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Abstract

The objective of this study was to investigate the effects of some transition metal ions on the thermal behavior of

polyurethane materials. The interaction products of a segmented polyesterurethane prepared from 4,40-diphenylmethane

diisocyanate, poly(ethylene-co-diethylene adipate)diol and ethylene glycol, with manganese and copper ions were synthesized

and their thermal decomposition was studied in comparison to that of the original polyurethane by using thermogravimetric

analysis. The activation energy of the thermal degradation was evaluated by Coats–Redfern and Levi–Reich methods. It was

revealed that the thermal decomposition of the polyurethane is affected by the presence of both metallic ions and that each ion

has a specific influence on the process. By modification with manganese and copper ions, changes in the degradation

mechanism of the polyurethane are induced. It was found that manganese ions have a catalytic effect on the overall

decomposition process, whereas copper ions reduce the initial thermal stability of the polyurethane and catalyze the final stage

of its decomposition, but enhance the thermal stability of the intermediate products. In general, the influence of metallic ions

on the thermal behavior of the polyurethane becomes more significant as their proportion increases. # 2002 Elsevier Science

B.V. All rights reserved.

Keywords: Polyesterurethane; Thermal behavior; Manganese ions; Copper ions; Thermogravimetry

1. Introduction

Studies of the interaction between metallic ions and

polymers with coordinating groups, among which are

the polyurethanes, resulting in macromolecule-metal

complexes (metallopolymers), has received consider-

able attention during the last decades [1–4]. This

intense interest is caused by the great variety of

new products that is obtained, having a wide range

of interesting properties and potential applications in

many diverse fields such as catalysis, conduction,

medicine, electronics. Some polymer-metal com-

plexes may serve as models for bioinorganic systems

such as metalloenzymes [5–16]. Conversely, the meta-

llic ions which are present in polymers as residual

catalysts, additives or contaminants [17–24] can influ-

ence the processing and induce pronounced changes in

the performances of the final product [25,26]. Among

the polymer properties that can be affected by the

presence of metallic ions are the thermal properties

[27–30]. Therefore, it is useful to investigate the modi-

fications induced by the metallic ions in the thermal

behavior of polyurethanes, which are a very important

Thermochimica Acta 385 (2002) 153–162

* Corresponding author. Fax: þ40-32-211299.

E-mail address: gmoroi@icmpp.tuiasi.ro (G. Moroi).

0040-6031/02/$ – see front matter # 2002 Elsevier Science B.V. All rights reserved.

PII: S 0 0 4 0 - 6 0 3 1 ( 0 1 ) 0 0 7 1 3 - 4



class of polymers due to their applications as elasto-

mers, rigid and flexible foams, elastomeric fibers,

adhesives, surface coatings, membranes and medical

implants. In the present work, we have studied the

effect of two transition metal ions, namely, manganese

and copper on the thermal behavior of a segmented

polyurethane obtained from 4,40-diphenylmethane

diisocyanate, a copolyester and ethylene glycol. The

thermal decomposition of the polyesterurethane inter-

action products with metallic ions in comparison with

that of the original polyurethane was investigated by

using thermogravimetric analysis.

2. Experimental

The polyesterurethane (PU) was obtained by the

polyaddition reaction of 4,40-diphenylmethane diiso-

cyanate (MDI), poly(ethylene-co-diethylene adipate)-

diol (PEDA) and ethylene glycol (EG) as chain

extender, in dimethylformamide (DMF) with urethane

group concentration of 3:26� 10�3 mol=g.

The polyurethane interaction products (IP) with

manganese and copper ions (IP-Mg and IP-Cu, respec-

tively) were synthesized from PU and metallic ions

as chlorides, MnCl2�4H2O and CuCl2�2H2O, respec-

tively. For every ion species, a series of three inter-

action products were prepared by using different

molar ratios of urethane groups in the polymer chains

to metallic ions (180:1, 36:1 and 12:1). The interaction

of the polymer with the inorganic salt was effected

by the following procedure. In a vigorously stirred

solution of PU in DMF, a solution of metallic chloride

in DMF was dropwise added at 20 8C. The reaction

system was maintained under continuous stirring at

20 8C for 1 h and then it was allowed to stand at room

temperature for 2 days. The resulting viscous solution

was cast on polished Teflon plates at atmosphere

pressure, cured at 110 8C for 65 min and then allowed

to cool slowly to ambient temperature. Further, drying

was carried out under vacuum, until the solvent

was removed, as indicated by constant weight. Homo-

geneous films with thickness below 100 mm were

thus obtained. Before being analyzed, the films were

thoroughly wiped with ethanol for the complete

removal of the superficial layer formed by the salt

unretained in the polymeric matrix. These were dried

at room temperature. In the same conditions as for the

interaction products, a reference sample from PU

without inorganic salt was prepared. The surface of

both PU and IP films was smooth and continuous.

