ORIGINAL ARTICLE

Polymer Journal (2017) 49, 377-383
© 2017 The Society of Polymer Science, Japan (SPSJ) All rights reserved 0032-3896/17

www.nature.com/pj

Preparation of new photo-crosslinked f-cyclodextrin

polymer beads

Hirohito Yamasaki!, Aya Odamura!, Yousuke Makihata! and Kimitoshi Fukunaga2

Photo-crosslinkable groups were introduced to p-cyclodextrin (3-CyD) by the reaction of p-cyclodextrins with isophorone
diisocyanate and 2-hydroxyethyl acrylate to produce polysubstituted photo-crosslinkable $-CyD (PSBCyD). To yield PSBCyD of a
spherical shape, a suspension consisting of PSBCyD and aqueous sodium alginate solution was added dropwise into an aqueous
calcium chloride solution. Then, the PSBCyD macromonomer was photo-crosslinked with ultraviolet radiation to obtain p-CyD
polymer beads. The physical properties of the highest quality polymer beads prepared were as follows: diameter (¢) 2.7 mm and
compressive strength 6.5 MPa that showed 69% separation efficiency of phenol from the raw industrial 8.9 wt% phenolic

waste water.
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INTRODUCTION

Cyclodextrins (CyDs) are a family of torus-shaped cyclic oligomers
composed of glucopyranose units linked by a-1,4 glycosidic bonds.
They have a hydrophobic interior cavity that can accommodate
a wide range of guest molecules owing to their inclusion ability.!
Thus, CyD polymers can be prepared to utilize their inclusion
abilities as an industrial adsorbent. CyD-containing polymers can be
obtained by either polymer modification with CyD-derivatives or
polymerization of CyD-containing monomers. To date, a large
number of papers have reported the latter method, by synthesis of
vinyl CyD-monomers and their homo- or co-polymerization with
other vinyl monomers. Synthesis of the mono-vinyl CyD monomer is
complicated because of the parent CyD molecule having many
hydroxyl groups; therefore, it has been carried out by introducing
p-toluenesulfonyl as a leaving group to obtain the CyD monomer
carrying an unsaturated mono-vinyl group, glycidyl methacrylate-
ethane diamine-p-CyD*? and mono-6-(allyl-amino)-p-CyD.* The
preparation of linear, water-soluble, CyD-containing polymers may
require the use of mono-vinyl CyD monomers, whereas water-
insoluble polymeric CyDs are prepared simply by polymerizing
multi-vinyl] CyD monomers. Multi-vinyl CyD monomers bearing
functional vinyl groups such as an allyl,”>® methacrylate,’” itaconate®
or vinyl carboxylic group® have been reported.

In this study, we prepared a B-CyD carrying multiple vinyl
groups, 2-hydroxyethyl acrylate-isophorone diisocyanate-p-CyD. We
characterized  2-((((5-isocyanato-1,3,3-trimethylcyclohexyl)methyl)
carbamoyl)oxy)ethyl —acrylate (IEA) and photo-crosslinkable
B-CyD (PSBCyD) wusing proton nuclear magnetic resonance,
Fourier transform infrared, X-ray diffraction and MALDI TOF/MS

(matrix-assisted laser ~desorption/ionization time-of-flight mass
spectrometry), and further used the spherical PSBCyD photo-
crosslinkable macromonomer for the synthesis of the PSPCyD
polymer beads that were novel photo-crosslinked polymers. This
study offers a new approach to prepare CyD polymer beads with
potential application as an adsorbent in the future, and expands
the scope of cyclodextrin chemistry. Moreover, to the best of our
knowledge, this is the first report on the synthesis and characterization
of photo-crosslinked CyD polymers.

