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We report on the synthesis and solution properties of novel tailor-made polymer conjugates, 

which are highly compelling for biomedical applications due to their antioxidant activity and 

the potential to fine-tune their thermosensitive properties. These conjugates consist of 

polyethylene glycol (PEG polymers containing antioxidant moieties, namely 3-(3,5-di-tert-

butyl-4-hydroxyphenyl)propionate or 2-benzamido-3-(3,5-di-tert-butyl-4-

hydroxyphenyl)acrylate, as end groups that differ in activity and hydrophobicity. It was 

shown that all of the synthesised conjugates have low critical solution temperatures (LCSTs) 

characteristic of type II polymers on a phase diagram. By simply varying the PEG molecular 

weight, the solution properties, including the LCST value, could be easily tuned across a 

broad temperature range of 20-90 ºC, providing an ideal method for the creation of 

thermosensitive polymers. It was also established that the LCST value and the polymer 

conjugate conformation depend on the antioxidant structure. From dynamic light scattering 

and small-angle X-ray scattering data, we were able to construct a complete sequence 

diagram of the conformational phase behaviour for the polymers with increasing 

temperature. It was observed that the conjugate conformation changes are the result of water 

shifting from a thermodynamically favourable solvent to an unfavourable one.  This process 

then leads to compaction of the conjugate, followed by its aggregation. 

 

 

 

 

 

 

 

 

Introduction 

For several decades, there has been a continuous quest for 

polymer conjugates with enhanced biological properties,1-5 

antioxidant activity being one such property. The application of 

antioxidants is of great importance for human health.6-8 

Nevertheless, their applicability is limited by their solubility in 

organic and aqueous media because commonly known 

antioxidants are either lipophilic or hydrophilic.   It has been 

suggested that amphiphilicity may be beneficial for the 

potential application of these molecules.9 To achieve this 

property, the conjugation of a hydrophobic antioxidant moiety 

with a hydrophilic or amphiphilic polymer appears logical. This 

approach has been applied successfully to a variety of tasks, 

yielding a number of new biocompatible and biodegradable 

compounds.10-23   

Taking into account potential biomedical applications, the 

solution properties of these amphiphilic polymers must be 

thoroughly investigated.  The combination of a low-solubility 

hydrophobic drug with a hydrophilic polymer can drastically 

alter the final conjugate’s phase diagram in water. It is known 

that all non-ionic water soluble polymers have a low critical 

solution temperature (LCST), the point on a phase diagram at 

which the solubility of the polymers increases with decreasing 

temperature.  The polymer concentration corresponding to the 

LCST value on a phase diagram can sometimes be varied by 
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changing the length of the polymer chain. Polymers whose 

LCST value decreases with increasing molecular weight are 

known as type I, whereas polymers of type II have LCST 

positions that are insensitive to molecular weight.24-32 For some 

water soluble polymers, such as PEG,24 poly(2-methyl-2-

oxazoline) (pMeOx), and  poly(N-(2-hydroxypropyl) 

methacrylamide (pHPMA), the LCST value is above 100 ºC, 

making them soluble at temperatures below water’s boiling 

point. Polymers whose phase behaviour changes in solution as a 

response to variations in the environmental temperature are 

called thermosensitive polymers.33 Polymers that demonstrate 

these changes at body temperature (37-40 °C) are particularly 

important in biomedical, cosmetic and pharmaceutical 

applications. In particular, temperature-responsive polymers 

can find application as in situ gel-forming drug delivery 

systems,34,35 and for formulating poorly soluble drugs.36 

Poly(N-isopropylacrylamide) (PNIPAAm), poly(vinyl methyl 

ether) (PVME), and some polyalkyloxazolines37 are well-

known thermosensitive polymers that are fully soluble in water 

at lower temperatures but undergo phase separation above 32 

ºC, resulting in the formation of a turbid suspension.  

