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S1. Materials  
N,N-dimethylformamide (DMF) and tetrahydrofuran (THF) were purchased from Lach-Ner s.r.o. 

(Neratovice, Czech Republic) in analytical quality, dried using molecular sieves 3.0 Å and distilled 

before their use. MeOH-4d (99.80% D) was purchased from Eurisotope (Saint-Aubin, France). 2,2-

Difluoroethylamine (97%) was purchased from Fluorochem (Derbyshire, UK). Argon 5.0 

(cAr ≥ 99.999%) was purchased from Messer Technogas s.r.o. (Prague, Czech Republic). Foetal bovine 

serum (FBS, qualified, heat inactivated, 10500-064, LOT 2165873H) was purchased from 

Thermo Fisher Scientific (Waltham, MA, USA). Triethylamine (TEA, ≥ 99%), acryloyl chloride (99%, 

≈ 400 ppm phenothiazine), pyrrolidine (≥ 99.0%), N,N-diethylacrylamide (99%, < 200 ppm MeHQ), 

and N-isopropylacrylamide (≥ 99.0%) were purchased from Sigma-Aldrich s.r.o. (Prague, Czech 

Republic). Foetal bovine serum was stored at –22 °C; monomers, their precursors and NMR solvents 

were stored at 4 °C; the remaining chemicals were stored a dry, dark storage at room temperature. All 

chemicals were used without any additional purification, unless stated otherwise. 

S2. Experimental 

S2.1. Monomer synthesis  

(N-acryloyl)pyrrolidine and N-(2,2-difluoroethyl)acrylamide were synthesised from acryloyl 

chloride and the corresponding amines (Scheme S1) as previously published in the literature,S1,S2 with 

slight modification. The remaining monomers were purchased. 

 
Scheme S1. Synthesis of (N-acryloyl)pyrrolidine and N-(2,2-difluoroethyl)acrylamide from 

acryloyl chloride and the corresponding amines 

Pyrrolidine (18.7 mL, 16.2 g, 228 mmol) or 2,2-difluoroethylamine (14.0 mL, 16.8 g, 207 mmol), 

respectively, were mixed with triethylamine (34.0 mL, 24.8 g, 245 mmol), dissolved in dry 

tetrahydrofuran (THF, 250 mL), and cooled down to 0 °C on a water/ice bath. Acryloyl chloride 

(freshly distilled at atmospheric pressure, 20.0 mL, 22.4 g, 247 mmol) was dissolved in dry THF 

(40 mL), and this solution was added dropwise to the amine solution under constant stirring until 

cooling to 0 °C. After this step, the reaction mixture was stirred at room temperature for 7 h and 

subsequently diluted with diethyl ether (500 mL) and filtered. The filtrate was washed with an aqueous 

NaHCO3 solution, water, and saline using a separatory funnel. The organic phases were dried with 

MgSO4, the solvent was removed using a rotary evaporator, and the product was purified by flash 

chromatography in multiple batches (mobile phase: ethyl acetate/hexane 1:2). The yields were 20.2 g 

(71%) for (N-acryloyl)pyrrolidine and 20.4 g (73%) for N-(2,2-difluoroethyl)acrylamide.  

N-acryloylpyrrolidine: 1H (MeOH-4d): 6.62 (dd, J = 16.8, 10.4 Hz, 1H), 6.27 (dd, J = 16.8, 2.0 Hz, 

1H), 5.74 (dd, J = 10.4, 2.0 Hz, 1H), 3.62 (t, J = 6.8 Hz, 1H), 3.50 (t, J = 6.9 Hz, 1H), 2.07-1.85 (m, 

4H). 13C: 165.1, 128.7, 126.6, 46.5, 45.7, 25.6, 23.8 ppm. (Figure S1 to S3) 

N-(2,2-difluoroethyl)acrylamide: 1H (DMSO-6d): 8.48 (t, J = 4.9 Hz, 1H), 6.28 (dd, J = 17.1, 10.1 

Hz, 1H), 6.14 (dd, J = 17.1, 2.2 Hz, 1H), 6.04 (tt, J = 55.8, 3.8 Hz, 1H), 5.65 (dd, J = 10.1, 2.2 Hz, 1H), 
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3.57 ppm (tdd, J = 16.1, 6.0, 3.9 Hz, 2H). 13C: 165.66, 131.40, 126.67, 114.95 (t, J = 239.7 Hz), 

41.29 ppm (t, J = 25.6 Hz). 19F: –121.79 ppm (dt, J = 55.9, 16.1 Hz). (Figure S4 to S7)  

S2.2. Polymer synthesis  

Poly[N-(2,2-difluoroethyl)acrylamide] (pDFEA), poly(N-isopropylacrylamide) (pNIPAM), 

poly(N-diethylacrylamide) (pDEA) and poly(N-acryloylpyrrolidine) (pAP) were prepared by 

reversible addition−fragmentation chain-transfer polymerisation (RAFT)S3 with 4-cyano-4-

[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid as the RAFT polymerisation chain transfer 

agent (CTA)S4 and 4,4′-azobis(4-cyanovaleric acid) (ACVA) as the initiator (Figure 2).S3 

The polymerisation mixture consisted of a specific monomer (1.50 to 2.00 g), CTA and ACVA in 

various molar ratios and dried DMF (Table S1). The mixture was bubbled with argon in an oven-dried 

Schlenk flask, heated to 70 °C in an oil bath and stirred with a magnetic stirring bar overnight. 

Subsequently, the product was precipitated in diethyl ether, filtered, and the polymer was re-dissolved 

in methanol and purified using a Sephadex™ LH-20 column and methanol as the eluent. The polymer-

containing fractions were evaporated in a rotatory evaporator under reduced pressure, and the polymer 

was re-dissolved in water and isolated by freeze-drying. 

Table S1. Volumes/ mass/ molar amount of solvent (VDMF), monomers (mmon, nmon), charge transfer agent 

(mCTA, nCTA) and initiator (mini, nini) used in polymer synthesis 

Polymer/code 
VDMF  mmon nmon mCTA nCTA mini nini 

(mL) (g) (mmol) (mg) (µmol) (mg) (µmol) 

pDFEA 

F1  

1.50 11.1 

21.2 52.5 4.41 15.8 

F2 4.00 14.1 35.0 2.94 10.5 

F3  8.5 21.0 1.77 6.3 

pNIPAM 

I1  

2.00 17.7 

56.5 140 11.8 42.0 

I2 6.00 28.3 70.0 5.89 21.0 

I3  18.8 46.7 3.92 14.0 

pDEA 

E1  

2.00 15.7 

28.3 70.0 5.89 21.0 

E2 6.00 14.1 35.0 2.94 10.5 

E3  11.3 28.0 2.35 8.4 

pAP 

P1  

1.50 12.0 

42.4 105 8.82 31.5 

P2 4.00 21.2 52.5 4.41 15.8 

P3  14.1 35.0 2.94 10.5 

After polymerisation, the CTA group was removed by aminolysis using propylamine (PrNH2), 

followed by nucleophilic addition of methyl acrylate to the thiol end-group in dry DMF under an argon 

atmosphere, as previously reported (Figure 2).S5 Polymer-CTA, propylamine, and tris(2-

carboxyethyl)phosphine hydrochloride (to prevent the oxidation of thiols to disulphidesS6) were 

dissolved in DMF (5.00 mL). The reaction mixture was stirred for 120 min at room temperature under 

a nitrogen atmosphere. Methyl acrylate was added to the reaction mixture and stirred at room 

temperature for 24 h. The polymers were purified using the procedure mentioned above. Yields and 

reactant amounts are summarised in Table S1 and Table S2. 

pDFEA: 1H (MeOH-4d): 8.00 (1H), 5.95 (t, J = 56.1, 1H), 3.58 (t, J = 14.4 Hz, 2H), 2.18 (1H), 

1.67 ppm (2H); 13C: 176.2, 114.2 (J = 239.5 Hz), 41.8 (t, J = 28.1 Hz), 35.1 ppm; 19F: –123.8 ppm (2F). 

