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Abstract  

Aqueous Cu-RDRP was utilized for the rapid synthesis of poly(N-isopropyl acrylamide)-block-poly(2-

hydroxyethyl acrylamide) (PNiPAmx-b-PHEAAmy) copolymers with thermo-responsive viscosity. The 

pre-disproportionation of Cu(I)Br in the presence of an aliphatic tertiary amine (Me6Tren) in water 

generated nascent Cu(0) and [Cu(II)] complexes and  facilitated the rapid synthesis of a series of 

(block) copolymers with low dispersity values (1.08 < Đ <1.22) and control over the molecular weight 

(Mn,SEC ~30,000). The control over the polymerization enabled the design of a series of block 

copolymers with precision over the segment ratio, which exhibit different thermo-responsive 

aggregation. Thermal analysis, viscometry and fluorescence measurements gave insights on the 

effect of composition and temperature alterations rendering the synthesized polymers potential 

candidates for temperature-dependent applications.  

 

Introduction  

Over the last few decades, the rapid development of reversible deactivation radical polymerization 

(RDRP) has become increasingly important in polymer synthesis. The different RDRP techniques, 

namely transition metal-catalyzed controlled/”living” radical polymerizations,1-5 reversible addition-

fragmentation chain transfer radical polymerization (RAFT),6-8 nitroxide-mediated polymerization 

(NMP)9 have provided wide access to a range of materials, with complex architectures and 

numerous properties. Among the beneficial aspects of RDRP techniques has been their versatility 

when different conditions (solvents, range of temperatures and monomer types) are required. 

However, for the case of acrylamides, copper-mediated RDRP has often exhibited difficulties to 

conduct, especially in aqueous media.10-12 

Although the synthesis of poly(acrylamides) by living radical polymerisation methods has proven to 

be difficult, it has been facilitated with the use of the pre-disproportionation of Cu(I) in water under 

appropriate conditions. The presence of a multidentate aliphatic amine as the ligand usually greatly 

stabilizes Cu(II) in aqueous environments, eventually leading to controlled and rapid Cu-RDRP.13-16 

Moreover, Cu(I) in the presence of aliphatic multidentate tertiary amine ligands such as Me6TREN is 

unstable towards rapid disproportionation and, thus contrary to some recent reports, many 

copper(I) ATRP catalysts are very unstable in water and aqueous environments.17 This instability can 

be exploited as long as sufficient time (usually < 1 minute) is allowed for full disproportionation prior 



  

to monomer addition. The resulting mixture of Cu(0) and Cu(II) species in water gives effective and 

controlled polymerisation of water soluble acrylates and acrylamides. As a result, different 

acrylamide monomers can be used for the synthesis of homopolymers. The robustness of this 

aqueous-mediated Cu-RDRP has been demonstrated through its implementation under bio-friendly 

conditions for the generation of polymer-protein conjugates.18 The mild conditions applied (i.e. low 

temperature), enables the utilization of monomers such as N-isopropylacrylamide (NiPAm) which 

leads to polymers with LCST transitions giving access to the facile synthesis of temperature-

responsive materials.19  

A challenge that arises from the aqueous mediated Cu-RDRP of acrylamides is the potential for side 

reactions. These are related to the instability of the deactivator, the hydrolysis of the alkyl halide 

chain end, or the conventional radical–radical termination.10, 14, 20, 21  The hydrolysis of the alkyl 

halide in particular can be detrimental since the occurring hydroxyl-terminated polymers are 

inefficient to participate in co-polymerizations depending upon the timescale of the hydrolysis 

relative to propagation.12 As a result, the preparation of polyacrylamide block copolymers has been 

limited when Cu-RDRP in aqueous media is used. Perrier and co-workers have reported the RAFT 

polymerisation of up to icosa-block copolymer (20 blocks) in both organic and aqueous media.22-24 

