond distances [Å] and angles [ç]: Cu1-O1 1.8937(9), Cu1-N1 1.9959(11), N1-C9 1.2952(16), N1-C7 1.4377(15), O1-C11 1.3098(15), C1-C2 1.190(2); O1i- 
Cu1-O1 180.0, O1-Cu1-N1 91.11(4), O1i-Cu1-N1 88.89(4). 
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employed a theoretical calculation of the paramagnetic-induced shift by 
DFT. A variable admixture of Hartree-Fock exchange was used here to 
estimate the calculation uncertainty due to DFT electron-density delo-
calization error as described in [52] and [53]. Conveniently, it provided 
a “con昀椀dence interval” of the calculation (rainbow plot in Fig. 3 and 
Figure S4, the numbering of atoms is shown in Scheme 1). Negative 
NMR-shift was observed for the nuclei H2, H4, H14 and H6 which were in 
the positions ortho and para with respect to the coordinated group. 
Similarly, the nuclei H5, H11 and H13, localized in the meta position, 
showed a positive paramagnetic-induced shift. This phenomenon was 
probably related to spin-polarization effects. The signal of H9 (from 
coordinated CH=N group) was predicted at an extremely high NMR shift 
(>300 ppm) but was not observed due to relaxation effects. On the 
contrary, acetylene H8, which is distant from the Cu2+ ion, appeared at 
4.85 ppm with a relatively narrow linewidth (~50 Hz). 

Finally, the structure of the [Cu(SALANI)2] complex (proposed in 
Scheme 1) was con昀椀rmed by the single-crystal X-ray diffraction (Fig. 4, 
see Table S2 and more details in the Supplementary Data). 

The complex consisted of two deprotonated N-salicylideneaniline 
ligands. This ligand had two benzene rings connected via an azomethine 
link (CH=N). The benzene ring attached to the carbon atom of the 
CH=N link bore an oxygen atom in the ortho position. The benzene ring 
attached to the nitrogen atom of the CH=N link was substituted (in the 
meta position) by an easily accessible terminal ethynyl group, which was 
suitable for the transformation into the polyacetylene chain. The 
deprotonated N-salicylideneaniline ligand coordinated the Cu2+ ion 
through coordination bonds between (i) the nitrogen atom and the Cu2+

ion and (ii) the oxygen atom and the Cu2+ ion. Two deprotonated N- 
salicylideneaniline ligands created with the Cu2+ ion centrosymmetric 

square complex with a small deformation of bond angles O1-Cu1-N1 
(91.11ç) and O1i-Cu1-N1 (88.89ç) and bound distances Cu1-O1 
1.8937(9) Å, Cu1-N1 1.9959(11) Å. As seen from the X-ray deter-
mined structure, the Cu2+ ion had no ligand(s) above and below the 
plane of the complex, so the Cu2+ ion was easily accessible to the sub-
strate molecules in terms of catalytic application. 

3.2. Organometallic polyacetylene networks by prepolymerization 
metalation approach 

The diethynylated [Cu(SALANI)2] complex was (i) homopoly-
merized (Scheme 2) and (ii) copolymerized with 4,42-diethynylbiphenyl 
(DEBPh) or 1,4-diethynylbenzene (DEB) (Scheme 3) in chain-growth 
polymerization manner. Polymerizations were initiated by [Rh(nbd) 
acac] complex at 75 çC. All polymerizations resulted in totally insoluble 
(dichloromethane, methanol, benzene, tetrahydrofuran) brown-black 
polymer networks with quantitative yields. 

The homopolymerization of [Cu(SALANI)2] provided poly[Cu(SAL-
ANI)2] labeled as NET-1. The determined Cu2+ content in NET-1 was 13 
wt%, which was in good agreement with the theoretical value of 12.6 wt 
% (Table 1). The FTIR spectrum of NET-1 (Fig. 2) did not show a band at 
3285 cm−1, which con昀椀rmed the highly ef昀椀cient transformation of both 
terminal ethynyl groups of [Cu(SALANI)2] into main-chain vinylene 
units of NET-1 during polymerization (Scheme 2). On the other hand, a 
strong FTIR band (at 1609 cm−1) due to the CH=N group coordinating 
Cu2+ ion was retained in the spectrum of NET-1, which indicated that 
the transformation of [Cu(SALANI)2] to NET-1 segments did not affect 
the mode of coordination of Cu2+ ions by N-salicylideneaniline. Thus, 
network NET-1 consisted of conjugated polyene (polyacetylene) chains 

Scheme 2. Homopolymerization of [Cu(SALANI)2] under the formation of NET-1.  

Scheme 3. Copolymerization of [Cu(SALANI)2] with (i) DEBPh or (ii) DEB under the formation of NET-2 and NET-4 (with DEBPh comonomer) and NET-3 and NET-5 
(with DEB comonomer). 

Table 1 
Networks NET-1 to NET-5, their composition of monomeric units, speci昀椀c surface area (SBET), content of Cu2+, micropore diameter (Dmi), volume of micropores (Vmi) 
and total pore volume (Vtot).  

Network code Comonomers Molar ratio (A:B) SBET 
[m2/g] 

Content of Cu2+

[wt%] 
Dmi 
[nm] 

Vmi 
[cm3/g] 

Vtot 
[cm3/g] 

Vmi/Vtot 

A B 
NET-1 [Cu(SALANI)2] – – 13 13.0[a] 12.6[b] nd nd  0.07 nd 
NET-2 [Cu(SALANI)2] DEBPh 1:1 91 8.8[a] 9.0[b] 1.06 0.03  0.18 0.17 
NET-3 [Cu(SALANI)2] DEB 1:1 82 10.4[a] 10.1[b] 1.10 0.03  0.17 0.18 
NET-4 [Cu(SALANI)2] DEBPh 1:4 709 4.9[a] 4.8[b] 0.73 0.27  1.58 0.17 
NET-5 [Cu(SALANI)2] DEB 1:4 684 5.6[a] 6.3[b] 0.71 0.26  1.19 0.22 

[a] Determined value, [b] theoretical value. 
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cross-linked by [Cu(N-salicylideneaniline)2] cross-links. Despite the ri-
gidity of the main polyene chains and the dense cross-linking, NET-1 was 
almost non-porous. The N2 adsorption/desorption isotherms on NET-1 
(at 77 K) detected a Brunauer-Emmett-Teller speci昀椀c surface area 
(SBET) of only 13 m2/g and a total pore volume (Vtot) of only 0.07 cm3/g. 
It should be mentioned that the previously reported polyacetylene 

networks cross-linked by short arylene links, prepared for example by 
polymerization of diethynylbenzenes, showed excellent micro/meso-
porosity and SBET values around 1000 m2/g [41,42,54]. We speculated 
that the poor porosity of NET-1 could be due to the bulkiness and/or 
insuf昀椀cient rigidity of the [Cu(N-salicylideneaniline)2] cross-links, 
allowing tight packing of the network segments in the solid phase. 

To support the formation of pores in [Cu(SALANI)2]-based networks, 
we decided to introduce short rigid arylene cross-links into these types of 
networks in addition to cross-links derived from the [Cu(SALANI)2] 
monomer. Networks with two different types of cross-links were pre-
pared by copolymerization of [Cu(SALANI)2] with diethynylated co-
monomers DEBPh and DEB (Scheme 3). Copolymerizations of [Cu 
(SALANI)2] with DEBPh and DEB (molar ratio in the feeds: [Cu(SAL-
ANI)2]:DEBPh = 1:1, [Cu(SALANI)2]:DEB = 1:1) provided networks 
poly{[Cu(SALANI)2]–co-DEBPh(1:1)} labeled as NET-2 and poly{[Cu 
(SALANI)2]–co-DEB(1:1)} labeled as NET-3. Copolymerizations of the 
feeds of the mole composition [Cu(SALANI)2]:DEBPh = 1:4 and [Cu 
(SALANI)2]:DEB = 1:4 provided networks poly{[Cu(SALANI)2]–co- 
DEBPh(1:4)} labeled as NET-4 and poly{[Cu(SALANI)2]–co-DEB(1:4)} 
labeled as NET-5. The FTIR spectra of copolymer networks are shown in 
Fig. 5 together with the spectra of comonomers used for their synthesis. 
The FTIR spectra of all copolymer networks contained a strong band at 
1609 cm−1 due to vibration of the CH=N bond participating in Cu2+

coordination. On the other hand, the band due to the cC–H vibration of 
the terminal ethynyl groups at about 3285 cm−1 was either absent (NET- 
2, NET-3) or only very weak (NET-4, NET-5) in the spectra of the 
copolymer networks. This indicated the highly ef昀椀cient transformation 
of ethynyl groups achieved in the preparation of NET-2, NET-3, NET-4 
and NET-5 and thus the high extent of cross-linking of these networks 
by [Cu(N-salicylideneaniline)2] and 4,42-biphenyldiyl or 1,4-phenylene 
cross-links (Scheme 3). 

The cross-linking of the copolymer networks with arylene cross-links 
formed from DEBPh and DEB had the expected positive effect on the 
porosity of the networks. The SBET values of NET-2 and NET-3 were 91 
and 82 m2/g, respectively, which was about six times higher compared 
to the homopolymer network NET-1. A further increase in the content of 
short arylene cross-links in the networks led to an increase in SBET values 
even to 709 m2/g (NET-4) and 684 m2/g (NET-5) (Table 1). Cross- 
linking with 4,42-biphenyldiyl and 1,4-phenylene cross-links realized 
by the copolymerization approach obviously reduced the Cu2+ content 
in the networks. However, even the highly porous NET-4 and NET-5 
networks prepared by the copolymerization of feeds with a molar 
ratio [Cu(SALANI)2]:DEBPh(or DEB) = 1:4 still showed a fully 

Fig. 5. FTIR spectra of [Cu(SALANI)2], DEBPh, DEB and networks NET-2, NET- 
3, NET-4 and NET-5. 

Fig. 6. N2 adsorption (full symbols) and desorption (empty symbols) isotherms (measured at 77 K) on networks NET-2, NET-3, NET-4 and NET-5.  
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satisfactory Cu2+ content of about 5 wt% (see Table 1 for details). 
Fig. 6 shows N2 adsorption/desorption isotherms (77 K) on NET-2, 

NET-3, NET-4 and NET-5 (the N2 adsorption/desorption isotherms are 
shown in more detail in Figure S5 in the Supplementary Data). The 
shape of the isotherms indicated the micro/mesoporous texture of the 
networks. A steep increase in the adsorbed amount of N2 in the relative 
pressure (p/p0) region from 0 to 0.05 (p0 = 101 325 Pa) con昀椀rmed the 
presence of micropores. The increase in the adsorbed amount of N2 at p/ 
p0 > 0.7 and slight hystereses on the adsorption/desorption isotherms 
re昀氀ected the trapping of N2 in the mesopores and interparticle voids. 
The values of total pore volume (Vtot) and micropore volume (Vmi) are 
summarized in Table 1. The highest Vtot and Vmi values, 1.58 and 0.27 
cm3/g, respectively, were obtained for NET-4. The Vmi/Vtot ratios 
ranged from 0.17 to 0.22 indicating that in NET-2, NET-3, NET-4 and 
NET-5 the micropores contributed to the total porosity in a similar 

manner. The micropore diameter distributions of NET-2, NET-3, NET-4 
and NET-5 are shown in Figure S6 in the Supplementary Data. The di-
ameters corresponding to the maxima on these distributions (Dmi) are 
given in Table 1. The values of Dmi were approximately 0.7 nm for 
networks NET-4 and NET-5. Slightly higher values of Dmi (~1.1 nm) 
were found for NET-2 and NET-3, i.e. for networks with a lower content 
of 4,42-biphenyldiyl and 1,4-phenylene cross-links. 

3.3. Organometallic polyacetylene networks by postpolymerization 
metalation approach 

Micro/mesoporous [Cu(SALANI)2]-containing networks were ach-
ieved also by the postpolymerization metalation approach. For this 
purpose, two non-metalated polyacetylene networks were 昀椀rst prepared 
by copolymerization of SALANIH with DEBPh and DEB cross-linkers 
(Scheme 4). Copolymerization of SALANIH with DEBPh and 

Scheme 4. Copolymerization of proligand/monomer SALANIH with (i) DEBPh or (ii) DEB under the formation of Poly(SALANIH-co-DEBPh) and Poly(SALANIH- 
co-DEB). 

Table 2 
Speci昀椀c surface area (SBET), micropore diameter (Dmi), volume of micropores (Vmi) and total pore volume (Vtot) of networks Poly(SALANIH-co-DEBPh), Poly(SALANIH- 
co-DEB), NET-6 and NET-7, content of Cu2+ for NET-6 and NET-7.  

Before metalation After metalation with Cu2+

Network code SBET 
[m2/g] 

Dmi 
[nm] 

Vmi 
[cm3] 

Vtot 
[cm3] 

Vmi/Vtot Network code Content of Cu2+

[wt%] 
SBET 
[m2/g] 

Dmi 
[nm] 

Vmi 
[cm3] 

Vtot 
[cm3] 

Vmi/Vtot 

Poly(SALANIH-co-DEBPh) 449 0.85 0.16  0.57 0.28 NET-6 6.1[a] 7.0[b] 471  0.77  0.17  0.63  0.27 
Poly(SALANIH-co-DEB) 3 nd nd  0.01 nd NET-7 6.4[a] 8.4[b] 403  0.95  0.15  0.29  0.52 

[a] Determined value, [b] theoretical value. 

Fig. 7. FTIR spectra of parent network Poly(SALANIH-co-DEBPh) and NET-6.  Fig. 8. FTIR spectra of parent network Poly(SALANIH-co-DEB) and NET-7.  
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copolymerization of SALANIH with DEB (molar ratio SALANIH:cross- 
linker = 1:1) provided totally insoluble (dichloromethane, methanol, 
benzene, tetrahydrofuran) networks Poly(SALANIH-co-DEBPh) and Poly 
(SALANIH-co-DEB), respectively (Table 2). Both networks were formed 
with quantitative yield. 

FTIR spectra (Fig. 7 and Fig. 8) showed a strong band at 1620 cm−1 

due to CH=N stretching that con昀椀rmed the preservation of N-salicyli-
deneaniline segments in the networks. N-Salicylideneaniline segments 
were attached as pendant groups to the linear units of the networks. A 
weak band at 3285 cm−1 in FTIR spectra of both networks indicated that 
some monomeric units formed from DEBPh and DEB contained one 
unreacted ethynyl group. 

