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ABSTRACT 

Novel, self-associating hybrid copolymers were synthesized via controlled ring-opening polymerization of -car- 
boxyanhydride of Z-L-lysine (Z-L-Lys-NCA), initiated by amino-functional macroinitiators. A poly(N-isopropylacry- 
lamide) (PNIPAm)-based macroinitiator containing 10 mol% of polyoxyethylene grafts and a terminal primary amine 
group in the form of ammonium hydrochloride (PNIPAm-g-PEО) was synthesized and used to initiate the ammonium- 
mediated ring-opening polymerization of NCA described by Dimitrov and Schlaad [1]. Thus, hybrid copolymers 
((PNIPAm-g-PEO)-b-PLys) with controlled molar-mass characteristics and functionality were obtained. The potential 
applications of PNIPAm-based copolymers in the systems for controlled drug release, immobilization of enzymes and 
protein purification have aroused great interest in the studies of their properties and behaviour. The thermal stability and 
thermodynamic properties of the copolymers obtained were studied. The differential thermal analysis of polyfunctional 
hybrid copolymers (PNIPAm-g-PEO)-b-PLys) showed that thermooxidative destruction occurs in two stages: primary, 
of the unstable fragments (grafted chains of PEO); and secondary, of the main polymer chains of poly(N-isopropylacry- 
lamide) and poly(L-lysine). The kinetics of thermal degradation was evaluated and the values of the activation energy of 
the degradation process, changes of Gibbs free energy, enthalpy and entropy for the formation of the activated complex 
were also calculated. 
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1. Introduction 

The synthesis of polypeptide-based hybrid block co- 
polymers is an area that has been under study for the past 
three decades. Initially, this field suffered from limitations in 
the synthesis of the polypeptide components that required 
excessive sample purification and fractionation to obtain 
well-defined copolymers. The vast improvements in - 
carboxyanhydride (NCA) of α-amino acid polymerizations 
now allow the synthesis of hybrid block copolymers of con-
trolled characteristics (molar mass, sequence, composition 
and molar-mass distribution). Such well-defined materials 
will greatly assist the identification of new self-assembled 
structures using ordered polypeptide segments as well as 
yield new materials with a wide range of tunable properties 
[2]. Copolymers containing reactive functional groups find 
application in the fields of surface modification and cataly-
sis, and can also be used as precursors in the synthesis  

of new materials with complex architectures [3,4].  
Hybrid block copolymers have found applications in 

different biomedical fields such as tissue engineering, 
implantation of medical devices and artificial organs, bone 
repair, and drug delivery [5]. The presence of functional 
groups along the chains could lead to significant changes 
in their behavior in the solid state and in solution [6]. Sub- 
sequent transformations of these groups may further lead 
to polymers with desired functionalities [7,8].  

Recently, much effort has been directed to the devel- 
opment of intelligent hybrid copolymers that respond to 
internal or external stimuli, in particular, pH, temperature, 
redox potential, light, magnetic field, and ultrasound, ei- 
ther reversibly or non-reversibly. Stimuli-sensitive poly- 
mers have emerged as novel programmable delivery sys- 
tems in which the release of the encapsulated contents can 
be readily modulated by the stimulus. The stimuli respon- 
sive release may result in significantly enhanced thera- 
peutic efficacy and minimized possible side effects [9].  *Corresponding author. 
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Temperature-responsive polymer systems generally com- 
prise polymers such as poly(N-isopropylacrylamide), which 
exhibit a volume phase transition at a certain temperature. 
Thermodynamically, these transitions are governed by 
entropic effects due to the release of ordered water mo- 
lecules in the vicinity of the polymer and the dissolution 
process itself, and enthalpic effects due to intra- and in-
termolecular forces and solvation, for example, hydrogen 
bonding and hydrophobic interactions [9]. 

To our knowledge, no experimental work has been 
reported so far on the study of the thermal stability of 
hybrid copolymers containing thermosensitive and poly- 
peptide blocks and for their thermal degradation in pres- 
ence of oxygen or inert atmosphere. 

