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Introduction 

Functional antifouling and antimicrobial polymers are highly 

relevant within a wide range of research fields, including 

marine coatings, membrane technology and biomedicine. 

Poly(ethylene glycol) (PEG) is presumable the most popular 

antifouling polymer, and functions by hindering adsorption of 

biomolecules through steric effects and strong repulsive 

hydration forces [1]. 

Zwitterionic polymers have recently been highlighted as a 

favorable alternative to PEG [2-4]. Owing to their charges, the 

water molecules are more tightly bound, thus resulting in 

stronger repulsive hydration forces than exerted by PEG [5-7]. 

The sulfobetaine polymer, poly([2-

(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium) 

(pSBMA), has attracted considerable attention, not only owing 

to its excellent antifouling properties, but also as it displays 

upper critical solution temperature (UCST) behavior in aqueous 

media [8-10]. Homopolymers of SBMA are mainly used for 

surface coatings, whereas copolymers have a broader range of 

application and may further improve properties. For instance, 

SBMA copolymers have been applied as protective corona for 

micellar structures constructed for drug delivery [11],  for the 

development of  temperature responsive micelles [12, 13], as 

well as improving the antifouling properties [14, 15] and 

stability of coatings [16]. 

β-cyclodextrin (βCD) has been studied in similar research areas 

as antifouling polymers, owing to its capability of 

encapsulating hydrophobic moieties. This unique feature has 

for instance been employed for controlled release [17-19], and 

to construct hierarchical (nano)-structures in both solution [20, 

21] and on surfaces [22, 23]. 

Not surprisingly, antifouling polymers and βCD have been 

combined previously [24-29] and recently, Zhang et al. reported 

the synthesis of a PEG-block-polyβCD copolymer [21] via the 

reversible-deactivation radical polymerization (RDRP), atom 

transfer radical polymerization (ATRP). Though RDRPs offer 

advantages such as low molar mass distributions (ĐM = Mw/Mn) 

and controllable molar masses, only this single example of βCD 

polymers successfully obtained via direct RDRP of βCD 

monomers, has been reported. pSBMA on the other hand, is 

often synthesized using RDRP. Reversible addition-

fragmentation chain transfer (RAFT) polymerization is often 

used to directly polymerize SBMA [13, 30-32], whereas group 

transfer polymerization (GTP) has been carried out on a 

reactive monomer followed by post-modification to obtain 

pSBMA [33, 34]. ATRP and surface-initiated ATRP (SI-

ATRP) are also frequently used for the direct polymerization of 

SBMA [35-42]. From the reports where ĐM values are 

measured for polymers obtained via direct (SI-) ATRP of 

SBMA, however, it appears that they increase with molar mass 

[38-41]. A possible explanation is the poor solubility of the 

growing chain in H2O:MeOH (most frequently used solvent). 

For the single example where low ĐM values at high molar 

masses have been reported, a polar solvent (2,2,2-

trifluoroethanol) with ions (1-alkyl-3-methylimidazolium 

chloride) was used [43]. However, a very recent study by 

Laschewsky and coworkers [42], shows that control is 

questioned also with this solvent.  

It is well known that properties of polymers, and hierarchical 

structures created thereof, are highly dependent on the molar 

mass, and thus also ĐM [44]. As ATRP is already being used 

broadly for the direct polymerization of SBMA, it is desirable 

with ATRP protocols that offer control over molar mass and 

ĐM. Furthermore, it would be highly attractive to combine the 

properties of pSBMA with those of βCD in linear polymers. 

In the current work, we present an ATRP protocol for the 

direct homo- and copolymerization of SBMA, and a mono-

functionalized βCD monomer (PMβCD). The latter was 

synthesized via "click" chemistry between propargyl 

methacrylate (PM) and mono-6-azido-6-deoxy-β-cyclodextrin 

(N3βCD). Solvent composition was chosen to facilitate 

solubilization of the monomers and propagating polymers, and 

the catalytic system was tuned to minimize side-reactions in the 

polar protic solvent. The novel copolymers, p(SBMA-co-

ABSTRACT 

A versatile atom transfer radical polymerization (ATRP) protocol was developed for the direct homo- and 

copolymerization of a sulfobetaine monomer, [2-(methacryloyloxy)ethyl]dimethyl-(3-

sulfopropyl)ammonium (SBMA), and a mono-functionalized β-cyclodextrin (βCD) methacrylate 

monomer. The polymers were characterized using 1- and 2D NMR spectroscopy and asymmetrical flow 