Poly(SALANIH-co-DEBPh) was micro/mesoporous (SBET = 449 m2/g, 
Vmi/Vtot = 0.28, see Table 2). The N2 adsorption/desorption isotherms 
on Poly(SALANIH-co-DEBPh) are given in Figure S7 in the Supple-
mentary Data. Contrary to Poly(SALANIH-co-DEBPh), the network Poly 
(SALANIH-co-DEB) was non-porous. Both networks contained large N- 
salicylideneaniline pendant groups and differed in the length of the 
cross-links. In the case of Poly(SALANIH-co-DEBPh), the length of the 
4,42-biphenyldiyl cross-links was close to the length of the N-salicyli-
deneaniline pendant groups. This enabled the formation of pores in Poly 
(SALANIH-co-DEBPh). On the other hand, the 1,4-phenylene cross-links 
were signi昀椀cantly shorter than the N-salicylideneaniline pendant 
groups, which counteracted the pore formation in Poly(SALANIH-co- 
DEB). We reported similar 昀椀ndings recently for networks prepared by 
copolymerization of phenylacetylenes with diethynylarene cross-linkers 
[43]. 

Dry micro/mesoporous Poly(SALANIH-co-DEBPh) was dispersed in 
tetrahydrofuran and metalated with Cu2+ ions using copper(II) acetate 
as the source of these ions (see Experimental Section). Metalation of Poly 
(SALANIH-co-DEBPh) gave an organometallic network (labeled as NET- 
6, see Scheme 5) with a Cu2+ content of 6.1 wt%. The SBET of metalated 
NET-6 (471 m2/g) was slightly higher than that of parent Poly(SALA-
NIH-co-DEBPh) (449 m2/g). As a result of metalation, the values of Vtot 

also increased slightly. Considering the observed positive effect of 
metalation on the textural parameters of NET-6, we also decided to 
study the metalation of the non-porous network Poly(SALANIH-co- 
DEB). Metalation of Poly(SALANIH-co-DEB) provided an organometallic 
network NET-7 (see Scheme 5). The Cu2+ content in NET-7 was 6.4 wt%, 
which con昀椀rmed that the metalation was highly effective (Table 2). 
Characterization of NET-7 by nitrogen adsorption/desorption isotherms 

Scheme 5. Postpolymerization metalation of networks Poly(SALANIH-co-DEBPh) and Poly(SALANIH-co-DEB) by Cu2+ ions under the formation of NET-6 and 
NET-7. 

Scheme 6. Oxidation of linalool forming linalool oxide as the desired product.  

Table 3 
Catalytic activity in the oxidation of linalool forming linalool oxide as the 
desired product; 10 mg catalyst, 100 mg linalool, tert-butylhydroperoxide (3:1 M 
ratio to linalool); 3 ml dichloromethane, 60 çC, 24 h.  

No. Catalyst Conversion of linalool (%) ALO/AL[a] 

1 None 0 0 
2 Copper(II) acetate 
3 Poly(SALANIH-co-DEBPh) 
4 [Cu(SALANI)2] 42 0.18 
5 NET-4 40 0.30 
6 NET-5 32 0.12 
7 NET-6 48 0.40 
8 NET-7 34 0.13 

[a] selectivity given as the ratio of the areas of GC peaks of linalool oxide (ALO) 
and linalool (AL). 

Fig. 9. N2 adsorption (full symbols) and desorption (empty symbols) isotherms (measured at 77 K) on networks NET-6 and NET-7.  
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gave surprising results: the SBET and Vtot values determined for this 
network were 403 m2/g and 0.29 cm3/g, respectively. Therefore, as a 
result of metalation, the non-porous Poly(SALANIH-co-DEB) was trans-
formed into a porous network with a high value of the speci昀椀c surface 
area. This 昀椀nding con昀椀rmed that the Cu2+ ions effectively penetrated 
into Poly(SALANIH-co-DEB), where they were coordinated by N-sali-
cylideneaniline pendant groups to form the [Cu(N-salicylideneaniline)2] 
complex. This complex created new cross-links in the network, which 
led to the formation of pores. The formation of [Cu(N-salicylideneani-
line)2] cross-links in NET-6 and NET-7 was also con昀椀rmed by FTIR 
spectroscopy. FTIR spectra (Fig. 7, Fig. 8) showed that as a result of 
metalation the band of the CH=N group was shifted from a wavenumber 
of 1620 cm−1 to a wavenumber of 1609 cm−1 (vide supra). 

Fig. 9 shows N2 adsorption/desorption isotherms (77 K) on NET-6 
and NET-7. The micropore diameter distributions of NET-6 and NET-7 
are shown in Figure S8 in the Supplementary Data. Both networks 
were micro/mesoporous, but differed in the contribution of micropores 
to the total pore volume, as evident from the Vmi/Vtot values, which were 
0.27 for NET-6 and 0.52 for NET-7 (Table 2). 

3.4. Catalytic activity of organometallic polyacetylene networks 

Schiff base complexes of metal ions can be widely used in the 昀椀eld of 
catalysis. E. g., Schiff base complexes with Cu2+ ions have been 
described as active catalysts for oxidation/epoxidation reactions [1]. 
The oxidation of linalool forming linalool oxide as the desired product 
(Scheme 6) was used as a model reaction to evaluate the catalytic ac-
tivity of prepared organometallic polyacetylene networks (NET-4, NET- 
5, NET-6 and NET-7; Table 3). Oxidation of linalool, like oxidation of 
other substrates of this type, provides a wide range of products (Scheme 
S1 in the Supplementary Data), therefore enhanced selectivity towards 
certain product(s) is desirable. 

Testing the catalytic activity of prepared organometallic poly-
acetylene networks showed good potential for their use as heteroge-
neous catalysts of linalool oxidation (Table 3). In the initial stage of the 
catalytic study, we excluded the catalytic activity of the non-metalated 
network Poly(SALANIH-co-DEBPh) (Table 3, No. 3) as well as the pre-
cursor of Cu2+ ions, copper(II) acetate (Table 3, No. 2). Likewise, no 
conversion of linalool has been observed in a reaction without catalyst 
addition (Table 3, No. 1). The above 昀椀nding showed that the catalytic 
activity of the prepared organometallic polyacetylene networks was due 
to the presence of [Cu(N-salicylideneaniline)2] segments in these net-
works and that traces of copper(II) acetate or polymerization catalyst 
[Rh(nbd)acac] did not catalyze the studied oxidation. 

With NET-5 and NET-7 the conversion of linalool of about 30 % and 
ALO/AL of about 0.12 were achieved (Table 3, No. 6 and 8). Better values 
were obtained with NET-4 and NET-6 (conversion of linalool 40 and 48 
%, ALO/AL 0.30 and 0.40, respectively, Table 3, No. 5 and 7). As can be 
seen from Table 3, NET-4 and NET-6 showed similar catalytic activity 
and even higher selectivity as compared to [Cu(SALANI)2] applied as a 
homogeneous catalyst. The higher catalytic ef昀椀ciency of NET-4 and 
NET-6 (compared to NET-5 and NET-7) may re昀氀ect the presence of 
longer 4,42-biphenyldiyl co-cross-links in these networks, which could 
facilitate the access of substrate molecules to the catalytic active centers. 

4. Conclusion 

A new ethynylated organometallic Schiff base complex, [Cu(SAL-
ANI)2], in which two N-salicylidene(3-ethynylaniline) ligands coordi-
nated one Cu2+ ion, was prepared and characterized by various methods 
including single-crystal X-ray diffraction and 1H NMR spectroscopy. The 
resolved 1H NMR spectra were obtained (and interpreted with the help 
of theoretical DFT calculation) despite the paramagnetic character of the 
[Cu(SALANI)2] complex. Copolymerization of [Cu(SALANI)2] with 
diethynylarenes provided polyacetylene-type micro/mesoporous 
organometallic networks with [Cu(N-salicylideneaniline)2] segments as 

network knots. Networks of this type were also prepared by post-
polymerization metalation of parent networks containing 
N–salicylideneaniline segments as pendant groups. Postpolymerization 
metalation caused further cross-linking and increased the pore content 
in the networks. The new highly porous organometallic polyacetylene 
networks showed a speci昀椀c surface area from 400 to 700 m2/g and a 
Cu2+ content of about 6 wt%. The porous organometallic polyacetylene 
networks prepared by both prepolymerization and postpolymerization 
metalation were active as heterogeneous catalysts of oxidation of 
linalool to linalool oxide. 
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Complex isomerism influencing the textural
properties of organometallic [Cu(salen)] porous
polymers: paramagnetic solid-state NMR
characterization and heterogeneous catalysis†

David Šorm, *a Jan Blahut, *b Bogdana Bashta,a Ivana Císařová,c

Eva Vrbková, d Eliška Vyskočilovád and Jan Sedláčeka

Although organometallic porous polymer networks are recognized as promising heterogeneous catalysts,

the relationship between ligand/monomer geometry and network parameters is usually not well understood

due to the lack of atom-resolved characterization methods for the amorphous network matrix. In this work,

a series of copper(II) salen-type metal complexes was synthesized, using trans- and cis-1,2-diaminocyclo-

hexane segments, and thoroughly characterized by single-crystal X-ray diffraction and solution- and solid-

state NMR spectroscopy. Terminal ethynyl groups of the complexes were then transformed into polyacety-

lene chains by coordination chain-growth homopolymerization, resulting in highly porous (458–655 m2

g−1) organometallic polymer networks with a copper(II) ion content of about 12 wt%. The presence of para-

magnetic copper(II) moieties in these complexes and respective polymer networks required the application

of tailored NMR techniques, which together with X-ray crystallography and DFT calculations of the para-

magnetic NMR shifts made it possible to investigate the differences in the complex geometry in liquid,

powder and crystalline form and compare it with the complex geometry in polymer networks. All prepared

organometallic polymer networks were also tested as heterogeneous catalysts for styrene oxidation with

uncommonly high substrate conversions and compared with their low-molecular-weight analogues. The

high reusability of such heterogeneous polymer-based catalysts was also proven.

Introduction

Salen-type metal complexes, generally prepared by conden-
sation of salicylaldehydes with various diamines followed by
complexation of (usually) transition metal ions, are widely
studied for their broad range of applications.1,2 For instance,
metal salen complexes are used in various bioinorganic and
medicinal applications,3 other metal salen complexes have

been tested for their optical properties leading to the develop-
ment of new LED systems4–7 and multimetallic salen particles
are studied for their magnetic properties.8,9 However, by far
the most widespread utilization of salen-type metal complexes
is in the field of catalysis.1,10,11 Although diverse organo-
metallic Schiff base complexes of various compositions have
been reported,12–15 the Schiff base complexes with salen-type
ligands strongly prevail in catalytic applications. A binuclear
titanium(IV) salen complex was used for the cyanation of alde-
hydes,16 a cobalt(II) salen complex was employed for benzoyl
fluoride promoted ring opening of epoxides,17 a chromium(III)
salen complex was tested for nitroalkylation of aldehydes via

the Henry reaction,18 an iron(III) salen complex was applied for
sulfide oxidation,19 and a nickel(II) salen complex was utilized
for Michael addition.20 Another widely studied reaction is the
addition of CO2 to epoxides, resulting in the formation of
cyclic carbonates. Various salen-type complexes with a wide
spectrum of metal ions (Co, Cr, Zn, Cu, Ti, V, Sc, and Y) have
been reported as effective catalysts of this addition.21–27

Anchoring metal salen complexes to diverse, mostly porous
supporting materials leads to the “heterogenization” of these
catalysts resulting in their good separability from the reaction

†Electronic supplementary information (ESI) available: NMR characterization,
X-ray structures, UV/Vis and CD spectra, and reuse of the catalyst. CCDC
2333975 (Cu-L1) and 2333976 (Cu-L3). For ESI and crystallographic data in CIF
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mixture, reusability, and sometimes enhanced selectivity or
stability.28,29 In numerous instances, metal salen complexes
were immobilized on porous supports like
nanocomposites,30,31 polymer resins,32 heterostructured
clays,33 graphene oxides34 or widely used mesoporous silica-
based supports.35–39 Other complexes directly participated in
the formation of porous solids while maintaining their cata-
lytic activity. In these cases, metal salen complexes were inte-
gral components of porous materials such as covalent organic
frameworks.40 The special category is represented by metal
salen complexes incorporated as building blocks of porous
organic polymers (POPs).41 POPs are a class of amorphous
polymers characterized by a three-dimensional network struc-
ture possessing large specific surface areas given by permanent
micro/mesoporosity. These characteristics arise from the rigid-
ity of the network segments coupled with extensive cross-
linking.42–46 An essential study in this field was published by
Xie et al. in 2013: a metallosalen-containing POP was prepared
by Sonogashira–Hagihara cross-coupling of a dibrominated
cobalt(III) salen-based complex with a 1,3,5-triethynylbenzene
cross-linker and subsequently used as a CO2 sorbent and at
the same time as a heterogeneous catalyst for the transform-
ation of CO2 into a cyclic carbonate.47 Subsequently, Xie et al.

continued with a follow-up study using a POP based on a zinc
(II) salen-type complex.48 Other authors inspired by these
works prepared zinc(II) or cobalt(III) salen-based POPs with
ionic imidazolium groups tested as heterogeneous catalysts for
CO2 conversions.