Thermogravimetric analysis (TGA) is one of the ther- 
mal analysis techniques used to measure the mass change, 
thermal decomposition and thermal stability of polymer 
materials. Overall kinetics can be easily obtained by meas- 
uring the change in mass of a sample with time based on 
isothermal or non-isothermal thermogravimetric data [10- 
12]. Some valuable parameters, such as apparent activa-
tion energy E, pre-exponential factor A, and reaction or- 
der n can be calculated from a thermogravimetric curve. 
Knowledge of the kinetic parameters associated with ther- 
mal degradation constitutes and important tool in esti- 
mating the thermal behavior of composites under dy- 
namic conditions. 

The purpose of this study is to evaluate the thermal 
stability of novel hybrid copolymers containing thermo-
sensitive and polypeptide blocks, as well as to establish 
the most appropriate mechanism of the thermal degrada-
tion and to calculate the kinetic parameters characterizing 
this process. 

2. Experimental Part 

2.1. Materials and Measurements 

The thermally sensitive macroinitiator PNIPAm-g-PEО 
and the corresponding polypeptide-based hybrid copoly- 
mer (PNIPAm-g-PEO)-b-PLys were synthesized accord- 
ing to a procedure described elsewhere [13]. Briefly, 
PNIPAm-g-PEО was synthesized through a radical co- 
polymerization of NIPAm and poly(ethylene glycol) meth- 
acrylate (Mn ~ 500) in the presence of the chain-transfer 
reagent 2-aminoethanethiol. 1H NMR (CDCl3):  4.00 
(CH-(CH3)2);  3.64 (O-CH2CH2-O);  2.3 - 1.5 (CH2-CH 
+ CH2-CH + CH2-C);  1.24 (CH3-C);  1.13 (CH3)2-CH). 
GPC in N,N’-dimethylformamide (vs. polystyrene stand- 
ards): Mw/Mn = 1.65. Mn = 16400 – titration of the terminal 
primary amine groups. The hybrid copolymer, (PNIPAm- 
g-PEO)-b-PLys was synthesized via ammonium-mediated 
ring-opening polymerization of Z-L-lysine-NCA, initiated 
by the PNIPAm-g-PEО macroinitiator. 1H NMR (DMSO- 
d6):

1H NMR (DMSO-d6):  7.90 - 8.19 (CH-NH);  6.85 

- 7.38 (CH-(CH2)4-NH + NH-CH-(CH3)2 + C6H5);  4.99 
(Z-CH2);  4.60 (OH);  4.20 (CH-NH);  3.84 (CH- 
(CH3)2);  3.52 (O-CH2CH2-O);  2.94 (αCH-(CH2)3CH2); 
 1.93 (CH2-CH);  1.20 - 1.70 (CH3-C + CH2-CH + αCH- 
(CH2)3 + CH2-C);  1.05 (CH-(CH3)2). GPC in N,N’-di- 
methylformamide (vs. polystyrene standards): Mw/Mn = 
1.62. Finally, the Z-protecting groups were cleaved from 
the polypeptide block with HBr in trifluoroacetic acid. 1H 
NMR (D2O):  4.28 (CH-NH);  3.87 (CH-(CH3)2);  
3.67 (O-CH2CH2-O);  2.96 (αCH-(CH2)3CH2);  1.39 - 
2.10 (CH2-CH + αCH-(CH2)3 + CH2-CH);  1.11 (CH- 
(CH3)2 + CH3-C). 

The thermogravimetrical measurements (TG-DTG- 
DTA) of these samples were carried out in a flow of ni- 
trogen at a rate of 25 cm3·min–1 under non-isothermal con- 
ditions on an instrument STA 449 F3 Jupiter (Nietzsch, 
Germany) with its high temperature furnace. Samples of 
about 5  0.1 mg mass were used for the experiments var- 
ied out at hearing rate of 6˚C min–1 up to 700˚C. The sam- 
ples were loaded without pressing into an open 6 mm di- 
ameter and 3 mm high platinum crucible, without using of a 
standard reference material. The TG, DTG and DSC curves 
were recorded simultaneously with 0.1 mg sensitivity.  

