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In the paper the deep thermal characterization of the core-
shell magnetic composite in relation with the properties of 
the shell formed from poly(succinimide)-b-poly(ethylene 
glycol) (PSI-b-PEG), respectively the molecular weight of 
poly(ethylene glycol), is presented. The study confirms 
the dependence of the thermal stability, for both the 
synthesized block copolymers and the prepared magnetic 
composites, on the molecular weight of PEG. Also, the 
influence of the Fe atoms presence was concretized in 
autocatalytic effect for thermal degradation. Information 
resulted from the thermal analysis are sustained by the 
contact angle values of the block copolymer surface as 
well by the morphological aspects of the block copolymer 
films. 

 

 

 
    

INTRODUCTION1 

Interest in the use of synthetic structures for 
biomedical applications is growing. This in a 
context where they can ensure biocompatibility 
and/or biodegradability and versatility required for 
use. Polymeric structures also offer significant 
advantages as well as carrier platforms as long as 
they allow for tailoring the properties to meet the 
specific intended need. Other advantages of 
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polymeric matrices include ease of surface 
modification, encapsulation efficiency of the 
payload, payload protection, large area-to-volume, 
slow or fast polymer degradation and stimuli-
responsive polymer erosion for temporal control 
over the release.1 From this point of view 
poly(succinimide) (PSI) and poly(ethylene glycol) 
(PEG) are products which confirmed their 
usefulness and applicability in the biomedical 
field.2 - 11 In one of our previous papers the 
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possibility to prepare the block copolymer between 
PSI and PEG (with different molecular weights of 
about 2000, 4000, 10000 or 20000) is presented.12 
The block copolymer was characterized from the 
viewpoint of its structure and thermal stability.  

Taking into account that magnetic particles with 
suitable surface characteristics have high potential 
for use in a lot of in vitro and in vivo applications, 
we also presented the in situ preparation of a core-
shell magnetic composite with magnetite core and 
shell composed from the poly(succinimide)-b-
poly(ethylene glycol) copolymer.13 The average 
particle size of the synthesized magnetic 
microspheres was in the range of 6.5–8.8 µm with 
a magnetite content of around 11%. The saturation 
magnetization of the microspheres was found  
26.8 emu/g, the magnetic microspheres being 
characterized by superparamagnetic properties. 
The particles have combined properties of high 
magnetic saturation and biocompatibility and 
interactive functions at the surface owing to the 
block copolymer shell. The surface of the magnetic 
particles has also the possibility for further 
functionalization or attachment of various 
bioactive compounds after hydrolysis of the 
succinimide cycle and the resulting carboxylic 
group.14  

In this investigation the deep thermal 
characterization of the core-shell magnetic 
composite in relation with the properties of the 
shell formed from poly(succinimide)-b-
poly(ethylene glycol)(PSI-b-PEG), respectively the 
molecular weight of poly(ethylene glycol), is 
presented. A relationship was established between 
the thermal behavior of PSI-b-PEG and the contact 
angle measurements of the block copolymer and 

also the surface topology and smoothness of films 
of the polymeric shell.  

RESULTS AND DISCUSSION 

As it is well known PEG is the most commonly 
applied non-ionic hydrophilic polymer with stealth 
behavior. At the same time PEG reduces the 
tendency of particles to aggregate by steric 
stabilization, and thus producing formulations with 
increased stability during storage and application. 15 
Based on the studies of Kabanov et al.,16-18 who 
was the first that proposed the use of PEG as a 
hydrophilic part of linear block copolymers for 
micellization, we tested the PSI-b-PEG as shell for 
preparation of a magnetic composite. In Table 1 
are presented the investigated copolymers and 
magnetic composites. 

The purpose was to have an amphiphilic shell, 
which exhibits enhanced surface functionality and 
possibility to control the size and shape of the 
micelles that include the magnetic compound, 
through the molecular weight of both compounds. 
In the present study there are underlined the 
differences in thermal characteristics of the 
magnetic composite generated by the differences in 
the molecular weight of PEG as component in the 
block copolymer shell, data which are sustained 
through the differences in contact angle of the PSI-
b-PEG film  as well by the polymeric film 
morphology. TG and DTG curves for the samples 
taken into study and recorded at 10oC⋅min-1 heating 
rate are illustrated in Fig. 1a - d. 