49,50 Another catalytic utilization of metallosa-
len-containing POPs was in halogenation,51 the Henry reac-
tion52 or epoxide hydration.53

The characteristics and the catalytic activity of salen-type
complexes can be influenced by the type of complexed metal
ion, the substituents on the salicylidene segments of the
ligand, and the character of the central diamine part of the
ligand. The diamine part of the ligand can significantly affect
the geometry of the complex. The most common diamines
used for the synthesis of salen-type metal complexes are 1,2-
ethylenediamine, 1,2-phenylenediamine, and 1,2-
diaminocyclohexane.7,16–18,21,26,27 The last one can exist in two
stereoisomers, cis and trans. Moreover, the trans stereoisomer
is a chiral compound having two enantiomers with 1S,2S and
1R,2R configuration (Fig. 1). The enantiomerically pure trans-
1,2-cyclohexanediamine can be used for the preparation of
chiral salen-type metal complexes applied in enantioselective
catalysis.16–18 Many authors referring to heterogenized salen-
type metal complexes containing 1,2-diaminocyclohexane used
mostly the enantiomerically pure trans variant or a racemic
mixture.29 However, the effect of 1,2-diaminocyclohexane iso-
merism on the structure, texture, morphology, and catalytic
properties of resulting materials was not studied. For these
purposes, various NMR techniques represent powerful tools
for the characterization of organometallic complexes in both
solution and the solid state. Special NMR methods have
proven to be effective even in the characterization of paramag-
netic organometallic complexes. However, due to fast paramag-
netically induced relaxations, a wide range of paramagnetically

induced shifts, and their anisotropy, conventionally used pulse
sequences typically fail. Thus, multiple experiments tailored to
application on paramagnetic materials have been recently pro-
posed.54 In particular, under fast magic-angle-spinning (MAS)
conditions where 1H nuclei can be directly detected, the HSQC
experiment with TEDOR recoupling provides excellent resolu-
tion and sensitivity.55 Additionally, a 1H–

1H correlation experi-
ment can be conducted on paramagnetic samples, under MAS
conditions, correlating either single-quantum coherence with
another single-quantum coherence (SQ–SQ) or with double-
quantum coherence (SQ–DQ).56,57 The second approach is rec-
ommended for paramagnetic samples with broad resonances58

because of their diagonal-free properties. This means that the
signal on the SQ–DQ diagonal appears only when multiple
chemically equivalent atoms experience mutual dipolar coup-
lings (e.g. the signal on the diagonal appears for a CH3 group
but not for isolated CH). Back-to-back mixing using four
phase-shifted 90° pulses in a rotor period (BaBa) is typically
used for the SQ–DQ correlation in paramagnetic systems due
to its extensive bandwidth.59

The vast majority of salen-based metal complexes contain-
ing POPs were prepared by step-growth copolymerization of
the metal complexes with cross-linking comonomers.60 This
approach introduces into the structure of the POP catalytically
inactive chemical blocks (derived from cross-linking mole-
cules) the only task of which is to form a network structure
and help achieve a porous texture. Herein, we propose the
concept of POP-type organometallic networks prepared by
direct chain-growth insertion coordination homopolymeriza-
tion of copper(II) salen-type complexes without using any sup-
portive cross-linkers. Complexes used for this homopolymeri-
zation were prepared using isomerically well-defined 1,2-dia-
minocyclohexane building blocks, namely (i) enantiomerically

Fig. 1 Three isomers of 1,2-diaminocyclohexane: (a) (1S,2S)-1,2-diami-

nocyclohexane, (b) (1R,2R)-1,2-diaminocyclohexane (both trans) and (c)

(1S,2R)-1,2-diaminocyclohexane (cis).

Paper Dalton Transactions

Dalton Trans. This journal is © The Royal Society of Chemistry 2024

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 2

5
 J

u
n
e 

2
0
2
4
. 
D

o
w

n
lo

ad
ed

 o
n
 7

/7
/2

0
2
4
 8

:1
4
:1

1
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
 3

.0
 U

n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online



pure trans-(1S,2S)-1,2-diaminocyclohexane, (ii) racemic trans-
1,2-diaminocyclohexane and (iii) cis-1,2-diaminocyclohexane.
The influence of isomerism of 1,2-diaminocyclohexane build-
ing blocks on the structure and properties of both paramag-
netic copper(II) salen-type organometallic complexes and final
POPs prepared from these complexes was investigated particu-
larly by the abovementioned advanced NMR spectroscopy
based on HSQC-TEDOR and BaBa SQ-DQ correlation com-
bined with the quantum chemical prediction of paramagneti-
cally induced shifts.55,61 In addition other characterization
methods were used, namely, single-crystal X-ray diffraction,
FTIR spectroscopy, circular dichroism, and N2 adsorption/de-
sorption isotherms. The combination of a facile polymeriz-
ation technique with a dexterous organometallic system led to
the emergence of new, thoroughly characterized hetero-
geneous catalysts that are highly active in the oxidation of
styrene.

Experimental
Materials

Acetylacetonate(norbornadiene)rhodium(I) [Rh(nbd)acac]
(>98%), (1S,2S)-1,2-diaminocyclohexane (>98%), cis-1,2-diami-
nocyclohexane (>97%), and trans-1,2-diaminocyclohexane
(>97%) (all from TCI Europe); 5-ethynyl-2-hydroxybenzalde-
hyde (95%, Advanced ChemBlocks Inc.); copper(II) acetate, Cu
(OAc)2 (98%), tert-butylhydroperoxide solution (70 wt% in
water), and styrene (≥99%, all from Merck); and dichloro-
methane (anhydrous, max. 0.001% of water, sealed under
septum), ethanol (99.8%), methanol (≥99%), and dimethyl-
formamide (99.8%) (all from VWR International) were used as
obtained.

Synthesis of N,N′-bis(5-ethynylsalicylidene)-1,2-

diaminocyclohexane-type ligands

Triblock ligands consisting of two blocks of 5-ethynylsalicylal-
dehyde binding with one block of 1,2-diaminocyclohexane
were synthesized as follows: 1 mmol of specific isomer of 1,2-
diaminocyclohexane, either (i) (1S,2S)-1,2-diaminocyclohexane,
(ii) trans-1,2-diaminocyclohexane or (iii) cis-1,2-diaminocyclo-
hexane was dissolved in 1.5 ml of methanol and 2.4 mmol of
5-ethynyl-2-hydroxybenzaldehyde was dissolved in 9 ml of
methanol. Both solutions were mixed together in a glass vial
and the reaction mixture was stirred using a magnetic stirrer
for 24 hours at room temperature. After that, the solvent was
evaporated. The solid product was dissolved in 10 ml of pure
ethanol and purified by recrystallization in a mixture of
ethanol/water (2 : 1, v/v). The crystals were separated by fil-
tration, washed with ethanol/water (2 : 1, v/v) mixture, and
dried under vacuum. Three different ligands were prepared
using this synthetic process: (i) (1S,2S)-N,N′-bis(5-ethynylsalicy-
lidene)-1,2-diaminocyclohexane (92% yield), L1, (ii) trans-N,N′-
bis(5-ethynylsalicylidene)-1,2-diaminocyclohexane (81% yield),
L2 and (iii) cis-N,N′-bis(5-ethynylsalicylidene)-1,2-diaminocy-
clohexane (73% yield), L3.

Synthesis of [Cu(N,N′-bis(5-ethynylsalicylidene)-1,2-

diaminocyclohexane)] complexes

1 mmol of respective ligand, L1, L2, or L3 was dissolved in
24 ml of methanol and 1 mmol of copper(II) acetate was dis-
solved in 4 ml of distilled water. Both solutions were mixed
together in a glass vial and stirred for 48 hours at room temp-
erature. During this time a solid product was formed. The pre-
cipitate was filtered off and washed with methanol/water (6 : 1,
v/v). The product was dried under vacuum. By following this
procedure, three different complexes were synthesized: [Cu
((1S,2S)-N,N′-bis(5-ethynylsalicylidene)-1,2-diaminocyclohex-
ane)], Cu-L1, where the complex was prepared in 93% yield;
[Cu(trans-N,N′-bis(5-ethynylsalicylidene)-1,2-diaminocyclohex-
ane)], Cu-L2, where the complex was prepared in 98% yield;
and [Cu(cis-N,N′-bis(5-ethynylsalicylidene)-1,2-diaminocyclo-
hexane)], Cu-L3, where the complex was prepared in 96% yield.
Crystals for single-crystal X-ray diffraction were grown by slow
evaporation from a concentrated dimethylformamide solution
(∼4 mg ml−1).

Transformation of [Cu(N,N′-bis(5-ethynylsalicylidene)-1,2-

diaminocyclohexane)] complexes into organometallic polymer

networks

Cu-L1, Cu-L2, and Cu-L3 complexes were transformed into
organometallic polymer networks by homopolymerization.
The overall polymerization concentrations were 0.05 mol dm−3

for the monomer and 0.007 mol dm−3 for the polymerization
initiator. A typical polymerization procedure was as follows:
0.5 mmol of monomer (Cu-L1, Cu-L2, and Cu-L3) was dis-
solved in 9 ml of dry dichloromethane and 0.07 mmol of
polymerization initiator [Rh(nbd)acac] was dissolved in 1 ml of
dry dichloromethane. The solution of the monomer and solu-
tion of the polymerization initiator were mixed in a crimping
vial, thoroughly stirred, blown by argon, and crimped under
an argon atmosphere. The polymerization proceeded at 75 °C
for 5 days, after which a gel-like solid block appeared. The
solid product was separated by filtration, washed with di-
chloromethane, and dried under vacuum. Organometallic
polymer networks P-Cu-L1, P-Cu-L2, and P-Cu-L3 were pre-
pared in quantitative yields.

Testing the catalytic activity of organometallic polymer

networks

A glass vial was loaded with an organometallic polymer
network applied as a catalyst (10 mg), styrene (1 mmol), tert-
butylhydroperoxide solution (3 mmol), and dichloromethane
(3 ml). The sealed glass vial was placed onto a magnetic stirrer
equipped with a heating block and the reaction mixture was
heated to 60 °C for 6 hours. In the case of the reuse experi-
ment, the reaction mixture was centrifuged, the catalyst was
removed, washed with dichloromethane three times, and used
in the following experiment. Samples from the reaction
mixture were filtered (0.45 µm filter) and analyzed by gas
chromatography coupled with mass spectrometry.
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Techniques

The textural properties of the polymer networks were obtained
by measuring N2 adsorption/desorption isotherms at 77 K.
The measurement itself was preceded by degassing the sample
(6 h temperature ramp to 383 K) using a Micromeritics
SmartVacPrep instrument. The subsequent measurement of
isotherms was carried out using Triflex V4.02 apparatus
(Micromeritics). Adsorption and desorption isotherms were
measured from p/p0 = 0 to p/p0 = 0.99 (p0 = 101 325 Pa). The
Brunauer, Emmett and Teller method was applied to obtain
the value of the BET surface area, SBET, calculated from the
amount of adsorbed nitrogen in the p/p0 range from 0.05 to
0.20, the volume of micropores, Vmi, was determined from the
adsorbed amount of nitrogen at p/p0 = 0.1 and the total pore
volume, Vtot, was determined from the adsorbed amount of
nitrogen at p/p0 ∼ 0.99. Pore size distribution was determined
using the N2-DFT model (calculation by density functional
theory). The density of liquid nitrogen at 77 K considered for
the calculation was ρ = 0.806 g cm−3. The morphology was
studied by scanning electron microscopy using a Tescan
Lyra3 microscope (accelerating voltage 10 kV). The content of
copper(II) ions was determined by atomic absorption spec-
troscopy (the samples were mineralized in a Biotage Initiator
microwave reactor using HNO3/HClO4 medium and then
measured using a PerkinElmer model 3110 instrument).
Diffuse reflectance infrared Fourier transform spectra were
recorded using a Nicolet Magna IR 760 spectrometer with KBr
background. A Bruker Q-TOF Compact instrument was used to
obtain spectra from high-resolution mass spectrometry
(HR-MS). UV/Vis and CD spectra were recorded on a J-810
spectrometer (Jasco, Japan) using a 1 mm cuvette. Specific
optical rotation, [α], was measured using an Anton Paar MCP
5100 polarimeter at 293 K and wavelength 589 nm in CH2Cl2
solution. Single-crystal X-ray diffraction was measured on a
Bruker D8 VENTURE Kappa Duo PHOTONIII with an IμS
micro-focus sealed tube CuKα (λ = 1.54178) source at a temp-
erature of 120(2) K. The structures were solved by direct
methods62 and refined by full-matrix least squares based on F2

(ref. 63). The hydrogen atoms on carbon were fixed at idealized
positions (riding model) and assigned temperature factors
Hiso(H) = 1.2Ueq (pivot atom). Gas chromatography-mass spec-
trometry was performed using a GC-2010 Plus chromatograph
(Shimadzu) equipped with a non-polar DB-5MS column (35 m,
0.2 µm i.d., 0.33 µm d.f.) coupled with a GCMS-QP 2010 Ultra
(Shimadzu) mass spectrometer. The 1H and 13C solution-state
NMR spectra of diamagnetic samples were acquired using a
Bruker Avance III 400 MHz spectrometer. The 1H and 13C solu-
tion-state NMR spectra of paramagnetic samples were acquired
on a Bruker Avance III 600 MHz spectrometer by conducting a
direct-excitation spin-echo-detected experiment. The chemical
shift was referenced to the residual signal of the solvent.64 The
solid-state NMR spectra were acquired using a JEOL ECZ
600 MHz spectrometer with 3.2 mm and 1.0 mm HX MAS
probes for slow and fast MAS experiments, respectively, both
operating at room temperature (corresponding to 38–42 °C

and 34–43 °C temperature gradients within the sample due to
frictional heating under MAS conditions at 18 and 60 kHz in
1.0 and 3.2 mm rotors, respectively). A repetition time of
50 ms was used in all solid-state experiments and was
demanded by hardware duty cycles rather than by the T1 value
of the sample, which was typically an order of magnitude
faster. The chemical shift of the adamantane CH2 peak
(37.8 ppm) was used as an external secondary reference for
calibration of the 13C spectra. The same correction of chemical
shifts was used for 1H spectra as well. The 1D 1H and 13C NMR
spectra were acquired by following a direct-excitation spin-
echo-detected experiment with echo duration of a single rotor
period. The nutation frequencies of the 1H/13C pulses of 350/
290 kHz and 100/112 kHz were used with 1.0 mm and 3.2 mm
probes, respectively.65 The 1H–

13C 2D correlation experiments
were conducted using the HSQC-TEDOR experiment55 with a
dephasing and refocusing time of two rotor periods (32 μs)
each. The 1H SQ-DQ experiment was performed using
BaBa16 mixing59 with a dephasing and refocusing time of
128 μs each. The theoretical build-up curve of this experiment
was calculated in SIMPSON.65 The DFT-based prediction of
NMR shifts was calculated for geometries optimized at the
deg-TZVP/pbe0 level in Turbomole 7.1 66 either in vacuo with
the frozen position of non-hydrogen atoms on the position
obtained from X-ray diffraction or using a COSMO/CHCl3
solvent model with the released coordinates of all atoms. The
NMR shifts of nucleus K were calculated by the following
equation (in ppm):

δK ¼ σref � σdia;K þ
μBSðSþ 1Þ
3kBTℏγK

TrðgAKÞ

3
� 1� 106

where orbital (“diamagnetic”) shielding (σdia, K), hyperfine
coupling tensor (AK) and copper(II) g-tensor (g) were calculated
(with ORCA 5.0.3)67 using the PBE functional with a variable
admixture of Hartree–Fock exchange (HFX, 10–40%) with
IGLO-III (H, N, C) and def2-TZVPD (Cu, O) base sets employing
the auxiliary default base set RIJK def2/JK as well. TightSCF
convergence criteria were used. The orbital shielding was cal-
culated using the GIAO method. Hyperfine-coupling-tensor cal-
culations called for both isotropic and dipolar contributions
(aiso, adip flags) giving the origin of the Fermi contact and
pseudo-contact shift, respectively. The first one strongly domi-
nates in the studied system (Tables S1 and S2†). Because the
electronic spin of copper is S = 1/2, no zero-field splitting is
present in the system. Temperature (T ) was set to 298.15 K
unless stated otherwise. The shielding of the reference mole-
cule (TMS) was calculated in the same way using 25% HFX.