EXPERIMENTAL PROCEDURES

Materials

B-CyD was kindly supplied by Mercian Co., Ltd (Tokyo, Japan), and used after
drying overnight at 60 °C in vacuo. Isophorone diisocyanate, 2-hydroxyethyl
acrylate, di-n-butyltin dilaurate and 2-hydroxy-2-methylpropiophenone were
purchased from Tokyo Kasei Kogyo (Tokyo, Japan). 2-Hydroxyethyl
acrylate was dried over sodium sulfate anhydride before use. Sodium alginate
(NaAlg, 500 cps) was purchased from Sigma-Aldrich Japan (Tokyo, Japan).
Dimethyl sulfoxide (DMSO) was used after distillation in vacuo and drying over
a molecular sieve. All other organic and inorganic reagents were of the purest
grade available from commercial sources.

Synthesis of IEA

The precursor IEA, used for introducing the photo-crosslinkable functional
groups into B-CyD, was synthesized by the reaction of 2-hydroxyethyl acrylate
and isophorone diisocyanate at an equivalent molar ratio in the presence
of di-n-butyltin dilaurate as a catalyst and hydroquinone as a polymerization
inhibitor, as described in previous works'>"* (Scheme 1, (1)). Briefly,
a typical run involves dropping isophorone diisocyanate (6.1 g, 28 mmol) in
DMSO (4 ml) into 2-hydroxyethyl acrylate (3.2 g, 28 mmol), hydroquinone
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Scheme 1 Synthesis pathway of photo-crosslinked p-CyD polymer through B-CyD derivatives bearing polysubstituted photo-crosslinkable groups. A full color

version of this figure is available at Polymer Journal online.

Table 1 Preparations of the PSBCyD macromonomer?

Molar ratio of p-CyD/  p-CyD g HEA g IPDI g HQg DMSO
Run IEA in feed (mmol) (mmol) (mmol) (mmol) ml
1 1:1 9.0(8 09(08) 1.8(08) 0.1(0.5) 11
2 1:1.5 9.0 (8) 1.4 (12) 26(12) 0.1(0.7) 11
3 1:2 9.0 (8) 1.9(16) 3.,5(16) 0.1(0.9 12
4 1:2.5 9.0(8) 2.3(20) 4.4(20) 0.1(11) 12
5 1:3 9.0(8) 2.8(24) 55(24) 0.2(1.4) 12
6 1:3.5 9.0(8) 3.2(28) 6.1(28) 0.2(1.6) 14
7 1:4 9.0(8) 3.7(32) 7.0(32) 0.2(1.8) 14

Abbreviations: p-CyD, p-cyclodextrin; DMSO, dimethyl sulfoxide; HEA, 2-hydroxyethyl acrylate;
HQ, hydroquinone; IEA, 2-((((5-isocyanato-1,3,3-trimethylcyclohexyl)methyl)carbamoyl)oxy)ethyl
acrylate; IPDI, isophorone diisocyanate; PSBCyD, photo-crosslinkable p-cyclodextrin.

aCatalytic amounts of di-n-butyltin dilaurate (BTL) were added in each run.

(0.2 g, 1.6 mmol) and a few drops of di-n-butyltin dilaurate in DMSO (10 ml)
with stirring under a nitrogen atmosphere at 70 °C for 2 h. The resultant liquid
was used in the next reaction without isolation.

Synthesis of B-CyD derivatives bearing polysubstituted photo-
crosslinkable groups: PSBCyD

The B-CyD derivatives bearing polysubstituted photo-crosslinkable groups
(PSBCyD) were synthesized by the reaction of the hydroxyl group in the
B-CyD unit with the isocyanate group of IEA, as shown in Scheme 1, (2).
A series of PSPCyDs were synthesized by varying the molar ratio of f-CyD to
IEA in the reaction mixture. Powder-dried -CyD (9.0 g, 8 mmol) and catalytic
amounts of di-n-butyltin dilaurate were added to the IEA reaction solution
(Table 1). To obtain a suspension of the resulting PSBCyD macromonomer, the
reaction mixture was stirred for 48 h at 70 °C.
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Preparation of spherical PSBCyD macromonomer

Preparation of spherical PSBCyD macromonomer was carried out from the
resultant PSBCyD DMSO solution, as shown in the Scheme 2.4 After the
addition of 1 wt% of aqueous NaAlg solution (quarter amounts for the PSBCyD
DMSO solution) and a small amount of 2-hydroxy-2-methylpropiophenone as
a photo-crosslinking initiator, the resulted suspension was added dropwise
throughout the 2 mm ¢ cylinder tip from the height of 2 to 4 cm into an
aqueous calcium chloride solution (3 wt%, CaCly(yq,)) in a petri plate at 20 to
25 °C to precipitate the spherical PSBCyD macromonomer.