field-flow fractionation (AF4). Low dispersities (ĐM = Mw/Mn) and high initiator efficiencies, of both the 

homo- and copolymers, indicated good control over the polymerization. The work thus represent one of 

the few reports where low ĐM values are obtained for direct ATRP of SBMA and βCD monomers. The 

novel βCD copolymer showed salt-dependent upper critical solution temperature (UCST) behavior, while 

isothermal titration calorimetry revealed excellent binding properties. 
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PMβCD), were probed with respect to host-guest interactions 

and the solution behavior was assessed. The ATRP protocol is 

of strong interest as it allows direct polymerization of SBMA 

via ATRP, while low ĐM values are obtained, and time-

consuming post-modification avoided. The novel host-

copolymers are highly relevant for the creation of nano-

structures or multi-functional surfaces, which is of great interest 

within, e.g., biomedical sciences or surface and coatings 

technology. 

Experimental 

Materials 

Acetone (VWR, Haasrode, Belgium), ammonia solution 25% 

(Merck, Darmstadt, Germany), β-cyclodextrin (Cavamax W7 

Pharma, Wacker Chemie, Waterfield, United Kingdom), 

dimethyl sulfoxide (Fischer Scientific, Loughborough, United 

Kingdom), pyridine (Fischer Scientific, Loughborough, United 

Kingdom), Ambersep GT74 (Supelco, Bellefonte, USA), 

copper powder <63 μm 99.7% (Merck, Darmstadt, Germany), 

N,N-dimethylformamide puriss >99.8%, ethyl acetate, 2-

propanol puriss, diethyl ether >99.9%, dichloromethane 

≥99.8%, tetrakis-(acetonitrile)copper(I) hexafluorophosphate, 

2,2'-bipyridyl >99%, copper(I)bromide >98%, 

copper(II)bromide 99%, ethyl 2-bromoisobutyrate 98%, [2-

(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium 

hydroxide 97%, propargyl alcohol 99%, methacryloyl chloride 

97%, triethylamine >99%, (+)-sodium L-ascorbate ≥98% (all 

from Aldrich, Steinheim, Germany).  N3βCD was prepared 

according to Nielsen et al. [45]. Tris((1-benzyl-1,2,3-triazol-4-

yl)methyl)amine (TBTA)   was prepared according to Chan et 

al. [46]. 

Instrumentation 

1- and 2D NMR spectra were recorded on a Bruker DRX600 

spectrometer (5 mm TXI (H/C/N) xyz-gradient probe) in 

CDCl3, DMSO-d6 or D2O (Euriso top, Gif-sur-Yvette, France) 

at 298, 305 and 310 K, respectively. Spectra were calibrated 

according to the residual solvent signal. The shift of the water 

signal was calibrated by a temperature dependent formula [47]. 
1H- and 13C NMR signals are reported using the indicators 

shown in figure 1 and 2, for PMβCD and the polymers, 

respectively. Matrix-assisted laser desorption/ionization-time-

of-flight mass spectrometry (MALDI-TOF MS) was carried out 

on the βCD derivatives with a Bruker Reflex III spectrometer 

using a double layer matrix of fast evaporating nitro-cellulose 

and saturated α-cyano-4-hydroxycinnamic acid. Attenuated 

total reflectance Fourier transform infrared (ATR-FTIR) 

spectroscopy was carried out on a Varian 660 spectrometer. 

Dialysis was carried out using MWCO 500 15 mm diameter 

and MWCO 3500 29 mm diameter from Spectrum Spectra/Por, 

while freeze-drying was carried out on a Christ Alpha 1-2 LD 

plus. Thin-layer chromatography (TLC) was used to monitor 

the synthesis of PM and PMβCD. For the former, it was carried 

out with an eluent of hexane and ethyl acetate in the ratio of 1:1 

by volume. Visualization was made by means of UV light and 

subsequent Hanessian’s stain. For PMβCD an eluent of 2-

propanol, water, ethyl acetate and ammonia (5:3:1:1 by 

volume) was used and visualization was made by UV light, and 

spraying with 5 vol.% sulfuric acid in ethanol and subsequent 

heating to 130 °C. Asymmetrical flow field-flow fractionation 

(AF4) analysis was carried out on an AF2000 FOCUS system 

(Postnova Analytics, Landsberg, Germany) equipped with a 

refractive index (RI) detector (PN3140, Postnova) and a multi-

angle (seven detectors in the range 35°−145°) light scattering 

detector (PN3070, λ = 635 nm, Postnova). An aqueous eluent 

of 0.1 M NaCl with 0.2 g L-1 NaN3 was used. The flow channel 

was installed with a 350 μm spacer and a regenerated cellulose 

membrane with a cutoff of 1 or 10 kDa (Z-MEM-AQU-425N, 

Postnova) depending on molar mass. Data analysis was carried 

out using the Postnova software (AF2000 Control, version 

1.1.025). Values of weight average molar mass (Mw) of the 

samples in dilute solutions were determined using the Zimm-

type fit. Details on the flow setup can be found in the ESI. 