Results and discussion

This study deals with copper(II) organometallic complexes with
various N,N′-bis(5-ethynylsalicylidene)-1,2-diaminocyclohexane
(SALDAC) ligands. The SALDAC ligands were prepared by con-
densation of two molecules of 5-ethynyl-2-hydroxybenzalde-
hyde and one molecule of 1,2-diaminocyclohexane. Based on
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the mutual orientation of –NH2 groups, 1,2-diaminocyclohex-
ane has trans and cis stereoisomers. The trans isomer is a
chiral compound and can exist in the form of two enantiomers
with configurations on their chiral centres 1S,2S and 1R,2R
(Fig. 1). For the purposes of this study, we chose (i) the enan-
tiomerically pure trans isomer, (1S,2S)-1,2-diaminocyclohex-
ane, (ii) the racemic mixture of both trans enantiomers, trans-
1,2-diaminocyclohexane and (iii) the cis isomer, cis-1,2-diami-
nocyclohexane. These were used to synthesize L1, L2, and L3

ligands (Scheme 1 and Fig. S1–S3†).
The SALDAC ligands have a unique combination of func-

tional groups suitable for the complexation of divalent metal
ions (two imine groups and two hydroxy groups per molecule)
and for polymerization into organometallic polymer networks
(two terminal ethynyl groups per molecule). All three SALDAC
ligands, L1, L2, and L3, were prepared in yields ranging from
73 to 92% and their proposed structures were confirmed by 1H
and 13C{1H} NMR spectroscopy (Fig. S4–S9†), FTIR spec-
troscopy (Fig. 2) and HR-MS (see the ESI†).

Synthesis and characterization of copper(II) complexes

The prepared SALDAC ligands underwent complexation with
copper(II) ions to form organometallic complexes. One mole-
cule of L1, L2, and L3, respectively, reacted with one molecule
of copper(II) acetate and formed Cu-L1, Cu-L2, and Cu-L3 com-
plexes (Scheme 1). The reaction took place at room tempera-
ture in a mixture of methanol/water (6 : 1, v/v). All three com-
plexes were prepared in yields above 90% (see the
Experimental section).

FTIR spectroscopy confirmed the successful metalation of
all three ligands: bands of –HCvN– stretching were shifted
from ∼1633 cm−1 (in the FTIR spectra of ligands L1, L2, and
L3) to ∼1628 cm−1 (in the FTIR spectra of complexes Cu-L1,
Cu-L2 and Cu-L3) (Fig. 2). This shift is frequently discussed

and reported upon the introduction of metal ions into Schiff
base-type complexes.12,68 On the other hand, two bands
proving the presence of ethynyl groups visible in the spectra of
all three ligands (2100 cm−1 due to –CuC– stretching and
3300 cm−1 due to uC–H stretching) also remained in the
spectra of all three complexes. This confirmed that ethynyl
groups of L1, L2, and L3 persist unaffected (after metalation)
in Cu-L1, Cu-L2, and Cu-L3 complexes. Interestingly, the FTIR
band at 3300 cm−1 was split in some spectra. In FTIR spectra
of ligands L1 and L2, the bands of uC–H stretching were split
by 18 cm−1. This may reflect the conformational changes of L1
and L2 and the existence of two conformers of these trans-1,2-
diaminocyclohexane-based ligands. The central cyclohexane
segments of these conformers have both azomethine-linked
substituents in either axial or equatorial positions. The confor-
mational changes are, however, blocked once L1 and L2 are
transformed into organometallic complexes Cu-L1 and Cu-L2.
In the respective organometallic complexes, both substituents
on the cyclohexane ring are locked in equatorial positions
(confirmed by X-ray crystallography, Fig. S12†). This is consist-
ent with the fact that the splitting of the uC–H stretching
band was not observed in FTIR spectra of Cu-L1 and Cu-L2

complexes. A different situation was observed in FTIR spectra
of ligand L3 and complex Cu-L3. The cis isomer of the 1,2-di-
substituted cyclohexane segment has one substituent in the
equatorial and one in the axial position and its conformational
change leads to an identical molecule. This is why in the spec-
trum of the L3 ligand only a single band of uC–H stretching
from ethynyl groups was visible. The splitting of the band of
the uC–H group in the spectrum of the Cu-L3 complex was
most probably due to the fact that two ethynylsalicylidene seg-
ments present in the Cu-L3 complex were not identical as con-
firmed by the 1H-detected HSQC-TEDOR spectrum (vide infra,
Fig. 4).

Scheme 1 Synthesis of L1, L2 and L3 ligands by condensation of 5-ethynylsalicylaldehyde with the respective 1,2-diaminocyclohexane isomer, and

their subsequent metalation with copper(II) ions upon the formation of Cu-L1, Cu-L2 and Cu-L3 complexes.
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The UV/Vis spectra of ligands L1, L2, and L3 showed the
absorption band of the n → π*/π → π* transition belonging to
the –HCvN– group at λ = 333 nm. This band was red-shifted
in UV/Vis spectra of complexes Cu-L1, Cu-L2, and Cu-L3 to λ =
377 nm (measured in dichloromethane, Fig. S10†). Similar
spectroscopic behaviour was reported in our previous work.12

The circular dichroism (CD) spectra revealed the chiral charac-
ter of the L1 ligand and the Cu-L1 complex, while no CD
signals were observed for trans racemates L2 and Cu-L2 and cis

isomers L3 and Cu-L3. The CD spectra in Fig. S11† showed
signals at λ = 354 nm (spectrum of L1) and λ = 417 nm (spec-
trum of Cu-L1) relating to the chirality associated with the
cyclohexane ring. Moreover, the CD spectrum of Cu-L1 dis-
played a positive Cotton effect (with a positive-to-negative CD
couplet) in the range of λ = 430–680 nm, which can be ascribed
to the presence of torsional helicity of the chiral organo-
metallic complex.69 Along with that, a significant increase of
specific rotation [α]D was observed when comparing L1 and
Cu-L1 (from 19° to 632°, respectively, measured at 20 °C in di-
chloromethane, 1 mg ml−1).

Crystals for single-crystal X-ray diffraction were grown by
slow evaporation from concentrated (∼4 mg ml−1) dimethyl-
formamide solutions. Crystals of enantiomerically pure trans

Cu-L1 (Fig. S12†) and cis Cu-L3 (Fig. S13†) complexes (see
more details in the ESI†) were obtained and measured. The
racemic trans Cu-L2 complex did not crystallize. Measured
single-crystal X-ray diffraction confirmed the proposed struc-
tures (Scheme 1) of organometallic complexes. For the Cu-L1

complex, two symmetrically independent molecules were
observed (space group P21). This is a typical phenomenon for
enantiomerically pure substances.70,71 Crystals of Cu-L3 were
also formed by two molecules. Conformational changes of the
cis-L3 ligand (from configuration 1S,2R to configuration 1R,2S
and vice versa) were locked once the ligand was transformed
into organometallic complex Cu-L3. This led to a racemic
mixture of two centrosymmetric cis complexes (space group
P21/n). The complexes differed in configuration on chiral
centres (1S,2R vs. 1R,2S). Similar conformational locking of
(non-metalated) cis-1,2-diaminocyclohexane-based compounds

was described by van Beek and Samoshin.72 The structures of
complexes Cu-L1 and Cu-L3 obtained from X-ray diffraction
showed in both cases good steric accessibility of terminal
ethynyl groups, promising for their efficient polymerization,
together with good steric accessibility of coordinated copper(II)
ions for substrate molecules, promising for catalytic appli-
cation. The coplanarity of the cyclohexane ring within the Cu-

L1 complex with the phenyl rings resulted in a reduced spatial
occupancy of the entire complex in comparison with the Cu-L3

complex, in which the cyclohexane ring exhibited an out-of-
plane orientation relative to the phenyl rings.

NMR spectroscopy provides a sensitive tool for comparison
of organometallic complexes in the liquid state, in the solid
form, as well as, within the polymer network. For the purpose
of this advanced NMR analysis, only enantiomerically pure
trans isomer Cu-L1 and cis isomer Cu-L3 were studied. The
solution-state 1H spectrum of Cu-L1 (Fig. 3B) exhibited typical
features of the paramagnetic compounds: we observed four
distinct signals between 25 and −6.6 ppm with linewidths
ranging from 22 Hz to 7.5 kHz and extremely short T1 relax-
ation times of ∼2 ms (global T1(

1H) at 70 kHz MAS).
Surprisingly, the 1H spectrum of solid Cu-L1 measured under
fast MAS conditions (70 kHz, Fig. 3A) presents a similar resolu-
tion to the spectrum in solution with similar NMR shifts of all
four observed signals. The structure of Cu-L1 therefore
remained similar upon dissolution in aprotic solvents. Under
the conditions of fast MAS, an irregular line-shape of reso-
nance at 25 ppm was observed indicating the overlap of several
lines (in contrast to the spectra at slower MAS; see Fig. S14†).
Additionally, two bands between 10 and 0 ppm were composed
of several overlapping signals. Similarly, the comparison
between the solid-state 1H spectrum of Cu-L3 with its solution-
state spectra indicates a similar structure in both phases
(Fig. S15†). However, extensive signal overlap of multiple
signals occurred in this case in the region between 15 and
−10 ppm.

Fortunately, signal overlaps were efficiently resolved using
1H-detected 2D 1H–

13C correlation experiments
(HSQC-TEDOR).55 This 2D experiment can be readily

Fig. 2 FTIR spectra of series (A) L1, Cu-L1 and P-Cu-L1, (B) L2, Cu-L2 and P-Cu-L2 and (C) L3, Cu-L3 and P-Cu-L3.
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measured (typically after approximately 4 h of experimental
time) in the 13C natural abundance even for paramagnetic
compounds (Fig. 4). This excellent sensitivity is mainly caused
by a short T1 relaxation allowing short repetition time (here
55 ms due to limited hardware duty cycle) as well as strong
1H–

13C dipolar interaction, which allows extremely short
dephasing and rephasing times for the coherence transfer (2 ×
rotor period = 32 μs each). Extensive improvement of resolu-
tion is, for example, demonstrated in the signal at 25 ppm in
the 1H spectrum of Cu-L1, which was clearly separated into the
correlation of two CH pairs with very distinct 13C shifts (225
and 25 ppm).

Additionally, these correlation experiments can be readily
compared with DFT calculations providing unambiguous spec-
tral assignment. Signals of all inequivalent CH pairs were
detected for Cu-L1, apart from signals of the CH pair number
5, 9, and 10, which were too close to the copper(II) ion and
were not detected due to fast T2 relaxation and extreme 1H
and/or 13C NMR shifts predicted by calculation (Fig. S16 and
S17;† see numbering of atoms in Scheme 1). Interestingly, the
signals of equatorial and axial H12 appear at very distinct
NMR shifts of 25 ppm and 3 ppm, respectively, which indicate
the stronger contact shift for H12eq located in-plane with the
paramagnetic copper(II) ion. The resolution was also exten-
sively enhanced for the Cu-L3 sample using a 2D
HSQC-TEDOR experiment (Fig. 4B).

Due to crystal packing, molecule Cu-L1 is not perfectly C2-
symmetric in the solid state. This is most pronounced on

different C11 and C11′ shifts but also other CH correlations
are slightly split into pairs of overlapping signals. Compared to
Cu-L1 with trans conformation, the cis conformation of the
cyclohexane ring in Cu-L3 results in a much stronger deviation
from the C2 symmetry of the complex, which was particularly
emphasized by a distinct 13C NMR shift of C11 and C11′ (50
and 250 ppm). The difference in the 13C shift was also observa-

Fig. 3 1H NMR spectra (14.09 T) of Cu-L1 acquired by the spin-echo

experiment (A) on a solid-state powder sample under 70 kHz MAS con-

ditions and (B) on the d6-DMSO solution (# indicate solvent and residual

water signals).

Fig. 4 1H-detected HSQC-TEDOR spectra of (A) Cu-L1 and (B) Cu-L3

acquired at 62.5 kHz MAS and 14.09 T using a 1 mm rotor (black) com-

pared with calculated 1H–13C signals using a variable Hartree–Fock

exchange admixture for hyperfine coupling (from orange 10% to green

40% in 5% steps) for X-ray-based structure with reoptimized hydrogen

position (# indicated an on-resonance T1 artefact).
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ble for C12 and C12′ as well as for C4 and C4′. In all cases, the
calculated differences between NMR shifts of the primed and
non-primed C–H pairs corresponded well to the experimental
one.

Here, we recommend critical precautions during the ana-
lysis of the calculated NMR shift. The hyperfine coupling con-
stant (which is the most critical parameter for paramagnetic-
shift calculations in a system with a dominant Fermi-contact
shift mechanism, as in this case, see Tables S1 and S2†)
changes significantly with the variation of the exact Hartree–
Fock exchange (HFX) admixture to the used density
functional.55,73 On the one hand, for 10% HFX, the difference
in the NMR shift of the C8 and C8′ was predicted to be almost
12 ppm while for 40% HFX the predicted difference was only
about 3 ppm. The absence of splitting of the C8 signal in the
experimental 2D spectra indicates that the admixture with
higher HFX content provided a more realistic prediction for
this nucleus. Also, the absolute value of the NMR shift was in
better agreement with the admixture having the higher HFX
content. On the other hand, the 1H shift of the equatorial H12
was best predicted with HFX about 25%. Therefore, several cal-
culations in a range of HFX concentrations are recommended
for appropriate sampling of this inaccuracy as indicated by our
“rainbow plots” shown in Fig. 4.

The excellent resolution of the 1H spectra and completed
assignment allowed us to fully understand the homonuclear
1H–

1H SQ–DQ correlation spectra as well (Fig. 5 and Fig. S20†).
The efficiency of double-quantum build-up and subsequent
intensity of the observed signals of the SQ–DQ correlation
depends on the strength of a dipolar coupling between corre-
lated nuclei. The dipolar coupling decreases with the 3rd
power of interatomic distance and therefore, for a given
mixing time, the intensity of the SQ–DQ correlation signal
steeply decreases with distance (inset of Fig. 5). Using a short
mixing time (128 μs) the intensity of the SQ–DQ correlation
signal for atoms separated by more than 5 Å decreases to
below 10% of its maximal value making them effectively
undetectable. However, experimental data show multiple corre-
lations between 1H atoms separated by a distance longer than
5 Å within the Cu-L1 molecule – in an extreme case 17.9 Å for
H1–H1′ correlation (intramolecular distances indicated as
black values in Fig. 5). Observed correlations, therefore, indi-
cate dense crystal packing of Cu-L1 and subsequent inter-

molecular contacts. This is in excellent agreement with the
crystal structure detected by X-ray diffraction: close inter-
molecular proximities of involved 1H nuclei smaller than 5 Å
were detected in the crystal structure for all observed SQ–DQ
correlations (minimal distances indicated as red values in
Fig. 5).

