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ABSTRACT: In this article, thermoplastic polyurethane (TPU)/attapulgite (AT) nanocomposites were prepared by solution blending.

The interaction between AT and TPU was investigated by Fourier transform infrared (FTIR) and dynamic mechanical analysis

(DMA). The carbonyl stretching region (1680–1760 cm21) of infrared spectra was studied to investigate the difference of the hydro-

gen bonding degree of the samples. The degree of hydrogen-bonded carbonyl groups of the samples were found to be increased with

increasing AT content and decreased with increasing temperature. The equilibrium between free and hydrogen-bonded carbonyl

groups was discussed. The values of dissociation enthalpy of the hydrogen-bonded carbonyl groups increased with increasing AT con-

tent. Quantitative evaluations of the interaction between AT and TPU was conducted by analyzing the physical cross-links density of

the samples. The results indicated that the physical cross-links density of the samples increased with increasing AT content. The

results of tensile tests showed that with increasing AT content, the mechanical properties of the samples increased, which confirmed

that strong interaction was formed between AT and TPU matrix. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43069.
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INTRODUCTION

Nanocomposites are a class of materials with unique chemical

and physical properties and have wide applications in many

areas. Dispersion of nanoscale inorganic fillers into organic

polymers to enhance their physical properties has gained

increasing interest in recent years.1–5 Among all the nanocom-

posites, clay has attracted great attention.6–10 Kuan et al.7 pre-

pared a saponite organoclay/waterborne polyurethane (WPU)

nanocomposite. The mechanical properties of WPU increased

with increasing clay content. Tien et al.9 prepared montmoril-

lonite/polyurethane (PU) by in situ polymerization. Compared

with pristine PU, the thermal stability of the samples was found

to be increased with the addition of montmorillonite.

Attapulgite (AT) is a natural hydrated magnesium–aluminum

silicate clay consisting of a three-dimensional network of

densely packed rods with a diameter less than 100 nm and a

length ranging from hundreds of nanometers to several micro-

meters for each single rod. AT has been used as reinforcing fill-

ers in many polymer matrixes include styrene butadiene rubber,

polyvinyl alcohol, polyacrylonitrile, epoxy resins, etc.11–15

In our previous work,16 waterborne polyurethanes (WPU), syn-

thesized from poly(tetramethylene glycol), 4,4-diphenylmethane

diisocyanate, and dimethylol butanoic acid were modified by

blending of AT clay. The mechanical properties and thermal sta-

bility of WPU improved by the addition of AT.

Thermoplastic polyurethane (TPU) is another widely used

material in daily life, such as in the fields of coatings, adhesives,

fibers, foams, thermoplastic elastomers, etc.17–21 In order to

meet the requirement for different applications, modifications

of TPU with improved physical properties are of great interest

among researchers.22–26

In this work, AT was added into a polyether based TPU to pre-

pare TPU/AT nanocomposites. The hydrogen bond between AT

and TPU was investigated by Fourier transform infrared (FTIR)

and dynamic mechanical analysis (DMA). The carbonyl stretch-

ing region in the FTIR spectra was concerned. With the method

of curve fitting procedure, the difference of the degree of

hydrogen-bonded carbonyl groups with increasing AT contents

was investigated. The equilibrium between free and hydrogen-

bonded carbonyl groups, the dissociation enthalpy and entropy
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of hydrogen-bonded carbonyl groups, and the physical cross-

links density of the samples were discussed. The tensile tests of

the samples were carried out to investigated the influence of the

added AT on the mechanical properties of TPU.

EXPERIMENTAL

Materials

AT, purchased from Xuyu (China) and was purified in our lab, is

a type of natural fibrillar clay with a theoretical half unit-cell for-

mula Mg5Si8O20(OH)2(OH2)4�4H2O. The crude AT powder was

pretreated with hydrogen peroxide solution and stirring with de-

ionized water for 12 h. The resulting slurry was then diluted and

gravitational sedimentated for 24 h to get rid of impurities.

Then, the purified AT was treated in 1 mol/L hydrochloric (HCl)

for 5 h to activate hydroxyl groups on AT surface and the suspen-

sion was separated through filtration, washed with deionized

water until its pH value retained around 7 and then dried in vac-

uum at 708C for 24 h. The structure and characterizations of the

purified AT can be found in our previous works.14,16,27,28 Dime-

thylacetamide (DMAc), with the water containing <100 ppm,

was purchased from Shanghai Jingwei Chemical Co., China

(Analytical Grade). Before used, DMAc was purified and further

dehydrated by molecular sieves (0.4 nm) for more than two

weeks. The PU sample (TPU 1180A) was obtained from BASF

(commercial) and was used without further purified.