Although highly efficient, this approach was applied at relatively high temperature (~70 oC), limiting 

the monomer choice and the potential of biomolecules to be involved in the polymerization under 

the reaction conditions. The properties of light as continuously applied external stimuli has been 

demonstrated by Junkers and colleagues who employed photoinitiated Cu-RDRP in water-ethanol 

mixtures for the synthesis of a decablock copolymer.25 We have previously used the pre-

disproportionation of Cu(I)Br in water, and in the presence of the aliphatic amine Me6Tren as ligand, 

for the rapid synthesis of polyacrylamide multiblock homopolymers and copolymers.13, 26 However, 

in both cases, the targeted degrees of polymerization were confined to DPn = 10-80 and the 

molecular weights obtained were low. As a result, the synthesis of higher molecular weight 

polyacrylamide block copolymers has not been developed with the existing approaches having been 

limited to either mixtures of organic-aqueous media or low molar masses.  

Despite the synthetic challenges, many polyacrylamide-based materials display diverse properties 

important for a wide range of application such as oil recovery,27 water treatment,28 biochemistry and 

drug delivery systems.19, 29, 30 In particular, poly(N-isopropyl acrylamide) (PNiPAm) is arguably one of 

the most popular materials for the thermal properties that exhibits, due to its lower critical solution 

temperature (LCST) at 32 oC. This particular characteristic of PNiPAm has attracted a lot of interest 

since it gives the ability to tune the LCST and viscosity of PNiPAm-based polymeric systems in 

aqueous solutions.31-34 As such, the combination of PNiPAm with polymers of different 

hydrophilicity/hydrophobicity allows for the design of polymeric materials with a range of 

applications.35, 36 

Herein, we report the rapid synthesis of well-defined higher molecular weight (Mn ~ 30 k) PNiPAM-b-

PHEAAm block copolymers through Cu-RDRP in aqueous media, utilizing the pre-disproportionation 

of Cu(I)Br in the presence of Me6Tren. The versatility of the technique allowed for the design of the 

block ratio, with each block comprising up to 100 monomer units. The well-defined block 

copolymers exhibited thermo-switchable properties dependent on the ratio between the segments 

and temperature alterations. The thermo-induced aggregation phenomena were examined through 

DLS and fluorescence measurements after employing the fluorescent probe Nile Red. Moreover, the 

viscosity phenomena dependent on the PHEAAm contribution were studied through viscometry, and 

insights on the thermal stability of the copolymers were obtained through thermal analysis.  



  

 

 

 

Results and Discussion  

Initial experiments focussed on the synthesis of the diblock copolymer PNiPAm100-b-PHEAAm100. 

Following previous literature,14, 26 the synthesis of the first block was carried out with 

[NiPAm]:[I]:[Cu(I)Br]:[Me6Tren]=[100]:[1]:[0.8]:[0.4]. Firstly, the disproportionation of Cu(I) took 

place within < 1 minute to give a blue solution and a  black precipitate, in water and in the presence 

of the tertiary amine Me6Tren as ligand and Cu(I)Br as copper source, exploiting the instability of 

Cu(I) in water. Subsequently, the aqueous solution of the first monomer (NiPAm) and the initiator 

(2,3-dihydroxypropyl 2-bromo-2-methylpropanoate) was added to this blue solution and the 

polymerization was left to commence in a N2-deoxygenated environment (Scheme 1). As reported, 

the good control over the Cu-RDRP in aqueous media is highly dependent on the ratio between 

Cu(I)Br and Me6Tren which, for targeted DP 100 for both blocks, was maintained 2:1 throughout the 

polymerization. One of the most important factors for the efficient synthesis of block copolymers via 

sequential monomer addition is the need for high end-group fidelity of the first block, namely the 

homopolymer. On account of this, a prolonged residency of the homopolymer in the aqueous 

reaction media was avoided, in order to limit the nucleophilic substitution of the ω-Br by H2O, and 

when the homopolymerization of NiPAm reached near-quantitative conversion (~99%) (Figure 

S1&S2) the second monomer (HEAAm) was promptly added. The resulting diblock copolymer was 

obtained in a controlled manner, exhibiting agreement between theoretical (Mn,th.~ 23,000) and 

experimental (Mn,SEC ~30,000) Mn values (), as well as low dispersity (Đ ~1.08) in very high conversion 

~ 99 % (Figure 1a, Figure S3, Table 1-entry 5). It is noted here that the values reported are 

reportedwith respect to PMMA narrow molecular weight standards used for the calibration of SEC. 