(Figure S8 to S11) 

pNIPAM: 1H (MeOH-4d): 7.63 (1H), 3.98 (1H), 2.11 (1H), 1.60 (2H), 1.17 ppm (6H); 13C: 174.8, 

42.9, 41.1-41.9, 35.0, 21.4 ppm. (Figure S12 to S14) 

pDEA: 1H (MeOH-4d): 3.52-3.36 (4H), 2.65 (1H), 1.74-1.81 (2H), 1.13 ppm (6H); 13C: 174.2, 40.2-

41.8, 36.6, 36.1, 12.0-13.8 ppm. (Figure S15 to S17) 
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pAP: 1H (MeOH-4d): 3.1-3.8 (4H), 2.3-2.7 (1H), 1.96 (4H), 1.68 ppm (2H); 13C: 173.7, 45.9-46.5, 

39.0, 35.0, 24.0-25.7 ppm. (Figure S18 to S20) 

Table S2. Mass and molar amount of previously prepared polymers (mpol, npol), propylamine (VPA, nPA), 

tris(2-carboxyethyl)phosphine hydrochloride (mTCEP, nTCEP), and methyl acrylate (VMA, nMA) 

Polymer/code 
mpol npol nPA VPA nTCEP mTCEP nMA VMA 

(g) (µmol) (mmol) (µL) (µmol) (mg) (mmol) (mL) 

pDFEA 

F1 

1.00 

38.2 1.91 81.2 38.2 11.0 6.69 550 

F2 27.6 1.38 58.7 27.6 7.9 4.83 400 

F3 20.2 1.01 42.9 20.2 5.8 3.54 290 

pNIPAM 

I1 

1.00 

49.5 2.48 105.2 49.5 14.1 8.66 710 

I2 31.6 1.58 67.2 31.6 9.1 5.53 450 

I3 20.6 1.03 43.8 20.6 5.9 3.61 290 

pDEA 

E1 

1.00 

44.8 2.24 95.2 44.8 12.8 7.84 640 

E2 28.8 1.44 61.2 28.8 8.3 5.04 410 

E3 24.2 1.21 51.4 24.2 6.9 4.24 350 

pAP 

P1 

1.00 

51.0 2.55 108.4 51.0 14.6 8.93 730 

P2 27.8 1.39 59.1 27.8 8.0 4.87 400 

P3 19.5 0.98 41.4 19.5 5.6 3.41 280 

 

S2.3. NMR spectroscopy  

All NMR spectra were measured on a Bruker Avance III HD 400 MHz spectrometer (Bruker, 

Billerica, MA, USA) equipped with a broadband probe. All compounds (5 to 10 mg) were dissolved in 

MeOH-4d or DMSO-6d (0.50 to 0.80 mL). The following spectra were assessed: 1H NMR (32 scans, 

relaxation delay 30.0 s), 13C NMR (1H decoupled, 1024 scans, relaxation delay 2.00 s), 19F NMR 

(64 scans, relaxation delay 5.00 s), 1H-13C multiplicity-edited HSQC (heteronuclear single quantum 

coherence spectroscopy)S7,S8 (2 scans, relaxation delay 1.50 s, size of the fid 2048 by 256, spectral width 

14.0 by 200 ppm, using 1H and 13C external projections), see Figure S1 to S20. These spectra were 

used for polymer structure confirmation and peak-matching. In addition, we used 1H NMR spectra of 

all polymers (256 scans, relaxation delay 5.00 s) to determine polymer purity and end-moiety 

conversion. The spectra were processed in TopSpin 3.6.1 (Bruker, Billerica, MA, USA) and 

MestReNova 6.0.2 (Mestrelab Research S.L., Santiago de Compostela, Spain), trace contaminates were 

assigned according to reference.S9 Both processes and non-processed NMR spectra of all polymers are 

available from the NMR.rar file on the website of the journal.  

All 1D spectra were processed in MestReNova 6.0.2 (Mestrelab Research S.L., Santiago de 

Compostela, Spain), and all 2D spectra were processed in TopSpin 3.6.1 (Bruker, Billerica, MA, USA). 

S2.4. Size exclusion chromatography 

The number-average molar mass (Mn), weight-average molar mass (Mw), and polymer 

dispersity (ĐM = Mw/Mn) were determined by SEC using an HPLC Ultimate 3000 system (Dionex, 

Sunnyvale, CA, USA) equipped with an SEC column (TSKgel SuperAW3000 150 × 6 mm, 4 μm). 

Three detectors, UV/VIS, refractive index (RI) Optilab®-rEX and multiangle light scattering (MALS) 

DAWN® EOS (Wyatt Technology Co., Santa Barbara, CA, USA), were employed with a methanol (A) 

and sodium acetate buffer (B, 0.3 M, pH 6.5) mixture (A:B = 80:20 v/v, flow rate of 0.6 mL∙min−1) as 

the mobile phase (Figure S21 to S24). The dn/dc of the mobile phase and polymers was 0.1100 

(pDFEA), 0.1540 (pNIPAM), 0.2015 (pDEA), and 0.1646 mL·g–1 (pAP) at 620 nm and 20 °C. 
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S2.5. Turbidimetry 

Turbidimetry was measured on a Crystal16™ parallel crystalliser turbidimeter (Avantium 

Technologies, Ontario, Canada) connected to a recirculation chiller and dry compressed air. Aqueous 

polymer solutions were heated from 10.0 °C to 55.0 °C (in some cases to 80.0 °C) with a heating rate 

of 0.5 K∙min−1, followed by cooling to 10 °C and maintaining this temperature for 30 min. Each 

measurement was repeated 6 times; the samples were stirred at 700 rpm. 

All polymers were dissolved in ultrapure water, phosphate buffered saline (PBS, 140 mM, 

pH = 7.40, Dulbecco typeS10) or foetal bovine serum (FBS) at a concentration of 1.25, 2.50, 5.00, 10.0, 

20.0 and 40.0 mg/mL. The samples were stored at 4°C before their measurements. Transmittance was 

monitored at λ = 600 nm. A sudden decrease of transmittance below 50% indicated the cloud point 

temperature. S11  

S2.6. Refractive index increment (dn/dc)  

We measured the refractive index increment (dn/dc) of all study polymers (in PBS in five different 

concentrations (ca. ≈ 0.12 to ≈ 2.3 mg/mL) on a PSS DnDc-2010/620 differential refractometer 

(Polymer Standard Service, Mainz, Germany) at 620 nm and 29.0 °C. The data were processed using 

Differential Refractometer Software (version 5.32, Brookhaven Instruments Corp., Holtsville, NY, 

USA), see Figure S57 to S68. The refractometer was calibrated using a series of aqueous solutions of 

potassium chloride according to the user manual. 

S2.7. Dynamic light scattering (DLS)  

We determined the size of the polymer assemblies by dynamic light scattering (DLS) on a Zetasizer 

Nano-ZS, Model ZEN3600 (Malvern Instruments, Malvern, UK) at θ = 173° scattering angle and at 

15.0 to 60.0 °C with 0.5 °C increment and 2 min of temperature equilibration per step. The 

measurement was repeated 3 times at each step. All samples were filtered using 0.45 μm PVDF filters 

before the measurements. The data were evaluated using the Zetasizer software (Nano, version 7.10, 

Malvern, UK), JMalgen (v.2.0, Institute of Macromolecular Chemistry, Prague, Czech Republic), Genr 

(v.11, Institute of Macromolecular Chemistry, Prague, Czech Republic)S12 and Matlab (v.9.9.0.1467703 

(R2020b), The MathWorks, Inc., Natick, MA, USA). We present the DLS results as intensity-based 

size distributions because they entail smaller calculation errors than volume or number-based size 

distributions.  

S2.8. Isothermal titration calorimetry 

F1, F2, F3, I3, E3 or P3 polymer solutions (10 mg/mL, 201 µL) in ultrapure water were titrated 

with PBS or FBS using ITC 200 titration calorimeter (Malvern Panalytical, Malvern, UK). In each run, 

40 µL of PBS or FBS was added in consecutive injections (the first injection was always 0.1 µL; then 

with increment 0.5 or 1.0 µL). All samples were stirred at 1000 rpm and titrated at three temperatures: 

(i) below TCP, 293 K for all polymers in all media; (ii) below TCP in ultrapure water, but above TCP in 

PBS or FBS, 298 K (F1), 301 K (E3 and F3), 303 K (I3), 305 K (F2) and 323 K (P3); and (iii) above 

TCP in all media, 313 K (E3 and I3), 323 K (F3) and 333 K (P3). Subsequently, PBS and FBS were 

titrated to ultrapure water at all experimental temperatures to determine their heat of dilution (as blanks 

samples). In addition, PBS and FBS were titrated (10×1 µL injections) to the solution of benzoic acid 

(0.25 mM ≈ concentrations of polymers) at 293, 313 and 333 K to estimate the thermal contribution of 

the neutralization reaction of terminal carboxylic group (see Figure S41 for details). 