Sample Preparation

AT (0.1 g) was first dispersed in DMAc (100 g) under ultrasonic

vibration (working frequency was at 53 KHz for 30 min). Then

TPU (10 g) were added into the solution and stirred at 908C

for 3 h. The blending solutions were then casted on glass plates

and placed in vacuum at 708C for 3 days to remove the residual

solvent. In this manner, four samples, with AT contents of 0, 1,

2, and 5 wt %, were prepared; they were named AT0, AT1, AT2,

and AT5, respectively. The schematic of the possible dispersions

of AT in TPU matrix is illustrated in Scheme 1.

Characterization

Scanning electron microscope (SEM) images of the cryo-

fracture surfaces of the samples were taken with a SU8000

(Hitachi Co., Japan). The freeze-fractured surfaces of the SEM

specimens were obtained in liquid nitrogen.

Infrared test was performed on a Nicolet 8700 infrared spectro-

photometer and the spectra were recorded from 400 to

4000 cm21 by averaging 64 scans at a resolution of 1 cm21.

The films for infrared analysis were sufficient thin to be within

the absorbance range where the Beer-Lambert law was obeyed.

For the temperature scans, the samples were placed in a heating

cell, which connected to a temperature controller. The tempera-

ture range was from 20 to 2008C with the control accuracy of

60.18C and the heating rate was about 108C/min. The tempera-

ture of the sample was held constant for about 10 min before

FTIR scan. Curve fitting procedure was carried out by using the

software “OMNIC 7.5”.

DMA data were obtained by a TA Q800 dynamic mechanical

analyzer. The size of samples was about 11.0 mm37.0

mm30.30 mm. The tests were carried out from 30 to 908C at a

heating rate of 38C/min with the frequency of 30 Hz and the

vibration amplitude of 15 lm.

Tensile tests were performed on a universal material tensile

machine (WDW3020, Changchun Greatwall Machine Co.) at

208C. The size of the samples was about 60 mm32

mm30.08 mm. The initial length was set to be 30 mm and the

crosshead speed was 200 mm/min. The results were averaged by

at least five measured data.

RESULTS AND DISCUSSION

Morphology of TPU/AT Nanocomposites

SEM images of the fractured surfaces of AT0 and AT2 are shown

in Figure 1. The fracture surface of AT0 was smooth, while that

of AT2 showed many irregularly distributed nano-sized AT fibril.

In addition, the interface between AT and the TPU matrix was

not clear. Most AT fibrils were fractured and only a few fibrils

were pulled out from the TPU matrix. It implied that the adhe-

sion and dispersion between AT and TPU was good, which might

be caused by the interaction between AT and TPU.

Infrared Analysis

The interaction can’t be observed from the glass transition tem-

perature (Tg) of the samples (supporting information Figure S1).

In order to study the interaction, infrared analysis is utilized to

investigate it for its high sensitivity to the change of hydrogen

bond in TPU. The infrared spectra of the samples are shown in

Scheme 1. Schematic of the possible dispersions of AT in TPU matrix.
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Figure 2. The absorption bands at 3210–3460 cm21 corresponded

to the –NH stretching vibration, while the bands at 1680–

1760 cm21 corresponded to the carbonyl stretching vibration of

TPU.29 It is well known that TPU is an extensively hydrogen-

bonded polymer.30–32 Hydrogen bond in polyurethane can be

characterized as a hard-hard segment hydrogen bond (NH- - -

O5C bond) and a hard-soft segment hydrogen bond (NH- - -

O– bond). The proton donor is –NH group of urethane, while

the acceptor group is carbonyl and ester carbonyl or ether oxygen

atom of urethane.33 The carbonyl stretching vibration of TPU

was concerned in this paper from where the fraction of

hydrogen-bonded carbonyl groups could be calculated.32–35 Two

bands existed at the region from 1680 to 1760 cm21 as shown in

Figure 2 (labeled by frame). The sharp band centered near

1735 cm21 was assigned to the stretching of free carbonyl groups,

while the shoulder band centered near 1706 cm21 was assigned

to the stretching of hydrogen-bonded carbonyl groups.