2.2. Theoretical Approach and Calculation  
Procedures 

The kinetics of thermal degradation reactions is de- 
scribed by various equations taking into account the spe- 
cial features of their mechanisms. The reaction rate can 
be expressed through the degree of conversion  accord- 
ing to the formula:  

o i

o f

m m
=

m m
 


               (1) 

where: mo, mf and mi are initial, final and current sample 
mass at the moment t, respectively. Generally, the kinetic 
equation of the process can be written as follows [10- 
12,14,15]:  

   d d ,t  k T f             (2)  

where f() is the conversion function and k(T) is the 
temperature function respectively. The temperature de- 
pendence of the rate constant k for the process is de- 
scribed by the Arrhenius equation:  

 expk A E RT             (3) 

where A is the pre-exponential factor, T is the absolute 
temperature, R is the universal gas constant, and E is the 
apparent activation energy of the process. Substitution of 
Equation (3) in (2) gives:  

   d d expt A E RT f          (4)   

When the temperature increases at a constant rate, 
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d dT t const,q              (5) 

therefore 

d
exp

d

A

T q

    E RT f            (6) 

The conversion function f() for a solid-state reaction 
depends on the reaction mechanism and can generally be 
considered to be as follows:  

    1 l  n 1
pnmf                  (7) 

where m, n and p are empirically obtained exponent fac- 
tors, one of them always being zero [15,16].  

After substitution in Equation (6), separation of vari- 
ables and integration, the following general equation was 
obtained  

   0

d
exp

1 ln 1

T

pnm

 

  


    


0

d
A E

T
q RT

  
   (8) 

The solutions of the left hand side integral depend on 
the explicit expression of the function f() and are de- 
noted as g(). Algebraic expressions of functions of the 
most common reaction mechanisms operating in solid- 
state reactions are summarized and presented in some 
papers [15,17-19].  

The right-hand side integral or so called “temperature 
integral” in Equation (8) has no exact analytical solution. 
Coats and Redfern [23] suggested the calculation proce- 
dure based on next linear equation:  

 
2

2
ln ln 1

g
ln

AR E RT

qE RT ET

      
 

AR E

qE RT
   (9) 

where g() is a function, the expression of which de-
pends on the kinetic model of the occurring reaction. If 
the correct g() is used, a plot of ln[g()/T2] against 1/T 
should give a straight line from which the values of the 
activation energy E and the pre-exponential factor A in 
Arrhenius equation can be calculated. The formal ex- 
pressions of the functions g() depend on the conversion 
mechanism and its mathematical model [10-12,15,17]. 
The latter usually represents the limiting stage of the re- 
action—the chemical reactions; random nucleation and 
nuclei growth; phase boundary reaction or diffusion. For 
the correct g() [15,17-19], the corresponding linear de- 
pendence should give the highest correlation coefficient 
at the linear regression analysis. 

From the theory of the activated complex (transition 
state) of Eyring [10-12,15,20,21], it is known that:  

exp
S

h R

 
 
 

B pe k T
A


           (10) 

where е = 2.7183 is the Neper number; χ—transmission 
factor, which is unity for monomolecular reactions; kB— 

Boltzmann constant; h—Plank constant, and Tp is the 
peak temperature of the DTA curve. The change of en- 
tropy S may be calculated according to the formulae 
[11,15]  

A
ln

B p

h
S R

e k T
 

–

            (11) 

Since 

H pE RT 

– pG H T S

             (12) 

the changes of the enthalpy H and Gibbs free energy 
G for the activated complex formation from the re- 
agent can be calculated using the well known thermody- 
namical equation [10-12,15,20,21]:  

             (13)    

The values of S, H and G were calculated at T = 
Tp (Tp is the peak temperature at the corresponding stage), 
since this temperature characterizes the highest rate of 
the process, and therefore, is its important parameter [10- 
12,15,20,21].  

