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ARTICLE INFO ABSTRACT

Keywords: Development of efficient downstream processes presents one of the central issues in biorefining. In this respect,
Covalent organic frameworks synthesis of tailored adsorbents for separation of saccharides from product streams is a major challenge. In this
Adsorption study, separation of p-fructose and p-glucose over covalent organic frameworks functionalized with boronate
Fructose . . . . . . . . . .
moieties is proposed. Two-dimensional COFs were synthesized via condensation of a tripodal amine linker with
Boronate . . . . o . . . ipn
Triazole dipodal aldehyde linkers to obtain scaffolds bearing propargyl moieties, which were post-synthetically modified

via an azide click reaction. The materials obtained were characterized by N physisorption, 'H, 13C and !'B MAS
NMR spectroscopy, SAXS, FTIR spectroscopy, and SEM. The COFs functionalized with boronate moieties exhibit
outstanding Langmuir p-fructose adsorption capacity up to 560 mg g~ 1. p-fructose can be efficiently desorbed by
washing with sulfuric acid solution, and the adsorbent can be recycled four times. Adsorption tests over COFs
bearing different functionalities suggest formation of covalent bonds with boronates as well as non-covalent
interactions with triazole moieties as driving forces of the adsorption of p-fructose and p-glucose. The results
of adsorption under batch and continuous conditions evidence the high potential of the synthesized COFs for
adsorptive separation of p-glucose and p-fructose.

of p-glucose into HMF, while higher performances were achieved for
synthesis of HMF based on p-fructose. R&D activity of Avantium com-

1. Introduction

Dependence of the chemical industry on oil, natural gas, and coal has
been a matter of concern for decades and attempts to move from
exhaustible fossil resources to renewable raw materials have been un-
dertaken. Numerous factors encourage transition from oil to biomass,
including climate changes as well as global and national energy security
[1]. Valorization of cellulose readily available as part of agricultural
wastes via novel platform molecules presents a promising approach
[2-13]. In this regard, 5-(hydroxymethyl)furfural (HMF) is a platform
chemical with a strong potential as an intermediate for production of
renewable polymers, fuel additives, as well as other commodities and
fine chemicals [14,15]. Modest yields were reported for transformation
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pany resulted in a method for production of furanics via dehydration of
p-fructose in methanol as solvent with a claimed yield of HMF of 70 %
[16].

Nowadays, p-fructose is manufactured as a component of high fruc-
tose corn syrup (HFCS; 42-55 % p-fructose, rest p-glucose, and 1-4 %
oligosaccharides), a liquid alternative sweetener made from corn starch.
Isomerization of p-glucose into p-fructose is catalyzed by immobilized
glucose isomerase (GI, EC 5.3.1.5; also known as D-xylose isomerase XI).
This is by far the largest synthetic biocatalytic process [17]. The major
applications of HFCS are now carbonated beverages and raised bakery
products. Due to thermodynamic and kinetic limitations, manufacturing
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plants typically settle for the yield of p-fructose below 42 % [18].

Chromatographic separation of p-glucose and p-fructose after isom-
erization is one of the largest separations of biomass-based products
developed in the 1970° [19]. Gel-type, slightly cross-linked cation ex-
change resins in Ca®" form are used as stationary phases for the chro-
matography [20]. Noteworthily, moderate separation factors of b-
glucose and p-fructose in the range of 1.5-3.5 present a serious disad-
vantage of Ca" ion exchange resins [19,21,22]. Development of novel
adsorbents, which would enable highly selective separation of p-glucose
and bp-fructose, is a long-standing scientific question that remains
nowadays interesting and timely.

Adsorbents capable of highly selective separation of p-glucose and p-
fructose with separation factors of 10-20 were reported in the 1970°
[23,24]. These are materials functionalized with boronic acid groups
which can be ionized into boronate groups. The latter can reversibly
complex saccharides yielding complexes of various stability (complex-
ations constants are Kcompr = 65 for p-glucose and K¢omp, = 1698 for p-
fructose [25]), thus enabling chromatographic separation of these sac-
charides. Using alkaline eluents at pH 8.3-10.5 gives rise to narrow
peaks with excellent separation [23,24,26]. Application of a fixed-bed
adsorber to selectively adsorb p-fructose from its mixture with b-
glucose under alkaline conditions and recovery of p-fructose upon
washing with an acidic solution presents an alternative to chromato-
graphic separation (Fig. S1) [27]. A rational design of an absorbent
meeting the requirements — such as large adsorption capacity and high
selectivity for p-fructose uptake, recyclability, along with chemical and
mechanical stability under working conditions — poses a challenge. Gel-
type cross-linked polymers exhibit high binding capacity of p-fructose of
up to 540 mg,, fructose/ Epolymer DUt suffer from slow kinetics of uptake and
low mechanical stability owing to a swelling degree of up to 212 %
[25,28-30]. Recently, macroporous boron-containing materials were
proposed for adsorption of saccharides [31-37]. These adsorbents
exhibit low swelling degree and improved kinetics of uptake but mani-
fest lower loadings of sugars (54 mg g~ D-tagatose, an isomer of D-
fructose) due to not fully accessible boronate adsorption sites. Grafting
of boronate groups onto a tailor-made support enables quick and full
access to all the boronate groups [38-42] though with low binding ca-
pacities (e.g 14 mgp fructose/8polymer [42]) due to low boron content.
Grafting of polymer chains functionalized with boronates presents a
recently proposed synthetic approach, which enables up to 381 mg,.
glucose/ 8polymer 10ading of D-glucose onto grafted polymer brushes on
SBA-15 [43]. In summary, a support matrix presents a major challenge
for a rational design of a material bearing phenylboronate groups [44].
Organic polymeric matrices suffer from swelling, low accessibility of
phenylboronic groups owing to high cross-linking degree, and low
water-wettability due to the hydrophobic nature of the polymers. Inor-
ganic — such as silica — or organic-inorganic hybrid support matrices
were proposed to mitigate these problems. Unfortunately, these mate-
rials exhibit poor stability in alkaline or acidic media, ie. under
adsorption and desorption conditions [44].