In the analysis, we have used the Mark Houwink constants for PMMA and no universal calibration 

corrections have been applied. We have deliberately analysed in this way, as the polymers produced 

will have very different radii of gyration in the eluent used. This will especially be true for the block 

copolymers and thus formed the basis of the decision to treat all in the same way and in a way that 

would be easily reproducible by other laboratories should they choose to repeat this work. 



  

 

Scheme 1. Schematic representation of a) the reaction setup for the aqueous Cu-RDRP via 

predisproportionation of Cu(I)Br/Me6Tren in water and b) the reactions for the synthesis of 

PNiPAmx-b-PHEAAmy block copolymers.   

 

In order to examine the ability to design the composition of the two blocks, a series of diblock 

copolymers with different ratios of PNiPAm and PHEAAm were targeted. Diblock copolymers with 

various segment ratios were obtained in a controlled manner, exhibiting narrow dispersities 

(Đ=1.13-1.22) and controlled molecular weights (Mn,SEC~30 k, given the caveat on differences in radii 

of gyration for the different polymers) in near-full conversions (>99%) (Table 1-entries 1-4, 7-10, 

Figure 1b-f, Figure S4). Apart from the diblock copolymer PNiPAm100-b-PHEAAm100 (Figure 1a), a 

random copolymer with equal molar equivalents of PNiPAm and PHEAAm was synthesized (Figure 

S6, Table 1-entry 6), resulting in similar molecular characteristics to the diblock copolymer, thus with 

a slightly increased dispersity (Đ~1.20). 

 

 

 

 

 

 



  

Table 1. 1H NMR and SEC analysis for the synthesized PNiPAm-PHEAAm copolymers with different 

block ratios.  

Entry  Polymer M
n,SEC 

 a 
M

n,th
 

(g/mol) 
Đ 

Conversion 
1H NMR 

(%) 

1 PNiPAm180-b-PHEAAm20 30,900 23,000 1.14 >99 

2 PNiPAm160-b-PHEAAm40 29,300 23,000 1.16 >99 

3 PNiPAm140-b-PHEAAm60 30,000 23,000 1.13 >99 

4 PNiPAm120-b-PHEAAm80 30,500 23,000 1.21 >99 

5b PNiPAm100-b-PHEAAm100 30,000 23,000 1.08 >99 

6c PNiPAm100-PHEAAm100 29,300 23,000 1.21 >99 

7 PNiPAm80-b-PHEAAm120 30,800 23,000 1.16 >99 

8 PNiPAm60-b-PHEAAm140 30,600 23,000 1.22 >99 

9 PNiPAm40-b-PHEAAm160 29,600 23,000 1.21 >99 

10 PNiPAm20-b-PHEAAm180 30,300 23,000 1.13 >99 
a Determined by DMF SEC analysis and expressed as molecular weight equivalents to PMMA narrow 

molecular weight standards. b Block copolymer and c random copolymer. 

 

 

 

Figure 1: SEC traces of PNiPAmx-b-PHEAAmy copolymers with different segment ratios with a) 

PNiPAm100-b-PHEAAm100, b) PNiPAm80-b-PHEAAm120, c) PNiPAm60-b-PHEAAm140, d) PNiPAm120-b-

PHEAAm80, e) PNiPAm160-b-PHEAAm40, f) PNiPAm180-b-PHEAAm20. 