Modifying highly soluble polymers such as pMeOx, pHPMA, 

PEG, starches, or dextran with hydrophobic or thermosensitive 

moieties lowers their LCST values.28,29,32,34,36,38-52 Polymers 

architecture and grafting density might have also influence on 

thermosensitive properties.48,51,53-55 

In the majority of studies on polymers with LCST behaviour, 

the hydrophobic or thermosensitive modifier possesses no 

biological activity. Moreover, controlling the LCST value by 

varying the substituent’s hydrophobicity is not straightforward. 

A polymer that combines thermosensitivity with the propensity 

to scavenge free oxygen radical species (i.e., antioxidant 

activity) is a unique combination with great potential for 

biomedical applications. In this paper we report on the 

synthesis of conjugates that are both thermosensitive and able 

to work as antioxidant substances.  Through a combination of 

methods including dynamic light scattering (DLS), and small 

angle X-ray scattering (SAXS), the solution properties of the 

conjugates were thoroughly investigated.  DLS provides 

information on the size (i.e., hydrodynamic radius) of 

nanoparticles in solution.56 SAXS was used to obtain essential 

information on the structure of the thermoresponsive 

antioxidant polymer conjugates; by curve-fitting the SAXS 

data, detailed information on the polymer solution properties 

(e.g., size (gyration radius), shape, and conformation structure 

(related to excluded volume effects)) was collected. SAXS 

served as a powerful tool for analysing nanoparticle structures 

and suspensions of both concentrated and diluted polymer 

solutions.46,57-60 It was shown that through simple variation of 

the PEG fragment length, the LCST value could be adjusted to 

any temperature required for biomedical applications.   

Experimental 

Materials 

Reagent-grade solvents and reagents were purchased from a 

local reseller (Vekton) and purified using conventional 

procedures.  Benzene, chloroform, diethyl ether, and petroleum 

ether were distilled over phosphorous pentoxide; thionyl 

chloride was purified by distillation over linseed oil in an argon 

atmosphere. 2-propanol, 4-Dimethylaminopyridine (DMAP) 

and triethylamine (Et3N) were used as-received after testing for 

impurities was used as-received after testing for impurities.  

Polyethylene glycols (PEGs, Mn = 2k, 3k, 4k, 6k and 20k) were 

provided by Prof. N. M. Geller (IMC Russian Academy of 

Science), purified by precipitation from benzene into diethyl 

ether and dried under high vacuum with phosphorous 

pentoxide.  

3-(3,5-di-tert-butyl-4-hydroxyphenyl)propanoyl chloride 

(compound A) was prepared from 3-(3,5-di-tert-butyl-4-

hydroxyphenyl)propanoic acid (fenozan acid, Vekton); the acid 

also served as model compound MA and was recrystallised 

from dry chloroform, then dried under high vacuum before use. 

Compound MA (2.25 g, 8.1 mmol) and thionyl chloride (0.9 

mL, 12.4 mmol) were refluxed in chloroform (20 mL) for 4 h. 

After evaporation of the solvent and excess thionyl chloride 

under vacuum, the product was isolated as a slightly yellowish 

solid (98%, m.p. 66-68 °C).  

4-(3,5-di-tert-butyl-4-hydroxybenzylidene)-2-phenyloxazol-

5(4H)-one (compound B), was prepared according to Ref. 61 

(m.p. 214-215 °C). 

UV-Vis spectra were recorded in water-ethanol solution (1:1 

v/v) at ambient temperature using a Shimadzu UV-1700 

spectrometer (Figure 1). The molar extinction values at Dmax 

obtained for the model compounds MA and MB, εA=1700±30 

(276 nm) and εB=22800±400 (320 nm), were used to calculate 

the quantities of introduced fragments in the PEG-A and PEG-

B.  

 

 
 

Fig. 1 UV spectra of (1) model compound MA C=4.2×10
-4

 mol/L (0.12 g/L) and (2) 

the telechelic PEG-A polymer (6k) χ=7.6 mass %, C=5.1×10
-3

 mol/L (1.41 g/L).  