2.3. Estimation of Lifetime 

Lifetime estimations are very useful in the development 
or selection of polymers for different applications. Life- 
time is usually determined by accelerated aging, like air 
oven aging studies, which require long time periods. The 
apparent kinetic parameters calculated in the manner 
described above have been used to calculate the value of 
lifetime for hybrid copolymers. The estimated lifetime or 
the time accelerating ageing tf of hybrid copolymers to 
failure have been defined as the time when the mass loss 
reaches 5 mass%, i.e.  = 0.05 [21,22] and can be esti-
mated by the following equation  

0.0513
exp  if 1f

E
t n

A RT
 

        (14)   
 

 
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11 0.95
exp  at 1

1

n

f

E
t n

A n RT

  
      (15)     

where the value of the reaction order n has been obtained 
previously. With these equations, the time to equivalent 
damage at different temperatures can be calculated.  

3. Results and Discussion 

3.1. Copolymer Samples 

Novel, self-associating hybrid copolymers containing ther- 
mosensitive and polypeptide blocks were synthesized via 
controlled ring-opening polymerization of NCA of Z-L- 
lysine (Z-L-Lys-NCA), initiated by amino-functional ma- 
croinitiators [13]. 

A NIPAm and poly(ethylene glycol) methacrylate 
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of poly(N-isopropylacrylamide) and poly(L-lysine). The 
thermogravimetrical curves exhibited a multi-step character, 
which is related to the different thermal stability of the 
polymer segments included in the hybrid copolymer. In both 
samples, macroinitiator and copolymer, dehydration was 
observed in the temperature interval of 60˚C - 140˚C, which 
is related to the dissociation of water molecules.  

were radically copolymerized in the presence of chain- 
transfer reagent to obtain the thermally sensitive end- 
functional macroinitiator PNIPAm-g-PEO (Figure 1(a)). 
The molar content of poly(ethylene glycol) side chains 
was estimated from the 1H NMR spectrum of the product, 
while the molar mass was determined from an acid-base 
titration of the amine end-groups. In the next step PNI- 
PAm-g-PEO was used to initiate the ring-opening polym- 
erization of Z-L-lysine. Knowing the macroinitiators’ mo- 
lar mass and composition, the degree of peptide polym- 
erization was estimated from the 1H NMR spectrum of 
the copolymer in DMSO-d6. The formation of block ar- 
chitecture was proved by GPC analyses in N,N’-dime- 
thylformamide. The Z-protecting groups in the polypep- 
tide block were cleaved under acid conditions to give the 
final product with a structure presented on Figure 1(b). 
To evaluate the thermal properties of the macroinitiator 
(PNIPAm-g-PEO) and (PNIPAm-g-PEO)-b-PZLLys co- 
polymers, they were studied using the method of differ- 
ential thermal analysis. The studies were made under a 
heating rate of 6˚C min–1 in inert medium. The registered 
curves are shown in Figures 2 and 3. 

 

 
(a) 

 

A two-stage mechanism of thermo-oxidative destruct- 
tion of the hybrid copolymer was observed: primary 
thermo-oxidative destruction of the of the thermally un- 
stable fragments (grafted chains of PEO), and secondary 
thermo-oxidative destruction of the main polymer chains  

(b) 

x = 0.9; n = 9; y = 108; z = 38 

Figure 1. Structures of: (a) thermally sensitive macroinitia- 
tor PNIPAm-g-PEО; and (b) the corresponding polypeptide- 
based hybrid copolymer (PNIPAm-g-PEO)-b-Plys. 

 

 

Figure 2. DTA, TGA and DSC curves for (PNIPAm-g-PEO). 
 