The isotherms of complex shape were fitted to two independent binding sites model (using Wiseman 

modelS13). The ionic strength of PBS (162.7 mM) was accepted as the titrant concentration for both 

PBS and FBS. From the fit, the reaction enthalpy change ΔH for the first binding site (kJ/mol of 

polymer) was extracted and normalized to the concentration of the monomer units. Other fitting 
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parameters (stoichiometry n and association constant K, M–1) were not used in the discussion (see 

Figures S37 to S43 for details). 

S2.9. Data processing 

All data were processed in Microsoft Office 365 Pro Plus 16.0 (Microsoft, Redmond, WA, USA) 

and OriginPro 8.6.0 (OriginLab Corporation, Northampton, MA, USA) unless stated otherwise. The 

schemes and structures were drawn in ChemDraw Professional 16.0.1.4 (77) (Perkin Elmer Informatics, 

Inc., Waltham, MA, USA). The graphics were processed in Adobe Illustrator CS6 16.0.0 (Adobe 

Systems Inc., San Jose, CA, USA). 
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S3. NMR spectra 
S3.1. N-acryloylpyrrolidine (1H, 13C, 1H-13C HSQC-edit) 

 
Figure S1. 1H NMR (400 MHz) spectrum of the N-acryloylpyrrolidine monomer in MeOH-4d: 6.62 (dd, J = 16.8, 10.4 Hz, 1H), 6.27 (dd, J = 16.8, 2.0 Hz, 

1H), 5.74 (dd, J = 10.4, 2.0 Hz, 1H), 3.62 (t, J = 6.8 Hz, 1H), 3.50 (t, J = 6.9 Hz, 1H), and 2.07-1.85 ppm (m, 4H) 
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Figure S2. 13C{1H} NMR (101 MHz) spectrum of the N-acryloylpyrrolidine monomer in MeOH-4d: 165.1, 128.7, 126.6, 46.5, 45.7, 25.6, and 23.8 ppm 
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Figure S3. Multiplicity-edited HSQC NMR spectrum (400 MHz) of the N-acryloylpyrrolidine monomer in MeOH-4d; negative values (red) indicate CH2 

moieties, while positive values (blue) indicate CH or CH3 moieties 
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S3.2. N-(2,2-difluoroethyl)acrylamide (1H, 13C, 19F, 1H-13C HSQC-edit) 

 
Figure S4. 1H NMR (400 MHz) spectrum of the N-(2,2-difluoroethyl)acrylamide monomer in DMSO-6d: 8.48 (t, J = 4.9 Hz, 1H), 6.28 (dd, J = 17.1, 10.1 

Hz, 1H), 6.14 (dd, J = 17.1, 2.2 Hz, 1H), 6.04 (tt, J = 55.8, 3.8 Hz, 1H), 5.65 (dd, J = 10.1, 2.2 Hz, 1H), and 3.57 ppm (tdd, J = 16.1, 6.0, 3.9 Hz, 2H). The 

signal n in the zoom area was apodized differently from the rest of this spectrum. As shown in the spectrum, the signal e is split into three areas, and the total 

signal integral of all three areas is ≈ 0.97. 
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Figure S5. 13C{1H} NMR (101 MHz) spectrum of the N-(2,2-difluoroethyl)acrylamide monomer in DMSO-6d: 165.66, 131.40, 126.67, 114.95 (t, J = 239.7 

Hz), and 41.29 ppm (t, J = 25.6 Hz) 
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Figure S6. 19F NMR (376 MHz) spectrum of the N-(2,2-difluoroethyl)acrylamide monomer in DMSO-6d: –121.79 ppm (dt, J = 55.9, 16.1 Hz; 2F) 



Polymer Chemistry, 2021              DOI: 10.1039/d1py00843a 

S16 

 
Figure S7. Multiplicity-edited HSQC NMR (400 MHz) spectrum of N-(2,2-difluoroethyl)acrylamide in DMSO-6d; negative values (red) indicate CH2 

moieties, while positive values (blue) indicate CH or CH3 moieties. 
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S3.3. Poly[(N-2,2-difluorethyl)acrylamide] (1H, 13C, 19F, 1H-13C HSQC-edit) 

 
Figure S8. 1H NMR (400 MHz) spectrum of the pDFEA polymer in MeOH-4d: 8.00 (1H), 5.95 (t, J = 56.1, 1H), 3.58 (t, J = 14.4 Hz, 2H), 2.18 (1H), 

and 1.67 ppm (2H). 
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Figure S9. 13C{1H} NMR (101 MHz) spectrum of the pDFEA polymer in MeOH-4d: 176.2, 114.2 (J = 239.5 Hz), 41.8 (t, J = 28.1 Hz), and 35.1 ppm 
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Figure S10. 19F NMR (376 MHz) spectrum of the pDFEA polymer in MeOH-4d: –123.8 ppm 
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Figure S11. Multiplicity-edited HSQC NMR (400 MHz) spectrum of pDFEA polymer in MeOH-4d; negative values (red) indicate CH2 moieties, while 

positive values (blue) indicate CH or CH3 moieties. 
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S3.4. Poly[(N-isopropyl)acrylamide] (1H, 13C, 1H-13C HSQC-edit) 

 
Figure S12. 1H NMR (400 MHz) spectrum of the pNIPAM polymer in MeOH-4d: 7.63 (1H), 3.98 (1H), 2.11 (1H), 1.60 (2H), and 1.17 ppm (6H) 
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Figure S13. 13C{1H} NMR (101 MHz) spectrum of the pNIPAM polymer in MeOH-4d: 174.8, 42.9, 41.1-41.9, 35.0, and 21.4 ppm 
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Figure S14. Multiplicity-edited HSQC NMR (400 MHz) spectrum of the pNIPAM polymer in MeOH-4d; negative values (red) indicate CH2 moieties, while 

positive values (blue) indicate CH or CH3 moieties. 
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S3.5. Poly[(N,N-diethyl)acrylamide] (1H, 13C, 1H-13C HSQC-edit) 

 
Figure S15. 1H NMR (400 MHz) spectrum of the pDEA polymer in MeOH-4d: 3.52-3.36 (4H), 2.65 (1H), 1.74-1.81 (2H), and 1.13 ppm (6H) 
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Figure S16. 13C{1H} NMR (101 MHz) spectrum of the pDEA polymer in MeOH-4d: 174.2, 40.2-41.8, 36.6, 36.1, and 12.0-13.8 ppm 
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Figure S17. Multiplicity-edited HSQC NMR (400 MHz) spectrum of the pDEA polymer in MeOH-4d; negative values (red) indicate CH2 moieties, while 

positive values (blue) indicate CH or CH3 moieties. 
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S3.6. Poly[(N-acryloyl)pyrrolidine] (1H, 13C, 1H-13C HSQC-edit) 

 
Figure S18. 1H NMR (400 MHz) spectrum of the pAP polymer in MeOH-4d: 3.1-3.8 (4H), 2.3-2.7 (1H), 1.96 (4H), and 1.68 ppm (2H) 
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Figure S19. 13C{1H} NMR (101 MHz) spectrum of the pAP polymer in MeOH-4d: 173.7, 45.9-46.5, 39.0, 35.0, 24.0-25.7 ppm 
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Figure S20. Multiplicity-edited HSQC NMR (400 MHz) spectrum of the pAP polymer in MeOH-4d; negative values (red) indicate CH2 moieties, while 

positive values (blue) indicate CH or CH3 moieties. 



Polymer Chemistry, 2021       DOI: 10.1039/d1py00843a 

S30 

S4. Size exclusion chromatograms (SEC traces) 

 
Figure S21. Size exclusion chromatograms of pDFEA polymers; mobile phase methanol and sodium 

acetate buffer (0.3 M, pH 6.5) mixture (80:20 v/v, flow rate of 0.6 mL∙min−1). These data were 

subsequently used to determine the Mw, Mn, and dispersity (ĐM) of the polymers 

 
Figure S22. Size exclusion chromatograms of pNIPAM polymers; mobile phase methanol and sodium 

acetate buffer (0.3 M, pH 6.5) mixture (80:20 v/v, flow rate of 0.6 mL∙min−1). These data were 

subsequently used to determine the Mw, Mn, and dispersity (ĐM) of the polymers 
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.  