 

Oxazolone B (0.302 g, 0.80 mmol) in chloroform (1.5 mL) was 

added to PEG-6k (0.3 g, 0.10 mmol), DMAP (0.0586 g, 0.48 

mmol) and triethylamine (0.04 mL, 0.32 mmol) in 1.5 mL of 

chloroform under argon. After stirring at 60 °С for 48 h, the 

product was isolated by precipitation in a mixture of 2-

propanol, petroleum ether, and diethyl ether (2:1:1, v). In order 

to remove any trace of reagents and minimize the loss of the 

polymer, the product was fist dried, then washed with an 

acetone and petroleum ether (1:1, v) and then precipitated from 

chloroform into the acetone and petroleum ether mixture. After 

removing volatiles under high vacuum, the product became a 

slightly yellow-coloured powder (0.18 g, 55%).  

Dynamic Light Scattering (DLS) 

To obtain detailed knowledge of the particle distribution in 

solution, measurements were carried out on an ALV instrument 

equipped with a 22 mW He-Ne laser at a 90° angle. The 
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resultant correlation functions were analysed by REPES,62 an 

analytical software that provides the distribution function of 

hydrodynamic radii (G(Rh)). To account for the logarithmic 

scale on the Rh axis, all DLS distribution diagrams are shown in 

the equal area representation RhG(Rh).
63 For all experiments, 

approximately 2 mL of the sample solution was filtered using a 

0.22 µm PVDF filter and transferred to a sealed, dust-free light 

scattering cell. The temperature was controlled within 0.05 °C. 

The apparent hydrodynamic radius of the nanoparticles (Rh) 

was calculated using the Stokes-Einstein equation.  

Cloud point temperatures (CPT) for each concentration were 

determined from the temperature dependence of the particle 

hydrodynamic radius, Rh, and the scattering intensity, Is, 

measured at the scattering angle θ=173° on a Zetasizer Nano-

ZS, Model ZEN3600 (Malvern Instruments, UK). For data 

evaluation, the DTS (Nano) program was used.  

Small Angle X-ray Scattering (SAXS) 

Synchrotron SAXS experiments were performed at the EMBL 

beam line P12 (Petra III, Hamburg, Germany) using a pixel 

detector (2M PILATUS). The X-ray scattering images were 

recorded for a 3.1 m sample-detector distance, using a 

monochromatic incident X-ray beam (λ = 0.125 nm) covering a 

momentum transfer range of 0.05 nm-1 < q < 4.5 nm-1 (q = 

4πsinθ/λ, where 2θ is the scattering angle). The majority of the 

samples showed no measurable radiation damage upon 

comparing twenty successive time frames with 50 ms 

exposures.  In all instances reported in this paper, the two-

dimensional scattering patterns were isotropic. These patterns 

were azimuthally averaged to yield the dependence of the 

scattered intensity (Is(q)) on the momentum transfer (q). Prior 

to the fitting analysis, the solvent scattering was subtracted.  

All SAXS data manipulation was performed using the PRIMUS 

software.64 The forward scattering (Is(q=0)) and the radius of 

gyration (Rg) were evaluated using the Guinier approximation. 

For further modelling, the data were adjusted to an absolute 

scale by subtracting the results of an empty cell measurement 

from those of a pure water measurement and scaling by the 

ratio of the theoretical forward scattering of water to the 

experimental forward scattering intensity of water. Experiments 

were conducted in a temperature range of 14-45 °C using an 

experimental setup described previously.65 For clarity, some of 

the SAXS curves were binned to reduce noise at the high-q 

range. 

MALDI–TOF Mass Spectrometry 

The samples were prepared using the dried droplet method,66 

where the sample solution (10 mg/mL) was added to DHB (2,5-

Dihydroxybenzoic acid, 20 mg/mL) as a matrix with sodium 

chloride (NaCl, 10 mg/mL) in H2O as a cationisation agent and 

mixed in a 4:20:1 volume ratio.  A 1 µL aliquot of the mixture 

was deposited on the ground steel target plate and dried under 

an ambient atmosphere.   

MALDI-TOF mass spectra were acquired with the new 

UltrafleXtreme TOF/TOF mass spectrometer (Bruker 

Daltonics, Bremen, Germany) in the positive ion reflectron 

mode for the PEG-3, 4 and 6k, and in the linear mode for the 

PEG-20k. The spectra were the sum of 30,000 pulses with a 

DPSS Nd:YAG laser (355 nm, 1000 Hz).  For these 

measurements, both delayed extraction and external calibration 

were used. 