 

Figure 3. DTA, TGA and DSC curves for (PNIPAm-g-PEO)-b-PLLys. 
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This can be explained with the high hydrophilicity of 

the studied materials, which absorb water molecules even 
at room temperature. The maximum decomposition rate of 
the macroinitiator was registered at 402˚C and is related to 
the thermal destruction of the PEO and PNIPAm segments. 
The hybrid copolymer had two distinctly marked maxi- 
mum rates, at 326˚C and 391˚C, which are probably re- 
lated to the destruction of the PEO and PNI-PAm chains 
and the polylysine polypeptide block. The thermal curves 
showed that there were no visible changes in the structure 
of the studied materials when heated up to 270˚C.  -18
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Using the calculation procedures of Coats and Redfern 
[23], all g() functions presented in some paper [10-12, 
14,15] were first substituted into Equation (9) and the 
plot of the left side of this equation against 1/T was fitted 
by computer to calculate the correlation coefficient of 
linear regression R2. This procedure was repeated until 
the best R2 value was obtained. For the thermal degrada- 
tion of the samples studied, single heating rate plots, 
ln[g()/T2] against 1/T, were calculated according to 
Equation (9). It should be noted for all the samples stud- 
ied that the highest values of R2 were obtained when ki- 
netic equations for the Fn mechanism with different val- 
ues of n were used. In this respect, the kinetic curves of 
thermal degradation of (PNIPAm-g-PEO) with different 
values of n are presented in Figure 4 for illustration.  

Figure 4 shows that the shapes of the kinetic curves 
strongly depend on the value of the parameter n. To find 
the value of n with which the highest value of R2 is ob- 
tained, the dependence R2 = f(n) was drawn and is pre- 
sented in Figure 5.  

The curve presented in Figure 5 can be described well 
with empiric polynoms of second order. Differentiating 
these polynoms vs. n and assuming their value to be null, 
the value of n at which R2 has maximum value could be 
calculated. For (PNIPAm-g-PEO) the maximum of R2 
was obtained at n = 1.0. Similar calculations were carried 
out for hybrid copolymer. The results showed that the 
best linear correlations for all studied samples were ob- 
tained using the mechanism non-invoking equation (Fn). 
To find the value of n with which the highest value of R2 
is obtained, the dependence R2 = f(n) was drawn for both 
stages and is presented in Figure 6.  

As can be seen from Figure 6, for the first stage, the 
maximum of R2 was obtained at n = 0.333, and for the 
second stage—at n = 2.3. Subsequently, the apparent 
activation energy E and the pre-exponential factor A can 
be calculated from the slope and intercept of the fitted 
straight line. Using Equations (11)-(13), the values of the 
change of entropy ΔS≠, enthalpy ΔH≠ and the Gibbs free 
energy ΔG≠ for the formation of the activated complex 
from the reagent were defined. The results obtained are 
summarized in Table 1. 

 

Figure 4. Dependence of ln[g()/T2] vs. 1/T of (PNIPAm-g- 
PEO) according to Coats-Redfern calculation procedure for 
different values of n, drawn using mechanism non-invoking 
equations. 
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Figure 5. Dependence of the coefficient of linear regression 
R2 on the values of n for thermal degradation of (PNIPAm- 
g-PEO). 
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Figure 6. Dependence of the coefficient of linear regression R2 
on the values of n for thermal degradation of (PNIPAm-g- 
PEO)-b-PLLys: 1: first stage and 2: second stage. 
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Table 1. Kinetic parameter of thermal degradation of (PNIPAm-g-PEO) and (PNIPAm-g-PEO)-b-PLLys. 

Samples E [kJ·mol–1] A [min–1] –S [J·mol–1·K–1] H [kJ·mol–1] G [kJ·mol–1] 

(PNIPAm-g-PEO) 159.9 6.52 × 1011 67.9 154.3 200.1 

(PNIPAm-g-PEO)-b-PLLys
(First stage) 

110.4 4.32 × 108 127.9 105.3 183.6 

(PNIPAm-g-PEO)-b-PLLys
(Second stage) 

285.8 1.24 × 1022 –128.8 280.2 192.8 

 
As can be seen from Table 1, the highest values were 

observed for the second stage of the hybrid copolymer. 
The values of the pre-exponential factor for a solid phase 
reactions are expected to be in a wide range (six or seven 
orders of magnitude), even after the effect of surface area 
is taken into account [24]. For first order reactions, the 
pre-exponential factor may vary from 105 to 1016 min–1.  