 



  

Although PNiPAm is a well-established thermo-responsive polymer, the investigation of its 

behaviour on different applications is still developing, finding applications from drug delivery19 to 

oilfield operations.37 Based on this, we were interested in the thermo-responsive properties of the 

obtained PNiPAm100-b-PHEAAm100. Initially, the diblock copolymer was exposed to a range of 

temperatures (30-65 oC). Although the lower critical solution temperature (LCST) phase transition of 

PNiPAm is 32 oC,31, 38, 39 upon exposure at temperatures above 50 oC the PNiPAm100-b-PHEAAm100 

diblock copolymer did not display any noticeable phase transitions, but did exhibit an increase in the 

viscosity. This was attributed to the presence of the hydrophilic PHEAAm block, which perpetuated 

the hydrophilicity of the diblock, alternating the aggregation behaviour of PNiPAm, preventing its 

phase transition, thus leading to a solution with high viscosity, a phenomenon which was reversible 

upon cooling (Figure 2b&c).  However, when the diblock copolymers with various segment ratios 

were examined, different viscosity behaviours were observed. In particular, the diblock copolymers 

with molar ratios close to 50% PNiPAm and 50% PHEAAm exhibited the highest viscosity, while when 

either of the hydrophilic or the hydrophobic segments was predominant (molar ratio ≥80 % for each 

case), these viscosity phenomena were not observed (Figure 2a). This is attributed to the phase 

transition phenomena occurring when the PNiPAm is mainly present or, on the contrary, the high 

hydrophilicity derived from the PHEAAm segment when the latter consists more than 80% of the 

diblock. Noteworthy is that the random copolymer did not present the same viscosity behaviour as 

the diblock (Figure S6). As a result, both the structure and the composition of the copolymers affect 

their temperature-responsive behaviour. In order to further understand our findings, the effect of 

the PHEAAm segment on the LCST of PNiPAm was examined through turbidity measurements. It was 

shown that the increase of the hydrophilic PHEAAm segment in the copolymers increased the LCST 

of the copolymers caused by the PNiPAm segment, while for the case of PNiPAm100-b-PHEAAm100 

with 1:1 molar ratio, no LCST was evident (Figure S7).  

 

 

 



  

 

 

Figure 2. a) Viscosity values at different temperatures for the PNiPAmx-b-PHEAAmy copolymers with 

different segment ratios and illustration of the reversible high viscosity phenomenon observed for 

the PNiPAm100-b-PHEAAm100 block copolymer b) upon heating and c) upon cooling. 

 

Since the PNiPAm100-b-PHEAAm100 polymer consists of a relatively hydrophobic (PNiPAm) and a 

hydrophilic (PHEAAm) segment, its aggregation in water was examined through encapsulation of the 

fluorescent probe Nile Red, which upon excitation with λ = 550 nm light results in low fluorescence 

with λmax = 650 nm. When the dye resides in a hydrophobic environment, such as the interior of a 

micelle in aqueous media, the resulting fluorescence increases markedly. As such, aqueous solutions 

of PNiPAm100-b-PHEAAm100 in different concentrations were treated with Nile Red and incubated for 

2 hours to allow for encapsulation of the dye. The resulting fluorescence emission spectra revealed a 

shift in the wavelength maximum for the dye, from 650 nm to ~627 nm, indicating the presence of 

aggregates. More specifically, as the concentration of the diblock increased, the emission intensity 

also gradually increased, indicating a steady aggregate formation (Figure 3a). The inflection point in 

λmax revealed the critical aggregation concentration (CAC) which was found to be 0.18 mg/mL (Figure 

3b). Below the CAC the rise in absorbance is weak, indicating a low concentration of aggregates 

while above the found CAC the absorbance increase is highly evident. Subsequently, we were 

interested in determining the effect of temperature on the aggregation behaviour of the obtained 

diblock copolymer. For this purpose fluorescence measurements were measured as previously, over 

a range of temperatures (30-65 oC) for PNiPAm100-b-PHEAAm100 in 1 mg/mL concentration (Figure 

3c). The resulting spectra revealed a shift in the λmax and a predominant intensity increase above 50 
oC. The temperature above which the aggregation formation is highly observed (herein mentioned 

critical aggregation temperature, CAT) was found to be 53 oC (Figure 3d).  