While the PU film was almost colorless, the IP films

developed colors that were characteristic for each

series (yellow-brown for IP-Mn and greenish yel-

low-brown for IP-Cu) and more intense as the metal

content increased. The color of IP films was taken as

evidence for complex formation by the interaction of

the polar groups of PU with the metallic ions. In

contrast to PU film, the IP films exhibited good

adherence to glass substrates.

3. Analysis

The metal content of IP was determined by atomic

absorption spectrometry using a Perkin Elmer AA800

spectrometer.

The thermal decomposition of IP-Mn, IP-Cu and

PU was monitored with a TGA V5.1A DuPont 2000

thermal analyzer. The thermogravimetric experiments

were carried out in a dynamic nitrogen atmosphere,

with an average heating rate of 9 K min�1 to 950 8C.

The sample mass was 10 mg. The thermoanalytical

(TG and DTG) curves were simultaneously recorded.

In order to obtain comparable data, the thermal ana-

lyses were performed with the same conditions for all

samples.

4. Results and discussion

The results of quantitative analysis of the metal in

IP are presented in Table 1. All IP contain lower

quantities of metal than those added in the initial

systems. It can be assumed that many polar groups

of PU are not involved in the interaction because they

are inaccessible, presumably due to the conformations

adopted by the macromolecules in solution during

preparation. In both series, the metal content of IP is

higher as the amount of ions in the corresponding ini-

tial systems is larger. This cooperative binding pattern

could tentatively be rationalized in terms of the con-

formational changes of the polymer chains induced

by the coordination process [31]. The accentuating

interaction is more pronounced in IP-Mn series than

in the IP-Cu series, which supports the assumption
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that under the conditions adopted, the affinity of PU

towards manganese ions is higher than that towards

copper ions.

The thermal decomposition of polyurethanes is, in

general, a complex process [32–36]. The thermal

degradation of PU, IP-Mn and IP-Cu proceeds in

two consecutive, well-defined stages, the first stage

being the main one (Figs. 1–4). For PU, the main stage

consists of several partially overlapped steps, four

of them corresponding to distinct peaks on the DTG

curve. The steps of the process might tentatively be

assigned as follows: steps I and II—mainly to the

decomposition of EG and MDI, respectively, steps III

and IV—mostly to the decomposition of PEDA [37–

40] and step V (the final stage)—to the decomposition

of the products formed by the secondary reactions of

MDI [39–41]. This proposed assignment of the steps

seems to be substantiated by the match between,

respectively, the mass losses (8% in step I, 45% in

steps II and V and 46.5% in steps III and IV) and PU

composition (7% EG, 42% MDI and 51% PEDA).

Both IP-Mn and IP-Cu show, as compared to PU,

lower initial temperatures of decomposition (which

seems to indicate that both metallic ions promote the

scission of the urethane linkage [42–44]) and lower

temperature ranges of the process (Tables 2 and 3). For

IP-Mn the mass losses in the main stage are higher,

while those in the final stage are lower than the

corresponding mass loss for PU. In general, the mass

losses for IP-Cu as compared to the corresponding one

Table 1

Results of elemental analysis

Composition Symbol Molar ratio U/MIa Metal content (wt.%)

Initial Final Added Retained

PU/MnCl2�4H2O 1Mn 180.2:1 358.1:1 0.10 0.05

PU/MnCl2�4H2O 2Mn 36:1 44.4:1 0.49 0.40

PU/MnCl2�4H2O 3Mn 12:1 13.8:1 1.44 1.26

PU/CuCl2�2H2O 1Cu 180:1 213.3:1 0.11 0.10

PU/CuCl2�2H2O 2Cu 36:1 71.1:1 0.57 0.29

PU/CuCl2�2H2O 3Cu 12:1 50.1:1 1.67 0.41

a Urethane group/metallic ions.

Fig. 1. TG curves of PU and IP-Mn.
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for PU are lower in step II (as well as in the whole main

stage) and higher in step V. The accumulated mass

losses of steps II and V are similar for IP-Cu and PU.

For IP-Cu, the mass losses in step IV are somewhat

comparable with the accumulated mass losses of steps

III and IV for PU.