Covalent organic frameworks (COFs) are a young class of crystalline
porous polymers [45] whose backbone is composed exclusively of light
elements — carbon, oxygen, nitrogen, silicium, or boron - connected by
covalent bonds. COFs are potentially excellent adsorbents owing to their
large specific surface areas, low densities, monomodal size distributions
of nanopores, readily adjustable pore sizes and chemical environment,
and regular porosities [46]. Few examples of functionalization of COF
backbone with boronate groups as adsorption sites were reported: for
instance, for specific enrichment of glycopeptides [47,48], monoamine
neurotransmitters [49], 1,2-dihydroxyanthracene-9,10-dione [50], and
hydrophilic nucleosides [51] along with uranium extraction and I
capture [52]. To our knowledge, boronate-functionalized COFs have not
been reported for recovery of saccharides in biorefining yet.

In this work, two-dimensional COFs bearing propargyl groups were
synthesized and post-synthetically functionalized with boronate groups
using an azide click reaction. The obtained materials exhibit high
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maximum Langmuir adsorption capacity of p-fructose up to 560 mg g’l,
excellent selectivity for p-fructose uptake, recyclability, and high
robustness owing to no swelling during adsorption.

2. Experimental
2.1. Chemicals

Unless specified, all chemicals were used without further purifica-
tion. Dichloromethane (DCM, > 98 %), 1,2-dichlorobenzene (>98 %), 1-
butanol (>99.9 %), and dimethylsulfoxide (99.7 %) were purchased at
Sigma Aldrich. Tetrahydrofuran (THF, >99.5 %), toluene (>99.5 %),
ethanol (EtOH, >99.9 %), acetone (>99.5 %), hydrochloric acid (37 wt
%), sulfuric acid (>99 %), and acetic acid (>99.5 %) were supplied by
Chemsolute. The bases diethanolamine (99 %), N,N-
diisopropylethylamine (DIPEA, >99 %), potassium carbonate (>99
%), sodium hydroxide (>99.5 %) as well as the buffer solutions of
glycine (pH 12, 99 %) and potassium hydrogenphosphate (pH 8, 99 %)
were purchased from Roth. The monomer building blocks 1,3,5-tribro-
mobenzene (>99 %), 4-aminophenyl boronic acid pinacol ester (>98
%), 2,5-dimethoxybenzene-1,4-dicarboxaldehyde (>99 %), 4-(azido-
methyl)benzeneboronic acid pinacol ester (>99 %) as well as the
propargylation reagent propargyl bromide (80 % in toluene) were pro-
vided by TCI chemicals. The demethylation reagent boron tribromide
solution (1.0 M) in dichloromethane, the two catalysts copper (I) bro-
mide (>98.5 %) and tetrakis(triphenylphosphine)palladium (0) (99 %)
were supplied by Alfa Aesar. D-(—)-Fructose (>99.5 %) and D-
(+)-glucose (>99.5 %) were purchased from Roth. The labeled sugars
13¢.2-p-fructose (99 %) and 13C-l-D-glucose (99 %) were purchased from
Euriso-Top.

2.2. Synthesis of monomers and COFs

Methoxy-COF was obtained via polymerization of DMTA with TAPB
in the presence of acetic acid at 120 °C for 72 h. (HC=C)( 5-COF and
(HC=C); o-COF were prepared via polymerization of respective
amounts of DMTA, BPTA, and TAPB. Protected (P-B)y5-COF and (P-
B)10-COF were synthesized via post synthetic modification of
(HC=C)( 5-COF and (HC=C); o0-COF with 4(azidomethyl)benzenebor-
onic acid pinacol ester. The deprotection of (P-B)y5-COF and (P-B); o-
COF was performed by hydrolysis in HCI solution. Triazole-COF was
obtained by the reaction of (HC=C)( 5-COF with benzyl azide. Details of
syntheses of the monomers and the COFs are provided in electronic
supplementary information (ESI).