Results and discussion 

Telechelic polyethylene glycols were synthesised from PEGs 

using chemical modification of their hydroxyl end groups. For 

the synthesis of PEG-A2, the chloro anhydride A was produced 

from the precursor acid MA and used the same day (Scheme 1). 

Both the reaction conditions and the ratio of A to the end 

groups were varied to achieve the full conversion, shown in 

Table 1. It was found that heating at 40 °С for 6 h was 

insufficient to transform all of the end groups, thus requiring an 

additional overnight stirring. After that point, there was no 

further increase in the A-fragment content, even after additional 

heating. As the OH end group concentration was lower in the 

higher molecular weight PEG, the ratio of compound A to PEG 

was necessarily increased.  

The reaction of PEG with compound B proceeded via 

oxazolone ring opening, requiring a base catalyst. The reaction 

conditions and bases used were optimised on PEG-6k, shown in 

Table 2 (Scheme 2). A higher number of B fragments was 

observed when two bases were combined, i.e., DMAP and 

Et3N. Although a higher temperature (60 °С) and longer 

reaction time (48 h) than those used for A were applied, full 

end-group conversion was achieved only for the PEG-2k. For 

the other PEGs, the degree of substitution (DS) was c.a. 0.7. 

Thus, the product comprises a mixture of the telechelic PEG-B2 

and a semi-telechelic PEG-B1. We decided to avoid separating 

the two because this process would lead to dramatic product 

loss. However, an investigation of the collective physical 

properties was performed, as the mixture may still be suitable 

for an application.    

The structure of PEG-A2 and PEG-B was confirmed by NMR 

and MALDI-TOF spectra (Figures 2, 3). The initial PEGs and 

the telechelic PEG-A and PEG-B were observed in the 

MALDI-TOF MS as sodium cation adducts. Table 4 shows 

good agreement between the theoretical and observed 

molecular mass values. The molar ratio was estimated from the 

mass spectra for PEG-B2/PEG-B1, and from that, the DS. These 

results are presented in Table 3. 

 

 

 
Fig. 2  

1
H NMR spectra of the products PEG-A (6k) and PEG-B (6k) in C6D6. 

 

The proton NMR spectra of PEG-A2 and PEG-B (Figure 2) 

clearly show the presence of the corresponding A and B 

fragments. According to our previous experience, the best 

signal resolution in 1H NMR for PEG-derivatives is observed 

when using deuterated benzene. The intensity ratio of the signal 

at δ=3.5 ppm (PEG) and that of the singlet at 1.2-1.3 ppm (tert-

butyl groups) gave the average degree of substitution, 
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corresponding to the observed MALDI-TOF values. The 

chemical bond between the introduced fragment and polymer 

was confirmed by the PEG methylene group to carboxyl group 

triplet at δ=4.09 ppm for PEG-A, and at 4.26 ppm for PEG-B. 

The assignments of the carbon spectra peaks are given in the 

experimental section. 

 

 
Scheme 1 The synthesis and structure of the PEG-A conjugates. 

 

 

 

 

 

Table 1 Reaction conditions for the PEG-A synthesis 

N PEG a) [A] / [OH] b) T, h c) χ, mass % d) Yield, % e) 

1 2k 3 4 6.1 30 

2  3    6 * 19.8 29 

3 3k 3 4 8.4 61 

4  3 6 13.5 58 

5  3    6 * 15.7 59 

6 4k 3 4 6.2 68 

7  3    6 * 10.8 66 

8  6 4 8.7 65 

9  6    6 * 13.9 66 

10 6k 6 4 4.2 76 

11  6   6 * 7.6 74 

12 20k 6   6 * 1.2 77 

13  9   6 * 2.2 78 

14  12   6 * 3.2 77 

a) approximate initial Mn of the PEG, PEG concentration in the mixture 
was c.a. 10 mass %; b) molar ratio of reagent A to OH end-groups; c) 

heating time at 40°C, asterisk shows overnight stirring at r.t.; d) mass 

fraction of the introduced fragments, numbers in bold shows the 
investigated samples; e) yields were calculated, taking into account the 

change in MM. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3 MALDI-TOF spectra of (a) PEG-4k, (b) PEG-A(4k), and (c) PEG-B(4k). 