For all IP-Mn the TG curves are placed below the

TG curve of PU over the entire temperature range of

the process and are more sinuous (Fig. 1). IP-Mn

exhibit higher maximum volatilization rates than those

for PU in all the decomposition steps, except step I

(Fig. 2). For all IP-Mn, the highest rate of the process

is in step II, as for PU. The maximum rates of mass

loss of all the decomposition steps progressively shift

towards lower temperatures as the manganese content

increases. The main stage tends to separate into two

Fig. 2. DTG curves of PU and IP-Mn.

Fig. 3. TG curves of PU and IP-Cu.
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Fig. 4. DTG curves of PU and IP-Cu.

Table 2

Results of thermogravimetric analysisa

Sample Temperature range (8C)

First stage Second stage (step V)

Step I Step II Step III Step IV

PU 202–281 (269) 281–331 (310) 331–394 (358) 394–516 (403) 516–728 (610)

1Mn 177–244 (227) 244–323 (304) 323–388 (340) 388–511 (412) 511–670 (614)

2Mn 168 !b !! (297) ! 362 362–497 (398) 497–638 (579)

3Mn 153 !b !! (275) ! 338 338–470 (378) 470–610 (549)

1Cu 178–267 (250) 267–352 (301) – 352–515 (407) 515–676 (609)

2Cu 165–263 (246) 263–335 (294) – 335–511 (400) 511–650 (602)

3Cu 173–267 (251) 267–339 (297) – 339–507 (398) 507–640 (609)

a In parentheses are the temperatures at the maximum rate of mass loss.
b Steps I–III are strongly overlapped.

Table 3

Results of thermogravimetric analysis

Sample Mass losses (%)

First stage Second stage (step V) Total

Step I Step II Step III Step IV Total

PU 8.0 20.6 25.5 20.8 74.9 24.6 99.5

1Mn 4.9 31.2 25.1 17.1 78.3 21.2 99.5

2Mn  53.8a ! 24.9 78.7 20.7 99.4

3Mn  48.1a ! 28.7 76.8 21.5 98.3

1Cu 9.2 25.4 – 41.1 75.7 23.5 99.2

2Cu 9.7 17.6 – 41.2 68.5 30.5 99.0

3Cu 9.7 17.7 – 38.9 66.3 31.9 98.2

a Accumulated mass losses for steps I–III.
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substages, the first of these being formed by the

combination of steps I–III.

The TG curves of IP-Cu are more convoluted than

the TG curve of PU (Fig. 3). The mass losses for IP-Cu

are higher than that corresponding for PU below 320

and above 600 8C, whereas within the temperature

range 320–600 8C are lower than that for PU. As

compared to PU, a major difference in the decom-

position of all IP-Cu consists of the absence of step III

(Fig. 4). For IP-Cu, the decrease of the maximum rate

of volatilization of step II, as well as the increase of the

maximum rates of steps I, IV and V, also take place.

The maximum rate of the process is either in step IVor

in step V.

Figs. 5 and 6 present the effect of metallic ions on

the maximum rate of mass loss (R) in steps II and Vof

Fig. 5. DR–DT diagram for IP-Mn.

Fig. 6. DR–DT diagram for IP-Cu.
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the thermal decomposition of PU and the correspond-

ing temperature (T). The percentage differences DR ¼
ðRIP � RPUÞ � 100=RPU and DT ¼ ðTIP � TPUÞ�
100=TPU are plotted as a function of the initial molar

ratio metallic ions/urethane groups (U/MI).

All IP-Mn show in steps II and V higher maximum

volatilization rates and lower corresponding tempera-

tures than those of PU (Fig. 5). It is noted that

manganese ions have a catalytic effect on both steps,

which is more substantial in step V than in step II.

As compared to PU, all IP-Cu exhibit in step II

lower maximum rates of mass loss and lower corre-

sponding temperatures (Fig. 6). The decrease in rate

is more significant than the temperature decrease,

which suggests that the overall effect of copper ions

consists of the inhibition of the processes occurring. In

step V, the maximum volatilization rate increases dra-

matically with increasing copper content, whereas the

corresponding temperature remains almost unchan-

ged, irrespectively of metal amount.

Since every series of IP exhibits a characteristic

pattern of simultaneous variation of the two maximum

rates of mass loss and of the corresponding tempera-

tures with increasing initial molar ratio metallic ions/

urethane groups, the DR–DT diagrams can be con-

sidered as a simple way of fingerprinting the thermal

decomposition behavior.

The temperatures at which the mass losses of 10–

50% take place are presented in Table 4. For IP-Mn,

the temperatures at 10–50% mass losses are lower than

those corresponding to PU. For IP-Cu, the mass losses

of 10–20% occur at lower temperatures, while those of

30–50% take place, in general, at higher temperatures

than those for PU. The mass losses of 10–50% occur

for all IP-Cu at higher temperatures than those corre-

sponding to IP-Mn.