The inclusion complexation properties of the p(SBMA-co-

PMβCD)s were assessed via isothermal titration calorimetry 

(ITC) and steady-state fluorescence spectroscopy using the 

fluorescent probe 2-anilinonaphthalene-6-sulfonic acid (2,6-

ANS) as guest molecule. ITC measurements were conducted on 

a MicroCal Auto-ITC 200. 50 and 25 mg mL-1 solutions of 

p(SBMA-co-PMβCD)_1 and 2, respectively, corresponding to 

~4 mM βCD for both polymers, were prepared in phosphate 

buffered saline (PBS) and titrated into 201.9 µL PBS or 2,6-

ANS (168 µM in PBS) using 20 injections of 2 μL (after an 

initial injection of 0.4 µL) with 120 s spacing at 25 °C and a 

stirring speed of 1000 rpm. Data was analyzed in Microcal 

PEAQ Analysis Software (v.1.0.0.1259) using the “one set of 

sites” model with “polymer in buffer” and “PBS in 2,6-ANS” 

subtracted (line) as control. Steady-state fluorescence 

spectroscopy measurements were conducted on the ITC 

samples after end titration using a Varian Cary Eclipse 

fluorescence spectrophotometer. 

The solution properties of the polymers were investigated using 

dynamic light scattering (DLS) analysis and transmittance. DLS 

measurements were carried out on a Zeta Sizer 3000H from 

Malvern Instruments, Inc., (He-Ne laser, wavelength of 633 nm 

and detector angle of 173o).  The polymers were solubilized in 

Milli-Q water (4, 8 and 12 mg mL-1) above their transition 

temperature and vortexed. The solutions were then cooled 

slowly to RT and analysed using DLS. Transmittance was 

recorded on the polymers (6 mg mL-1) in Milli-Q water as a 

function of temperature from 5 to 70 oC with measurements 

after each 5 oC increment. Measurements were carried out on a 

Genesys 10S UV-VIS (500 nm) spectrophotometer (Thermo 

Scientific) equipped with an external temperature controller.  

Synthesis of PMβCD 

The synthesis of PMβCD is depicted in scheme 1. PM was 

synthesized according to the procedure reported by Geng et al., 

[48], cf. ESI. N3βCD (5.05 g, 4.35 mmol), TBTA (105 mg, 

0.188 mmol) and Cu(CH3CN)4PF6 (65 mg, 0.174 mmol) were 

dissolved in 100 mL degassed DMF. PM (0.675 g, 5.44 mmol) 

was added directly to the reaction mixture. The reaction was 
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stirred under inert atmosphere at room temperature (RT). After 

24 hrs, TLC indicated complete conversion. The product was 

precipitated in acetone, filtered, washed with acetone and dried. 

To remove residues of copper, a solution of the product in a 

minimum amount of DMSO was swirled over 4 g of Amberlite 

GT74 resin overnight. The solution was filtered, and the filtrate 

was dialyzed (MWCO 500 Da) against deionized water for 72 

hrs and freeze-dried. The product was isolated as a white fluffy 

powder (5.12 g, 3.99 mmol, 92% yield). PM: Rf = 0.64. 1H 

NMR (CDCl3, 600 MHz): δH (ppm): 6.17 (d, 1H); 5.62 (d, 1H); 

4.75 (d, 2H); 2.47 (m, 1H); 1.96 (s, 3H). PMβCD: Rf = 0.42. 1H 

NMR (DMSO-d6, 600 MHz): δH (ppm): 8.09 (s, 1H, H7); 6.03 

(s, 1H, H9); 5.86-5.55 (br, 15H, H2c, H3c and H9 at 5.68 ppm, 

overlap); 5.19 (s, 2H, H8); 5.04-4.75 (br, 7H, H1); 4.85 and 4.57 

(br, 2H, H6a); 4.49-4.4 (br, 5H, H6c); 4.2 (br, 1H, H6d); 4.0 (br, 

1H, H5a); 3.8-3.48 (br, 23H, H3, H5 and H6 overlap); 3.43-3.3 

(br, 7H, H4, overlap with HDO); 3.4-3.23 (br, 7H, H2, overlap 

with HDO); 3.07 and 2.875 (br, 2H, H6b); 1.88 (s, 3H, H10): 13C 

NMR (DMSO-d6, 600 MHz): δC (ppm): 126.5 (1C, C9); 126 

(1C, C7); 102.5 (7C, C1); 84.2-81.3 (7C, C4); 74-72 (13C, C3 

and C5 overlap); 72.9 (7C, C2); 70.4 (1C, C5a); 60.4 (5C, C6); 