Preparation of PSBCyD polymer beads

The spherical PSBCyD macromonomer in the petri plate was ultraviolet
irradiated for 10 min at room temperature. After filtration, the PSPCyD
polymer beads were lyophilizated in a freezer at —20 °C (Scheme 1, (3)).

Measurements

The chemical structure of the PSPCyD macromonomer was determined by
the proton nuclear magnetic resonance spectra with a JNM-AL400
apparatus (JEOL Co., Ltd, Tokyo, Japan) using CDCl; as a solvent.
Fourier transform infrared spectra were obtained using a JASCO FT/IR-4100
(JASCO Co., Tokyo, Japan) spectrophotometer. MALDI-TOF/MS Voyager-DE
PRO (Applied Biosystems Japan, Tokyo, Japan) was used for measurement of
the molecular weight of PSPCyD. 2,5-Dihydroxybenzoic acid (Fluka - Sigma-
Aldrich Japan K. K., Tokyo, Japan) was used for the matrix, and sodium
trifluoroacetate was used as a cationization agent. The composition of the
PSPCyD macromonomer and polymer was determined by elemental analysis
using a Micro Corder JMI10 (J-Science Lab Co., Ltd, Kyoto, Japan).
X-ray diffraction patterns were obtained with an X-ray diffractometer
RINT2200 (Rigaku Co., Tokyo, Japan). The compressive strength of the
PSBCyD polymer beads was determined by the use of a tensile and compressive
testing machine, STA-1150 (A&D Co. Ltd, Tokyo, Japan). The surface
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Scheme 2 Preparation of photo-crosslinked B-CyD polymer beads. A full color version of this figure is available at Polymer Journal online.
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Figure 1 Proton nuclear magnetic resonance (LH-NMR) spectrum of the
photo-crosslinkable p-cyclodextrin (PSBCyD) macromonomer (Table 1, run 6)
for the acetone-soluble part in CDCl3. A full color version of this figure is
available at Polymer Journal online.

properties of the adsorbents were studied by scanning electron microscopy with
a FE-SEM S-4300 (Hitachi High-Technologies Co., Tokyo, Japan) using an
accelerating voltage of 6 keV after coating with Pt, as well as optical microscopy
with a VH-8000 digital microscope (Keyence Co., Osaka, Japan). The batchwise
adsorption  experiments by p-CyD  polymer beads as
a sorbent were carried out according to the previous paper.!*!> Aqueous
industrial waste water discharged from phenolic resin processing by Meiwa
Plastic Industries, Ltd (Ube, Japan), the components of which were phenol
(8.9 wt%), m- and p-cresols (0.33 wt%), xylenols (0.044 wt%) and methanol
(9.95 wt%) at pH =3.0, was used in adsorption experiments.

using

RESULTS AND DISCUSSION

Synthesis of PSBCyD macromonomer and PSBCyD polymer

The proton nuclear magnetic resonance spectrum of the PSPCyD
macromonomer (Table 1, run 6), measured in CDCl; after precipita-
tion in excess acetone to pick up purified PSPCyD and then dried
at RT in vacuo, is shown in Figure 1. The spectrum is consistent

Table 2 The degree of substitution for photo-crosslinkable units in
PSBCyD before and after the UV irradiation, p-CyD content in the
resins and yield of PSBCyD polymer beads