The low factors will often indicate a surface reaction, 
but if the reactions are not dependent on surface area, the 
low factor may indicate a “tight” complex. The high fac- 
tors will usually indicate a “loose” complex [25]. Even 
higher factors (after correction for surface area) can be 
obtained for complexes having free translation on the 
surface. Since the concentrations in solids are not con- 
trollable in many cases, it would have been convenient if 
the magnitude of the preexponential factor indicated for 
reaction molecularity. However, this appears to be true 
only for non-surface-controlled reactions having low 
(<108 min–1) pre-exponential factors. Such reactions (if 
elementary) can only be bimolecular.  

The change of Gibbs free energy G reflects the total 
energy increase of the system at the approach of the re- 
agents and the formation of the activated complex. This 
energy is influenced by two thermodynamic properties, 
the changes of enthalpy H and entropy S of activated 
complex formation. The change of activation enthalpy 
shows the energy differences between the activated com- 
plex and the reagents. If this difference is small, the for- 
mation of activated complex is favored, because the po- 
tential energy barrier is low. The change of reaction en- 
tropy reflects how near the system is to its own thermo- 
dynamic equilibrium. Low activation entropy means that 
the material has just passed through some kind of physic- 
cal or chemical aging process, bringing it to a state near 
its own thermodynamic equilibrium. In this situation, the 
material shows little reactivity, increasing the time taken 
to form the activated complex. On the other hand, when 
high activation entropy values are observed, the material 
is far from its own thermodynamic equilibrium. In this 
case, the reactivity is high and the system can react faster 
to produce the activated complex, which resulted in the 
short reaction times observed [24,26].  

The curves representing the dependence of lifetime on 
the temperature at 5% conversion for both stages of 
thermal degradation of (PNIPAm-g-PEO)-b-PLLys and 

(PNIPAm-g-PEO) are shown in Figure 7.  
It is obvious from Figure 7 that the lifetime is a pa- 

rameter strongly depending on the temperature and de- 
creases exponentially with the increase of the tempera- 
ture. The lifetime is more sensitive concerning the tem- 
perature for the second stage of the thermal decomposi- 
tion of hybrid copolymer.  

4. Conclusions 

The thermal degradation kinetics of hybrid copolymers 
with thermally sensitive and polypeptide segments was 
analyzed using Coats-Redfern calculation procedure and 
27 model kinetic equations. The kinetic parameters E, A, 
S, H and G for studied samples were calculated. 
The main results obtained in this article were summa- 
rized as follows.  

1) The kinetic of non-isothermal degradation of the 
samples studied was best described by non-invoking 
mechanism equations with nth order (Fn mechanism). 

2) Depending on the structure of the samples used the 
values of n varied from 0.333 to 2.3.  

3) The highest values of n, Е and A were observed for 
the second stage of thermal degradation of (PNI-PAm- 
g-PEO)-b-PLLys. 

 

 

Figure 7. Results for lifetime as a function of service tem- 
perature in synthetic air for: A1: (PNIPAm-g-PEO); B1: 
first stage; and B2: second stage of thermal degradation of 
(PNIPAm-g-PEO)-b-PLLys. 
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4) Results for lifetime as a function of service tempera- 
ture in nitrogen for the samples (PNIPAm-g-PEO)-b-PLLys 
show that the lifetime is more sensitive concerning the 
temperature for the second stage of the thermal decom- 
position of hybrid copolymer. 

5) It was established that these novel hybrid block co- 
polymers possess a good thermal stability in the tem- 
perature interval up to 270˚C and can be successfully 
used as polymer carriers in systems for targeted drug 
delivery. 
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