 
 

 Table 1  

 The main components of the copolymers and magnetic composites  

Sample Code sample PSI 
(g) 

PEG 
(g) 

Magnetite 
(g) 

PSI-b-PEG2000 P2 2 1 - 
PSI-b-PEG2000 /magnetite MC2 2 1 0.33 
PSI-b-PEG4000 P4 2 1 - 
PSI-b-PEG4000 /magnetite MC4 2 1 0.33 
PSI-b-PEG10000 P10 2 1 - 
PSI-b-PEG10000 /magnetite MC10 2 1 0.33 
PSI-b-PEG20000 P20 2 1 - 
PSI-b-PEG20000 /magnetite MC20 2 1 0.33 

 PSI (Mn=15551); PEG2000 (Mn=2000); PEG4000 (Mn=4000);  
 PEG10000 (Mn=10000); PEG20000 (Mn-20000). 
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Fig. 1 – TG and DTG curves of samples taken into study: TG for P2, P4, MC2, MC4 (a); DTG for P2, P4, MC2, MC4 (b);  

TG for P10, MC20 (c); DTG for P10, MC20 (d). 
 

In general, thermal decomposition processes 
occur in three stages of decay, except for 
copolymer P4 where thermal decomposition takes 
place in four stages. In the first stage of thermal 
degradation, Tonset varies between 35°C and 115°C 
and the mass losses are due mainly to adsorbed 
water at the copolymers and composites surface 
and water connected by hydrogen bonding into 
PEG segment. P2 and P4 samples recorded mass 
losses of about 63 wt %, while the correspondingly 
nanocomposite MC2, MC4 of 40 wt%, 
respectively 53 wt% is mainly due to copolymer 
degradation. The thermal stability of polymers and 
nanocomposites can be analyzed in relation with 
T10 and T20 values, temperatures occurring mass 
loss of 10 and 20 wt% respectively. For P2 sample 
the weight loss of 10 wt% and of 20 wt% occurs at 
temperatures of 277°C and respectively 324°C, 
while for corresponding nanocomposite (MC2) at 
223°C and 307°C. On the other hand, in case of P4 
copolymer these losses are recorded at 234°C and 
325°C, whereas its nanocomposite MC4 presents 
these registrations at 219°C and 291°C 
respectively. It can be concluded that higher 

molecular weight for PEG corresponds to relative 
decreased thermal stability. 

 At the same time, lower thermal stability of 
nanocomposites compared with copolymers can be 
justified by the iron atoms presence (Fe3O4), who 
plays the role of catalyst for decomposition of the 
macromolecular chains and breaking of C-C, C-N 
or C-O chemical bonds. The magnetite content 
from PSI-b-PEG/magnetite composite was also 
determined by thermogravimetry, considering the 
residue at 600oC for magnetic nanocomposite and 
PSI-b-PEG copolymer:  
 

 
 

 

Data agree with the reaction conditions, 
respectively 10 % magnetite were considered 
optimum for manifesting the superparamagnetic 
properties. At the same time higher content of 
magnetite corresponds to polymeric shell with 
PEG having reduced molecular weight, which 
means a better capacity of micellization for this 
block copolymer.   
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Kinetic investigations made for samples taken 
into consideration were conducted at three heating 
rates (5, 10, 20°C⋅min-1) in the range temperature 
between 150 to 500°C, where weight loss determined 
by thermal decomposition was significant (47-57 wt 
%). The recorded experimental data were processed 
in order to determine the kinetic parameters of 
thermal degradation. Because the analyzed samples 
present approximately the same behavior resulted 
from kinetic analysis (made using “Thermokinetics 
3“software, Netzsch 19), in this study only analysis for 
P20 copolymer and MC20 nanocomposite, is 
mentioned. At the beginning the isoconversional 
method of FR was used to calculate the variation of 
activation energy (Ea) versus the conversion degree 
(α). Taking into account the shape of DTG curves 
(where at least three peaks were observed) and the 
variation of the activation energy of the thermal 
decomposition versus conversion degree (Fig. 2 a, b), 
it can be considered that the thermal degradation 
process is a complex process occurring in multiple 
steps.  