PSpCyD PSBCyD polymer® pCyD content? Yield of polymer
Run macromonomer®  (C:H:N)f umol g resin~1 beads %
1 1.2 1.1 (6.6:44.4:1.9) 663 48
2 1.4 2.2 (6.9:47.3:3.2) 532 34
3 1.4 2.4 (6.9:47.9:3.2) 514 68
4 1.8 2.9 (7.0:47.4:3.5) 473 47
5 2.0 4.3 (7.1:49.3:4.3) 386 37
6 2.3 6.4 (7.4:51.7:5.1) 303 51
7 2.4 5.0 (7.2:51.0:4.7) 357 48

Abbreviations: p-CyD, p-cyclodextrin; PSBCyD, photo-crosslinkable p-cyclodextrin; UV, ultraviolet.
aThe degree of substitution (DS) values of PSBCyD macromonomer were determined by time-of-
flight mass spectrometry (TOF/MS) experiments MALDI-TOF/MS Voyager-DE PRO.

The content of BCyD residue in polymer beads was determined by CHN elemental analyzer
Micro Corder JM10.

CCHN analysis data.

with that expected from the synthesis of PSPCyD by the route shown
in Scheme 2; all peaks of the PSBCyD macromonomer were assigned
to the glucose ring (a and a’), the isophorone ring (b) and the vinyl
groups (c), corresponding to the residue for raw materials.

The IEA residue, with optically polymerizable functional groups,
can be used to introduce a maximum of 21 units into B-CyD, because
B-CyD had 21 hydroxide groups per molecule when the PSBCyD
macromonomer was synthesized. Seven kinds of PSPCyDs were
prepared by reacting with 1-4 times molar ratio of IEA to B-CyD in
the feed, and the corresponding PSPCyD polymer beads were
obtained. The degree of substitution (DS) of IEA for B-CyD in the
PSBCyD macromonomer and PSPCyD polymers and p-CyD content
in the resins were determined by TOF/MS measurement and
carbon hydrogen nitrogen (CHN) elemental analysis, respectively,
and are shown in Table 2.

TOF/MS experiments helped to clarify the molecular sequence of
PSBCyD (Table 1, run 6). The result is illustrated in Figure 2. The peak
of PSBCyD at a molecular weight of ~ 1494 was confirmed as a f-CyD
unit (~1157 when sodium trifluoroacetate was present in the matrix)
condensed with an IEA unit (~338). With increasing degree of
substitution for IEA from 2 to 9, this peak appeared at increasing
intervals of 338. The average values of DS were determined to be from
1.2 to 2.4 based on the peak area of each PSPCyD macromonomer.

The DS values of PSBCyD polymers were calculated from CHN data
and determined to be between 1.1 and 6.4. Expectedly, the values
increased with increasing IEA molar ratio in the feed. The DS values of
the PSPCyD polymers were larger than those of the PSPCyD
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Figure 2 Time-of-flight mass spectrometry (TOF/MS) spectrum of the photo-
crosslinkable p-cyclodextrin (PSBCyD) macromonomer (Table 1, run 6). A full
color version of this figure is available at Polymer Journal online.
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Figure 3 Fourier transform infrared (FT-IR) spectra of p-cyclodextrin (3-CyD),
photo-crosslinkable p-CyD (PSPCyD) macromonomer (Table 1, run 6) and
PSBCyD polymer (Table 1, run 6). A full color version of this figure is
available at Polymer Journal online.

macromonomers, because the photo-crosslink reaction occurred
predominantly between higher DS photo-crosslinkable PSPCyDs than
the others. Therefore, the PSBCyD macromonomers with a lower than
2.0 DS and unreacted p-CyD were removed in the purification process.

The chemical structure was confirmed with Fourier transform
infrared analysis (Figure 3). The specific absorption because of amide
groups and vinyl groups appeared at 1700 cm~! and 1650 cm™ !,
respectively, in the PSPCyD macromonomer (Table 1, run 6), as
compared with raw f-CyD. The specific absorption of vinyl groups
disappeared in the PSBCyD polymer.