 

 

 
Scheme 2 The synthesis and structure of the PEG-B conjugates 

Table 2 Reaction conditions of the PEG-B synthesis 

     N             PEGa)     Bb) DMAPb)  Et3N
b)    χ, mass %c) Yield, % 

1 2k 5 3 2 26.5 42 
2 4k 7 4 3 13.4 52 

3 6k 8 2 0 5.2 56 

4  8 10 0 8.2 56 
5  8 0 10 5.1 54 

6  8 6 4 8.5 55 

7 20k 15 9 6 2.2 68 

a) approximate initial Mn of the PEG, PEG concentration in the mixture was 

c.a. 6 mass %; b) per 1 OH end-group; c) mass fraction of the B fragments. 
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Table 3 Properties of the resultant products 

 Mn 
a) χ, mass % b) DSUV

 c) Mn
d) DSMALDI

e) 

PEG 2k   2097 (1.01)  

 3k   3428 (1.04)  

 4k   3929 (1.01)  

 6k     6678 (1.005)  

PEG-A 3k 15.7 c.a. 1 3842 (1.04) c.a. 1 

 4k 13.9 c.a. 1 4221 (1.03) c.a. 1 

 6k 7.6 c.a. 1 7053 (1.006) c.a. 1 

PEG-B 2k 26.5 0.953 2826 (1.01) 0.958 

 4k 13.4 0.818 4278 (1.03) - 

 6k 8.5 0.737 7097 (1.005) 0.627 

 

a) approximate molecular mass Mn according to manufacturer; b) mass fraction of the introduced fragments; c) degree of OH end group substitution in the PEG 
from UV-Vis; d) average molecular mass and molar mass dispersity (Đ = Mw/Mn)  calculated from the MALDI TOF; e) degree of substitution calculated from 

the MALDI TOF. 

 

 

 

 

Table 4 MALDI results for the oligomer components in the PEG (6k) derivatives, ionised with sodium ions 

DPa) 
[PEG-A2+Na] + [PEG-B2+Na] + [PEG-B1+Na]+ 

Calc. Found Calc. Found Calc. Found 

50 2762.666 2762.588 2996.709 2996.247 2619.510 2619.498 
60 3202.928 3202.879 3436.971 3437.066 3059.772 3059.802 

70 3643.191 3643.219 3877.234 3877.439 3500.034 3500.133 

80 4083.453 4083.614 4317.496 4317.859 3940.297 3940.510 
90 4523.715 4523.012 4757.758 4757.347 4380.559 4380.945 

100 4963.977 4963.533 5198.020 5198.839 4820.821 4821.438 

110 5404.239 5404.171 5638.282 5638.620 5261.083 5261.970 

a) degree of polymerisation.
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Having established the chemical structure of the conjugates, the 

solution properties of the PEG, PEG-A, and PEG-B conjugates 

in water were determined using DLS.  The intensity-weighted 

distribution function for the PEG-A(4k) conjugate  

unambiguously shows that the conjugate has thermosensitive 

properties. With increasing temperature, the dominant peak 

with a Rh of 2-3 nm shifts to a higher Rh value (Figure 4). This 

peak can be attributed to single polymer chains. A small 

fraction of the molecules form aggregates at low temperatures, 

and at T=42 ºC, a new peak with considerably higher Rh values 

begins to dominate the intensity-weighted distribution function, 

implying the existence of large aggregates in the solution. A 

similar behaviour was observed for the PEG-A (3k) sample 

(Supporting Information, Figure 1S). 

 
Fig. 4 Intensity-weighted distribution function obtained from the DLS data for 

PEG-A (4k) conjugate  at different temperatures; C=1.0 wt%. 

Large aggregates begin to appear at the cloud point 

temperature.  The sub-micron size of the new peak results from 

precipitation of the polymer conjugate molecules from the 

solution.   