Based on TG data recorded at three different 
heating rates and using the multivariate non-linear 
regression method, the software solved the 
differential equations contained in it and determined 
the kinetic and statistic parameters for the thermal 
degradation processes. 19,20  

Calculations were done on the range between 0.2 
and 0.8 for the conversion degree (α). The next 
conversion functions were considered: 

‐ Avrami–Erofeev reaction model:  
 

 
where n is a constant parameter, and  
 

‐ nth reaction order model,  
 

 where n is the reaction 
order. 

The two- and three-step reaction models A-
1→B-2→C and A-1→B-2→C-3→D with 
consecutive reactions were taken into account with 
the next kinetic models: d:f; An, Fn and t:f,f; Fn, Fn, 
Fn  for P20 sample; d:f; Fn, Fn  and t:f, f; Fn, An, Fn 
for the MC20 magnetic nanocomposite, where: A, B, 
C, D are solid products, d, f – represent the thermal 
processes in two stages in which the individual steps 
are linked as consecutive reactions of n–th order and 
1, 2, 3 symbolize the mechanism steps.  

By using the conversion functions and 
mechanisms represented above, the software 
calculates the kinetic and statistics parameters and 
after that the thermal degradation processes are 
occurring. The obtained values are listed in Table 2. 

In general, lower values of the activation energy 
are standing in case of magnetic nano-composites, 
possibly owing to the catalytic effect generated by Fe 
atoms from magnetite. The reaction order values 
lower than 1 suggest that thermal degradation occurs 
mainly by cleavage of the macromolecular chains in 
small molecules, followed by a probable cyclization, 
while the values higher than 1 imply that outside the 
small molecules short fragments of polymeric chains 
also appear.21 The models were chosen taking into 
account the maximum value of the correlation 
coefficient and also the base of minimum differences 
between experimental data and the calculated data. 
The overlapping between TG experimental curves 
and those calculated with kinetic parameters from 
Table 2 is given in Fig. 3. It can be observed a very 
good correlation between the data for both samples, 
all having the correlation coefficient higher than 0.99. 
This fact shows that the chosen kinetic models 
describe well the thermal degradation reactions. 

 

 
Fig. 2 – Variation Ea and log A versus conversion degree for P20 (a) and respectively MC20 (b). 
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Table 2 

The kinetic parameters and statistics, determined after non-linear regression method for the most probable mechanism of thermal degradation 
process, by applying a three-step kinetic model with consecutive reactions on the temperature interval between 150-500 oC 

Sample 

P20 MC20 

Mechanism scheme 

A-1→B-2→C- 
3→D 

A-1→B-2→C 
 

A-1→B-2→C- 
3→D 

A-1→B-2→C 
 

Kinetic model type 

 
 

Parametersa 

t:f,f; Fn,Fn,Fn d:f; An,Fn t:f,f; Fn,An,Fn d:f; Fn,Fn 

E1 (kJ⋅mol-1) 165 226 120 115 
log A1 (s-1) 15.833 21.258 10.610 9.997 
Dimension d1 - 0.31 - - 
React ord n1 2.82 - 2.86 2.99 
E2 (kJ⋅mol-1) 186 203 106 190 
log A2  (s-1) 13.421 14.830 23.02 13.845 
React ord n2 2.88 2.99 - 2.35 
Dimension d2 - - 0.814 - 
E3 (kJ⋅mol-1) 110 - 157 - 
log A3  (s-1) 22.717 - 11.057 - 
React ord n3 0.98 - 2.07 - 
FollReact 1 0.274 0.289 0.145 0.308 
FollReact 2 0.405 - 0.140 - 
Mass loss   5Kmin-1, % 52.44 52.44 57.50 57.50 
Mass loss 10 Kmin-1, % 48.91 48.91 56.61 56.61 
Mass loss 20 Kmin-1,  % 47.71 47.71 55.97 55.97 
Correln. coeff. 0.989212 0.990670 0.997994 0.998586 