X-ray diffraction patterns of f-CyD, the PSBCyD macromonomer
and the PSPCyD polymer are shown in Figure 4. Though crystalline
sharp peaks appeared in B-CyD, these peaks were not present in the
PSBCyD macromonomer and polymer. Therefore, it is suggested that
the introduction of the photo-crosslinkable unit into -CyD changed
the crystallinity of f-CyD.

Preparation and properties of PSBCyD polymer beads

The polysubstituted P-CyD macromonomer formed networked
polymer gels by photo-crosslinking reactions that then become
insoluble in water. Thus, they can be used as a sorbent for the
recovery of organic compounds from water. Therefore, the properties
of PSBCyD polymer gels should be improved by fabricating polymer
gels with 3 mm diameter globular particles, for optimum handling

Polymer Journal

PSBCyD
polymer
m
=3
)
2
g PSBCyD
- macromonomer

°

&

5 15 25 35 45
20 (degree)

Figure 4 X-ray diffraction spectra of p-cyclodextrin  (B-CyD), photo-
crosslinkable p-CyD (PSBCyD) macromonomer (Table 1, run 6) and PSpCyD
polymer (Table 1, run 6).

Table 3 Properties of the PSBCyD polymer beads

Performance of phenol

General properties of polymer beads adsorptior?:®

Diameter Compressive Separation effi-  Phenol/3-CyD?
Run  (mm¢) strength (MPa) ~ Shape®  ciency? (%) (molmol—1)
1 2.9 0.8 X 45.5 3.2
2 2.9 0.6 X 55.0 4.9
3 2.5 5.1 o 57.3 5.3
4 2.3 6.1 o 61.6 6.2
5 2.8 6.3 o 63.8 7.8
6 2.7 6.5 0] 68.8 10.7
7 2.9 3.9 X 68.9 9.2

Abbreviations: p-CyD, p-cyclodextrin; PSPCyD, photo-crosslinkable p-cyclodextrin.

aInitial concentration of phenol 8.90 wt%.

bThe adsorption was carried out by placing the PSBCyD polymer beads (1.0 g) and phenolic
wastewater solution (5 ml) in an 50 ml Erlenmeyer flask at 25 °C with shaking at 80 r.p.m. for
24 h.

€@, excellent spherical; ©, spherical; x, lumpish.

dSeparation efficiency (%) was calculated from the difference between the concentrations of
phenol before and after adsorption.

€3-CyD unit in PSBCyD polymer beads.

performance, an excellent porous structure for good material perme-
ability and the mechanical strength that would enable repeated use.
The properties of PSBCyD polymer beads, obtained from different
molar ratios of IEA/B-CyD in the feed as described in the Scheme 2, the
diameter, compressive strength and shape judgment as general proper-
ties and separation efficiency and molar ratio of adsorbed phenol vs
BCyD unit in PSPCyD polymer beads as a performance of phenol
adsorption are shown in Table 3. The polymer beads were obtained in
an overall yield of 33 to 69%, corresponding to the feed composition
(Table 2). Diameters were in the range 2.3 to 2.9 mm. The compressive
strengths were between 0.6 and 6.5 MPa; it is likely the large range of
values resulted from the different components. The polymer beads of



Preparation of f-CyD polymer beads
H Yamasaki et al

Figure 5 Optical microscope photograph of photo-crosslinkable f-cyclodextrin (PSBCyD) polymer beads of runs (a) 1, (b) 2, (c) 3, (d) 4, (e) 5, (f) 6 and

(g) 7 (in Table 1, x50).

runs 3 to 6 had higher compressive strengths; especially, the polymer
beads of run 6, which has the highest DS of PSPCyD polymer 6.4,
obtained from a reaction with a molar ratio of p-CyD/IEA=1:3.5
(mol mol ~!), showed the highest compressive strength of 6.5 MPa. The
bead shapes were analyzed from enlarged pictures of the polymer beads
shown in Figure 5 (© : excellent spherical, ©: spherical, X : lumpish). As
can be seen, polymer beads obtained from runs 1, 2 and 7 did not have
a regular shape; in contrast, polymer beads obtained in runs 3 to
6 exhibited a regular shape, with the polymer bead obtain in run
6 being perfectly spherical in shape.