2.3. Characterization of materials

The nitrogen adsorption isotherms were recorded at 77 K using a
Micromeritics ASAP 2060. Before each measurement, the samples were
degassed at 150 °C under vacuum for at least 5 h using a FloVac. FTIR
spectra were recorded with a Fourier Transform Infrared Spectrometer
from Jasco (FT/IR-4600) with a resolution of 4 cm™! in the wavelength
range from 4000 to 500 cm ! with the related software Spectra Manager
Version 2.13.00. Elemental analysis was performed using an ICP-OES
Spectroblue Instrument from Spectro Analytical Instruments. Prior to
the measurements, 30 mg sample were digested in a solution of HF (800
mL water, 160 mL HF and 40 mL H»SO4) by holding it for 30 min in a
microwave oven (600 W, 120 °C). The scanning electron microscope
images were taken using a COXEM EM-30AX. The high voltages were
used in a variable range of 5-15 kV. The samples were coated with Au
before measurement using a COXEM sputter at 9 mA for 200 s. Solution
NMR spectroscopy was conducted using a Bruker AV III 400 MHz in-
strument at room temperature.

Solid-state NMR investigations of the COFs were performed on a
Bruker Avance III HD 600 MHz NMR spectrometer at 20 kHz MAS using
a 3.2 mm HX probe. For 'H-'3C cross-polarization (CP) experiments, a 2
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ms contact time with a ramp on the 'H channel and an interscan delay of
1 s were used. '*C NMR experiments with direct excitation (DE) and a
short interscan delay of 2 s were measured to probe mobility. During
acquisition of '3C NMR spectra, SPINAL64 heteronuclear decoupling
was employed. 'B NMR spectra were acquired using the Hahn echo
sequence to reduce the background signal from the probe. Chemical
shifts were referenced using adamantane setting the left signal to 38.48
ppm by adjusting the field value of the spectrometer according to [UPAC
recommendations [53]. As the signal intensity of p-fructose and bp-
glucose was too low at natural abundance to quantify the amount of
respective species, a second batch of samples with labeled 3C-2-p-
fructose and 13C-1-p-glucose was produced and measured. Here, for 13C
CP MAS spectra an interscan delay of 2 s was used, 3C DE spectra were
recorded with 2 s and 20 s interscan delays. Samples with the labeled
sugars were measured at 273 K, whereas all other samples were
measured at room temperature. Frictional heating due to MAS results in
a higher actual sample temperature (~+30 K at 20 kHz MAS). Spectral
processing was done using the Bruker TopSpin 4.0.8 software.

For small-angle X-ray scattering (SAXS) analysis, samples were
placed between two tapes in a holder and measured for 900 s in vacuum
in a Bruker AXS Nanostar with a pinhole collimated beam and CuKa
radiation generated by a microfocus source. Scattering patterns were
recorded with a 2D area detector (VANTEC 2000). Data were radially
integrated, normalized by the transmission obtained from a transparent
beamstop and background subtracted. SAXS intensities are shown in
dependence on the scattering vector q = (4 n/A) sin(0) with 20 being the
scattering angle and A = 0.1542 nm the X-ray wavelength. The COF
samples after adsorption and desorption were separated by filtration and
dried under vacuum at room temperature prior to examination by SAXS.

2.4. Sorption performance

2.4.1. Adsorption in batch

The carbonate buffer solution was obtained by dissolution of 7 g
NaHCOs in 100 mL water and adjustment of the obtained solution to pH
10 by a dropwise addition of 4 M NaOH. The phosphate buffer solutions
were prepared by dissolution of 2.08 g KHoPO4 in 30 mL water and a
dropwise addition of 4 M NaOH to obtain pH 7.5 or 8, respectively. To
prepare the acetate buffer, 3.03 g CH3COONa were dissolved in 30 mL
water and 1 M CH3COOH was dropwise added to this solution to adjust
pH to 5.

For each experiment, a blind sample without COF was measured. The
solutions for recording adsorption isotherms were prepared by dissolv-
ing 75-750 mg of either p-glucose or p-fructose in 3 mL carbonate buffer
solution. Each solution (1.5 mL) was added to 35-40 mg COF and the
resulting suspension was stirred at 500 rpm at room temperature (RT).
The solutions were filtered with polyamide syringe filters (Chromafil PA
20/25) and diluted via addition of 0.5 mL filtered solution to 2 mL water.
The obtained solution was stirred with 50 mg Amberlyst©15 in H* form
for 15 min at RT. The solution was decanted and stirred with Amber-
lyte©IR-96 for 30 min at RT. The obtained after decantation solution
was analysed by HPLC.

To study a competitive adsorption, a 1:1 mixture was prepared via
dissolution of 75 mg p-glucose and 75 mg p-fructose in 3 mL carbonate
buffer at pH 10. A 1:4 mixture was obtained via dissolution of 30 mg p-
fructose and 120 mg p-glucose in 3 mL carbonate buffer at pH 10.
Competitive adsorption experiments were conducted via stirring 1.5 mL
a mixture of p-glucose and p-fructose in carbonate buffer with 40 mg
COF at RT.