59.5 (1C, C6b); 58.1 (1C, C8); 50.85 (1C, C6a); 18.5 (1C, C10). 

MALDI-TOF MS: m/z 1306.6 [PMβCD+Na+]. 

Synthesis of polymers 

Synthesis of p(SBMA-co-PMβCD)_2 using ATRP is depicted 

in scheme 1 and explained below. Similar approaches were 

used for the other ATRPs. An overview of the detailed 

synthesis conditions can be found in table S1. 

SBMA (0.553 g, 1.979 mmol) and PMβCD (0.459 g, 0.358 

mmol) were dissolved in a solvent mixture of 12 mL 

DMSO:pyridine:0.85 M NaCl saline water (69:6:25 vol.%) in a 

Florence flask. The solution was purged with nitrogen under 

stirring for 15 min. The atmosphere of the reaction vessel was 

evacuated under reduced pressure and replaced with nitrogen, 

purged with nitrogen for 5 min and sonicated for 20 min. The 

solution was then further deaerated with nitrogen for 5 min and 

placed under reduced pressure for 5 min, which was repeated 

two more times before sealing the vessel under argon 

atmosphere. 

Another Florence flask with bpy (14.2 mg, 0.091 mmol), Cu(0) 

(19.9 mg, 0.0313 mmol), CuBr (4.5 mg, 0.0313 mmol) and 

CuBr2 (1.57 mg, 0.0069 mmol) was flushed with nitrogen for 5 

min and evacuated for 5 min three times before sealed under 

argon atmosphere. A Hamilton syringe was flushed with argon 

and used to add the monomer solution to the flask containing 

the catalytic system. The solution was bubbled 3 min with 

argon. Finally, ethyl 2-bromoisobutyrate (EBiB) (3.8 μL, 0.026 

mmol) was added and the flask was sealed under argon 

atmosphere and placed in an oil bath for 24 hrs under stirring at 

30 oC. The reaction was stopped by subjecting it to normal 

atmosphere, indicated by a color change from brown to green 

or blue. The solution was dialyzed (MWCO 3500 Da) against 

0.1 M NaCl (aq) for 48 hrs and deionized water for 48 hrs and 

freeze-dried (0.461 g, 45.5%). p(SBMA-co-PMβCD): 1H NMR 

(D2O, 600 MHz): δH (ppm): 8.18 (s, 1H, H7); 5.3-4.9 (br, 10H, 

H1, H6a at 4.99 ppm and H8 at 5.24 ppm, overlap); 4.79 (s, 1H, 

H6a); 4.53 (br, 2H, Ha); 4.16-4.12 (br, 3H, H5a and HB); 4.05-

3.73 (br, 25H, H3, H5 ,H6 and Hb, overlap); 3.73-3.5 (br, 16H, 

H2, H4 and Hd, overlap); 3.31 and 3.1 (br, 2H, H6b); 3.25 (br, 

6H, Hc); 3.0 (br, 2H, Hf); 2.3 (br, 2H, He); 2.18-1.65 (br, 2H, 

HD); 1.4-0.3 (br, 12H,  HA, HC and HE): 13C NMR (D2O, 600 

MHz): δC (ppm) βCD: 128 (1C, C7); 102 (7C, C1); 82.5-71.5 

(14C, C2 and C4 overlap); 73.9-71.3 (13C, C3 and C5 overlap); 

70.3 (1C, C5a); 63.5 (1C, Cd); 62.3 (1C, Cb); 62.2 (1C, CB); 60.5 

(5C, C6); 59.7 and 59.4 (1C, C6b); 59.3 (1C, Ca); 57.7 (1C, C8); 

56.2 (1C, CD); 51.6 (1C, Cc); 51.15 and 50.97 (1C, C6a); 47.6 

(1C, Cf); 18.6 (1C, Ce); 21.3-17.2 (3C, CC and CE); 13.5 (1C, 

CA). Cf. ESI for chemical shifts of the homopolymers. 