Figure 6 shows scanning electron microscopy images of the polymer
beads surface (x10 000 magnification). Though the polymer beads in
run 1 are observed mainly as an aggregated structure, those obtained
in runs 2 and 3 have a micro-porous thicker inner structure and slight
network structure. The polymer beads in runs 4—6 were observed to
have a continuous pellicular structure over a networked structure.
The network has pore sizes between 0.5 and 1.0p ¢, suggesting
that the polymer beads had good material permeation properties.
The bead in run 7 showed an allover continuous pellicular structure,
but the network structure was poor. It was indicated that the
continuous structure of each type of polymer beads appeared to be
connected with the compressive strength of the polymer beads.

In the case of runs 1 and 2 where the molar ratios of IEA units were
lower in the feed, resulting in lower DS than 2.0 of B-CyD
macromonomer, the viscosity of the PSBCyD suspension containing

IEA, B-CyD and aqueous NaAlg solution became low. Therefore, the
preparation of the beaded polymer was difficult, and resulted in
a compressive strength below 1 MPa. In the case of run 7, when the
molar ratio of IEA unit was the highest, the preparation of the beaded
polymer was also difficult, resulting in a lumpish shape with
a compressive strength of 3.9 MPa.

The capacity of each PSBCyD polymer bead was determined by its
removal efficiency per 1g of beads for the uptake of phenol from
5cm’ of wastewater solution for 24 h in the batchwise case. By
increasing PSPCyD components in beads, the separation efficiency of
phenol rose from 46 to 69%. Runs 6 and 7 showed almost same
excellent performance of the uptake of phenol. The molar ratios of
(adsorbed phenol)/(f-CyD components in polymer beads) were
higher by increasing PSBCyD components in beads. The molar ratio
of the adsorbed phenol into the p-CyD moiety in the PSPCyD
polymer beads was expected to be 1 or at most 2, if the sorption
mechanism was solely because of the formation of an inclusion
complex between the CyD moiety in the beads and the phenol
through host—guest interactions. However, the adsorption behavior
of the polymer beads cannot be completely described by this
mechanism because the molar ratio of the adsorbed phenol onto
the PSPCyD polymer beads was largest 10.7 at run 6. Thus, physical
adsorption in the PSBCyD polymer network and chemical interac-
tions via the hydrogen bonding formed with phenol between
hydroxyl and/or amide groups were also involved in the present

381

Polymer Journal



Preparation of f-CyD polymer beads
H Yamasaki et al

382

WD 9. 2mm

Figure 6 Scanning electron microscopy (SEM) pictures of the surface of the photo-crosslinkable B-cyclodextrin (PSBCyD) polymer beads of runs (a) 1, (b) 2,

(c) 3,(d) 4, (e) 5, (f) 6 and (g) 7 (in Table 1, x 10 000).

sorption process as described by Crini and Morcellet.!#!®!7 Hence,
the polymer network space formed between IEA residue units in the
PSPCyD was greatly influenced of the physical adsorption of phenol.
In our previous work,'4 we reported the molar ratios of the adsorbed
phenol onto the polymer beads obtained from crosslinking BCyD
with hexamethylene diisocyanate having p-CyD component at 507
and 319 pmol g resin ! as 5.5 and 9.5, respectively. In addition, the
porosity of each of the polymer beads was also measured as 44% and
47% from Pore Master 60-GT. The higher phenol adsorption
capacity showed the polymer beads containing lower $-CyD compo-
nent and having larger porosity. It was indicated that forming
polymer network space moderately arranged of CyD components
without too little and/or too much was very important.

Therefore, the PSBCyD polymer beads obtained from run 6 were
selected as the best ones from the results of general properties and
a performance of guest adsorption.

CONCLUSION

Our developed preparation method of polymer with f-CyD compo-
nents is highly convenient because it enabled us to obtain beaded
B-CyD polymer without further addition of a crosslinking agent.
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