E1, E2, E3 – activation energy for each step, log (A1, A2, A3) - pre-exponential factor for each step. n1, n2, n3, – reaction order, d1, d2 -
dimension coefficients according with Avrami-Erofeev model, FollReact 1, FollReact 2-share of reaction step 1 (A→B), step 2 (B→C), 
step 3 (C→D) in the total mass loss. 

 

 
Fig. 3 – The regenerated TG curves of P20 (a) and MC 20 (b). The symbols represent the experimental values at three different 

heating rates and the straight lines represent the calculated values. 
 

 
The contact angle measurements for the films 

made from PSI-b-PEG polymeric shell (presented 
in Experimental section, Table 3) agree with the 

literature data in the field. 22-24 Thus, PSI-b-PEG 
films are characterized by a good wettability as 
long as PEG is strongly hydrophilic as well as PAS 
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(PSI is the precursor of PAS). Anyway PSI film 
presents a moderate wettability (with a contact 
angle of about 54 which attests its less hydrophilic 
surface than that of PEG) and PSI block copolymer 
with PEG is generating films with a variable 
contact angle which are also in interdependence 
with the molecular weight of PEG. The measured 
contact angle decreases as the molecular mass of 
PEG increases. This aspect is entirely justified 
taking into account that the ratio between PSI and 
PEG decreases as the molecular weight of PEG 
increases and the dominant in determining the 
contact angle is generated by the hydrophilic 
compound that shows a contact angle of 25°. 

Morphological information concerning the 
studied samples sustain also the data resulted from 
thermal analysis as well those concerning the 
determined contact angles. The structural and 
compositional characteristics of the block 
copolymers surfaces are evidenced and differences 
between the polymeric shells in relation with their 
composition are proved. Fig. 4,a-d presents the 
direct high-resolution visualization of the film 

surfaces made from P2, P4, P10 and P20 block 
copolymers.  

The compositional mapping corresponding to 
block copolymers in relation with the molecular 
weight of PEG is evident. Thus, for P2 a structural 
heterogeneity is the common feature, revealing the 
homogeneity of the molecular mass for both 
polymeric components PSI (~ 16000) and PEG 
(20000). At the same time a complex morphology 
with existing ordered and smooth domains 
alternates, with partially ordered irregularities or 
mesomorphic form, which can also be 
characterized by phase imaging. 

In case of these block copolymers the phase 
contrast, which is very sensitive to the differences 
in material properties, respectively differences of 
the molecular weight between PSI and PEG, is also 
present (Fig. 4 c and d). Thus, the sample is 
populated with edge-on zones specific to 
compositional imaging of multicomponent 
polymer structure. Consequently, the brighter areas 
in the phase image (corresponding deeper areas in 
topographic image) are attributed to domains 
generated by the PSI with lower molecular weight.   

 
 

 
Fig. 4 – AFM three-dimensional images of films from P20 (a), P 10 (b), P4 (c)  

and P2 (d) block copolymers. 
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EXPERIMENTAL 

Materials and magnetic composite synthesis procedure 

Dodecane (Fluka Chemika, purity > 90%), DMF (Fluka 
Analytical, purity > 98%) l-aspartic acid (Fluka BioChemika), o-
phosphoric acid (analytical reagent of 85%, Chemical Co. 
Roumania), manganese (II) acetate (Sigma Aldrich, purity 98%), 
were used as received. Poly(ethylene glycol) (PEG) (with 
molecular weights of 2000, 4000, 10000, and 20000) was 
purchased from Fluka Germany and used without further 
purification.  