Results and Discussion 

Synthesis of PMβCD 

Synthesis of PMβCD has previously been reported using 

CuAAC by in situ reduction of CuSO4 with NaAsc at either 140 
oC, RT or microwave-assisted at RT [49]. At 140 oC the yield 

was limited to 57% and the product was a mixture of 1,4-and 

1,5-adducts. At RT the 1,4-adducts were favoured and yields of 

84% and 74% were obtained with and without microwaves, 

respectively. However, the latter required one week for 

completion of the reaction. In the current study, CuAAC was 

carried out using a catalytic system of Cu(CH3CN)4PF6, TBTA 

and NaAsc. The reaction was carried out at RT overnight and 

resulted in an excellent yield of 92% exclusively constituting 

the 1,4-adduct. From 1H NMR analysis, the appearance of a 

triazol proton signal at 8.09 ppm clearly reveals the successful 

CuAAC. A splitting of the signal is observed, but has 

previously been ascribed to self-inclusion, where the triazol 

proton signals upfield belongs to the cyclodextrin derivatives 

for which self-inclusion occurs [50]. Previously, the two vinyl 

group protons of PMβCD have been assigned to the signals at 

5.19 and 6.07 ppm [49], but from COSY- and HSQC NMR it is 

evident that the vinyl group protons reside at 5.68 and 6.03-

6.07 ppm. A complete signal assignment can be found in the 

HSQC spectrum in figure 1. MALDI-TOF MS analysis and the 

ratio of the 1H NMR integral of the triazol proton to those of 

Scheme 1. Synthesis schematics; PMβCD (top) and polymer synthesis with p(SBMA-

co-PMβCD) as example (bottom). 
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the protons from βCD and PM, supports that mono-substituted 

PMβCD has been synthesized. NMR- and MALDI-TOF MS 

spectra can be found in the ESI. 

Polymerization 

pSBMA, pPMβCD and p(SBMA-co-PMβCD) were 

successfully synthesized using ATRP. High initiator 

efficiencies and low ĐM values were obtained, thus supporting 

controlled polymerization, cf. table 1. 

NMR was used to assess the chemical structure and determine 

Mn values via end-group analysis (cf. ESI for details). AF4, for 

which separation of analytes occur solely through the 

interaction of the analyte with an external physical eluent field, 

rather than by interaction with a stationary phase, was used to 

determine the Mw- and ĐM values. Cf. figure 2 and 3 for 1H 

NMR spectra, including assignment of signals, and AF4 molar 

mass distribution plots, respectively. For 1H NMR of the 

copolymers, the signals reside at same shifts as for the 

homopolymers, where the SBMA signals Hb and Hd overlap 

with the βCD signals H3, H5 and H6, and H2 and H4, 

respectively. 

pPMβCD was synthesized in 1 M pyridine in DMSO 

(pyridine:DMSO, 8:92 vol.%). The Mw corresponds to a degree 

of polymerization (DP) of approx. 10, which is significantly 

lower than the targeted DP of 25 – however, it corresponds with 

values reported independently by other groups [21, 49, 51], and 

indicates an upper limit for the DP of βCD monomers with a 

relatively short linker between the methacrylate and βCD. 

Homogeneous polymerization conditions and low ĐM values 

were achieved in a solvent mixture of DMSO, pyridine and 

NaCl saline water for pSBMA and the copolymers, whereas 

heterogeneous polymerization conditions and large ĐM values 

were obtained in DMSO and DMSO:H2O without NaCl 

(varying solvent volumes and ratios, cf. table S1 and S2). Early 

attempts using MeOH:H2O (1:1 wt., without salt), were 

unsuccessful as PMβCD was poorly soluble in this solvent, and 

polymerization of SBMA led to heterogenous reaction 

conditions as the ATRP progressed. The latter was surprising at 

first as the many ATRPs of SBMA (i.e., not post modification 

method) are carried out in MeOH:H2O. However, most of the 

reported ATRPs are in fact SI-ATRPs, making it difficult to 

measure ĐM values and to see the heterogenous reaction 

conditions. The few examples where ĐM values have in fact 

been measured, they seemingly increase with increasing Mw 

[38-41]. Moreover, Terayama et al., carried out SI-ATRP and 

normal ATRP simultaneously in MeOH:H2O (without salt) 

[43]. Heterogeneous reaction conditions were observed, and 

large ĐM values were obtained for both the polymer synthesized 

in solution, and the one cleaved from the surface. As in the 

presented study, where pSBMA was synthesized with a low ĐM 

of 1.14 at a relatively large Mw of 30.5 kg mol-1, Terayama et 

al., obtained homogenous reaction conditions and low ĐM 

values with a polar solvent (2,2,2-trifluoroethanol) in the 

presence of ions (1-alkyl-3-methylimidazolium chloride) [43]. 