The 1H–
1H SQ–DQ correlation spectrum was also acquired

for Cu-L3 (Fig. S20†) where, however, stronger signal overlaps
hid most of the potential fine detail. The only two well-resolved
correlations that indicated crystal packing via intermolecular
proximities were between H4–H11ax′ and H4–H11eq′, which
corresponded to distances of 2.4 and 3.5 Å in the single-crystal
X-ray structure.

Altogether, we may conclude that 1H-detected solid-state
NMR uniquely matches the structures in the single-crystal, in
the powder sample, and in solution showing that the structure
of these studied copper(II) complexes remained unchanged.
This was also in line with calculation. The predicted NMR
shifts of the structure fully optimized in the PCM solvent
model match well with the predicted NMR shifts for the
single-crystal structure (with reoptimized 1H positions), apart
from subtle effects caused by the decrease of local symmetry
due to crystal packing. This is true for both Cu-L1 and Cu-L3

(Fig. S16 and S18†).

Transformation of copper(II) complexes into organometallic

polymer networks

Organometallic complexes Cu-L1, Cu-L2, and Cu-L3 were poly-
merized (in a chain-growth manner) by the transformation of
their terminal ethynyl groups into polyacetylene main
chains.45,46 The polymerizations were initiated by [Rh(nbd)
acac] at 75 °C.74 As all three organometallic complexes had two
polymerizable terminal ethynyl groups per molecule, their
homopolymerization led to the formation of completely in-
soluble organometallic polymer networks P-Cu-L1, P-Cu-L2,
and P-Cu-L3 (Scheme 2, all networks were prepared in quanti-
tative yields).

All three networks contained almost the same amount of
copper(II) ions, ranging from 12.0 to 12.2 wt% (Table 1). The

Fig. 5 Homonuclear BaBa16 1H single–double quantum (SQ–DQ) cor-

relation of Cu-L1 (62.5 kHz MAS, 14.09 T). Green lines and circles indi-

cate assigned correlations. Shown distances correspond to the shortest

distance found in the crystal structure (red) and the shortest intra-

molecular distance (black). The inset shows the simulated efficiency of

the BaBa16 recoupling sequence with a recoupling time of 128 μs

(similar to the experiment) as a function of 1H–1H distance with an indi-

cated level of 10% efficiency (dashed line).
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FTIR spectra in Fig. 2 showed that roughly all terminal ethynyl
groups of Cu-L1, Cu-L2, and Cu-L3 complexes were trans-
formed upon polymerization into polymer networks P-Cu-L1,
P-Cu-L2 and P-Cu-L3 (the bands at 3300 cm−1 and 2100 cm−1

were no more visible in their spectra). The band of –HCvN–
stretching at ∼1628 cm−1 from spectra of complexes remained
at the same position in the spectra of all three polymer net-
works proving that the organometallic cores persist unaffected
during polymerization. The polymer networks P-Cu-L1 and
P-Cu-L3 were also studied by solid-state NMR. On comparing
the 1H–

13C correlation spectra of the polymer networks and
related monomeric organometallic complexes (Fig. 6), the
broadening of signals typical of the transformation of micro-
crystalline monomers into polymers can be seen. Additionally,
the narrow signal of the acetylenic CH1 disappeared and was
replaced by a broad resonance at 125 and 6.5 ppm in 13C and
1H spectra, respectively, which correspond to the vinylene
groups in the polymer chains. The position of the most shifted
CH4 resonance was the same in the spectra of complexes and
final networks. This was another confirmation that the struc-
ture of the copper coordination environment remained unal-
tered upon polymerization.

The results of FTIR and solid-state NMR spectroscopies
agreed with the proposed structures (Scheme 2) of organo-
metallic polymer networks P-Cu-L1, P-Cu-L2, and P-Cu-L3. All
networks were composed exclusively of respective N,N′-bis(5-
ethynylsalicylidene)-1,2-diaminocyclohexane ligands coordi-
nating copper(II) ions (one ligand coordinated one metal ion)
and polyacetylene chains.

Despite the fact that P-Cu-L1, P-Cu-L2, and P-Cu-L3 were
cross-linked exclusively by metalated SALDAC segments (and
no other cross-linker was used for the preparation), all these
networks exhibited a micro/mesoporous texture and quite high
BET areas (458–655 m2 g−1, Table 1). It is thus evident that
organometallic segments not only introduced functionality
into the networks but also served as rigid building blocks con-
tributing to the formation of porous textures. The rigidity of

Table 1 Networks P-Cu-L1, P-Cu-L2, and P-Cu-L3: content of copper

(II) ions; BET areas, SBET; micropore volume, Vmi; and total pore volume,

Vtot

Network
SALDAC
isomer

Copper
content
[wt%]

SBET
[m2 g−1]

Vmi

[cm3 g−1]
Vtot
[cm3 g−1]

Vmi/
Vtot

P-Cu-L1 trans
enantiomer

12.2 522 0.22 0.39 0.56

P-Cu-L2 trans
racemate

12.1 458 0.19 0.34 0.57

P-Cu-L3 cis 12.0 655 0.26 0.71 0.36

Fig. 6 1H-detected HSQC-TEDOR spectra (62.5 kHz MAS, 14.09 T) of

(A) Cu-L1 (black) vs. P-Cu-L1 (red) and (B) Cu-L3 (black) vs. P-Cu-L3

(blue). 1D horizontal and vertical traces show direct-excitation spin-

echo detected 1H and 13C spectra acquired at 62.5 and 18 kHz,

respectively.

Scheme 2 Homopolymerization of Cu-L1, Cu-L2 and Cu-L3 complexes leading to organometallic polymer networks P-Cu-L1, P-Cu-L2 and P-Cu-

L3 and schematic representation of the incorporation of organometallic complexes as cross-linking-type building blocks into networks with conju-

gated polyene chains.
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the metalated copper(II) complex was essential to achieve
porous textures with large BET areas. To prove this fact, we
homopolymerized the non-metalated ligands, L1, L2, and L3,
in the same way. Homopolymerization provided networks in
quantitative yields, which were, however, non-porous.

Remarkably, the textural properties differed depending on
the used SALDAC isomer. Networks P-Cu-L1 and P-Cu-L2 built
from enantiomerically pure Cu-L1 and racemic Cu-L2 seg-
ments (both with trans configurations) showed BET areas of 522
and 458 m2 g−1, respectively. The N2 adsorption/desorption iso-
therms of both networks shown in Fig. 7 were similar with a
pronounced N2 adsorption at low relative pressures (p/p0 < 0.1,
filling of micropores), followed by only a small increase in the
adsorbed amount of N2 as the relative pressure reached p/p0 ∼ 1.
This shape of the N2 adsorption/desorption isotherms is charac-
teristic for prevailingly microporous materials with a low
content of mesopores. The characteristics of N2-DFT pore size
distribution curves shown in Fig. 7 confirmed this finding,
pointing to a high content of micropores (pore width < 2 nm)
and a low contribution of mesopores (pore width > 2 nm) to the
total porosity. In contrast, network P-Cu-L3 built from a
segment with cis configuration showed a larger BET area
(655 m2 g−1). The N2 adsorption/desorption isotherms on P-Cu-

L3 (Fig. 7) again showed a pronounced N2 adsorption in the p/p0
< 0.1 region, which was followed by a continuous N2 trapping
up to a relative pressure of p/p0 ∼ 1. Isotherms of this type are
typical for micro/mesoporous materials with a significant contri-
bution of mesopores. This was in good accordance with the N2-
DFT pore size distribution shown in Fig. 7, indicating an
increased contribution of mesopores to the total porosity. The
differences in textural properties between networks with trans

configuration, P-Cu-L1 and P-Cu-L2, and the network with cis

configuration, P-Cu-L3, are noticeable also from total pore
volumes (Fig. 7 and Table 1). Whilst the volume of micropores,
Vmi, differed only slightly (0.19–0.26 cm3 g−1), the total pore
volume, Vtot, showed more fundamental differences. Networks
P-Cu-L1 and P-Cu-L2 had similar Vtot values (0.39 and 0.34 cm3

g−1, respectively). A much higher Vtot was observed for network
P-Cu-L3 (0.71 cm3 g−1). The explanation for these disparities in
textural properties can be based on single-crystal X-ray struc-
tures of organometallic complexes (Fig. S12 and S13†). We
presume (based on FTIR and NMR results) that the geometries
of organometallic segments remain unaffected by polymeriz-
ation. The geometry of organometallic complex Cu-L1 detected
by single-crystal X-ray diffraction is more planar and may result
in a tighter packing of organometallic segments in the resulting
polymer network, which does not mediate the formation of
larger pores (mesopores) to such an extent. This organometallic
segment and its racemic mixture are built into networks P-Cu-

L1 and P-Cu-L2. In contrast, organometallic complex Cu-L3

showed a spatially more demanding geometry, which does not
allow such a tight arrangement of organometallic segments,
resulting in the formation of a wider range of pore sizes (high
extent of micropores and mesopores) in network P-Cu-L3.

The type of SALDAC isomer used for the synthesis also
affected the morphology of the resulting polymer networks.

Scanning electron microscopy (SEM) confirmed the morpho-
logical similarity of networks P-Cu-L1 and P-Cu-L2 and dissim-
ilarity with network P-Cu-L3. SEM images in Fig. 8 display rod-
like particles of P-Cu-L1 and P-Cu-L2 networks, whereas partly
aggregated spherically shaped particles were detected for
network P-Cu-L3.

Moreover, network P-Cu-L1 was characterized by powder
X-ray diffraction (pXRD, Fig. S21†). The pXRD pattern showed

Fig. 7 (A) N2 adsorption (full symbols) and desorption (empty symbols)

isotherms with pore volumes of micropores, Vmi, and total pore

volumes, Vtot, for P-Cu-L1, P-Cu-L2 and P-Cu-L3. (B) N2-DFT calculated

pore size distributions with relative cumulative pore volume, V/Vtot, for

P-Cu-L1, P-Cu-L2 and P-Cu-L3.
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no distinct signal, indicating the absence of long-range order
and confirming the amorphous character of these networks.
This finding was fully consistent with the formation of irregu-
lar cross-linking during the network formation via chain-
growth polymerization.

Catalytic activity of organometallic polymer networks in

styrene oxidation

The catalytic activity of the prepared organometallic polymer
networks P-Cu-L1, P-Cu-L2, and P-Cu-L3 was evaluated in
styrene oxidation, and compared with the catalytic activity of
monomeric complexes Cu-L1, Cu-L2, and Cu-L3 (Table 2). In
all cases, high styrene conversion was observed (80–91%, 6 h).
Benzaldehyde was the most abundant product of all reactions.
In the case of monomeric complexes used as catalysts, the
selectivity to benzaldehyde was 21–32%. When polymer net-
works were used as catalysts the selectivity to benzaldehyde
increased up to 50%. Another product that formed with
remarkable selectivity was styrene oxide. In all cases, the
selectivity to styrene oxide increased significantly when
polymer networks were used as catalysts instead of monomeric
complexes. We observed the increase from 5 to 41%, from 4 to
24% and from 2 to 28% using P-Cu-L1, P-Cu-L2, and P-Cu-L3,
respectively. The increase in the selectivity after monomer

polymerization was also observed in our previous study.12 In
the case of polymer network P-Cu-L1, an interestingly high
selectivity to benzaldehyde and styrene oxide (both 40 and
41%) was observed. This network was prepared from the enan-
tiomerically pure complex with the chiral segment (1S,2S)-1,2-
diaminocyclohexane. However, the enantioselectivity of P-Cu-

L1 was not observed (styrene oxide was formed as a racemate).
For verification, styrene oxidation was also performed (i)
without a catalyst and (ii) with a non-metalated polymer
network prepared by polymerization of L1. In both cases, no
conversion of the substrate was observed. Similar types of
materials have already been studied in styrene oxidation using
H2O2 as an oxidizing agent. Maurya et al. studied the catalytic
activity of similar copper(II) salen-type complexes encapsulated
in zeolite-Y. In this case, a high selectivity to benzaldehyde was
obtained (67%), however at low conversion of styrene (only
22%).75 Even higher selectivity to benzaldehyde (81%) was
obtained using half-sandwich C-scorpionate copper(II) com-
plexes on hydrochars, but again under lower styrene conver-
sion (43%).76 Thus, our materials exhibited higher activity
than those mentioned in previous studies and relatively high
selectivity to benzaldehyde and, especially in the case of P-Cu-
L1, also high selectivity to styrene oxide.

The advantage of heterogeneous catalysts based on organo-
metallic polymer networks is their possible reuse in the reac-
tion mixture. We tested the reusability of polymer network
P-Cu-L1 in three consecutive cycles (Table S3†). The catalyst
was simply removed from the reaction mixture, washed three
times with dichloromethane, and used again as the catalyst for
styrene oxidation. The possibility of catalyst reuse was con-
firmed and, moreover, an increase in styrene conversion in
subsequent cycles was observed, accompanied by an increase
in selectivity to benzaldehyde.

Conclusions

To summarize this work, three trios of a salen-type ligand,
respective copper(II) complex, and organometallic polymer

Fig. 8 SEM images of P-Cu-L1 (A), P-Cu-L2 (B) and P-Cu-L3 (C).

Table 2 Results of styrene oxidation catalyzed by organometallic com-

plexes and polymer networks (1 mmol styrene, 3 mmol tert-butylhydro-

peroxide, 10 mg of the catalyst, 3 ml of dichloromethane, 60 °C, 6 h)

Catalyst

Styrene
conversion
[%]

Styrene oxide
selectivity
[%]

Benzaldehyde
selectivity [%]

TON
[mol molCu

−1]

Cu-L1 89 5 21 34
P-Cu-L1 80 41 40 56
Cu-L2 91 4 25 35
P-Cu-L2 86 24 50 45
Cu-L3 87 2 32 34
P-Cu-L3 90 28 44 48
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network were developed and prepared, namely (i) ligand L1,
complex Cu-L1 and polymer network P-Cu-L1 were based on
enantiomerically pure trans-(1S,2S)-1,2-diaminocyclohexane,
(ii) L2, Cu-L2 and P-Cu-L2 were based on racemic trans-1,2-
diaminocyclohexane and (iii) L3, Cu-L3 and P-Cu-L3 were
based on the cis-1,2-diaminocyclohexane segment. The use of
different isomers affected the final textural properties of the
prepared polymer networks (microporous vs. micro/meso-
porous texture, SBET 458–655 m2 g−1). The structures, geome-
tries, and packings of organometallic complexes in solid
states (crystal vs. powder) were investigated by single-crystal
X-ray diffraction and advanced NMR techniques for paramag-
netic compounds. The comparison with solid-state NMR
spectra of polymer networks revealed the similar geometry of
organometallic segments also in the networks and reflected
the differences between individual isomers and their influ-
ence on the formation of the porous texture. Less spatially
demanding trans isomers allowed tighter packing leading to
lower SBET values, while the more voluminous cis isomer
formed a polymer network with higher SBET. Finally, the cata-
lytic activity of the prepared organometallic polymer net-
works was tested. Heterogeneously catalyzed styrene oxi-
dation exhibited remarkably high styrene conversions (well
above 80%) with high selectivity to the desired products (up
to 41% to styrene oxide and up to 50% to benzaldehyde). All
networks showed significantly increased selectivity compared
to respective low-molecular organometallic complexes. Good
reusability results in catalytic testing pointed to the promis-
ing potential of these materials.
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L1: 
(1S,2S)-N,N’-bis(5-ethynylsalicylidene)-1,2-diaminocyclohexane 

 
Figure S1: Structure of the ligand L1 

1H NMR (400 MHz, CD2Cl2) δ 13.52 (s, 2H), 8.25 (s, 2H), 7.37 (d, J = 2.1 Hz, 2H), 
7.34 (s, 2H), 6.82 (d, J = 8.7 Hz, 2H), 3.38 – 3.29 (m, 2H), 3.00 (s, 2H), 2.00 – 1.81 
(m, 2H), 1.79 – 1.65 (m, 2H), 1.57 – 1.43 (m, 4H). 