 
Figure S23. Size exclusion chromatograms of pDEA polymers; mobile phase methanol and sodium 

acetate buffer (0.3 M, pH 6.5) mixture (80:20 v/v, flow rate of 0.6 mL∙min−1). These data were 

subsequently used to determine the Mw, Mn, and dispersity (ĐM) of the polymers 

 
Figure S24. Size exclusion chromatograms of pAP polymers; mobile phase methanol and sodium 

acetate buffer (0.3 M, pH 6.5) mixture (80:20 v/v, flow rate of 0.6 mL∙min−1). These data were 

subsequently used to determine the Mw, Mn, and dispersity (ĐM) of the polymers 
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S5. Turbidimetric data – tables 
Table S3. TCP values in various solvents (water, PBS and FBS) as a function of the concentration of pDFEA polymers (F1, F2, and F3); the data are expressed 

as mean of 6 experiments and their standard deviation (SD). An asterisk (*) indicates concentration points with multiple outlier points, which were discarded. 

Polymer F1 (°C) F2 (°C) F3 (°C) F1 (°C) F2 (°C) F3 (°C) F1 (°C) F2 (°C) F3 (°C) 

c (mg/ml) TCP ± SD TCP ± SD TCP ± SD TCP ± SD TCP ± SD TCP ± SD TCP ± SD TCP ± SD TCP ± SD 

Medium Ultrapure water Phosphate saline buffer Foetal Bovine Serum 

1.25 - - - 64.07 ± 0.05 55.25 ± 0.04 52.22 ± 0.04 33.85 ± 0.10 48.00 ± 0.17 49.97 ± 0.35 

2.50 - - - 27.07 ± 0.23 30.75 ± 0.12 42.32 ± 0.25 28.25 ± 0.19 37.90 ± 0.23 34.60 ± 0.11 

5.0 - - - 29.17 ± 0.14 29.95 ± 0.10 42.08 ± 0.24 24.58 ± 0.08 32.52 ± 0.10 29.99 ± 0.08 

10.0 27.21 ± 0.62 34.00 ± 0.90 27.33 ± 0.68 27.05 ± 0.25 29.30 ± 0.11 42.48 ± 0.43 22.60 ± 0.06 30.10 ± 0.22 28.67 ± 0.10 

20.0 - - - 25.57 ± 0.05 31.64 ± 0.20 43.88 ± 0.23 24.63 ± 0.15 28.87 ± 0.12 40.35 ± 0.10* 

40.0  - -   - 24.14 ± 0.10 24.96 ± 0.36 26.73 ± 0.29 24.90 ± 0.35 28.41 ± 0.08 43.80 ± 0.14 

 

Table S4. TCP values in various solvents (water, PBS and FBS) as a function of the concentration of pNIPAM polymers (I1, I2, and I3); the data are expressed 

as mean of 6 experiments and their standard deviation (SD). An asterisk (*) indicates concentration points with multiple outlier points, which were discarded. 

Polymer I1 (°C) I2 (°C) I3 (°C) I1 (°C) I2 (°C) I3 (°C) I1 (°C) I2 (°C) I3 (°C) 

c (mg/ml) TCP ± SD TCP ± SD TCP ± SD TCP ± SD TCP ± SD TCP ± SD TCP ± SD TCP ± SD TCP ± SD 

Medium Ultrapure water Phosphate saline buffer Foetal Bovine Serum 

1.25 - - - 33.42 ± 0.04 30.98 ± 0.04 29.65 ± 0.10  33.62 ± 0.08 30.88 ± 0.04 29.72 ± 0.04 

2.50 - - - 32.25 ± 0.18 30.18 ± 0.11 29.13 ± 0.05 30.90 ± 0.15 28.62 ± 0.10 27.64 ± 0.05 

5.0 - - - 31.08 ± 0.10 29.48 ± 0.08 28.75 ± 0.05 28.98 ± 0.10 26.30 ± 0.11 25.70 ± 0.06 

10.0 29.98 ± 0.27 31.39 ± 0.17 31.59 ± 0.43 29.25 ± 0.10 28.30 ± 0.06 28.05 ± 0.10 25.67 ± 0.10 24.39 ± 0.10 24.60 ± 0.06 

20.0 - - - 28.95 ± 0.05 26.80 ± 0.00 28.29 ± 0.04 28.90 ± 0.09 29.23 ± 0.15 33.05 ± 0.32 

40.0  - -   - 26.90 ± 0.34 28.37 ± 0.05  28.28 ± 0.04 28.82 ± 0.34 28.43 ± 0.16 31.03 ± 0.13 

 

  



Polymer Chemistry, 2021               DOI: 10.1039/d1py00843a 

S33 

Table S5. TCP values in various solvents (water, PBS and FBS) as a function of the concentration of pDEA polymers (E1, E2, and E3); the data are expressed 

as mean of 6 experiments and their standard deviation (SD). An asterisk (*) indicates concentration points with multiple outlier points, which were discarded. 

Polymer E1 (°C) E2 (°C) E3 (°C) E1 (°C) E2 (°C) E3 (°C) E1 (°C) E2 (°C) E3 (°C) 

c (mg/ml) TCP ± SD TCP ± SD TCP ± SD TCP ± SD TCP ± SD TCP ± SD TCP ± SD TCP ± SD TCP ± SD 

Medium Ultrapure water Phosphate saline buffer Foetal Bovine Serum 

1.25 - - - 31.88 ± 0.04 31.72 ± 0.04 31.17 ± 0.05 35.77 ± 0.25 32.60 ± 0.24 31.53 ± 0.23 

2.50 - - - 29.58 ± 0.08 30.85 ± 0.08 29.30 ± 0.09 31.90 ± 0.14 30.00 ± 0.20 29.12 ± 0.15 

5.0 - - - 28.20 ± 0.06 29.98 ± 0.04 28.35 ± 0.08 28.03 ± 0.20 27.97 ± 0.16 27.07 ± 0.15 

10.0 29.28 ± 0.04 30.16 ± 0.11 29.92 ± 0.12 27.37 ± 0.08 28.47 ± 0.10 27.60 ± 0.11 23.95 ± 0.12 25.82 ± 0.17 25.27 ± 0.19 

20.0 - - - 28.92 ± 0.16* 29.17 ± 0.06* 29.18 ± 0.05* 27.93 ± 0.13 29.47 ± 0.09 29.34 ± 0.07 

40.0  - -   - 28.85 ± 1.34* 28.75 ± 0.07* 28.87 ± 0.06* 27.57 ± 0.23 28.33 ± 0.05 27.88 ± 0.08 

 

Table S6. TCP values in various solvents (water, PBS and FBS) as a function of the concentration of pAP polymers (P1, P2, and P3); the data are expressed as 

mean of 6 experiments and their standard deviation (SD). An asterisk (*) indicates concentration points with multiple outlier points, which were discarded. 