As polar protic solvents and ions tend to increase side-

reactions, we added pyridine (pyr) as helper-ligand or co-

solvent to suppress Cu(I) disproportionation reactions [52-54]. 

Cu(0) was added as activator- and reducing agent, thus 

resulting in supplemental activator and reducing agent (SARA) 

ATRP. Though it is hypothesized that RDRP carried out in the 

presence of Cu(0) may also result in single electron transfer 

living radical polymerization (SET-LRP), it is found, in the 

review article of Matyjaszewski and co-workers [55], that the 

available literature on RDRP carried out in the presence of 

Cu(0) agree with the SARA ATRP mechanism rather than the 

SET-LRP. SARA ATRP occurs if Cu(I) is the main activator,

Table 1 – AF4- and 1H NMR analysis. All molar masses are given in kg mol-1. 

Name and structure
a
 M(aim)

b 
Mw(AF4) ĐM(AF4) Mn(NMR)

a 
% mole βCD % yield Initiator efficiency [%]

c
 

pSBMA_688
d 

35 30.5 1.14 24.8±0.2 N/A 60 84 

pPMβCD10.5
e
 32 12.4 1.14 13.9±0.2 100 42 95 

p(SBMA46-co-PMβCD1.6)_1
e
 17.5 16.5 1.28 15±0.2 3.35 64 74 

p(SBMA55-co-PMβCD4.5)_2
e
 39 24.6 1.17 21.4±0.2 7.5 46 82 

aMn and repeating units calculated using 
1
H NMR end-group analysis as explained in the ESI. Number of repeating units is indicated in subscript in 

the first column. 
b
Calculated from added amounts of initiator and monomer during synthesis. 

c
Calculated from the Mn(NMR) values and isolated 

masses as follows: ((Isolated mass) / Mn(NMR)) / (moles of EBiB).  d10- and e1 kDa cutoff separation membrane used for the AF4 analysis.

Figure 1 – HSQC NMR spectrum of PMβCD in DMSO-d6 at 305 K with assignment of 

signals. 
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which is the case if disproportionation is minimal. In the 

current work, pyridine was added to suppress 

disproportionation and the presence of Cu(I) was clearly 

indicated from the brown color of the reaction medium. 

Moreover, in the above-mentioned review, it is highlighted that 

RDRP in presence of Cu(0) carried out in H2O and DMSO 

follows the SARA ATRP mechanism. CuBr2 was added to 

suppress initial termination [56], and has been reported to 

significantly improve the control of reaction in conjunction 

with Cu(0) [57] and for ATRP carried out in polar protic 

solvents, as reversible dissociation of halides and sub-

sequential coordination of the Cu(II) species are more 

pronounced in polar (protic) solvents; hence resulting in 

inefficient deactivation [53]. With these conditions, the ATRP 

system remained active throughout the synthesis and high 

initiator efficiencies were obtained. 

Typical initiator efficiencies are in the range of 50-80% [58], 

whereas we obtained 74-95%. The lower initiator efficiencies 

of the pSBMA and p(SBMA-co-PMβCD)s relative to that of 

the pPMβCD (74-84% and 95%, respectively) may be 

explained by the solvent differences where that of p(SBMA-co-

PMβCD) contains H2O, thus favouring Cu(II) species, which in 

turn results in a higher concentration of radicals, and therefore a 

higher degree of early initiator termination. The slightly larger 

ĐM value obtained for p(SBMA-co-PMβCD)_1 (1.28 vs. 1.17) 

is probably a coincident as there was no difference in ATRP 

conditions and since homopolymerization, under similar 

conditions, resulted in pPMβCD and pSBMA_6 both with low 

ĐM values of 1.14. The amount of incorporated βCD could be 

controlled, though slightly less than 50% of the theoretical 

amount of PMβCD was incorporated – most likely because of 

differences in reactivity and bulkiness of the monomers, thus 

also indicating a gradient-like structure. 3.35 and 7.5 mole % 

βCD were incorporated for p(SBMA-co-PMβCD)_1 and 2, 

respectively.  