13C NMR (101 MHz, CD2Cl2) δ 164.36, 162.08, 136.13, 135.73, 118.95, 117.57, 
112.46, 83.27, 75.88, 72.86, 33.30, 24.52. 
HR-MS ESI, measured (calculated) m/z of M+H adduct: 371.174411 (371.175404), 
C24H23N2O2 
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L2: 
trans-N,N’-bis(5-ethynylsalicylidene)-1,2-diaminocyclohexane 

 
Figure S2: Structure of the ligand L2 

1H NMR (400 MHz, CD2Cl2) δ 13.52 (s, 2H), 8.25 (s, 2H), 7.37 (d, J = 2.1 Hz, 2H), 
7.34 (s, 2H), 6.82 (d, J = 8.8 Hz, 2H), 3.40 – 3.33 (m, 2H), 3.00 (s, 2H), 1.98 – 1.85 
(m, 2H), 1.79 – 1.65 (m, 2H), 1.56 – 1.44 (m, 4H). 

13C NMR (101 MHz, CD2Cl2) δ 164.36, 162.08, 136.13, 135.73, 118.95, 117.57, 
112.46, 83.27, 75.88, 72.85, 33.30, 24.52. 
HR-MS ESI, measured (calculated) m/z of M+H adduct: 371.174846 (371.175404), 
C24H23N2O2 

 

L3: 
cis-N,N’-bis(5-ethynylsalicylidene)-1,2-diaminocyclohexane 

 
Figure S3: Structure of the ligand L3 

1H NMR (400 MHz, CD2Cl2) δ 13.76 (s, 2H), 8.33 (s, 2H), 7.46 – 7.37 (m, 4H), 6.86 
(d, J = 8.4 Hz, 2H), 3.66 – 3.58 (m, 2H), 3.03 (s, 2H), 2.02 – 1.73 (m, 4H), 1.67 – 
1.51 (m, 4H). 

13C NMR (101 MHz, CD2Cl2) δ 164.00, 162.40, 136.23, 135.74, 119.10, 117.77, 
112.37, 83.38, 75.88, 69.76, 31.10, 22.74. 
HR-MS ESI, measured (calculated) m/z of M+H adduct: 371.174930 (371.175404), 
C24H23N2O2 
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Figure S4: 1H NMR spectrum of L1 ligand 

 
Figure S5: 13C{1H} NMR spectrum of L1 ligand 
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Figure S6: 1H NMR spectrum of L2 ligand 

 
Figure S7: 13C{1H} NMR spectrum of L2 ligand 
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Figure S8: 1H NMR spectrum of L3 ligand 

 

 
Figure S9: 13C{1H} NMR spectrum of L3 ligand 
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Figure S10: UV/VIS spectra of ligands (L1, L2 and L3) and complexes (Cu-L1, Cu-L2 and Cu-L3) 
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Figure S11: Circular dichroism (CD) spectra of ligand L1 and complex Cu-L1. 

 
Figure S12: View on the one of two symmetrically independent molecule of Cu-L1 with the atom numbering 
schema, the displacement ellipsoids are drawn at 50% probability level. 

Crystal data for Cu-L1: C24H20CuN2O2·C3H7NO, Mr = 505.05;  Monoclinic, P21, (No 4), 
a = 8.6380 (3) Å, b = 31.0524 (10) Å, c = 8.6749 (3) Å, β = 90.667 (2), V = 2326.72 
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(14) Å3, Z = 4, Dx = 1.442 Mg m-3, brown plate of dimensions 0.28 × 0.16 × 0.03 mm, 
multi-scan absorption correction (µ =  1.61 mm-1) Tmin = 0.79, Tmax = 0.96; a total of 
24115 measured reflections (θmax= 68.4˚), from which 8359 were unique (Rint = 0.050) 
and 7893 observed according to the I > 2σ(I) criterion. The refinement converged 
(Δ/σmax= 0.001) to R = 0.061 for observed reflections and wR(F2) = 0.143, GOF = 1.16 
for 617 parameters and all 8359 reflections. The final difference map displayed no 
peaks of chemical significance (Δρmax = 0.60, Δρmin -0.88 e.Å-3). 

 
Figure S13: View on molecule of Cu-L3 with the atom numbering schema, the displacement ellipsoids are drawn 
at 50% probability level. 

Crystal data for Cu-L3: C24H20CuN2O2, Mr = 431.96; Monoclinic, P21/n, (No 14), a = 
14.1633 (10) Å, b = 9.0797 (7) Å, c = 16.0469 (11) Å, β = 112.615 (2), V = 1904.9 (2) 
Å3, Z = 4, Dx = 1.506 Mg m-3, green prism of dimensions 0.25 × 0.10 × 0.07 mm, multi-
scan absorption correction (µ = 1.81  mm-1) Tmin = 0.77, Tmax = 0.89; a total of 57728 
measured reflections (θmax= 77.5˚), from which 4036 were unique (Rint = 0.031) and 
3854 observed according to the I > 2σ(I) criterion. The refinement converged (Δ/σmax= 
0.001) to R = 0.032 for observed reflections and wR(F2) = 0.088, GOF = 1.04 for 262 
parameters and all 4036 reflections. The final difference map displayed no peaks of 
chemical significance (Δρmax = 0.67, Δρmin -0.70 e.Å-3). 

X-ray crystallographic data have been deposited with the Cambridge Crystallographic 
Data Centre (CCDC) under deposition number 2333975 and 2333976 for Cu-L1 and 
Cu-L3, respectively and can be obtained free of charge from the Centre via its website 
(https://www.ccdc.cam.ac.uk/structures/). 
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Figure S14: Comparison of slow and fast MAS 1H NMR spectra of Cu-L1. 

 
Figure S15: Comparison of slow and fast MAS 1H NMR spectra of Cu-L3 and solution 1H NMR spectra of 
Cu-L3. 
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Figure S16: 1H NMR shifts of Cu-L1 predicted by calculations for X-ray based geometry with refined 1H positions 
(A) and fully optimized geometry in COSMO/CHCl3 solvent model (B) calculated for range of HFX admixture 
(from orange 10% for green 40% in 5% steps) (298 K). 

 
Figure S17: 13C NMR shifts of Cu-L1 predicted by calculations for X-ray based geometry with refined 1H 
positions (A) and fully optimized geometry in COSMO/CHCl3 solvent model (B) calculated for range of HFX 
admixture (from orange 10% for green 40% in 5% steps) (298 K). 
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Figure S18: 1H NMR shifts of Cu-L3 predicted by calculations for X-ray based geometry with refined 1H positions 
(A) and fully optimized geometry in COSMO/CHCl3 solvent model (B) calculated for range of HFX admixture 
(from orange 10% for green 40% in 5% steps) (298 K). 

 
Figure S19: 13C NMR shifts of Cu-L3 predicted by calculations for X-ray based geometry with refined 1H 
positions (A) and fully optimized geometry in COSMO/CHCl3 solvent model (B) calculated for range of HFX 
admixture (from orange 10% for green 40% in 5% steps) (298 K). 
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Figure S20: Homonuclear BaBa16 1H single-double quantum (SQ-DQ) correlation of Cu-L3. 

10 20 30 40 50 60 70 80

In
te

n
s
it
y
 [a

.u
.]

2q [deg]

 P-Cu-L1

 

Figure S21: Powder X-Ray Diffraction (pXRD) pattern of network P-Cu-L1. 

 

Powder X-ray Diffraction (XRD) pattern was collected using a high-resolution 
Explorer diffractometer (GNR Analytical Instruments, Italy) equipped with a one-
dimensional Mythen 1K silicon strip detector (Dectris, Switzerland). A Cu X-Ray tube 
(wavelength λ = 1.54 Å) operated at 40 kV and 30 mA and monochromatized with Ni 
foil (β filter) was used. Measurements were performed in the 2θ range of 5 – 80° with 
a 0.1° step and 15 s exposure time at each step. 



12 
 

Table S1: Observed 1H and 13C NMR shift from HSQC-TEDOR experiment of Cu-L1 
a related calculated value for 10%, 25% and 40% of Hartee-Fock exchange 
admixture (at 298 K) and for various temperature 298 K and 323 K (using 25% HFX), 
as well as decomposition of calculated NMR shift (298 K, 25% HFX) to orbital shift 
(�ý��,� = ��þÿ − �ý��,�), Fermi contact (��ÿ) and spin-dipolar (��Ā) shielding. All 
values listed in ppm, for atom label see Scheme 1. 

 �exp �calc10% �calc25% �calc40% �calc298K �calc323K �dia,� ��ÿ ��Ā 

H1 3.9 4.13 3.77 3.18 3.77  
H4 24.5 45.79 34.93 28.59 34.93  
H5 ND -13.55 -10.00 -7.08 -10.00  
H8 8.9 14.21 11.47 11.15 11.47  
H9 ND 662.79 538.35 422.32 538.35  
H10 ND 17.93 25.39 31.47 25.39  
H11ax -5.8 -8.16 -7.43 -6.45 -7.43  
H11eq -5.8 -8.04 -7.00 -5.55 -7.00  
H12ax 1.6 3.42 2.66 2.00 2.66  
H12eq 25.0 39.63 27.91 19.09 27.91  
C1  80.4 81.5 78.8 77.8 78.8  
C2 Q 115.9 105.9 94.4 105.9  
C3  Q 114.1 117.4 124.3 117.4  
C4 214 261.0 229.8 198.2 229.8  
C5 ND 1607.0 1283.6 1009.5 1283.6  
C6 Q 20.2 102.4 162.9 102.4  
C7 Q 23.2 44.8 90.8 44.8  
C8 99 145.7 118.4 99.9 118.4  
C9 NA 519.6 349.0 200.9 349.0  
C10 NA -267.7 -298.4 -296.2 -298.4  
C11 162 184.0 183.7 169.4 183.7  
C12 24 19.2 20.7 21.3 20.7  

ND – not detected signal, Q - quaternary carbon 

Table S2: Observed 1H and 13C NMR shift from HSQC-TEDOR experiment of Cu-L3 
a related calculated value for 10%, 25% and 40% of Hartee-Fock exchange 
admixture (at 298 K) and for various temperature 298 K and 323 K (using 25% HFX), 
as well as decomposition of calculated NMR shift (298 K, 25% HFX) to orbital shift 
(�ý��,� = ��þÿ − �ý��,�), Fermi contact (��ÿ) and spin-dipolar (��Ā) shielding. All 
values listed in ppm, for atom label see Scheme 1. 

Values in 
ppm: 

�exp �calc10% �calc25% �calc40% �calc298K �calc323K �dia,� ��ÿ ��Ā 

H1 2.7 4.32 3.90 3.26 3.90 3.82    
H1' 2.7 4.05 3.67 3.01 3.67 3.61    
H4 27.5 47.06 35.63 29.02 35.63 33.47    
H4' 28.5 44.89 34.39 28.39 34.39 32.33    
H5 ND -13.70 -9.99 -7.01 -9.99 -8.67    
H5' ND -13.41 -9.97 -7.17 -9.97 -8.64    
H8 9.5 14.27 11.34 11.02 11.34 11.04    
H8' 9.5 13.95 11.44 11.36 11.44 11.14    
H9 ND 645.79 526.92 415.16 526.92 486.79    
H9' ND 679.57 550.72 431.41 550.72 508.77    
H10 ND 196.70 159.64 122.54 159.64 147.53    
H10' ND 20.38 28.35 34.68 28.35 26.45    
H11ax -8.0 -1.93 -1.25 -0.43 -1.25 -0.99    
H11ax' 13.6 18.57 13.04 8.44 13.04 12.15    
H11eq 0.8 2.99 1.62 0.54 1.62 1.62    
H11eq' 0.8 -9.01 -8.11 -6.50 -8.11 -7.29    
H12ax 0.8 0.83 0.57 0.35 0.57 0.63    
H12ax' 1.1 2.88 1.94 1.29 1.94 1.89    
H12eq 0.8 2.34 2.29 2.26 2.29 2.25    
H12eq' 8.5 12.40 8.12 5.19 8.12 7.60    
C1 85.3 81.2 78.5 77.7 78.5 78.8    
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C1' 85.3 81.9 79.4 78.9 79.4 79.6    
C2 Q 117.7 107.2 95.2 107.2 105.9    
C2' Q 114.7 104.7 92.6 104.7 103.5    
C3 Q 113.3 116.6 123.7 116.6 116.4    
C3' Q 114.9 118.7 126.5 118.7 118.3    
C4 214 268.0 234.5 201.2 234.5 227.9    
C4' 202 255.3 225.0 193.7 225.0 219.2    
C5 ND 1614.5 1284.1 1006.8 1284.1 1194.9    
C5' ND 1589.5 1271.0 1002.2 1271.0 1182.9    
C6 Q 18.2 106.4 171.3 106.4 112.2    
C6' Q 22.9 102.1 159.1 102.1 108.2    
C7 Q 22.8 42.6 87.9 42.6 49.0    
C7' Q 23.1 47.2 95.0 47.2 53.2    
C8 101 138.5 113.9 97.0 113.9 116.7    
C8' 101 150.6 120.8 100.0 120.8 123.1    
C9 ND 586.9 416.1 263.5 416.1 397.3    
C9' ND 491.7 323.1 177.3 323.1 311.5    
C10 ND -239.3 -276.5 -281.1 -276.5 -249.3    
C10' ND -244.2 -279.8 -281.8 -279.8 -253.1    
C11 33.1 27.4 34.6 44.5 34.6 34.7    
C11' ~240 259.3 241.0 211.8 241.0 224.4    
C12 33.1 36.3 31.1 26.6 31.1 30.9    
C12' 7.8 1.0 1.5 1.9 1.5 2.9    

ND – not detected signal, Q - quaternary carbon 

 

Table S3: Results achieved in repeating application of P-Cu-L1 as heterogeneous 
catalyst of styrene oxidation. 