Polymer P1 (°C) P2 (°C) P3 (°C) P1 (°C) P2 (°C) P3 (°C) P1 (°C) P2 (°C) P3 (°C) 

c (mg/ml) TCP ± SD TCP ± SD TCP ± SD TCP ± SD TCP ± SD TCP ± SD TCP ± SD TCP ± SD TCP ± SD 

Medium Ultrapure water Phosphate saline buffer Foetal Bovine Serum 

1.25 - - - 64.06 ± 0.05 55.28 ± 0.06 52.22 ± 0.04 75.02 ± 0.79 59.18 ± 0.08 55.31 ± 0.08 

2.50 - - - 58.35 ± 0.16 52.68 ± 0.08 50.23 ± 0.10 70.70 ± 0.57 53.67 ± 0.19 50.55 ± 0.14 

5.0 - - - 55.15 ± 0.08 49.15 ± 0.10 47.73 ± 0.08 60.85 ± 0.37 51.83 ± 0.08 48.53 ± 0.08 

10.0 58.10 ± 0.10 56.78 ± 0.42 56.2 ± 0.58 53.65 ± 0.10 47.30 ± 0.17 46.27 ± 0.10 56.72 ± 0.34 48.63 ± 0.14 45.73 ± 0.08 

20.0 - - - 54.65 ± 0.04 50.09 ± 0.02 50.13 ± 0.05 54.62 ± 0.40 58.40 ± 0.14* 49.57 ± 0.08 

40.0  - -   - 54.00 ± 0.14 48.38 ± 0.22 48.08 ± 0.12  49.53 ± 0.38 33.65 ± 0.20 48.98 ± 0.12 

 

Note: At high polymer concentrations (20 and 40 mg/mL), the cloud point temperatures were poorly reproducible and unreliable, and the inter-run-differences 

were up to 20°C (particularly in pDFEA in PBS). At low concentrations (1.25 to 10.0 mg/mL), multiple independent experiments provided the same value of 

TCP (within a margin of 0.5°C). We kept repeating measurements until two independent runs provided similar results and reliable turbidimetry-as-a-function-

of-temperature graphs (i.e., the turbidity decreased monotonously and relatively quickly with no sudden or inexplicable changes in trends). Therefore, we 

concluded that turbidimetry is not a reliable method for determining TCPs at high polymer concentrations and these data were accordingly disregarded from 

further interpretations. Nevertheless, we present the complete set of our results in Tables S3 to S6.  
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S6. Turbidimetric data 
Every polymer solution was measured at least 6 times. If the data from all runs were similar, the data 

was processed: we calculated the mean values and standard deviations of TCPs (Table S3 to S6). Only 

one cycle is shown in Figures S25 to S36 for clarity. 

 

Figure S25. Transmittance of the F1 (pDFEA) solution in ultrapure water (MiliQ), PBS, and FBS 

(serum), respectively, as a function of temperature 

 

Figure S26. Transmittance of the F2 (pDFEA) solution in ultrapure water (MiliQ), PBS, and FBS 

(serum), respectively, as a function of temperature 
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Figure S27. Transmittance of the F3 (pDFEA) solution in ultrapure water (MiliQ), PBS, and FBS 

(serum), respectively, as a function of temperature  

 
Figure S28. Transmittance of the I1 (pNIPAM) solution in ultrapure water (MiliQ), PBS, and FBS 

(serum), respectively, as a function of temperature  
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Figure S29. Transmittance of the I2 (pNIPAM) solution in ultrapure water (MiliQ), PBS, and FBS 

(serum), respectively, as a function of temperature  

 
Figure S30. Transmittance of the I3 (pNIPAM) solution in ultrapure water (MiliQ), PBS, and FBS 

(serum), respectively, as a function of temperature  
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Figure S31. Transmittance of the E1 (pDEA) solution in ultrapure water (MiliQ), PBS, and FBS 

(serum), respectively, as a function of temperature  

 

Figure S32. Transmittance of the E2 (pDEA) solution in ultrapure water (MiliQ), PBS, and FBS 

(serum), respectively, as a function of temperature  
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Figure S33. Transmittance of the E3 (pDEA) solution in ultrapure water (MiliQ), PBS, and FBS 

(serum), respectively, as a function of temperature  

 
Figure S34. Transmittance of the P1 (pAP) solution in ultrapure water (MiliQ), PBS, and FBS (serum), 

respectively, as a function of temperature  
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Figure S35. Transmittance of the P2 (pAP) solution in ultrapure water (MiliQ), PBS, and FBS (serum), 

respectively, as a function of temperature  

 
Figure S36. Transmittance of the P3 (pAP) solution in ultrapure water (MiliQ), PBS, and FBS (serum), 

respectively, as a function of temperature  
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S7. Isothermal titration calorimetry  
Polymers F1, F2, F3, I3, E3, or P3 were dissolved in ultrapure water and thermally equilibrated at 

3 specific temperatures: (i) below the TCP of the study polymers in all solvents (no aggregates were 

visible to the naked eye neither before nor after the titration); (ii) above the TCP of the polymer in PBS 

and FBS, but below the TCP of the polymer in water (titration triggered aggregation); and (iii) above the 

TCP of polymer in all solvents (the polymer aggregates were titrated). Subsequently, we disrupted the 

system equilibrium by consecutively adding small portions of PBS or FBS and measuring the heat flux 

caused by the establishment of a new equilibrium (see e.g. Figure 5A, black line). Then, we measured 

the heat flux corresponding to the PBS or FBS addition to ultrapure water (no added polymer, blank 

samples; Figure 5A, red line) to subtract the heat flux caused by PBS/ FBS dilution. After subtracting 

the heat flux of the blank sample from the heat flux of the sample solution, we obtained a complex 

titration isothermS13 (Figure 5B), with three phases: I, II and III (Figure 5A). 

S7.1. ITC – titration of polymers F3, I3, E3, and P3 
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Figure S37. Titration of the F3 (pDFEA) solution in ultrapure water with PBS (a,c,e) and FBS (b,d,f) 

respectively; 293 K (a,b), 301 K (c,d) and 323 K (e,f). Upper graph – heat flux as a function of time; 

red line – titration of PBS or FBS, respectively, into ultrapure water; black line – titration into polymer 

solution. Lower graph – integrated heat per 1 mol of titrant (scatter); fit to a two-site model (line). 
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Figure S38. Titration of the I3 (pNIPAM) solution in ultrapure water with PBS (a,c,e) and FBS (b,d,f) 

respectively; 293 K (a,b), 303 K (c,d) and 313 K (e,f). Upper graph – heat flux as a function of time; 

red line – titration of PBS or FBS, respectively, into ultrapure water; black line – titration into polymer 

solution. Lower graph – integrated heat per 1 mol of titrant (scatter); fit to the two-site model (line). 
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Figure S39. Titration of the E3 (pDEA) solution in ultrapure water with PBS (a,c,e) and FBS (b,d,f) 

respectively; 293 K (a,b), 301 K (c,d) and 313 K (e,f). Upper graph – heat flux as a function of time; 

red line – titration of PBS or FBS, respectively, into ultrapure water; black line – titration into polymer 

solution. Lower graph – integrated heat per 1 mol of titrant (scatter); fit to the two independent binding 

sites model (line). 
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Figure S40. Titration of the P3 (pAP) solution in ultrapure water with PBS (a,c,e) and FBS (b,d,f) 

respectively; 293 K (a,b), 323 K (c,d) and 333 K (e,f). Upper graph – heat flux as a function of time; 

red line – titration of PBS or FBS, respectively into ultrapure water; black line – titration into polymer 

solution. Lower graph – integrated heat per 1 mol of titrant (scatter); fit to the two independent binding 

sites model (line). 

  



Polymer Chemistry, 2021       DOI: 10.1039/d1py00843a 

 

S47 

 

The titration isotherms of complex shape consist of heat effects originating from (i) “pseudo-binding” 

event and (ii) non-linear heat of mixing. Therefore, we fitted the cumulated reaction heat as a function 

of titrant-to-analyte molar ratio to two independent binding sites model (one Wiseman isotermS13 for 

each effect, both i and ii). Because the concentration of the titrant (PBS or FBS) is unknown (as these 

mixtures contain many compounds in various concentrations), we chose an arbitrary value 162.7 mM 

(ionic strength of PBS) for both PBS and FBS. Reaction enthalpy, as an independent fitting parameter, 

was then normalized to the analyte concentration (polymer). The remaining fitting parameters 

(stoichiometry n, binding constant Ka) are affected by the titrant-to-analyte molar ratio and, therefore, 

not included in the results.  

 

The fitting parameters for the second binding site (ii) were:  

a) Ka1 ≫ Ka2 

b) ΔH1 > ΔH2  



Polymer Chemistry, 2021       DOI: 10.1039/d1py00843a 

 

S48 

S7.2. ITC – enthalpies of F3, I3, E3, and P3 

 

Table S7. Concentrations and pH of polymer solutions; enthalpy ΔH (J/mol of monomer) of mixing of polymer solutions with PBS and FBS at various 

temperatures 

Sample F3 (pDFEA) I3 (pNIPAM) E3 (pDEA) P3 (pAP) 
Conc. (mM)* 0.213 0.221 0.267 0.216 

pH in H2O** ≈ 4.9 ≈ 4.6 ≈ 4.0 ≈ 5.5 

Titrant PBS FBS PBS FBS PBS FBS PBS FBS 

T, K 293 301 323 293 301 323 293 303 313 293 303 313 293 301 313 293 301 313 293 323 333 293 323 333 

ΔH, (J/mol) −73.9 −100.7 −394.4 −86.7 −57.9 −559.6 4.9 9.1 113.1 −14.2 ≈ 0.0 19.5 15.8 −12.3 −105.4 −52.5 −92.9 −287.2 14.4 32.3 −6.3 −36.7 −32.6 −19.6 

transition  

conc. (mM)*** 
17.4 13.4 17.5 9.3 8.8 16.3 11.0 11.0 19.0 21.1 N/A 21.2 9.7 7.0 14.6 8.9 11.6 17.3 12.3 16.3 20.0 

12.