Evaluation of βCD host-guest inclusion complexation 

Host-guest abilities of p(SMBA-co-PMβCD)_1 and 2 in 

aqueous solution were assessed via ITC and steady-state 

fluorescence spectroscopy using the fluorescent probe 2,6-ANS 

as βCD guest molecule. In water, 2,6-ANS displays only weak 

fluorescence, primarily ascribed to efficient quenching by 

dipolar water molecules. Upon inclusion in the hydrophobic 

βCD cavity, however, the fluorescence intensity (FI) increases 

accompanied by a blue shift of emission maximum in response 

to the change in polarity, i.e. shielding from aqueous solution 

[59, 60]. The integrated ITC heat plots for titration of p(SMBA-

co-PMβCD)_1 and 2 into 2,6-ANS (figure 4), confirms the 

expected 1:1 stoichiometry for the binding mode, while the 

corresponding titration with pSBMA_6 (cf. S22) yields limited 

interaction. The derived association constant of 4386 M-1 and 

4545 M-1 for p(SMBA-co-PMβCD)_1 and 2, respectively, is 

notably higher than that previously reported on parent βCD 

(2550 M-1) [61]. The stronger affinity can be ascribed to the 

Figure 3 – Differential and cumulative (insert) molar mass distribution of the polymers 

obtained using AF4 analysis. 

Figure 2 – 1H NMR spectra of the polymers in 0.1 M NaCl (D2O) at 310 K with assignment of signals. 
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presence of the linker on the primary face of βCD, essentially 

extending the hydrophobic βCD cavity, and interactions with 

the polymer backbone. This is further substantiated by the 

emission spectra acquired on the ITC samples after the titration 

(figure 5). For both polymer samples, a strong enhancement of 

the FI is observed, as compared to pSMBA_6 and 2,6-ANS 

alone, with p(SMBA-co-PMβCD)_2 yielding a slightly higher 

FI than p(SMBA-co-PMβCD)_1. While the FI is sensitive to 

changes in host concentration, i.e. number of formed 

complexes, the blue-shift of the emission maximum (EM) is a 

direct measure of the polarity of the local environment 

experienced by 2,6-ANS. For both polymer samples the EM of 

2,6-ANS is shifted from 475 nm to 433 nm, while the value for 

parent βCD/2,6-ANS is 450 nm [61]. In this context it should 

be noted that the dimensions of 2,6-ANS exceeds the 

dimensions of the βCD cavity. Consequently, the significant 

shift in EM indicates that the 2,6-ANS moiety, normally 

protruding from the βCD cavity, is efficiently shielded from the 

solvent upon inclusion complexation with the polymers. The 

minor FI enhancement and blue-shift of the EM observed for 

pSBMA_6 may indicate that, in the abscense of βCD cavities, 

the poorly soluble 2,6-ANS stacks in-between the hydrophobic 

segments of the homo-polymer.   

UCST behavior 

It is well-documented that the thermo-responsive behavior of 

pSBMA depends on molar mass and concentration and that the 

intra- and inter molecular bonds break in the presence of salt 

whereby solubility is promoted [8, 9, 62]. These properties have 

been used to synthesize salt- and temperature responsive 

pSBMA based nanoparticles [12, 13]. 

In the current work, the solution behavior of the pPMβCD, 

pSBMA_1-6 (cf. table S2 for details) and p(SBMA-co-

PMβCD)_1 and 2 was assessed. The polymers were dissolved 

above their phase transition temperature and allowed to cool to 

RT for agglomeration. pSBMA_3-5 (Mw > 77 kg mol-1) 

displayed the typical UCST response and dissolved at elevated 

temperatures whereas they precipitated during cooling to RT. 

Addition of NaCl resulted in complete dissolution at RT. 

pSBMA_1 and 6 (Mw = 8 and 30.5 kg mol-1, respectively) were 

soluble in aqueous solution at RT. In a recent study [62] 

however, cloud points for pSBMA with 85 repeating units (Mn 

of 26-31 kg mol-1), and presumably low ĐM values, were 

determined to 28-35 oC for 4-12 mg mL-1. The discrepancy in 

solution behavior may possibly be explained by the presence of 

some residual salt in the pSBMA of the current study, as they 

were purified by dialysis against salt water followed by 

deionized water (replaced continuously). It is well known that 

even small amounts of salt contaminants will decrease the 

cloud point of pSBMA. In the aforementioned study [62], it 

was sought to avoid contaminating salt. 