 Styrene 
conversion [%] 

Selectivity [%] 
 Styrene oxide Benzaldehyde 

1st cycle 80 41 40 
2nd cycle 88 30 53 
3rd cycle 96 18 51 
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ABSTRACT: In this article, we report a series of functionalized
polyacetylene-type networks formed by chain-growth insertion
coordination polymerization in high internal phase emulsions
(HIPEs). All polymerized HIPEs (polyHIPEs) contain a hierarchi-
cally structured, 3D-interconnected porous framework consisting
of a micro-, meso- and macropore system, resulting in exception-
ally high specific surface areas (up to 1055 m2·g−1) and total
porosities of over 95%. The combination of π-conjugated and
hierarchically porous structure in one material enabled the use of
these polyacetylene polyHIPEs as adsorptive photocatalysts for the
removal of chemical contaminants from water. All polyacetylene
polyHIPEs demonstrated high e0ciency in the adsorption of
bisphenol A from water (up to 48%) and the subsequent
photocatalytic degradation. Surprisingly, high adsorption capacity
did not a5ect the photocatalytic e0ciency (up to 58%). On the contrary, this dual function seems to be very promising, as some
polyacetylene polyHIPEs almost completely removed bisphenol A from water (97%) through the adsorption-photooxidation
mechanism. It also appears that the presence of polar functional side groups in the polyacetylene backbone improves the contact of
the polyacetylene network with the aqueous bisphenol A solution, which can thus be more easily adsorbed and subsequently
oxidized, compensating for the lower specific surface area of some networks, namely, 471 and 308 m2·g−1 in the case of 3-
ethynylphenol- and 3-ethynylaniline-based polyacetylene polyHIPEs, respectively.

KEYWORDS: polyacetylenes, emulsion-templating, π-conjugated networks, macroporous polymers, heterogeneous photocatalysis

■ INTRODUCTION

Synthetic chemical contaminants such as per- and polyfluor-
oalkyl substances (PFAS) or bisphenol A (BPA) and its
analogues, to name a few, are persistent, bioaccumulative
pollutants found in water resources in low concentrations but
with a significant adverse e5ect on human health.1 Unless
appropriate actions are taken regarding chemical water pollution
at both the technological and societal levels, it is estimated that
by 2050, more than half of the world’s population will be a5ected
by water stress�a situation where demand exceeds the available
amount of good quality water.2

Considering the environmental persistence, toxicity, and
bioaccumulation of synthetic organic contaminants, numerous
e5orts have been made to remove them from water bodies,
including adsorption, filtration, reverse osmosis, enhanced
photolysis, electrochemical oxidation, sonochemical destruc-
tion, etc.3 However, many of these methods are expensive or
have low removal e0ciency due to high energy requirements.
The adsorption process remains one of the most cost-e5ective
and environmentally friendly methods. Compared to conven-
tional sorbents, e.g., ion exchange resins, porous material-based
adsorbents with a large surface area, large pore volume, and

suitable functional groups on the pore surface are the key to
success.4,5 Among them, cryogels have attracted great interest in
many studies due to their unique porous structure, high
adsorption capacity, and ease of handling, which are valuable
properties for various applications, especially for water treat-
ment.6−9 Another group of porous material-based adsorbents
are conjugated porous polymer networks (CPPNs)10 appear to
be very successful in the removal of persistent organic
contaminants such as PFAS or bisphenols.11−13 CPPNs
combine attractive properties such as high porosity, large
surface area, high stability, and extensive π-conjugation. Since
they are predominantly built up using aromatic, rigid monomers
as building blocks, their polyarylene-based networks have a
su0cient fluorous and hydrophobic a0nity, which enables an
e0cient adsorption capacity, e.g., PFAS or bisphenols,
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respectively, through the large surface area.14,15 In recent years,
however, the photocatalytic degradation of water-dissolved
synthetic organic contaminants has attracted much attention
due to the use of light as a renewable, readily available, and
sustainable energy source.16 In this view, the large π-electron-
delocalization of CPPNs is considered key.17 It enables e0cient
light absorption and charge carrier transportation, which is
advantageous, e.g., for visible-light-driven photocatalysis.18

When CPPNs are used as photocatalysts, one or more reactive
oxygen species, i.e., superoxide radicals (O2

•−), hydroxyl radicals
(OH•), singlet oxygen (1O2), peroxides (H2O2), and photo-
generated holes (h+), are involved in the photooxidation of
synthetic organic contaminants.19 Benefiting from the highly
porous and π-electron-delocalized poly(arylene) network
structure, CPPNs could therefore be used both as e0cient
adsorbents for organic contaminants and as heterogeneous
photocatalysts for their degradation.20 This dual function seems
to be very promising and o5ers unprecedented advantages for
the treatment of organic contaminants in water. Therefore, it is
of utmost interest to design and synthesize novel CPPNs that
combine a semiconducting and hierarchically porous framework
with various functional groups on the pore surface that facilitate
the access of water-dissolved organic contaminants to the
interior of the CPPN.
Indeed, conjugated polymerized high internal phase emul-

sions (HIPEs), referred to as “π-conjugated polyHIPEs”,21,22 are
a unique subclass that di5ers from other CPPNs by having
additional porosity on a larger length scale (pore sizes between 1
and 100 μm). PolyHIPEs (PHs) are typically formed by the
polymerization of the external (monomeric) phase of HIPEs,
resulting in monolithic polymeric materials with unique three-
dimensional (3D)-interconnected microcellular morphol-
ogy.23−25 Originally, the development of PHs was driven by
absorbent applications, in particular the absorption of body
fluids,26,27 and later the adsorption of contaminants from
water.28−31 Recently, however, it has been shown that PHs can
be advantageously used as heterogeneous photocatalysts in
singlet oxygen generation,32 organic photoredox reactions,33,34

photocatalytic sulfoxidation,35 or as photoinitiators in radical
polymerizations.36 In addition, PHs are also able to photo-
degrade organic contaminants dissolved in water.37−39

Polyacetylene (PA) and its derivatives, [−HC�CR−]n and
[−1RC�CR2−]n, are probably the first described well-defined
π-conjugated polymers.40 The π-conjugated nature of these
polymers is due to the alternation of single and double bonds
between the carbon atoms of the polyene (polyacetylene) main
chains. Polyacetylenes are prepared by chain-growth coordina-
tion polymerization of acetylene monomers catalyzed by
transition-metal complexes operating in metathesis or insertion
polymerization mode.41 The most frequently used Rh(I)
insertion catalysts cleave one π bond of the ethynyl group of
the monomer, thereby transforming it into an ethenylene group
of the monomeric unit incorporated through propagation into a
polyene chain.42−45 The Rh(I) catalysts are highly substrate-
selective: they transform only ethynyl groups and, contrary to
the metathesis catalysts, do not interact with ethenyl groups.
Moreover, the Rh(I) catalysts are well compatible with various
heteroatom groups of the components of the polymerization
systems and operate well also in the presence of water.46 As
shown earlier, the Rh(I)-catalyzed chain-growth coordination
polymerization of acetylene monomers with a higher number of
ethynyl groups per molecule leads to the cross-linking of

polyacetylene chains and, in optimal cases, also to the formation
of a microporous texture of the resulting networks.47,48

Herein, we present a simple synthetic strategy that combines
high internal phase emulsion (HIPE) templates and rhodium-
catalyzed chain-growth coordination polymerization to prepare
a series of functionalized conjugated polyacetylene (PA)-based
PHs. The rational design of the hierarchically porous framework
and the functionalization of the network by incorporating
hydrophilic heteroatomic groups enable us the tuning of
adsorption capacities and photocatalytic performance of these
novel PA−PHs. These bifunctional, i.e., adsorptive and
photocatalytically active polymers were then successfully used
in the e0cient removal of bisphenol A from water.

■ EXPERIMENTAL METHODS

Materials

The following compounds were used as received: acetylacetonate-
(norbornadiene)rhodium(I) [Rh(nbd)acac] (>98%), 1,3-diethynyl-
benzene (>96%), 1,3,5-triethynylbenzene (>98%), 3-ethynylphenol
(>98%), 3-ethynylaniline (>98%) (all TCI Europe), Span80 (sorbitan
monooleate, MW= 428 g·mol−1, Merck Life Science), calcium chloride
dihydrate (99%, Merck Life Science), toluene for analysis (Merck),
tetrahydrofuran (≥99%, Sigma-Aldrich), bisphenol A (BPA, c0 = 10mg·
L−1, 100 mL, Aldrich). N-Salicylidene(3-ethynylaniline) was prepared
according to ref 49 from 3-ethynylaniline and salicylaldehyde (≥99%,
Merck Life Science).

Synthesis of PA−PH Networks

(Co)monomer(s) was/were dissolved in dry toluene (cmonomer = 1.7
mol·dm−3). Surfactant Span80 (sorbitan monooleate, MW = 428 g·
mol−1) was added to the solution of (co)monomer(s) and properly
stirred on the magnetic stirrer. The amount of the surfactant was 15 wt
% of the whole solution of (co)monomer(s), including the weight of the
solvent. Solution of 1 wt % CaCl2 in H2O was added dropwise into the
solution of (co)monomer(s) (for amount, see the Result and
Discussion section) accompanied by intensive stirring. The reaction
mixture was stirred for another 20 min to form a uniform emulsion.
After that, the stirrer bar was removed and the solution of
polymerization initiator [Rh(nbd)acac] in toluene was added to the
emulsion. The emulsion was immediately smoothly shaken and the
whole reaction mixture was put into the oven at 75 °C for 48 h. During
this period, the solid polymer network occurred as a monolith. It should
be noted that the HIPEs stopped flowing within minutes of adding the
initiator, indicating that gelation occurred very quickly. The gelation
was followed by using the vial inversion method. The monolith was
isolated and washed in tetrahydrofuran by di5usion for 48 h with
frequent exchanges of the solvent. In the end, the product was dried on
air at room temperature.

Adsorption of Bisphenol A

The BPA adsorption was carried out in a batch slurry reactor (Lenz,
Wertheim, Germany, model LF60, 250 mL) equipped with a heating/
cooling jacket. PA−PH samples were put in contact with 100 mL of
aqueous solution, containing the known concentration of BPA (c0 = 10
mg·L−1) wherein 12.5mg of PA−PHpieces were suspended. The vessel
content was thermostated (Julabo F25/ME) at a selected constant
temperature (15 °C) with intermittent mixing until equilibration (∼16
h). The BPA concentration in the supernatant was determined with an
HPLC instrument (Thermo Scientific, Waltham, MA, model Spectra).
The BPA concentration as a function of time was followed at the
characteristic BPA wavelength (λ = 210 nm).

Photocatalytic Degradation of Bisphenol A

Photocatalytic experiments were performed in a batch slurry reactor
(Lenz, Wertheim, Germany, model LF60, 250 mL). In all runs, an
aqueous solution (ultrapure water, 18.2 MΩ·cm) of bisphenol A (BPA,
c0 = 10 mg·L−1, Aldrich) was used. The concentration of the added
catalyst was 125 mg·L−1. In the middle of the batch slurry reactor, a
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water-cooled quartz jacket with a visible lamp (Philips 150 W halogen
lamp, λmax = 520 nm) was immersed vertically. This enabled us to
completely illuminate the BPA solution. To ensure that the catalyst was
illuminated only by visible light, a UV cuto5 filter at λ = 410 nm from
Rosco (E-Color #226: U.V. filter) was used. The degradation of BPA
was analyzed with an HPLC instrument (Thermo Scientific, Waltham,
MA, model Spectra). The chemical robustness of PA-TEB network was
investigated, and the mm-sized pieces were suspended in water purged
with air and illuminated with a visible lamp for 24 h. The polymer pieces
were then filtered and dried. The water was analyzed by HPLC, while
the polymer pieces were subjected to 13C CP/MAS NMR.

The amount of BPA adsorbed or oxidized was expressed as the
removal percentage and calculated by the equation:

= [ ]·C C C%removal ( )/ 100i f i

where Ci and Cf are the initial and final concentrations of contaminants,
respectively.