 
Fig. 5 The pictures of solutions of the conjugates PEG-A at temperatures T=25 ºC 

and T=55 ºC; C=1.0 wt%.   

Visual inspection confirms thermosensitivity of the conjugates 

(Figure 5). Heating at T=55 °С makes the solutions of the PEG-

A(3k) and PEG-A(4k) conjugates turbid. Further heating above 

75°С makes PEG-A(6k) conjugate also opaque in contrast with 

PEG-A(20k) conjugate that stays transparent even above 85 °С.   

To find the precise CPT position for each concentration, the 

dependence of the scattered intensity and Rh at each particular 

concentration were monitored as a function of temperature 

(Figure 6 A, B; Supporting Information Figure 2S, 3S).  

 

 
Fig. 6 The Rh value temperature dependence obtained from the intensity-

weighted distribution functions for (A) PEG-A (3K) and (B) PEG-A (6K); C=1.0 wt%. 

Both the intensity and the Rh exhibit divergence at a specific 

point, corresponding to the CPT. Two features could be noted: 

the Rh value increases as it approaches the CPT, and the CPT 

value depends on the PEG’s molecular weight. The growth of 

the hydrodynamic radius can be explained by in two ways. One 

possible explanation is that continuous aggregation takes place 

as the temperature approaches the CPT. A second explanation 

comes from the nature of the apparent translational diffusion 

coefficient (inversely proportional to the hydrodynamic radius), 

which is influenced by a second virial coefficient.  It has been 

shown67 that in dilute solutions, the concentration-dependant 

diffusion coefficient (kD) is related to the second viral 

coefficient (A2) and molecular weight (Mw) by the following 

equation:  

                              
υ−−= fwD kMAk 22

                            (1) 

where kf  and υ are the friction coefficient and partial specific 

volume, respectively.  In contrast to A2, kf is always positive, 

therefore the sign of kD is generally determined by all three 

parameters: Mw, A2, and kf (the partial specific volume can be 

neglected). When the thermodynamic quality of the solvent 

worsens, the apparent value of Rh increases at finite 

concentrations as a result of the decreasing value of A2. We do 

not present this as an explanation of the Rh increase but to show 

that the temperature effect on Rh at finite concentrations is more 

complex than at an infinite dilution. The CPT dependence on 

the PEG’s molecular weight can easily be explained by a 

change in the hydrophilic/hydrophobic ratio. 
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Fig. 7  A phase diagram of the PEG-A and PEG-B conjugates with different PEG 

molecular weights. 

A complete phase diagram of the polymer solution can be 

obtained from the plot of the CPT value as a function of 

concentration. It can be seen from Figure 7 that the phase 

diagram for the PEG-A conjugate possesses a minimum that 

could be described as the LCST. The LCST value is dependent 

on molecular weight; for PEG-A (6k), it is nearly twice that of 

PEG-A (3k) (Figure 6A).  It can be observed that the position 

of LCST does not depend on the molecular weight of PEG with 

the limits of experimental error, allowing us to classify the 

phase diagram of the PEG-A conjugates as type II. However, 

we admit that LCST temperature dependence may appear if 

higher PEG molecular weights are used. For a robust analysis 

of this phenomenon, a molecular weight range across at least 

two orders of magnitudes should be used.24 Unfortunately, at 

higher PEG Mw, the CPT value will exceed water’s boiling 

point.  Finally, we have seen that the LCST value depends on 

the antioxidant structure. The PEG-B conjugates have lower 

LCST values for the same PEG molecular weight (Figure 7). 

The LCST drop to lower values is caused, obviously, by higher 

substituent’s hydrophobicity. 