pPMβCD and the copolymer with the highest βCD content, 

p(SBMA-co-PMβCD)_2 containing 25.6% wt. PMβCD 

repeating units, were completely soluble in aqueous solution at 

RT. As opposed to this, p(SBMA-co-PMβCD)_1, with 12.8% 

wt. PMβCD repeating units, was insoluble in deionized water at 

RT, whereas it dissolved at elevated temperatures. Upon 

cooling to RT, particle sizes of 260, 370, and 400 nm were 

obtained for solutions of 4, 8 and 12 mg mL-1, respectively (cf. 

figures S23-25 for DLS data). In all cases, unassociated 

polymer chains were observed with bimodal size distributions 

of dissolved polymers and aggregates. This indicates either that 

the aggregation had not yet reached equilibrium, or that only 

the largest fractions of the polymers were able to form 

aggregates. The latter might be due to residual salt in the 

polymers. Heating or addition of salt resulted in complete 

dissolution of the aggregates, as indicated by the unimodal size 

distribution of <7.5 nm from DLS. When looking at 

transmittance as a function of temperature, indication of a 

UCST type behavior of the polymer can be seen (cf. figure 

S26), albeit a rather weak DLS response was observed. 

However, the weak signal can be explained by the before-

mentioned bimodal distribution or presence of residual salt in 

the polymer. The results reveal that p(SBMA-co-PMβCD) 

shows UCST type behavior, which is dependent on the content 

of βCD. This is expected, as the presence of the βCD-moieties 

impedes the electrostatic interactions between the SMBA-

moieties. As the main focus of the present work is on the 

development of a versatile ATRP-protocol for the (co-) 

polymerization of SBMA, further elucidation of the UCST 

behavior was considered out of scope. Previously, UCST type 

behavior has been indicated for βCD-containing 

polyelectrolytes [63, 64]. In both examples, an inclusion 

complex with a guest molecule of opposite charge was formed 

to provoke the UCST behavior. In the case of p(SBMA-co-

PMβCD)_1 however, the polymer itself shows UCST behavior, 

while the βCD cavities are left readily accessible. 

Figure 5 – Fluorescence emission spectra of 2,6-ANS (~150 µM) with and without 

pSBMA_6 (10 mg mL-1), p(SBMA-co-PMβCD)_1 (10 mg mL-1) and 2 (5 mg mL-1). 

Figure 4 – Enthalpograms for the titration of p(SBMA-co-PMβCD)_1 and 2 with 

2,6-ANS. 
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Conclusion 

Mono-substituted PMβCD was synthesized with an excellent 

yield via the CuAAC reaction, and an ATRP protocol was 

developed for the direct homo- and copolymerization of 

PMβCD and SBMA. Low ĐM values and high initiator 

efficiencies were obtained. The ATRPs thus represent some of 

the few successful ATRPs reported for SBMA and βCD 

monomers. For polymerization of SBMA, solubility proved key 

in obtaining control and was facilitated using a polar protic 

solvent (DMSO:H2O) with salt. The novel copolymer, 

p(SBMA-co-PMβCD), displays salt-dependent UCST behavior, 

and while more studies are needed, this represents one of the 

first examples of a βCD polymer displaying UCST behavior. 

Further, ITC and steady-state fluorescence spectroscopy 

confirmed the accessibility of the βCD cavities, and thereby 

that the copolymers exhibit the unique feature of inclusion 

complex formation. 

The novel copolymers have potential within a range of 

applications, for instance; biosensors, coating technology, and 

drug delivery, while the developed synthesis protocols ease the 

synthesis of new SBMA and βCD based polymeric materials. 

An obvious continuation of this study would be to apply this 

novel protocol to synthesize pSBMA and p(SBMA-co-

PMβCD) with higher Mw and further investigate the UCST 

behavior of these copolymers. Polymerization kinetics should 

be investigated to elucidate the nature of the reaction and 

improve the protocol. This could be achieved by e.g., 

quenching the reaction at 85-90 % monomer conversion, thus 

limiting termination and side reactions while obtaining a high 

conversion.  

Appendix A. Supplementary material 

Supplementary data associated with this article can be found, in the 

online version, at http://dx.doi.org/XX 
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Highlights 

- A β-cyclodextrin monomer is 

synthesized with excellent yield using 

"click" chemistry  

- An ATRP protocol for the direct 

synthesis of sulfobetaine and β-

cyclodextrin (co)polymers is presented 

- Low size distributions (ĐM) and high 

initiator efficiencies are obtained 

- Excellent host-guest binding properties 

of the copolymers is revealed 

- The copolymer shows salt-dependent 

UCST behavior 
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