2.4.2. Desorption and recycling

150 mg p-fructose were dissolved in 3 mL carbonate buffer at pH 10.
1.5 mL of the obtained solution were stirred with 40 mg B 5-COF for 3 h
at RT. Thereafter the suspension was filtered on a glass frit. The loaded
COF was stirred in 1.5 mL of desorption solution for 3 h at RT. The so-
lutions were filtered with polyamide syringe filters (Chromafil PA 20/
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25) and diluted via addition of 0.5 mL filtered solution to 2 mL water.
The obtained solution was stirred with 50 mg Amberlyst©15 in H* form
for 15 min at RT. The solution was decanted and stirred with Amber-
lyte©IR-96 for 30 min at RT. The obtained after decantation solution
was analysed by HPLC.

In the recycling study, four adsorption and desorption cycles were
conducted. The By 5-COF was filtered on a por. 4 filter crucible and used
in the next adsorption or desorption cycle without drying.

2.4.3. Column experiments

Column pulse experiments were conducted using a mixture of p-
fructose with p-glucose. A defined amount of the mixture was introduced
into the system via an injection loop. The eluent flow was started, and
the sugar mixture was injected into the system, passing through a
pressure-resistant glass column (VDS Optilab, 7 mL) packed with 700
mg of By 5-COF. A solution with a glucose-to-fructose ratio of 1:1 and a
total sugar concentration of 50 mg mL~! was used. The volumetric flow
rate was set to 0.5 mL min~’, and a pulse duration was 10 min. After
elution through the column, the mixture was analysed using a UV
spectrometer and a refractometer. The eluent flow was fractionated, and
the sugar content in each fraction was determined using high-
performance liquid chromatography (HPLC). A scheme of the used
setup is provided in ESI.

3. Results and discussion
3.1. Synthesis and characterization of COFs

Two-dimensional COFs with imine bonds were synthesized based on
the monomers 2,5-bis(prop-2-yn-1-yloxy)terephthalaldehyde (BPTA),
1,3,5-tris(4-aminophenyl)benzene (TAPB), and 2,5-dimethoxytereph-
thalaldehyde (DMTA) as schematically shown in Fig. 1. BPTA mono-
mer was synthesized via demethylation of commercially available DMTA
with boron tribromide followed by propargylation. TAPB was prepared
from 1,3,5-tribromobenzene via a palladium catalyzed cross-coupling.
NMR spectra of the used monomers are provided in ESI (Figs. S2 and S3).

The TAPB tripodal amine linker and the BPTA and DMTA dipodal
aldehyde linkers were used in a Schiff-base polymerization performed
using CH3COOH as a catalyst following a somewhat modified previously
reported procedure [54]. At the end of the syntheses, no signals of the
monomers in 'H NMR spectra in solution were observed suggesting their
complete incorporation into the solid products. The obtained materials
were characterized by low-temperature N5 physisorption (Fig. 2), FTIR
spectroscopy, solid-state 'H, 13C, and !B NMR spectroscopy, and SEM.
Crystalline structure of the obtained COFs was explored by means of
SAXS. The boron content was determined by ICP-OES.

Condensation of TAPB and DMTA gave rise to Methoxy-COF poly-
mer. The obtained material exhibited a specific surface area of 792 m?
g1, an external specific surface area of 430 m? g™, and a total pore
volume of 0.525 cm® g~ 1. The 1*C MAS NMR spectrum of Methoxy-COF
(Fig. 3) exhibits characteristic resonances of TAPB in the range of 115 to
155 ppm along with the signals of the aromatic carbon atoms and ether
groups of DMTA at 108 and 55 ppm, respectively.

Co-polymerization of TAPB and BPTA resulted in (HC=C) o-COF,
whereas a mixture of TAPB, BPTA, and DMTA using an equivalent ratio
of the aldehyde monomers led to (HC=C) 5-COF. A characteristic band
at 3300 cm ™! corresponding to a CH function on a C=C triple bond was
observed in the FTIR spectra (Fig. S4). Moreover, resonances at 70 and
80 ppm of the C=C group were present in 13¢C solid-state NMR spectra
(Fig. 3). The (HC=C);,-COF and (HC=C)(5-COF exhibited specific
surface areas of 278 m? g~! and 590 m? g}, respectively. Low-pressure
high-resolution Ny physisorption revealed a microporous structure with
half pore widths below 20 A. SAXS suggests formation of crystalline
(HC=C)( 5-COF material exhibiting signals at 2-3° for (001), at 4° for
(110), and at 6° for (200). Furthermore, the reflections of low intensities
at 7.5° for (210), at 10° for (220) were observed (Fig. S5a). The signals
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Fig. 1. An overview of the synthesized COFs based on the used monomers 2,5-bis(prop-2-yn-1-yloxy)terephthalaldehyde (BPTA), 1,3,5-tris(4-aminophenyl)benzene
(TAPB), and 2,5-dimethoxyterephthalaldehyde (DMTA).
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Fig. 2. Results of low-temperature N, physisorption over COFs: adsorption (filled symbols) and desorption (open symbols) curves.

arise from a 2D hexagonal lattice with a spacing between the centers of
the hexagon repeating units of ca. 3.64 nm. This result is the same as
previously reported distance of 36.4594 A for TAPB-DMTA COF [54].
The intensity of the first signal enables an estimation of ca. 60 nm
coherence length indicating the presence of ca. 20 units. A signal at 18
nm~! suggests an interlayer spacing of ca. 3.5 A, which is similar to the
previously reported for TAPB-DMTA COF ¢ = 3.5239 A [54]. In general,
the SAXS data suggest the crystalline structure of the synthesized ma-
terials with a hexagonal unit cell typical of two-dimensional imine-
linked COFs [55-58].