The Fraction of Hydrogen-Bonded Carbonyl Groups at 208C

According to Coleman,34 the carbonyl stretching region is composed

of free and hydrogen-bonded carbonyl groups. With the curve fit-

ting procedure, the carbonyl stretching region of the samples can be

curve fitted by two Gaussian bands, corresponding to the free and

hydrogen-bonded carbonyl band near 1735 cm21 and 1706 cm21,

respectively.32–35 The representative curve fitting results of the car-

bonyl stretching region of AT0 at 208C is shown in Figure 3.

The ratio of absorption coefficients for free to hydrogen-bonded

carbonyl band is 1.0.32,35–37 Xb is defined as the fraction of

hydrogen-bonded carbonyl groups and can be expressed by the

following equation:

Xb5Ab=ðAb1Af Þ (1)

where Af and Ab is the area of free and hydrogen-bonded car-

bonyl band, respectively.

The curve fitting results are listed in Table I. With increasing AT

content, the fraction of hydrogen-bonded carbonyl increased. The

results indicated that strong hydrogen bond was formed between

AT and the hard segments of TPU. Similar phenomenon was

reported in our earlier publications.35,36 The possible mechanism

of this interaction between AT and TPU might be that the addi-

tional hydrogen-bonded carbonyl groups are formed between free

–C5O in TPU chain and –OH on the surface of AT.

Figure 2. Infrared spectra of the samples at 208C. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 3. Curve fitting results in the carbonyl stretching region of the

samples at 208C. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 1. SEM images of fracture surfaces of AT0 and AT2. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Temperature Dependence of the Fraction of Hydrogen-

Bonded Carbonyl Groups

To investigate the stability of the hydrogen bond formed

between –OH of AT and the carbonyl groups of TPU, the tem-

perature dependence of hydrogen-bonded carbonyl groups was

studied. Xb of the samples as a function of temperature are

shown in Figure 4. With increasing temperature, Xb of the sam-

ples containing AT remained a higher value than that of AT0.

The results proved that the addition of AT increased the degree

of hydrogen-bonded carbonyl groups of TPU. The formed

hydrogen bond was stable and strong. It can also be found that

with increasing temperature Xb decreased. It indicated a dissoci-

ation procedure, from hydrogen-bonded carbonyl groups to free

carbonyl groups, existed.

As is shown in eq. (2), a dissociation balance exists between

free and hydrogen-bonded carbonyl groups.

(2)

where B stands for –NH for AT0 sample, and –NH and –OH

for AT1, AT2, and AT5 samples.

The equilibrium constant for the dissociation of hydrogen-bonded

carbonyl can be determined by the following equation38–40:

K5 B½ � C5O½ �= C5O���B½ �5 12Xbð Þ2=Xb (3)

where K stands for the equilibrium constant; Xb is the fraction

of hydrogen-bonded carbonyl groups.

The temperature dependence of the equilibrium constant can be

expressed by the following equation:

lnK 215DHm=ðRTÞ2DSm=R (4)

The enthalpy (DHm) and entropy (DSm) for the dissociation of

hydrogen bond were then calculated from eq. (4).

The data and linear fit of ln K21 versus 1/T for the samples are

shown in Figure 5. The values of DHm and DSm could be calcu-

lated from the slope and intercept and are summarized in Table

I. The values of DHm were increased with increasing AT con-

tent. It indicated that the dissociation of hydrogen bond in the

samples containing AT needed higher energy than that in pure

PU. The results supported that strong hydrogen bond was

formed between AT and the hard segments of TPU. The degree

of hydrogen-bonded carbonyl groups increased with increasing

AT content.

Figure 4. The fraction of hydrogen-bonded carbonyl groups of the sam-

ples as a function of temperature. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 5. The data and linear fit of ln k21 versus 1/T for the samples.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Table I. Values of Xb at 208C, DHm, DSm, and Ea of the Samples

Samples Xb

DHm

(kJ/mol)
DSm

(J/mol K)
Ea

(kJ/mol)

AT0 0.468 10.1 26.5 6.7

AT 1 0.486 10.5 27.7 7.3

AT 2 0.492 11.6 29.5 7.8

AT 5 0.500 11.8 29.6 10.6

Figure 6. The storage modulus of the samples as a function of tempera-

tures. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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Dissociation of Hydrogen Bond Investigated by Dynamic

Mechanical Analysis

It is well known that the physical cross-links in TPU are mainly

arisen from the hydrogen bond between the hard segments of

TPU. Thus, the physical cross-links density in TPU can be used

as a reflection to the fraction of the hydrogen bond in TPU.