The procedure for polymeric shell synthesis and magnetic 
composite preparation were previously in detail presented 12,13, but 
shortly these are the steps: 

The synthesis of the magnetite particles has been previously 
performed by a conventional coprecipitation method between a 
solution containing FeCl2 (0.033M) and FeCl3 (0.067M) which 
was poured into a base solution of NaOH (200mM) under stirring 
at 60°C. The ferrofluid suspension of Fe3O4 was cooled at room 
temperature. The black solid was settled over a magnet, leaving a 
clear supernatant liquid that was decanted. The black solid of 
Fe3O4 was washed several times with acetone and methanol, and 
the precipitates were isolated from the solvent by magnetic 
decantation. This washing–decantation procedure was repeated 
three times. 

In the first step, the precursor poly(succinimide) (PSI) was 
synthesized by polycondensation of l-aspartic acid in 
dodecane, at 180°C, for 6 h, using o-phosphoric acid as 
catalyst. In a typical experiment, the reaction is carried out in a 
250mL three necked round-bottom flask equipped with 
mechanical stirrer, a Dean–Stark trap fitted on water 
condenser, with thermometer in the vapor circuit, and heated 
in a thermo-regulated oil bath. The average molecular weight 
of PSI determined by Gel Permeation Chromatography (GPC), 
in dimethylformamide (DMF) as solvent, was Mn=15551 and 
polydispersity index 1.731.  

In the second step, the preparation of the magnetic 
composite was carried out. The same equipment was charged 
with 15mL DMF as reaction medium, 2 g of PSI, 1 g PEG 
(with the molecular weight specific for each sample, grounded 
to fine powder form in a porcelain mortar), and 11.78 g 
stabilized ferrofluid with the concentration of 2.8% in ferrite. 
The ratio between the magnetite and the polymeric 

components was established to have finally a content of at 
least 11% magnetite in the magnetic composite (data 
established from the magnetic composite thermal 
decomposition analysis, which is presented before). The 
weight ratio of magnetite plays an important role in 
controlling the magnetite content into the final particles 
composite as well as composites response as 
superparamagnetic hybrids.  

The mixture is heated at 138°C and 0.045 g of manganese 
(II) acetate as catalyst dissolved in 2.5mL of water is feeding 
from a weeping funnel for 1 h. At this level, the reaction 
mixture is maintained for another 4 h, under vigorous 
continuous stirring. This time is collected ~4mL of water. 
Finally, the reaction flask is cooled at room temperature. The 
magnetic composite is separated by settling, washed by three 
times with methanol. Then, it is filtered and dried in a vacuum 
oven at 50°C. 

Methods of investigation 

The thermal properties of the samples were evaluated 
using a STA 449 F1 Jupiter apparatus (Netzsch-Germany) in 
nitrogen atmosphere, with heating rate of 10oC⋅min-1. The 
samples up to 10 mg weight were placed in Al2O3 crucibles 
and heated between 30-600oC. Friedman (FR) method was 
applied to calculate the dependence of Ea on the conversion 
degree. Based on the Ea values of thermal degradation 
processes and the curves shape Ea versus conversion degree 
(calculated with FR method) and the DTG curves, it is 
possible to settle if the thermal degradation occurs in one or 
more stages. Based on these data, kinetic and statistics 
parameters of the thermal decomposition have been calculated 
using the multiple non-linear regression method with the 
“Thermokinetics-3” software.19 The thermal characterization 
of the samples was done using a thermobalance STA 449 F1 
Jupiter. In Table 3 the studied samples and their notation are 
presented. Also, the thermal parameters extracted from 
TG/DTG curves, such as: T10 and T20 - representing the 
temperature corresponding to 10 and 20 % mass loss, Tonset – 
the  temperature  at which the thermal degradation starts, Tpeak 
- the temperature at which the degradation rate is maximum 
and Wf - the final residue mass, are included. 