The (HC=C);,(-COF and (HC=C)(5-COF were used for a post-
synthetic functionalization to immobilize the phenylboronic acid moi-
ety resulting in B o-COF and B 5-COF materials, respectively. First, a

click reaction was conducted, when protected with a pinacol group and
possessing an azide moiety phenylboronic acid was allowed to react
with the COFs bearing the propargyl groups. After this step, the band at
3300 cm ™! in FT-IR spectra disappeared suggesting that the materials
after the click reaction possess no —C=C—H groups (Fig. S4). There-
after, the phenylboronic acid group was deprotected via a reaction with
diethanol amine followed by hydrolysis in the presence of 0.1 M HCL
This step was monitored by 'H NMR in solution to detect signals of the
released pinacol. After functionalization, the '3C MAS NMR spectra of
the materials confirm the absence of signals coming from the triple bond
moieties but instead exhibit a new signal at 63 ppm, which can be
attested to a CHy-group between a triazole ring and a phenylboronic acid
group (Fig. 3). 1'B MAS NMR spectra exhibit signals in the range of 0 to
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Fig. 3. 13C solid-state NMR spectra of [HC=C],5-COF, as well as the protected B, 5-COF, deprotected By 5-COF, and Triazole-COF.

30 ppm corresponding to boronate groups with boron in sp? and sp®
hybridization (Fig. S6). By 5-COF and B, (-COF exhibit a boron content of
6.0 mg g ! and 9.5 mg g}, respectively. Interestingly, the specific
surface area of By s-COF was 571 m? g1, significantly exceeding the
Sget of 69 m? g_1 detected for By o-COF (Table S1). SEM images suggest
that By 5-COF consists of stacked flat plates (Fig. S7). The SAXS data of
By 5-COF exhibit the same pattern as the parent (HC=C)( 5-COF material
suggesting the preservation of the crystalline structure during the post
synthetic functionalization (Fig. S5b).

Post-synthetic functionalization of (HC=C) 5-COF by a click reac-
tion with benzyl azide was performed to yield Triazole-COF, i.e. a ma-
terial exhibiting triazole groups and lacking phenylboronate moieties.
The obtained Triazole-COF exhibited a Sppr of 596 m? g’l. The SAXS
pattern of Triazole-COF is similar to Bys-COF and (HC=C)5-COF
indicating the same crystalline structure of the materials (Fig. S5c).

3.2. Sorption performance of COFs

The synthesized COFs were tested for adsorption of p-fructose. The
adsorption tests were performed in carbonate buffer at pH 10, similar to
the previously reported sorption over cross-linked polymers with phe-
nylboronate groups [25]. Adsorption over hydrophobic cross-linked
polymers required addition of an organic co-solvent, such as ethanol
[25,28-30]1, whereas no organic co-solvent was necessary for adsorption
over the hydrophilic COFs. As shown in Fig. 4, Methoxy-COF and
(HC=C)(.5-COF exhibited the lowest uptakes of p-fructose, whereas
loading of bp-fructose over boronate-functionalized COFs was

significantly higher. Interestingly, Bos-COF exhibited the highest p-
fructose uptake despite the higher boron content in B; (-COF. This result
can be attributed to less available space in the pores of the latter material
due to a higher degree of post-synthetic functionalization, which is re-
flected in a dramatically lower Sggr of Bjo-COF than of Bgs5-COF
(Table S1). Our results corroborate with the previously reported data on
pore wall functionalization of COFs: systematic increase of the func-
tionalization degree often results in decrease of specific surface area and
pore volume which frequently leads to decrease of adsorption capacity
of the COFs with high degree of pore wall functionalization [59-62].
Boron content of By 5-COF is 6.5 mg g, suggesting the maximal theo-
retical uptake of p-fructose of ca. 100 mg g~ * owing to complexation
with boronate groups. Remarkably, the observed uptake of p-fructose
was considerably higher, namely ca. 450 mg g~'. We hypothesized that
interactions of p-fructose with triazole rings formed upon click reaction
can cause the increased loading. Testing Triazole-COF supported this
hypothesis, since p-fructose loading over this material was ca. 280 mg
g~L. This loading of p-fructose is as high as over B;o-COF and consid-
erably higher than over the benchmark Methoxy- and (HC=C)( 5-COFs.