The storage modulus (E0) of the samples as a function of tem-

perature is shown in Figure 6. It can be seen with increasing

temperature, the storage modulus of the samples decrease, while

with increasing AT content, the storage modulus of the samples

increase. The influence of adding AT on the storage modulus

can be divided into two parts. One is the interaction between

AT and TPU matrix, which will increase the physical cross-links

in TPU. The other is that AT is a rigid filler, the addition of

which will increase the modulus. For a rigid filler/polymer sys-

tem, the modulus of the composite can be described by Ein-

stein’s equation:

Ef 5Em 112:5Vf 114:2Vf
2

� �
(5)

where Ef is the modulus of the composite and Em is the modu-

lus of the matrix. Vf is the volume fraction of rigid filler, which

can be estimated by following equation:

Vf 5
mAT=qAT

mPU =qPU 1mAT=qAT
, where mAT and mPU are the weight of AT

and TPU, respectively; qAT is about 2.1 g/cm3;41 and qPU is

about 1.1 g/cm3.

Therefore, the corrected storage modulus of the sample can be

obtained by following equation:

E0c5E02Em 112:5Vf 114:2Vf
2

� �
(6)

where E0c is the experimental value of storage modulus.

The corrected storage modulus of the samples as a function of

temperatures is shown in Figure 7. Although the relationship

between storage modulus and temperature shown in Figure 7 is

similar to that shown in Figure 6, however, in this case only the

interaction between AT and TPU matrix is involved.

Figure 7. The corrected storage modulus of the samples as a function of

temperatures. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 8. Plots of ln(Ec
0/T) vs. 1/T for the samples. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

Figure 9. Effect of the temperature and the content of AT on the physical

cross-linking density (ms/V) of the samples. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

Figure 10. Strain–stress relations for the samples. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4306943069 (5 of 7)

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


According to Weisfeld et al.,42 the physical cross-linking density

(ms/V) can be expressed by the Arrhenius relationship:

vs=V5A expðEa=RTÞ (7)

where A stands for a constant, R is the gas constant, T is the

absolute temperature, and Ea is the activation energy of hydro-

gen bond dissociation.

For an elastomer, the measured storage modulus can be

expressed as

E0c5ðvs=V ÞRT (8)

Using eqs. (7) and (8), eq. (9) can be obtained.

lnðE0c=TÞ5lnðARÞ1Ea=RT (9)

Thus, Ea and A could be obtained from the slop and intersection

of the straight line by plotting of ln(E0c /T) versus 1/T, as shown

in Figure 8. By the addition of AT into TPU, the values of Ea

were found to be increased. The result was listed in Table I. The

trend of Ea was consistent with the trend of DHm above, which

indicated that the dissociation of hydrogen bond in the samples

containing AT needed higher energy than that in pure TPU.

ms/V could be calculated by eq. (7). The effect of the content of

AT on the temperature dependence of ms/V is shown in Figure 9.

The values of ms/V increased with increasing AT content. It indi-

cated that the addition of AT increased the physical cross-

linking density of TPU, which was consistent with the conclu-

sion obtained above that rich hydrogen bond was formed

between AT and the hard segments of TPU. Compared with Xb,

the differences for the value of ms/V of the samples were signifi-

cant. Besides the hydrogen bond interaction, the physical cross-

linking density of the samples may involve other interactions

between AT and TPU, such as Van der Waals’ interaction and so

on. This may lead to the bigger differences between the values

of ms/V and Xb of the samples.

Mechanical Properties

Figure 10 shows the stress-strain curves for the samples. The

corresponding tensile strength and the elongation at break of

the samples are listed in Table II. It showed that with increasing

AT content, the tensile strength of the samples increased signifi-

cantly, from 37.2 to 69.8 MPa, while the elongation at break of

the samples was almost the same. It indicated that the incorpo-

ration of AT improved the mechanical properties of PU and

confirmed that strong interaction was formed between AT and

PU.

CONCLUSION

In this paper, the interaction between AT and TPU in TPU/AT

nanocomposites was investigated. With increasing AT content,

hydrogen-bonded carbonyl groups increased. Strong hydrogen

bond was formed between –OH of AT and the carbonyl groups

of TPU. The values of DHm of the hydrogen-bonded carbonyl

groups for the samples increased from 10.1 to 11.8 KJ/mol with

increasing AT content supported the conclusion. Quantitative

evaluations of the interaction between AT and TPU showed that

the physical cross-linking density of the samples increased with

increasing AT content. The results of tensile tests showed that

with increasing AT content, the mechanical properties of the

samples increased.
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