 
Table 3 

The thermal parameters and contact angle values of PSI-b-PEG polymer shell,  
and also the thermal characteristics of the magnetic composite 

Contact angle 
(°) 

Sample Notation  Degradation  
stage 

Tonset 
oC 

Tpeak 
oC 

Wf 
% 

T10 
oC 

T20 
oC 

Water 

 
PSI-b-PEG2.000 

 
P2 

 

I 
II 
III 

residue 

40 
275 
357 

- 
327 
416 

9.76 
20.04 
32.62 
37.58 

277 324 43 

 
PSI-b-PEG2.000 and 10% 
magnetite  

 
MC2 

I 
II 
III 

residue 

35 
157 
325 

64 
234 
364 

4.60 
19.38 
16.02 
60.00 

223 307 - 

 
 
PSI-b-PEG4000   

 
 

P4 

I 
II 
III 
IV 

residue 

40 
282 
380 
482 

226 
339 
423 
523 

13.48 
14.90 
22.68 
11.26 
37.68 

234 325 38 
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Table 3 (continued) 

PSI-b-PEG4.000 and 10% 
magnetite MC4 

I 
II 
III 

residue 

35 
130 
315 

60 
248 
360 

4.28 
16.42 
32.13 
47.17 

219 291 - 

PSI-b-PEG10.000   P10 

I 
II 
III 

residue 

115 
317 
448 

 

218 
355 
518 

 

15.80 
43.90 
7.80 

32.50 

245 328 35 

PSI-b-PEG10.000 and 10% 
magnetite MC10 

I 
II 
III 

residue 

35 
145 
302 

65 
248 
367 

 

4.40 
44.20 
10.40 
41.00 

232 290 - 

PSI-co-PEG20.000 P20 

I 
II 
III 

residue 

112 
318 
456 

220 
356 
518 

4.90 
14.05 
42.40 
38.65 

238 324 28 

PSI-co-PEG20.000 and 
10% magnetite MC20 

I 
II 
III 

residue 

35 
150 
305 

62 
252 
371 

 5.27 
14.33 
43.40 
37.00 

217 292 - 

10 K/min, N2, Al2O3, 30-600 K 
   

Contact angle of the block-copolymer surface. All contact 
angles were measured at ambient conditions (~ 22°C; 30 to 
40% rel. humidity) using ultrapure water (ASTM type I water, 
18.2MΩ•cm). The static contact angle of the films was 
determined by the sessile drop method, within 10 s, after 
placing 1 µL drop of water on the film surface from the 
polymeric shell (PSI-b-PEG), using a CAM-200 instrument 
from KSV-Finland. Contact angle was measured at least 10 
times on different sites of surface, the average value being 
considered.   

AFM investigations. The film analysis was performed in 
air at room temperature, in the Tapping Mode using a 
Scanning Probe Microscope (Solver PRO-M, NTMDT, 
Russia) with commercially available NSG10/Au Silicon 
cantilevers. The manufacturer’s value for the probe tip radius 
was 10 nm, and the typical force constant of 11.5 N/m. The 
cantilever was oscillated close to the resonance frequency 
(254.249 kHz) over the area to be scanned (20 µm x 20 µm, 30 
µm x 30 µm, 40 µm x 40 µm, 60 µm x 60 µm). The scans were 
done without any sample surface treatment. The films were 
obtained by the spin-coating method, with a Spin 3000 device 
and Spin Processor WS-650 series, Laurell Technologies, 
North Wales. 

CONCLUSIONS 

In this investigation the deep thermal 
characterization of the core-shell magnetic 
composite in relation with the properties of the 
shell formed from poly(succinimide-b-
ethyleneglycol)(PSI-b-PEG), respectively the 
molecular weight of poly(ethylene glycol), is 
presented.  

The study confirms the dependence of the 
thermal stability, for both the synthesized block 
copolymers and the prepared magnetic composites, 
on the molecular weight of PEG. Also, the 

influence of the Fe atoms presence was concretized 
in an autocatalytic effect for thermal degradation. 
Information resulted from the thermal analysis are 
sustained by the contact angle values of the block 
copolymer as well by the morphological aspects of 
the block copolymer films. 
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