The By 5-COF and Triazole-COF were tested at various pH values as
Fig. 5 shows. As expected, an increase of the pH value from 5 to 10
resulted in enhanced uptake of p-fructose by By 5-COF. Fig. S6 summa-
rizes the solid-state !B NMR spectra of By 5-COF suggesting an increased
portion of the sp® hybridized boron after treating Bg 5-COF with a buffer
at higher pH value. Since sp>-hybidized boron favors the complexation
(Fig. S1), a higher p-fructose uptake upon pH increase is expected.
Interestingly, p-fructose loading over Triazole-COF also rises along with
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Fig. 4. Results of the adsorption tests over COFs. Adsorption conditions: 30 m:
room temperature.

the pH increase from 5 to 10. Apparently, protonation and deprotona-
tion of the triazole ring plays an important role in the interaction of p-
fructose with the triazole moieties [63]. An increase of the pH value
from 10 to 12 resulted in a significant decrease in p-fructose uptake for
both By 5-COF and Triazole-COF, probably, owing to interactions with
the materials or preferential uptake of the components of the glycine
buffer by the COFs. Thus, the adsorption tests were conducted in car-
bonate buffer at pH 10. Time-resolved experiments suggested that the
adsorption equilibrium is reached in less than 3 h and the pH value does
not change during the adsorption (Fig. S8).

Next, desorption of p-fructose from By 5-COF was examined (Fig. 6a).

g COF, 1.5 mL p-fructose (50 mg mL™!) in carbonate buffer at pH 10, 3 h, 500 rpm,

Ethanol and water resulted in modest desorption efficiencies of 17 or 48
%, whereas ca. 72 % p-fructose was desorbed in a 1:1 water:ethanol
mixture. Application of 0.5 M H2SO4 led to recovery of 90 % p-fructose.
By.5-COF exhibited excellent recyclability in four adsorption-desorption
cycles, as shown in Fig. 6b with minor decrease of the corrected loading
and desorption efficiency from cycle to cycle. The corrected loading here
refers to the total loading of p-fructose including p-fructose which was
not desorbed in the previous cycles. Interestingly, protonation and
deprotonation of the imine groups in the COF framework results in cy-
clic color changes under basic and acidic conditions as Fig. 6¢ shows.
SAXS patterns recorded for the By 5-COF after adsorption of p-fructose in
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Fig. 5. Results of the adsorption tests over Bos-COF and Triazole-COF at
different pH values. Adsorption conditions: 30 mg COF, 1.5 mL p-fructose (50
mg mL™Y), 3 h, 500 rpm, room temperature.

carbonate buffer at pH 10 and the desorption of p-fructose using 0.5 M
H,S04 indicate that the crystallinity of By 5-COF is preserved under these
conditions (Fig. S9). Remarkably, the SAXS pattern of By 5-COF loaded
by p-fructose exhibits an additional signal at 6.38 nm™~! which corre-
sponds to the lattice constant of ca. 1 nm and can be tentatively attrib-
uted to the (010) of crystalline p-fructose [64]. The SAXS pattern of By s5-
COF after desorption of p-fructose does not exhibit this peak.

Previously explored cross-linked polymers bearing phenylboronic
acid groups exhibited high loading of p-fructose, but suffered from low
durability of the polymer and its significant swelling during the
adsorption [25]. By 5-COF was pelletized and soaked in a 20 % solution
of p-fructose in carbonate buffer at pH 10 for 7 days at room tempera-
ture. No swelling or other changes of the pellet were observed at the end
of this test suggesting an outstanding durability of By 5-COF under the
adsorption conditions (Fig. S10a). Moreover, the SAXS analysis of the
By 5-COF after soaking in the p-fructose solution for 7 days (Fig. S10b)
suggests that the material retains crystallinity after this treatment.
Analogous to the SAXS pattern of the By 5-COF after adsorption of p-
fructose (Fig. S9a), the spectrum exhibits an additional peak at 6.38
nm ! apparently coming from crystalline p-fructose [64].

Recovery of p-fructose from the glucose-fructose syrup presents the

(a) (b)

100
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major challenge in biorefining [27]. To estimate the potential of the
synthesized COFs for the separation, the adsorption isotherms for uptake
of p-glucose and p-fructose by Triazole-COF and B 5-COF were recorded.
Table 1 summarizes the parameters of the Langmuir model obtained by
the fitting of the adsorption isotherms (Fig. 7). Both Triazole-COF and
B.5-COF exhibit higher affinity for p-fructose than for p-glucose. Addi-
tionally, a maximum adsorption capacity of p-fructose is higher than of
p-glucose. By 5-COF exhibits the maximum capacity of p-fructose of 560
mg g’l. Table S2 summarizes data on previously published performance
of the boron-containing adsorbents suggesting that the adsorption ca-
pacity By 5-COF is comparable to the best previously reported materials.
Noteworthily, By 5-COF does not suffer from swelling and exhibits high
hydrophilicity, i.e. can be applied using pure aqueous adsorption and
desorption solutions. Fig. S11 compares hydrophilicity of By 5-COF with
previously reported hydrophobic poly(4-vinylphenylboronic acid)
cross-linked with 20 mol% of divinyl benzene [25]. Whereas the hy-
drophilic By 5-COF readily forms a suspension in water (Fig. S11a), the
hydrophobic cross-linked poly(4-vinylphenylboronic acid) remains not
wetted on the top of the aqueous medium (Fig. S11b).