Methods of Characterization

The 13C CP/MAS spectra were recorded at 16.4 T using a Bruker
Avance NEO 700 SB NMR spectrometer (Karlsruhe, Germany, 2021)
with a 3.2 mm probe head. The MAS frequency was set to 18−20 kHz.
The cross-polarization contact time was usually 2 ms, and the dipolar
decoupling SPINAL64 was applied during the data acquisition. The
number of scans was 256−4000 to reach an acceptable signal-to-noise
ratio. The 13C scale is referenced to crystalline γ-glycine (176.03 ppm
for 13C). Considering that the cross-polarization e0ciency for a given
CP contact time is di5erent for di5erent functional groups, the
presented quantitative analysis is subject to a certain error
(uncertainty). The test based on the comparison of the routinely
recorded 13C CP/MAS NMR spectrum with the spectrum recorded
with a single-pulse excitation (duration of the 13C 90deg pulse was 3 μs)
and a very long repetition delay (60 s) showed that this experimental
error is about ±5−6%. A PerkinElmer FTIR spectrometer (model
Frontier) was used for measurements of FTIR spectra. The spectra
(average of 32 scans, resolution 4 cm−1) were recorded using attenuated
total reflection (ATR) in the range of 400−4000 cm−1. Scanning
electron microscopy images (SEM) were performed on a JWS-7515,
JEOL Ltd. scanning electronmicroscope. The samples were attached to
a carbon tab for better conductivity, and afterward, a thin layer of Pt was
sputtered on a sample’s surface prior to scanning analysis (for SEM
investigations). SEMmicrographs were taken at amagnification of 5000
times, at a 7 mm working distance, and 20 kV voltage applied. The
adsorption and desorption isotherms of N2 were obtained at −196 °C
using a Micromeritics TriStar II 3020 instrument. Prior to measure-
ments, the samples were degassed under N2 stream (purity 6.0) using a
programmed bilevel heating, with the first heating stage at 90 °C for 60
min, followed by the second heating stage at 110 °C for 240 min. The
specific surface area of the samples was calculated by applying the BET
theory to the nitrogen adsorption data within the 0.06−0.30 p/p0 range.
The polyHIPE densities (ρPH) were determined gravimetrically and

then the porosities were calculated assuming a polymer (skeletal)
density (ρP) of 1.13 g·cm−3 according to the following equation:

= ·P (1 / ) 100
PPH

UV−vis DR spectroscopy was performed on a PerkinElmer Lambda
35 UV−vis spectrophotometer equipped with the RSA-PE-19 M
Praying Mantis accessory for powdered samples in order to record the
UV−vis di5use reflectance spectra of the prepared materials. The
background correction was performed with a white reflectance standard
Spectralon© (range of 200−900 nm). The optical band gap energies
were determined using the Kubelka−Munk theory and Tauc plot as
described by Macyk et al.50

■ RESULTS AND DISCUSSION

Synthesis of Polyacetylene-Based PolyHIPE Networks

Building on our previous work incorporating 1,3-diethynylben-
zene into a conjugated polyHIPE network,22 we set out to
synthesize a library of polyacetylene-based polyHIPEs (PA−
PH). 1,3-Di- and 1,3,5-triethynylbenzene monomers were
homopolymerized to form nonfunctionalized PA−PH net-
works, abbreviated as PA-DEB and PA-TEB, respectively, while
3-ethynylphenol, 3-ethynylaniline, or N-salicylidene(3-ethyny-
laniline) monomers were copolymerized with two equivalents of
1,3,5-triethynylbenzene and formed networks, abbreviated as
PA-OH, PA-NH2, and PA-SAL, respectively (Figure 1). The
chain-growth coordination polymerization was used as polymer-
ization chemistry with the mononuclear Rh(I) complex as the
initiator. The networks produced consisted of π-conjugated PA
chains hyper-cross-linked by benzenediyl and benzenetriyl links.
To optimize the emulsion polymerization using the Rh(I)-
catalyzed polymerization chemistry, a series of experimental
parameters were investigated, such as the toluene−water phase
ratio (set to ∼0.80), concentrations of the (co)monomers (1.7
mol·dm−3), initiator loading the (total concentration of the
initiator di5ered according to the average number of ethynyl
groups per (co)monomer molecule, so in all cases, 0.03 mol of
initiator per mole of ethynyl groups were used), and the amount
of surfactant (15 wt % according to the continuous phase of
HIPE). The polymerization between (1) and (2) in the external
(monomeric) phase took place immediately after the addition of
(3) to the HIPE and resulted in a polyacetylene-based PH
network (4) (Figure 1). In all cases, gelation was very rapid, with
the HIPEs stopped to flow within minutes, even at room
temperature. Due to the rapid gelation, the catalyst solution was
only added at the end of the emulsion preparation, which gave us
a few extra minutes to homogenize the HIPE and transfer it into
a suitable mold. Final curing at 75 °C and subsequent

Figure 1. Schematic illustrations of the synthesis of PA−PH networks.
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purification/drying resulted in a brown, lightweight, and
monolithic PA−PH. The gel formation was additionally
confirmed by immersing the selected samples in liquid nitrogen
when a point of apparent gelation had reached (the HIPEs
stopped flowing) and then adding a large amount of dichloro-
methane. The samples did not dissolve, clearly indicating the
formation of a chemically cross-linked gel. The polymerization
yields were evaluated by setting the mass of dried monoliths
relative to the mass of monomers and all PA−PH networks were
prepared in quantitative yields, indicating a highly e0cient
Rh(I)-initiated polymerization in a two-phase HIPE system
(Table 1).

Molecular and Porous Structure

As evidenced by FTIR and 13C CP/MAS NMR analyses, all
PA−PHs consist of a typical arene-linked polyacetylene network
motif. The FTIR spectra (Figure S1) show the bands associated
with the benzene cross-linking and side units and the ethenylene
units of the main chains in the range of 500−900 cm−1 and
1500−1600 cm−1, respectively. The presence of a certain
amount of unconverted ethynyl side groups in the PA−PH
networks was clearly confirmed by the bands at around 3300
cm−1 (and 2110 cm−1). 13C CP/MAS NMR spectra of all PA−
PH networks together with their structures are shown in Figure
2. All networks showed broad, partially resolved signals in the
region 115−150 ppm corresponding to aromatic carbons and
carbons of the polyene main chain. The 13C CP/MAS NMR
further confirmed the presence of substituents (−OH, −NH2,

−CH�N−) attached to the benzene rings in copolymer
networks by the characteristic signals of the aromatic carbon
atoms in the vicinity of these groups: in PA-OH spectrum at 156
ppm (CAr−OH) and 115 ppm (CAr-CAr−OH), in PA-NH2

spectrum shoulder at 146 ppm (CAr−NH2) and 114 ppm (CAr-
CAr-NH2) and in PA-SAL spectrum at 161 ppm (−HC�N−
CAr) and 119 ppm (CAr-CAr−OH). In the 13C CP/MAS NMR
spectra of all networks obtained with TEB, a signal at about 83
and 76 ppm is clearly visible, which is due to the unreacted
ethynyl carbon atoms. The average content was estimated to be
0.8 unreacted ethynyl groups per 1,3,5-triethynylbenzene
monomer unit in PA-TEB. In contrast, almost complete
conversion of ethynyl groups was observed in PA-DEB (Figure
2). In both systems, a new signal appears at δ = 140 ppm, which
can be attributed to the carbons in the polyene backbone
(Figure S2).
The porous structures typical of PHs are shown in Figure 3.

Analysis by SEM revealed that the HIPE structure was
templated within the PA−PHs and all had a 3D-interconnected
microcellular morphology with an average void size between 15
± 2 and 24 ± 5 μm, respectively. SEM analysis further revealed
small macropores with diameters of about 200 nm within the
polymer matrix, forming a hierarchical porous system (Figure
S3). The PH densities (ρPH) were relatively low and varied
between 0.03 and 0.05 g·cm−3, suggesting the presence of even
smaller pores, i.e., in the meso- or microlength scale (vide infra)
(Table 1). The total porosities (P) of the PA−PHs were
calculated from the ρPH by assuming a skeletal density (ρP) of
1.13 g·cm−3 for trans-PA51 and were surprisingly high for 80% of
the internal phase content, i.e., ≥95% (Table 1). The porous
properties and associated specific surface areas (SBET) were
further analyzed using nitrogen adsorption−desorption meas-
urements. All PA−PHs showed a typical type II isotherm with a
steep increase at p/p0 ≈ 1 due to the presence of macropores,
and an additional increase in N2 uptake up to 0.1 p/p0, indicating
the presence of micropores. The volume of the micropores was
determined between 0.11 and 0.41 cm3·g−1 (derived from theN2

isotherms; Table 1) and, as expected, reflected in the SBET. The
highly cross-linked PA-TEB network, which had the highest
micropore volume (0.41 cm3·g−1), exhibited SBET of 1055m

2·g−1

while approximately half SBET (449 m
2·g−1) and half micropore

volume (0.18 cm3·g−1) was found for PA-DEB. Functionalized

Table 1. Characterization Data of Polyacetylene-Based
PolyHIPEs

sample PA-OH PA-NH2 PA-SAL PA-TEB PA-DEB

P [%]a 95 96 95 97 96

ρPH [g·cm−3]b 0.05 0.04 0.05 0.03 0.04

dV [μm]c 24 ± 5 23 ± 4 16 ± 3 24 ± 3 15 ± 2

SBET [m
2·g−1]d 471 308 273 1055 449

Vmic [cm
3·g−1]e 0.18 0.12 0.11 0.41 0.18

aPorosity. bPH density. cAv. void size estimated from SEM images.
dSpecific surface area. eVolume of micropores determined from the
N2 physisorption analysis.

Figure 2. 13C CP/MAS NMR spectra of prepared PA−PH networks.
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copolymer networks PA-OH, PA-NH2, and PA-SAL revealed
SBET of up to 471 m

2·g−1 with micropore volumes between 0.11
and 0.18 cm3·g−1 (Figure 3F).

Removal of Bisphenol A (BPA) by Adsorption and
Photooxidation

The high surface area and the π-conjugated nature of the
polyacetylene networks enable PA−PHs to function as an
adsorptive photocatalyst, i.e., simultaneously as an adsorbent
and photocatalyst (Figure S4). To investigate the adsorption
performance of PA−PHs, we first carried out an adsorption test
in which the BPA concentrations in the supernatant were
measured at di5erent time intervals, as shown in Figure 4A (dark

adsorption phase). The removal of BPA for PA-DEB, PA-TEB,
PA-SAL, PA-NH2, and PA-OH reached about 1, 2, 3, 9, and 18%
within the first hour and 11, 48, 24, 41, and 38% within 14 h
when we are slowly reaching the adsorption plateau (except for
PA-TEB which probably requires more time for adsorption
equilibrium). Adsorption tests suggest that the specific surface
area, π-conjugation, and the functional groups on the pore
surface a5ect the amount of adsorbed BPA. The first rationale
for the BPA adsorption on the surface of PA-DEB and PA-TEB,
which is particularly high in the case of PA-TEB, is as follows. In
addition to the strong hydrophobic e5ect, that often drives the
adsorption of pure hydrocarbon networks, the high π-electron

Figure 3. Porous structures (SEM) of (A) PA-OH; (B) PA-NH2; (C) PA-SAL; (D) PA-TEB; (E) PA-DEB; and (F) N2 adsorption−desorption
isotherms of PA−PHs.

Figure 4. (A) Adsorption and visible-light-driven photooxidation of water-dissolved BPA and (B) UV−vis DRS analysis of the PA−PHs.
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polarizability at the surfaces, similar to the PA network, has also
proven to be an important factor in the adsorption of aromatic
organic pollutants. In the literature, this phenomenon is known
as π−π electron donor−acceptor (EDA) interaction52−55 and is
based on the interaction between the π-electron-poor regions
(considered as π-acceptors) and electron-rich aromatic organic
molecules (considered as π-donors). The high adsorption of
BPA on the surface of PA-TEB is therefore mostly due to the
π−π electron coupling between the π-electron-rich region in the
PA network and the electron-poor benzene rings of BPA. On the
other hand, adsorption in the case of PA-OH, PA-NH2, and PA-
SAL is driven by other mechanisms. It is interesting that PA-OH
(471 m2·g−1) and PA-NH2 (308 m

2·g−1) have a similar SBET to
the PA-DEB network (449 m2·g−1), but their adsorption
capacities are similar to those of PA-TEB. Apparently, the N-
and O-heteroatoms in the PA-NH2 and PA-OH networks
function as active sites on the surface that enable e0cient BPA
removal by combining π−π electron coupling with the (weak)
hydrogen bonding interaction mechanism.48,56−59

Next, PA−PHs were investigated as heterogeneous photo-
catalysts for visible-light-driven photooxidation of BPA
dissolved in water. First, UV−vis di5use reflectance spectros-
copy was used to study the light-harvesting ability of PA−PHs
and revealed that all are visible-light-active materials. The UV−

vis DRS spectra display a broad band with a maximum of around
350 nm and corresponding optical absorption band edges
between 612 and 630 nm (Figure 4B). The band gaps were
determined through Kubelka−Munk transformed reflectance
spectra. The Tauc plots depicted in Figure S5 indicate that the
optical band gaps are in the range of 2.2−2.3 eV. The
photocatalytic activities of the PA−PH networks in the BPA
photooxidation were then investigated as shown in Figure 4A. A
typical photocatalysis experiment was performed with the
addition of 12.5 mg of a network as a catalyst to 100 mL of
aqueous BPA solution (cBPA = 10 mg·dm−3). In the first step
(dark adsorption phase), only the adsorption of BPA on the
catalyst surface took place, followed by the photocatalysis phase,
in which the reaction systemwas illuminated with visible light (λ
> 420 nm). As shown in Figure 4A, PA-DEB, PA-TEB, PA-SAL,
PA-NH2, and PA-OH showed activity in which 24, 43, 37, 38,
and 58% of BPAwas removed by oxidation in 5 h of illumination,
respectively (decrease of the BPA concentration during the light
phase). Since hydroxyl radicals (OH•) are the most reactive
oxidizing species in the degradation of organic pollutants, their
formation was monitored during the photoexcitation of PA−

PHs in the presence of the fluorescent probe molecule coumarin
(COUM). COUM reacts with OH• radicals to form 7-
hydroxycoumarin (7-OHC); therefore, the fluorescence inten-
sity of 7-OHC can be related to the amount of OH• radicals
produced by a given catalyst sample.60 The results of the
coumarin oxidation experiments performed by illuminating the
PA-OH and PA-NH2 networks with visible light are shown in
Figure S6. The results confirm that both networks can generate
OH• radicals under visible-light illumination. Finally, two
control experiments were performed, namely, COUM oxidation
in the absence of the polyHIPE photocatalyst and the stability of
the polyHIPE photocatalyst under photooxidation conditions
(see the Experimental Section). The control experiment without
PA-OH and PA-NH2 photocatalyst showed no photooxidation
of COUM to 7-OHC, while the PA-TEB network exhibited high
chemical robustness, as HPLC and 13CCP/MASNMR analyses
confirmed that neither segments were leached from the network

into the water, nor the covalent structure was altered under
photooxidation conditions.
Considering both the adsorption and photooxidation activity

(Figure 4), all PA−PHs are excellent adsorptive photocatalysts.
The adsorption of BPA on the pore surface had no e5ect on the
further photocatalytic e0ciency, and in the case of PA-TEB, we
even succeeded in completely removing BPA from the aqueous
solution.

■ CONCLUSIONS

In summary, a series of polyacetylene-based polyHIPEs were
prepared by insertion coordination polymerization of HIPE
templates. All were hierarchically porous polymers with
micropore volumes between 0.11 and 0.41 cm3·g−1 and
exhibited high SBET values (273−1055 m2·g−1). All PA−PHs
also exhibit significant semiconducting properties, such as a
strong light-harvesting ability in the visible-light region with
optical band gaps in the range of 2.20−2.33 eV. The porosity
and electronic properties can be adjusted by selecting suitable
building blocks. The PA−PHs were then used to remove BPA
from water and achieved near-quantitative adsorption/photo-
oxidation e0ciency. The PA-TEB, a pure hydrocarbon network,
with the highest SBET (1055 m2·g−1) showed the highest BPA
adsorption activity. On the other hand, PA-OH and PA-NH2

networks with significantly lower SBET (471 and 308 m2·g−1,
respectively) revealed similar adsorption capacities, which can
be attributed to the polar functional groups on the pore surface.
Importantly, this high adsorption capacity did not a5ect the
subsequent photocatalytic activity. All PA−PHs were also used
e5ectively for BPA photooxidation in water, with between 24
and 58% of BPA being successfully degraded. Due to their highly
porous and π-electron-delocalized polyacetylene network
structure, PA−PHs have therefore been successfully used both
as an e0cient adsorbent for BPA and as a heterogeneous
photocatalyst for its degradation.
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