Next, the detailed structures of the modified and unmodified 

polymers were investigated by SAXS. The unmodified PEGs 

were measured at Т=25.2 ºС and concentrations of 0.5, 1.0, and 

2.0 wt% (Figure 8, Table 5). Measurements at concentrations 

below 0.5 wt% were problematic due to the low scattering 

intensity of the polymer solution. Using the Guinier analysis, 

the apparent radius of gyration (Rg) for the conjugates was 

estimated (Table 5). The effect of the polymer concentration on 

the Rg is shown in Figure 9. The slopes of the lines for Rg vs. c 

are related to the second virial coefficient, and negative and 

positive slopes indicate repulsive and attractive polymer 

interactions, respectively. The PEG macromolecules exhibited 

only repulsive interactions (the positive second virial 

coefficient) due to steric repulsion. By extrapolating the Rg to 

infinite dilution, one can calculate the true gyration radius that 

increases with increasing PEG molecular weight.  Furthermore, 

to estimate the solution parameters, a generalised Gaussian 

model with excluded volume effects68 was used to fit the 

polymer SAXS data (Figure 7). This fitting model provided the 

gyration radius (Rg), the excluded volume parameter (υ), and 

the scattered intensity extrapolated to zero (q) (Tables 5-7).  

The excluded volume parameter υ varies in the range of 0.33–

1.0, with a υ value of 0.5 standing for theta (solvent). 

standing for theta (solvent). 

 
Fig. 8  SAXS curves for PEG solutions with different molecular weights taken at 

T=25.3 °C; C=2.0 wt%. The solid lines are fits in the appropriate fitting range.  

 

Table 5 The fitting parameters from SAXS.  T=25.3 oC for non-

modified PEGs. 

polymer C, 
wt.% 

Rg, Guinier, nm Rg, nm ν χ2 

PEG 2k 0,5 4.7 ± 1.7 3,0 0,77 0.83 

PEG 2k 1 1.7 ± 0.5 2.0 0,68 0.98 

PEG 2k 2 1.4 ± 0.4 1,6 0,59 0.98 
 

PEG 3k 0,5 - 3,2 0,69 0.83 

PEG 3k 1 2.3 ± 0.5 2,5 0,62 0.94 
PEG 3k 2 1.9 ± 0.5 2,4 0,61 1.04 

 

PEG 4k 0,5 3.2 ± 0.9 3,7 0,71 0.89 
PEG 4k 1 1.5 ± 0.8 2,8 0,71 0.80 

PEG 4k 2 1.9 ± 0.4 2,3 0,61 1.01 
 

PEG 6k 0,5 5.1 ± 2.1 5,2 0,67 0.91 

PEG 6k 1 2.7 ± 0.9 3,3 0,57 0.87 
PEG 6k 2 3.2 ± 0.7 3,6 0,62 1.03 

 

PEG 20k 0,5 5.0 ± 1.5 9,2 0,71 0.73 
PEG 20k 1 5.4 ± 1.5 6,8 0,69 0.86 

PEG 20k 2 5.5 ± 1.6 6,6 0,63 1.03 

 

 

The acquired fitting parameters corroborate the conclusions 

drawn from the apparent Rg concentration dependence. The 

excluded volume parameter for the PEGs indicates that at T=25 

ºC, all polymers are swollen in water, revealing that it is a 

thermodynamically favourable solvent (Table 5). 
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Fig. 9  Rg concentration dependence for the unmodified PEGs. 

The conformation properties of the modified polymers were 

studied across the temperature range of 15-45 ºС (Figure 10, 

Tables 6 and 7). All polymers had a 1.0 wt% concentration due 

to the low scattering of dilute polymer solutions.  Using the 

generalised Gaussian coil model, all SAXS data were 

successfully fitted (Figure 10). For some polymer systems, 

(Figure 10) the presence of aggregates was visible at low q 

ranges.  The existence of large aggregates was also observed by 

DLS. In these instances, the fitting was performed only on the 

part of the SAXS curve that was free of aggregate scattering. 

The fitted functions were later simulated for the complete q 

range (Figure 10). 

 

Fig. 10 SAXS curves for modified PEG solutions taken at different temperatures 

for (A) PEG-A (4k) and (B) PEG-B (6k); C=1.0 wt%. The solid lines are fits. 

 

The SAXS experiments unambiguously indicate 

conformational changes of the polymers as they approach the 

CPT (Figure 9). Figure 11 (A, B) shows that the apparent 

particle sizes increase as they approach the CPT.  The same 

phenomenon was observed for the hydrodynamic radius 

measured using DLS (Figure 6). 