Competitive adsorption of p-fructose and p-glucose in two solutions
with the ratios of p-fructose-to-p-glucose of 1:1 and 1:4, respectively,
was conducted under batch conditions. Even for a solution with high
content of p-glucose, p-fructose was predominantly adsorbed over COF
(Fig. 8). The separation factor in this case can be estimated as SF = (q,.
fructose / CID-glucose) / (Ceq.,n»fructose / Ceq.,n-glucose), where q COI'I‘eSPOHdS to
the loading and ceq, refers to the equilibrium concentration. The sepa-
ration factors are 37 and 122 for the 1:1 and 1:4 solutions, respectively,

Table 1

Adsorption capacities qmay, Langmuir coefficients b and coefficients of deter-
mination R? of the recorded isotherms via the Langmuir fit of the two materials
after adsorption of p-fructose and p-glucose.

Entry  COF Substrate  Adsorption Langmuir Coefficient of
capacity coefficient determination
Gmax b R?
1 Bos-COF  bp- 560mgg '  0.103 0.81
Fructose
2 Bos-COF - 183 mg g ! 0.038 0.91
Glucose
3 Triazole- - 289mgg~!  0.071 0.86
COF Fructose
4 Triazole-  p- 120mgg~!  0.038 0.72
COF Glucose
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imine group in COF ring resulting in a color change. Adsorption conditions: 30 mg By 5-COF, 1.5 mL p-fructose (50 mg mL™Y), 3 h, 500 rpm, room temperature.

Desorption conditions: 1.5 mL desorption solution, 3 h, 500 rpm.
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Fig. 7. Adsorption isotherms of p-fructose and p-glucose over Triazole-COF and Bg 5-COF. The experimental points were fitted using the Langmuir adsorption model.
Adsorption conditions: 30 mg COF, 1.5 mL p-glucose or p-fructose, 3 h, 500 rpm, room temperature.

suggesting excellent separation and preferable adsorption of D-fructose
even in a solution containing mainly p-glucose. The first results for
separation of p-glucose and p-fructose over By 5-COF under flow condi-
tions were also obtained. For this purpose, a 1:1 mixture of p-glucose and
p-fructose in carbonate buffer at pH 10 was injected as a 10 min impulse
in a column filled with By 5-COF. Thereafter, 0.5 M HySO4 was supplied
to desorb the saccharides. Fig. S12 shows the obtained mass-time dia-
gram at which p-glucose and p-fructose were eluted as two peaks with
maxima at 10 and 16 min, respectively, highlighting a great potential of
the boron-functionalized COFs for separation of p-fructose and b-
glucose.

Adsorption of p-fructose and p-glucose over Triazole-COF and By s-
COF was explored using 'H, '3C, and !B MAS NMR techniques. At first,
Triazole-COF and Bgs5-COF were loaded with p-fructose at natural
abundance and investigated by solid-state NMR (Fig. $13). The 'H NMR

spectra of unloaded COFs exhibit three distinct signals 5('H) at 7.5,4.2,
and 1.6 ppm corresponding to the signals of aromatic rings, methoxy
groups, and aliphatic carbons, respectively. Upon b-fructose loading, the
'H NMR spectra show broadened signals and the ratio between aliphatic
and aromatic signals increases. Furthermore, the ''B Hahn echo spec-
trum for By 5-COF changes so that the signal of !B in the sp? configu-
ration is the dominant species. Although clear evidence of the p-fructose
absorption could be observed, the signal intensity of the p-fructose in the
13C CP spectra was insufficient and no clear assignment of the p-fructose
signals was possible. Therefore, the following characterization of the
specific sugar species was done with !3C-1-p-glucose and 3C-2-p-fruc-
tose molecules.

The '3C CP (cross-polarization) and 13C DE (direct excitation) MAS
NMR spectra of Triazole-COF and By 5-COF loaded with '3C-1-p-glucose
and '3C-2-p-fructose are shown in Fig. 9. The respective H solid-state
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NMR spectra (Fig. S14) show a dominant signal at 7.1 ppm (aromatic
COF), two further signals at lower ppm values (methoxy group COF and
sugar) as well as signals in the area from 12 to 20 ppm indicating the
presence of hydrogen bonded 'H environments. The signals of the aro-
matic building blocks of the COFs show no chemical shift changes due to
adsorption of the saccharides suggesting the absence of strong in-
teractions between adsorbates and the aromatic moieties. The aromatic
signals exhibit some broadening upon adsorption indicating a less or-
dered structure of the loaded polymers (Fig. S13). The methoxy groups
are affected by fructose loading: their resonances shift from 5(*3C) ca.
53 ppm to 55-56 ppm indicating that the methoxy groups are in prox-
imity of the adsorbed p-glucose and p-fructose or experience a change in
their chemical environment. The intensity of the signals in the 13C DE
NMR spectra provides an estimate of the mobility of the species since
more intense signals result from more mobile moieties. Fig. 9 shows that
saccharides adsorbed over Triazole-COF exhibit a significantly higher
mobility (higher signal intensity in the 13C DE NMR spectra) than 3C-1-
p-glucose and 13¢C.2-p-fructose adsorbed over By.5-COF, apparently,
owing to formation of covalent bonding between the saccharides and the
boronate groups of the By 5-COF and less rigid non-covalent interactions
between the saccharides and the triazole functionalities. Table 2 shows
distributions of the forms of the adsorbates obtained via integration of
the corresponding resonances of C1 for 13C-1-p-glucose and C2 for 13C-2-
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Fig. 9. 13¢ CP and '3C DE MAS NMR spectra of Triazole-COF and B 5-COF loaded with 13¢C-2-p-fructose (Fru) or 13C—l—D—glucose (Glc). All spectra are scaled on the
number of scans. In each case, the upper spectrum is the 13C CP MAS spectrum (d1 = 2 s) and the lower is the 3C DE spectrum measured with a recycle delay of 2 s