0 
14.6 8.1 

transition conc.  

(mg/mL)**** 
1.0 0.8 1.0 3.0 2.9 5.3 0.6 0.6 1.1 6.9 N/A 6.9 0.5 0.4 0.8 2.9 3.8 5.6 0.7 0.9 1.1 3.9 4.8 2.6 

* polymer concentration in the analyte solution 

** pH of aqueous solution of polymer, 10 mg/mL 

*** concentration of titrant (PBS or FBS) in units of ionic strength of PBS solution, determined from the coordinate on the x-axis (molar ratio) on 

Figures S37 to 40. 

**** concentration of titrant in mg/mL 
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S7.3. ITC - titration of benzoic acid 
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Figure S41. ITC isotherms of the titration of the solution of benzoic acid (0.25 mM) with PBS (a, c, e) 

and FBS (b, d, f) at 293 K (a, b), 313 K(c, d) and 333 K (e, f). 
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S7.3. ITC – titration of polymers F1 and F2 
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Figure S42. Titration of the F2 (pDFEA) solution in ultrapure water with PBS (a,c,e) and FBS (b,d,f) 

respectively; 293 K (a,b), 305 K (c,d) and 323 K (e,f). Upper graph – heat flux as a function of time; 

red line – titration of PBS or FBS, respectively into ultrapure water; black line – titration into polymer 

solution. Lower graph – integrated heat per 1 mol of titrant (scatter); fit to the two independent binding 

sites model (line). 
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Figure S43. Titration of the F1 (pDFEA) solution in ultrapure water with PBS (a,c,e) and FBS (b,d,f) 

respectively; 293 K (a,b), 298 K (c,d) and 323 K (e,f). Upper graph – heat flux as a function of time; 

red line – titration of PBS or FBS, respectively into ultrapure water; black line – titration into polymer 

solution. Lower graph – integrated heat per 1 mol of titrant (scatter); fit to the two independent 

binding sites model (line).
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S7.4. ITC – enthalpies of F1, F2, and F3 

 
Figure S44. Enthalpy of titration of 10 mg/mL F1, F2 and F3 solutions with PBS and FBS, normalised 

to 1 mol of monomer units at three different temperatures with PBS (top) and FBS (bottom). The values 

of enthalpies are shown in Table S8. 

We assessed the effect of the polymer molar weight on the enthalpy of aggregation of pDFEA. 

Under all conditions, the pDFEA aggregation was exothermic, possibly caused by strong interactions 

( due to hydrogen bonding of CF2H moietiesS14). The interaction of pDFEA and PBS or FBS was more 

exothermic at high (50 °C) than at low (20 °C) temperatures, most likely due to the salting-out effect 

and subsequent aggregation. Furthermore, adding FBS to the solution of the non-aggregated polymer 

was always more exothermic than adding only PBS, thus indicating the formation of pDFEA-protein 

complexes. Adding FBS to aggregated polymer was in some cases (F1, F2) less and in others more 

(F3) exothermic than adding only PBS. The differences in enthalpy of aggregation between F1, F2, and 

F3 in PBS can be ascribed to different the architecture of the particles (as discussed in the Manuscript). 

 

While the reaction enthalpy in both PBS and FBS can be ascribed to changes in polymer solvation, 

polymer interactions with ions and aggregation, the reaction enthalpy in FBS can be also ascribed to 

protein-polymer interactions.
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Table S8. Concentrations and pH of polymer solutions; enthalpy ΔH (J/mol of monomer) of mixing of polymer solutions with PBS and FBS at various 

temperatures 

Sample F1 (pDFEA) F2 (pDFEA) F3 (pDFEA) 
Conc. (mM)* 0.413 0.284 0.213 

pH in H2O** ≈ 4.9 ≈ 4.8 ≈ 4.9 

Titrant PBS FBS PBS FBS PBS FBS 

T, K 293 298 323 293 298 323 293 305 313 293 305 313 293 301 293 301 293 301 

ΔH, (J/mol) −65.9 −73.3 −430.4 −167.4 −69.4 −353.4 −76.7 −575.3 −792.5 −177.7 −357.6 −550.2 −1.23 −2.59 −1.23 −2.59 −1.23 −2.59 

transition  

conc. (mM)*** 
12.0 10.1 18.1 11.6 10.9 8.7 17.8 17.03 24.6 10.9 10.9 13.1 17.4 13.4 17.4 

13.

4 
17.4 13.4 

transition conc.  

(mg/mL)**** 
0.7 0.6 1.0 3.8 3.6 2.8 1.0 0.9 1.4 3.6 3.6 4.3 1.0 0.8 1.0 0.8 1.0 0.8 

* polymer concentration in the analyte solution 

** pH of aqueous solution of polymer, 10 mg/mL 

*** concentration of titrant (PBS or FBS) in units of ionic strength of PBS solution, determined from the coordinate on the x-axis (molar ratio) on 

Figures S41 to 43. 

**** concentration of titrant in mg/mL 
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S8. Dynamic light scattering data 
At a low temperature, almost all study polymers showed a population of unimers (approximately 

5 nm), which formed larger aggregates with the increase in temperature. In some samples, we detected 

a small number of large assemblies (in the order of hundreds of nanometres), even below the TCPs, 

which had remained undetected by turbidimetry. These ‘pre-aggregation’ molecular assemblies 

confirmed our previous observations.S15–S17 However, large particles scatter light in DLS at a higher 

intensity than small particles (the scattering intensity is proportional to Rh
3),S18 so the concentration of 

large particles is substantially lower than our DLS data suggest.  
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Figure S45. Size distributions of molecular assemblies of polymer F1 (10 mg/mL in PBS) as 

a function of temperature; depicted as 3D plot (A) and contour graph (B). TCP1 (dashed lines) was 

assigned to 28 °C, TCP2 was assigned to 38 °C. 
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Figure S46. Size distributions of molecular assemblies of polymer F2 (10 mg/mL in PBS) as a function 

of temperature; depicted as 3D plot (A) and contour graph (B). TCP1 (dashed lines) was assigned to 

31 °C, TCP2 was assigned to 50 °C. 
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Figure S47. Size distributions of molecular assemblies of polymer F3 (10 mg/mL in PBS) as a function 

of temperature; depicted as 3D plot (A) and contour graph (B). TCP1 (dashed lines) was assigned to 

28 °C, TCP2 was assigned to 44 °C. 
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Figure S48. Size distributions of molecular assemblies of polymer I1 (10 mg/mL in PBS) as a function 

of temperature; depicted as 3D plot (A) and contour graph (B). TCP (dashed line) was assigned to 30 °C. 

The measurement stopped prematurely because the size of the aggregates exceeded the detection limit. 
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Figure S49. Size distributions of molecular assemblies of polymer I2 (10 mg/mL in PBS) as a function 

of temperature; depicted as 3D plot (A) and contour graph (B). TCP (dashed line) was assigned to 29 °C. 

The measurement stopped prematurely because the size of the aggregates exceeded the detection limit. 
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Figure S50. Size distributions of molecular assemblies of polymer I3 (10 mg/mL in PBS) as a function 

of temperature; depicted as 3D plot (A) and contour graph (B). TCP (dashed line) was assigned to 29 °C. 

The measurement stopped prematurely because the size of the aggregates exceeded the detection limit. 
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Figure S51. Size distributions of molecular assemblies of polymer E1 (10 mg/mL in PBS) as a function 

of temperature; depicted as 3D plot (A) and contour graph (B). TCP1 (dashed lines) was assigned to 

22 °C, TCP2 was assigned to 28 °C. 
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Figure S52. Size distributions of molecular assemblies of polymer E2 (10 mg/mL in PBS) as a function 

of temperature; depicted as 3D plot (A) and contour graph (B). TCP (dashed line) was assigned to 28 °C. 