In order to compare the thermal behavior of the

studied products, the modification of the activation

energy of the degradation process for IP in comparison

with PU was also investigated, by both Coats–Redfern

and Levi–Reich methods [45,46]. The former method

was used to calculate the value of the activation

energy, whereas the latter gave the change of the

activation energy during degradation as a function

of the fractional extent of reaction a. The methods

were applied for steps I–III for IP-Mn and steps I–II

for IP-Cu.

The values of the activation energy (Ea,CR) are

presented in Table 5. It is noted that both IP-Mn

and IP-Cu display lower activation energies than those

corresponding to PU. The shape of the activation

energy vs. a curves of IP-Mn is less convoluted than

that of PU, which means that changes in the degrada-

tion pathway take place (Fig. 7). As compared to the

activation energy of PU, the activation energies of

IP-Mn show a more abrupt original decrease and reach

the minimum value at lower conversions, indicating a

more rapid loss of the light degradation compounds.

Throughout the conversion range, the values of the

activation energy for IP-Mn are lower than that cor-

responding to PU.

The presence of copper ions imparts a somewhat

different degradation route, as shown by the more

sinuous activation energy vs. a curves of IP-Cu as

compared to that of PU (Fig. 8). In comparison with

the activation energy for PU, the corresponding acti-

vation energies for IP-Cu are lower at the onset of

the process, which is an indication that copper ions

accelerate the loss of the volatile compounds. Within

the conversion range 0.1–0.2 these become super-ior,

which seems to confirm the formation of more ther-

Table 4

Temperatures at 10–50% mass losses

Sample Temperature (8C) at mass loss (%) of

10 20 30 40 50

PU 290 312 335 358 382

1Mn 270 295 311 331 350

2Mn 260 283 298 313 336

3Mn 242 268 283 301 357

1Cu 272 302 331 374 401

2Cu 265 301 351 385 408

3Cu 269 305 354 388 411

Table 5

Values of activation energy for the thermal decomposition process

Sample Ea,CR (kJ/mol)

Steps I–III Steps I–II

PU 103 122

1Mn 93 –

2Mn 94 –

3Mn 90 –

1Cu – 120

2Cu – 107

3Cu – 116
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mally stable intermediate decomposition products

than those of PU.

According to the changes induced by the two

metallic ions in the thermogravimetric data and in

the activation energy of PU decomposition and taking

into consideration the above proposed assignment

of the PU decomposition steps, the following effects

of the ions on the processes involved in the PU

decomposition can be assumed. Manganese ions pro-

mote the scission of the urethane linkage, the decom-

position of EG, MDI (thus, hindering to some extent

the occurrence of its secondary reactions) and PEDA,

as well as the decomposition of the products of MDI

secondary reactions. Copper ions promote the scission

Fig. 7. Dependence of activation energy on fractional extent of reaction for PU and IP-Mn.

Fig. 8. Dependence of activation energy on fractional extent of reaction for PU and IP-Cu.
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of the urethane linkage and the decomposition of EG,

but partially impede the decomposition of MDI (thus,

favoring its secondary reactions) and retard the

decomposition of PEDA (which takes place in a single

step having the temperature at the maximum volati-

lization rate close to that of the final step of PEDA

decomposition in PU). They catalyze the decomposi-

tion of the structures formed by MDI secondary

reactions.

5. Conclusions

In order to study the modifications induced by the

presence of some transition metal ions in the thermal

behavior of a segmented PU, polyurethane interaction

products with manganese and copper ions were

synthesized.

The amounts of metallic ions retained by the poly-

urethane depend on the conformational state of the

interacting polymer chains. The polyurethane affinity

for manganese ions seems to be higher than for copper

ions.

In investigating the influence of manganese and

copper ions on the polyurethane thermal beha-

vior, the distinct effects of the two transition metal

ions on thermal decomposition were revealed. It

is shown that manganese ions have a catalytic effect

on the entire decomposition process. Copper ions

reduce the initial thermal stability of the polyure-

thane and have a catalytic effect on the processes

that take place in the final stage of decomposi-

tion. In contrast, they enhance the thermal stability

of the intermediate decomposition products. The

two metallic ions change the degradation mechanism

of the polyurethane. In general, the effect (catalytic

or inhibiting) of manganese and copper ions on the

steps of the polyurethane thermal decomposition

process is increasingly pronounced as their content

is higher.
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