with assigned signals.
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Assignments of the signals of the labeled atoms observed in 13C MAS NMR spectra of the adsorbed '*C-1-p-glucose and '3C-2-p-fructose over Triazole-COF and By s-
COF. Percentages of the forms of the saccharides calculated upon deconvolution of the spectra are provided in parentheses.

Entry  COF Saccharide Free saccharide Complexed saccharide
Open- Unknown a-Pyranose B-Pyranose a-Furanose p-Furanose Bi-and tridental B,L diborate
chain complex monoborate complexes
form
1 Triazole- 13G-1-p- 180.5 171.5 93.2 ppm 97.1 ppm - - - -
COF glucose ppm ppm (24 %) (60 %)
(8 %) (8 %)
2 Bo.5-COF 13C-1-p- - - 93.2 ppm 97.3 ppm - - - 104.3 ppm (23
glucose (28 %) (49 %) %)
3 Triazole- 13C.2-p- 181.3 178.9 99.7 ppm (8 99.1 ppm 104.8 ppm 102.4 ppm - -
COF fructose ppm ppm %) (43 %) (9 %) (10 %)
(16 %) (10 %)
171.4
ppm
(3 %)
165.2
ppm
(3 %)
4 Bo.5-COF 13¢-2-p- 181.1 171.2 - 99.2 ppm 104.5 ppm 102.6 ppm (8  111.7 ppm (34 %) -
fructose ppm ppm (38 %) (9 %) %)
(10 %) (2 %)

p-fructose of 13C DE spectra with a long interscan delay of 20 s (Fig. S15).
Fig. S16 shows the overlay of 3C DE spectra of d1 = 2 s and d1 = 20s,
for which only very small changes in the relative signal intensities are
observed supporting the quantitative character of the analyses. Table 2
summarizes the assignment of the signals made based on literature data
[25,65-69]. Interestingly, most of the adsorbed p-glucose and p-fructose
are present as free saccharides, whereas the percentages of the com-
plexed saccharides were estimated to be 23 % for p-glucose and 34 % for
p-fructose. Formation of bi- and/or tridental monoborate complexes of
p-fructose was observed, whereas p-glucose forms a diborate complex
upon adsorption. Signals of the labeled saccharides in the range of
carbonyl moieties from 165 to 180 ppm were observed in the spectra of
the loaded samples (Table 2 and Fig. S15). Contributions of these species
for Triazole-COF are significantly higher than for By 5-COF. The most
intensive signal at 180 ppm can be tentatively assigned to an open-chain
form of a saccharide — though normally the contribution of the open-
chain substrate does not exceed a few percent. The reasons for the sig-
nals at 165 to 178 ppm remain unknown — apparently, they are caused
by the species resulting from interactions of the substrates with the
COFs. The percentage of the unknown products for the adsorption of
saccharides on B(s-COF is low, and its evolution upon adsorption-
desorption cycles will be explored in detail in the future studies.

113 MAS NMR spectra of the loaded By 5-COF exhibit narrow signals
at 11.7, 8.0, and 7.2 ppm for p-glucose and 11.7 and 7.5 ppm for p-
fructose, respectively, suggesting well-defined environments of the sp®-
hybridized boron. Interestingly, a resonance at 25.0 ppm corresponding
to spz—hybridized boron was also observed in the spectrum of Bg 5-COF
loaded with p-glucose (Fig. S17). To summarize, the MAS NMR study
revealed covalent complexation of the adsorbates with the boronate
groups and non-covalent interactions with the other moieties of the
polymers manifested in less mobile saccharide molecules in By 5-COF
and more mobile adsorbates in Triazole-COF.

4. Conclusion

In this work, two-dimensional COFs with propargyl appending
groups were synthesized and post-synthetically modified by azide click
reaction to obtain materials with boronate functionalities. The prepared
COFs exhibit remarkable sorption properties, such as high p-fructose
sorption capacity (Langmuir maximum capacity is 560 mg g~ 1), high
selectivity for p-fructose adsorption from its mixture with p-glucose,
recyclability, no swelling upon adsorption, and hydrophilicity. Appar-
ently, both boronate moieties and triazole rings are of importance for the

10

uptake of the saccharides. Overall, this work demonstrates an
outstanding potential of the boronate- and triazole COFs as adsorbents
for efficient separation of p-glucose and p-fructose.
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