The measurement stopped prematurely because the size of the aggregates exceeded the detection limit. 
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Figure S53. Size distributions of molecular assemblies of polymer E3 (10 mg/mL in PBS) as a function 

of temperature; depicted as 3D plot (A) and contour graph (B). TCP (dashed line) was assigned to 29 °C. 

The measurement stopped prematurely because the size of the aggregates exceeded the detection limit. 
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Figure S54. Size distributions of molecular assemblies of polymer P1 (10 mg/mL in PBS) as a function 

of temperature; depicted as 3D plot (A) and contour graph (B). TCP (dashed line) was assigned to 52 °C. 

The measurement stopped prematurely because the size of the aggregates exceeded the detection limit. 
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Figure S55. Size distributions of molecular assemblies of polymer P2 (10 mg/mL in PBS) as a function 

of temperature; depicted as 3D plot (A) and contour graph (B). TCP (dashed line) was assigned to 48 °C. 

The measurement stopped prematurely because the size of the aggregates exceeded the detection limit. 
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Figure S56. Size distributions of molecular assemblies of polymer P3 (10 mg/mL in PBS) as a function 

of temperature; depicted as 3D plot (A) and contour graph (B). TCP (dashed line) was assigned to 49 °C. 

The measurement stopped prematurely because the size of the aggregates exceeded the detection limit. 
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S9. Refractive index increment (dn/dc) 

 
Figure S57. Refractive index increment (dn/dc) measurement report of F1 (pDFEA) in PBS 
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Figure S58. Refractive index increment (dn/dc) measurement report of F2 (pDFEA) in PBS 
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Figure S59. Refractive index increment (dn/dc) measurement report of F3 (pDFEA) in PBS 
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Figure S60. Refractive index increment (dn/dc) measurement report of I1 (pNIPAM) in PBS 
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Figure S61. Refractive index increment (dn/dc) measurement report of I2 (pNIPAM) in PBS 
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Figure S62. Refractive index increment (dn/dc) measurement report of I3 (pNIPAM) in PBS 
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Figure S63. Refractive index increment (dn/dc) measurement report of E1 (pDEA) in PBS 
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Figure S64. Refractive index increment (dn/dc) measurement report of E2 (pDEA) in PBS 
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Figure S65. Refractive index increment (dn/dc) measurement report of E3 (pDEA) in PBS 
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Figure S66. Refractive index increment (dn/dc) measurement report of P1 (pAP) in PBS 
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Figure S67. Refractive index increment (dn/dc) measurement report of P2 (pAP) in PBS 



Polymer Chemistry, 2021       DOI: 10.1039/d1py00843a 

 

S81 

 
Figure S68. Refractive index increment (dn/dc) measurement report of P2 (pAP) in PBS  
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S10. Additional information 

S10.1. Heating/cooling cycles of turbidimetry 

Some polymers (particularly pDFEA and pDEA) tend to coalesce into large particles, which may 

sink, float, or stick to the cuvette. Coalescence is observed in some heating cycles (see, e.g., 

Figure S30): initially small polymer aggregates are formed, and transmittance decreases. However, 

upon further heating, these small polymer aggregates may coalesce into large assemblies and (in some 

cases) move out of the detection area. As a result, transmittance increases again. In some samples, the 

coalesced assemblies occasionally and temporarily obscure the light beam and thus cause fluctuations 

in transmittance (caused by sample stirring).  

Coalescence and polymer sticking/ floating do not prevent us from determining TCP in the heating 

cycle: TCP is defined by the initial polymer aggregation. For this reason, such a TCP measurement is well 

reproducible (inter-run variation was mostly within 0.2 °C; see Figure 3). Conversely, TCP 

measurements during the cooling cycle were unreliable – the polymer may behave as intended but may 

also float away from the laser beam or stick to the glass and thus hinder proper reading (the TCP values 

in the cooling cycle varied more than 15 °C). We were unsure whether transmittance increased because 

the polymer aggregates dissolved or because they moved away from the light beam. Therefore, we 

decided to disregard these values and focus only on the TCP determined during the heating cycle. The 

cooling cycle in turbidimetry was used merely as a regeneration phase for subsequent heating cycles; 

the samples remained at 10 °C for 30 minutes, which reliably ensured that all residual polymer 

aggregates dissolved.  

S10.2. Structure-to-properties relationship 

 
Scheme S2. Hydrogen bond acceptors, donors, and hydrophobic moieties in the molecules. 

Zhao et al. S19 suggested, that LCST-type thermoresponsive polymers must be hydrophilic (negative 

𝛥𝐻m) and that the entropy of mixing (𝛥𝑆m) must be negative as well (see Scheme S3). TCP can then be 

calculated according to Equation 1.  

𝑇CP =  
𝛥𝐻m

𝛥𝑆m
                                                                            (1) 

The 𝛥𝐻m of a polymer correlates with its hydrophilicity. Some researchers rank the hydrophilicity 

of polymers according to their TCP.S20 Therefore, the rank of hydrophobicity of the study polymers 

would be as follows: 

pAP ≫ pNIPAM ≈ pDEA > pDFEA 

Nevertheless, this approach is most suitable for ranking hydrophilicity of similar copolymers (i.e. 

those with similar molecular moieties, e.g. alkyls). However, pDFEA contains -CF2H moiety, which is 

somewhat lipophilic, but can also form hydrogen bonds,S14 decreasing the enthalpy of aggregation and 
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potentially lowering the TCP. Therefore, we chose a different approach to rank the hydrophilicity of the 

polymers. 

 
Scheme S3. A thermodynamic map showing the solubility and solution properties of polymers in water, 

redrawn according to [S19]. 

Zhao et al.S19 suggests ranking the hydrophilicity of polymers according to the enthalpy of mixing 

(𝛥𝐻𝑚) of the alkanes (corresponding to the hydrophobic moiety) with water. We were unable to find 

mixing enthalpy of 1,1-difluoroethane with water in the literature, but the mixing enthalpy should 

inversely correlate with the solubility of the corresponding alkanes in water, enabling us to estimate the 

ranks of hydrophilicities of study polymers. The concentration of saturated 1,1-difluoroethane aqueous 

solution is 50 to 80 mmol/l (0 °C),S21,S22 ethane 4.2 mmol/l (0 °C),S22  propane 3.5 mmol/l (4 °C),S22 and 

butane 3.1 mmol/l (3 °C).S22 In this approach, we consider only the “hydrophilicity” of the substituent, 

and we disregard the effect of ligands on the hydrophilicity of the rest of the acrylamide (due to changes 

of electron densities on NH). Because 1,1-difluoroethane has (by far) the highest aqueous solubility of 

all corresponding alkanes, we rank pDFEA as the most hydrophilic (contrary to the rank suggested by 

method in [S20]). Both pDEA and pAP are di-substituted acrylamides; therefore, we rank them as the 

least hydrophilic. The cyclic structure of the pAP side chain will, however, be more compact, thereby 

shielding the hydrophilic amide less and being more hydrophilic than pDEA. This approach would 

suggest the following rank of hydrophilicities of polymers: note1 

pDFEA ≫ pNIPAM > pAP > pDEA 

As shown in the ITC results, pDFEA has strong intramolecular interactions, which decrease the 

aggregation enthalpy, possibly due to its intramolecular hydrogen bonds.S14 These hydrogen bonds may 

explain the strong interactions of pDFEA with proteins as well. 

The 𝛥𝑆m is hard to estimate from commonly available material quantities as it is strongly related to 

the release of ‘high energy’ hydrating water molecules. In line with this statement, the more hydrophilic 

pAP has a higher TCP as pDEA as the hydration 𝛥𝑆m will be similar based on the presence of a tertiary 

amide (Scheme S2). Despite the higher hydrophilicity of pNIPAM and pDFEA, these polymers have 

a lower TCP than pAP, which can be ascribed to the higher 𝛥𝑆m resulting from a more efficient hydration 

thanks to the secondary amide groups (both pNIPAM and pDFEA) and to the difluoroalkyl group 

(pDFEA). 