 

 

 

 

 

 

 

 

 

 

Table 6 The fitting parameters from SAXS for PEG-A conjugate; C=1.0 

wt%. 

polymer T, oС Rg, nm ν χ2 

PEG-A (3k) 15,4 4,85 0,47 1.12 

PEG-A (3k) 20,3 5,05 0,43 1.06 
PEG-A (3k) 25,3 5,72 0,42 0.98 

PEG-A (3k) 45,5 precipitation --  

 
PEG-A (4k) 15,1 5,71 0,62 0.92 

PEG-A (4k) 20,4 5,71 0,61 1.02 

PEG-A (4k) 25,3 -  0,51 0.89 
PEG-A (4k) 35,3 6,26 0,44 0.99 

PEG-A (4k) 45,2 6,55 0,47 0.97 

 
PEG-A (6k) 25,2 6,65 0,66 0.95 

PEG-A (6k) 35,3 5,74 0,65 0.76 

PEG-A (6k) 45,3 precipitation -  
 

PEG-A (20k) 25,2 11,7 0,66 0.79 

PEG-A (20k) 35,3 13,1 0,68 0.77 
PEG-A (20k) 45,3 14,4 0,61 0.89 

 

Table 7 The fitting parameters from SAXS for PEG-B conjugate; C=1.0 

wt%. 

polymer T, oС Rg, nm ν χ2 

PEG-B (2k) 15,4 3,76 0,37 0.77 

PEG-B (2k) 20,3 3,57 0,30 1.00 
PEG-B (2k) 25,3 3,90 0,30 1.41 

PEG-B (2k) 35,2 3,90 0,36 0.85 

PEG-B (2k) 45,2 2,82 0,33 0.96 
  

PEG-B (4k) 15,4 5,00 0,47 0.90 

PEG-B (4k) 25,3 5,48 0,43 0.89 
PEG-B (4k) 35,2 5,69 0,41 1.74 

PEG-B (4k) 45,2 6,41 0,39 1.47 

  
PEG-B (6k) 25,3 6,64 0,67 0.97 

PEG-B (6k) 35,2 6,55 0,59 0.94 

PEG-B (6k) 45,2 6,78 0,52 1.03 
  

PEG-B (20k) 25,3 22,6 0,69 0.92 

PEG-B (20k) 35,2 - 0,71 0.98 
PEG-B (20k) 45,2 18,8 0,67 1.08 

 

 

 

Fig. 11 Rg temperature dependence for conjugate solutions of (A) PEG-A and (B) 

PEG-B; C=1.0 wt%. 

 

 

 

 

 

Page 8 of 11RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 9  

 

As the apparent Rg value depends on the second virial 

coefficient, we are inclined to attribute the growth of the Rg to 

 

the worsening thermodynamic quality of the solvent rather than 

the aggregation of the conjugates. This conclusion is further 

supported by the dependence of υ on temperature (Figure 12).  

The PEG conjugate conformation can be easily controlled by a 

simple variation of the PEG’s chain length. As can be seen 

from decline of the υ value, for the PEG-B (6k) and PEG-A 

(4k) polymers, the transition from a swollen Gaussian coil to a 

contracted coil was observed, whereas the PEG-B (20k) and 

PEG-A (20k) conjugates only existed as swollen Gaussian coils 

in solution. 

 

Fig. 12 Temperature dependence of the excluded volume parameter for 

solutions of conjugates for (A) PEG-A and (B) PEG-B; C=1.0 wt%. 

Conclusions 

We report on the synthesis and solution properties of novel 

polymer conjugates. The conjugation of PEG with hydrophobic 

antioxidants gave rise to thermosensitive conjugates. The DLS 

and SAXS measurements show that by varying the PEG 

molecular weight the solution properties, including the LCST 

value, could be easily tuned across a broad temperature range 

(20-90 ºC), providing an ideal tool for the creation of 

thermosensitive polymers. Our results demonstrate that the 

conformation of the PEG conjugates is controlled by the 

balance of hydrophilic backbone and hydrophobic antioxidant 

substituent. 
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