  

 

Figure 3. a) Fluorescence measurements of Nile Red encapsulated in PNiPAm100-b-PHEAAm100 of 

varying concentrations at 70 oC and b) determination of the critical aggregation concentration (CAC) 

as 0.18 mg/mL, c) Emission spectra of Nile Red encapsulated in 1 mg/mL PNiPAm100-b-PHEAAm100 at 

various temperatures and d) determination of the critical aggregation temperature (CAT) as 53 oC.  

 

In order to further corroborate our findings on the aggregate formation, dynamic light scattering 

(DLS) measurements were conducted. Initially, the homopolymer PNiPAm was measured at a range 

of temperatures (20-70 oC). For temperatures below, or very close to, the LCST of PNiPAm, 20-33 oC, 

the DLS measurements showed a relatively narrow size distribution of ~ 5 nm for the PNiPAm, while 

when the homopolymer was heated to temperatures above its LCST (34-70 oC), the size distribution 

of the hydrodynamic diameters (Rh) changed dramatically, resulting in aggregates with bigger size 

(~200 nm) (Figure 4a&b, Figure S8, Table S1). This was attributed to hydrophobic interactions 

between the PNiPAm chains, leading to hydrophobic collapse at T>LCST. The DLS measurements for 

the diblock copolymer revealed different size distribution values. When temperatures below the 

found CAT were applied (T <53oC) the size distribution ranged from 10 to 30 nm, while at T>53 oC, a 

clear shift to larger sizes was evident, thus still smaller than the homopolymer’s results (Figure 

4a&b, Figure S9, Table S1). This was attributed to the role of the PHEAAm which preserves the 

hydrophilicity and prevents the hydrophobic collapse of the diblock. However, the shift to larger and 

broader size distributions at 60 oC and 70 oC, might be attributed to intermicellar hydrophobic 

interactions that occur mainly above the CAT. 40 Conversely, when the statistical copolymer was 

examined by DLS, it only resulted in a population of 10-30 nm with a sharp distribution for the whole 

range of temperatures (Figure 4a&b, Figure S10, Table S1,). Based on the DLS findings, there is a 

clear structural effect on the aggregation behaviour of the PNiPAmx-b-PHEAAmy, which is highly 

evident when the random and the diblock copolymers are compared. This comes in agreement with 



  

our findings on the high viscosity phenomenon, which is only present for the diblock, whereas the 

random copolymer remains slightly viscous at any temperature. Consequently, the size of the 

aggregates can be tuned by altering the PHEAAm segment at the preferred temperature.  

 

Figure 4. a) Illustration of the hydrodynamic diameter values at different temperatures and b) DLS 

measured correlation curves for the different diblock copolymers. 

 

Conclusion  

In summary, we report the controlled and rapid synthesis of a series of PNiPAmx-b-PHEAAmy block 

copolymers through Cu-RDRP in water with temperature-responsive behaviour. The copolymers 

exhibited aggregation and thermo-switchable properties dependent not only on temperature 

variations but also on the ratio between the segments of the blocks, which could be precisely 

controlled. Thermal analyses revealed that this thermo-switchable nature was highly evident for the 

PNiPAm100-b-PHEAAm100 diblock copolymer, which, at specific temperature exhibited reversible high 

viscosity phenomena and loss of LCST. The sharp temperature-induced reversible large increases in 

viscosity/gelation rendering theseblock copolymers as potential candidates for temperature-

dependent applications, such as oil-recovery and personal care. 

 

The raw/processed data required to reproduce these findings cannot be shared at this time as the 

data also forms part of an ongoing study. 
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Highlights  

 Synthesis of acrylamide diblock copolymers via aqueous Cu-RDRP with high molecular 

weights, low dispersities and quantitative conversions.  

 Control over the polymerization enables the design of diblock copolymers with different 

segment ratio. 

 Diblock copolymers with specific composition exhibit thermo-responsive aggregation 

and viscosity. 

 Thermal analysis, fluorescent measurements, DLS and viscometry provide information 

about the thermal stability, thermo-responsive viscosity and aggregation behaviour of 

the diblock copolymers in aqueous media.  
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