  

 
note 1 pDEA contains two ethyls; therefore, it is considered less hydrophilic than pNIPAM. Its monoethyl analogue 

(poly(ethyl-N-acrylamide) would be more hydrophilic than pNIPAM; and its TCP is ≈ 73 °C.S19  
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S10.3. Detection of terminal moiety 

Detecting these terminal moieties in polymers with Mw around/ above 25 kg/mol is notoriously 

difficult because of their very low content, broad peaks, noise and trace contaminants (see NMR spectra 

in ESI).S23 The terminal CH3O moiety provides 1H NMR signals at ≈ 3.5-3.6 ppm, and -CH2CH2- (from 

acrylate) provides NMR signals at 2.6 to 2.8 ppm.S5,S24 Unfortunately, these signals are often partly 

masked by broad peaks from solvents or polymers (NCH2, 3.2 to 3.9 ppm; acrylamide peak at 

≈ 2.3 ppm; see NMR spectra in ESI). Nevertheless, we remeasured 1H NMR spectra of all polymers in 

higher concentrations and with a higher number of scans (256 scans), now added to ESI as raw files 

(available for inspection). We were able to detect signals of terminal -CH2CH2-, most pronounced in 

polymers F1 and P1, where the content of end-moiety is the highest and the end-moiety signals are not 

masked by polymer signals (Figure S69). Therefore, the signals of terminal -CH2CH2- serve as an 

indirect evidence of terminal -CH2CH2COOCH3 moiety. The remaining peaks in this region can be 

attributed to low-molecular weight contaminants (mostly solvents; their peaks are narrow, but the 

overall integral is low). 

We measured 1H-NMR spectra in MeOH-4d solutions because polymers dissolve in MeOH, whose 

residual peak is found at 3.31 ppm, whereas the peak of water is at 4.78 ppm;S9 therefore, MeOH does 

not mask these terminal peaks. DMSO-6d has a peak at 2.50 ppm, and water has a peak at 3.33 ppm; 

thus, the peaks of these solvents would mask the peaks of interest.9 

 
Figure S69. 1H NMR of polymer F1 in MeOH-4d showing the peaks at 2.6 and 2.8 ppm, corresponding 

to terminal CH2CH2 moieties.S5,S24 The CH3O- moiety remained masked by other peaks.  
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S11. List of used abbreviations and symbols 
Abbreviation   Explanation 
1H NMR   1H nuclear magnetic resonance 
1H-13C HSQC-edit NMR  1H-13C multiplicity edited, heteronuclear single quantum coherence 

     spectroscopy nuclear magnetic resonance 
13C{1H} NMR   13C nuclear magnetic resonance with 1H decoupling 
19F NMR   19F nuclear magnetic resonance 

ACVA 4,4'-[(E)-diazenediyl]bis(4-cyanopentanoic acid) 

cx    molar concentration of compound x 

ca.    circa, approximately 

Corp.    corporation 

CPT    cloud point temperature 

CTA    chain transfer agent 

CA    California, state of the USA 

D    content of deuterium of all hydrogen atoms (e.g. ‘in 99.80% D’) 

d    doublet (in NMR) 

dd    doublet of doublets (in NMR) 

ddd    doublet of doublets of doublets (in NMR) 

dn/dc    specific refractive index increment 

DLS    dynamic light scattering 

DMF    dimethylformamide 

DSC    differential scanning calorimetry 

DMSO    dimethyl sulfoxide 

DMSO-6d   perdeuterated dimethyl sulfoxide 

E    poly[(N,N-diethyl)acrylamide] 

E1    poly[(N,N-diethyl)acrylamide], lowest Mw (see Table 1) 

E2    poly[(N,N-diethyl)acrylamide], medium Mw (see Table 1) 

E3    poly[(N,N-diethyl)acrylamide], highest Mw (see Table 1) 

F    poly[(N-2,2-difluoroethyl)acrylamide] 

F1    poly[(N-2,2-difluoroethyl)acrylamide], lowest Mw (see Table 1) 

F2    poly[(N-2,2-difluoroethyl)acrylamide], medium Mw (see Table 1) 

F3    poly[(N-2,2-difluoroethyl)acrylamide], highest Mw (see Table 1) 

FBS    foetal bovine serum (fetal bovine serum in US english) 

e.g.    exempli gratia, for example  

GA UK    Grantová agentura UK (the Charles University Grant Agency) 

HSQC    heteronuclear single quantum coherence spectroscopy 

I    poly[(N-isopropyl)acrylamide] 

I1    poly[(N-isopropyl)acrylamide], lowest Mw (see Table 1) 

I2    poly[(N-isopropyl)acrylamide], medium Mw (see Table 1) 

I3    poly[(N-isopropyl)acrylamide], highest Mw (see Table 1) 

i.e.    id est; that is 

Inc.    incorporation; legal concept of company in the USA 

ITC    isothermal titration calorimetry 

J    spin-spin coupling constant (J-coupling constant, spin-spin coupling) 

LCST    lower critical solution temperature 

LFT    lattice fluid theory 

LFT-HB   lattice fluid theory with hydrogen bonding correction 

NMR    nuclear magnetic resonance 

m    multiplet (in NMR) 

𝑚x    mass of compound x 
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Abbreviation   Explanation 

MA    Massachusetts, state of the USA 

MALS    multiangle light scattering 

MeHQ    4-methoxyphenol (mequinol, 4-hydroxyanisole) 

MeOH    methanol 

MeOH-4d   perdeuterated methanol 

MiliQ/MilliQ water  ultrapure water 

Mn    number-average molar mass 

Mw    weight-average molar mass 

n    refractive index 

𝑛x    molar amount of compound x  

N/A    not applicable (not available) 

No.    number 

NY    New York, state of the USA 

norm.    normalized 

P    poly[(N-acryloyl)pyrrolidine] 

P1    poly[(N-acryloyl)pyrrolidine], lowest Mw (see Table 1) 

P2    poly[(N-acryloyl)pyrrolidine], medium Mw (see Table 1) 

P3    poly[(N-acryloyl)pyrrolidine], highest Mw (see Table 1) 

PDI    (poly)dispersity index (ĐM = Mn/Mw) 

pH    potential of hydrogen 

pAP    poly[(N-acryloyl)pyrrolidine] 

PBS    phosphate saline buffer 

pDFEA   poly[(N-2,2-difluoroethyl)acrylamide] 

pDEA    poly[(N,N-diethyl)acrylamide] 

pNIPAM   poly[(N-isopropyl)acrylamide] 

ppm    parts per million 

PrNH2    propylamine, n-propylamine 
®    registered trademark (Lanham Trademark Act of 1946) 

RI    refractive index 

RT    room temperature 

rpm    revolutions per minute 

RAFT    reversible addition−fragmentation chain-transfer polymerisation 

SAXS    small-angle X-ray scattering 

SD    standard deviation 

SEC    size exclusion chromatography 

s.r.o.    private limited company in legal structure of the Czech Republic 

TCP    cloud point temperature 

t    triplet (in NMR) 

TCEP    3,3′,3′′-phosphanetriyltripropanoic acid 

THF    tetrahydrofuran; oxolane 

™    unregistered trademark symbol (Lanham Trademark Act of 1946) 

tt    triplet of triplets (in NMR) 

tdd    triplet of doublets of doublet (in NMR) 

UK    United Kingdom of Great Britain and Northern Ireland 

USA    United States of America 

UV-vis    ultraviolet/visible light 

𝑉x    volume of compound x 

v/v    volume fraction, volume per volume 

WA    Washington, state of the USA 



Polymer Chemistry, 2021       DOI: 10.1039/d1py00843a 

 

S87 

 

Abbreviation   Explanation 

WAXS    wide-angle X-ray scattering 

ΔH    change of enthalpy 

𝛥𝐻𝑚     mixing enthalpy 

𝛥𝑆𝑚     mixing entropy 

ĐM    dispersity index, defined as Mw/Mn 

λ    wavelength 
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Processed dynamic light scattering data (DLS data; size of polymer assemblies as a function of 

solution temperature) can be found in d1py00843a1.rar file on the web of the journal. 

Both processed and non-processed NMR spectra of all polymers can be found in d1py00843a2.rar 

file on the web of the journal. The file contains 1H, 13C{1H}, 19F, and 1H-13C multiplicity-edited HSQC 
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