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ABSTRACT: The interfacial compatibility between polymers and nanoclay fillers as well as the thermostability of both components are

important characteristics for processing them into polymer composites. While the polymer component is often grafted using common

polymerization reactions, the nanoclay component is usually surface modified by surfactant treatment to improve compatibility. In

the present study, the polymer ethylene vinyl alcohol and a nanoclay filler based on natural bentonite are both surface modified by

different silanes, 3-glycidoxypropyltrimethoxysilane and methacryloxymethyltrimethoxysilane and their interfacial properties are inves-

tigated by inverse gas chromatography. The silane-modified samples had improved interfacial properties as reflected by a significant

increase in dispersive and specific surface energies. Lewis acidities were determined using chloroform and 1,4-dioxane as polar probes

and showed a good match between polymer and nanofiller interfaces. Lewis acidity was generally lower after silane-modification. Sila-

nization yielded increased thermal stability of the treated samples. Thus, silanization led to improved compatibility and enhanced

thermal stability which facilitates further processing. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41227.
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INTRODUCTION

Adjustment and enhancement of the heat-resistance and the

interfacial properties of polymers and nanoclays are important

prerequisites for providing processability of the components for

advanced polymer nanocomposite materials.1–13

Compatibilization of nanoclay is generally achieved by surfac-

tant treatment, where an ionic bonding of organic surfactants

to the silicate surface is established.14–17 On the other hand, sur-

face modification of polymers is often accomplished by the

grafting of polymers using common polymerization reac-

tions.18–20 Silanization of either the polymer or the nanoclay fil-

ler has also been described in the literature for this

purpose.21–24 However, to the best of our knowledge, the simul-

taneous use of silane coupling agents for the surface treatment

of both polymers and nanoclays have so far not yet been

described in the literature. Such silane modification should yield

ideal surface compatibility since the functional groups intro-

duced into both components display a high degree of chemical

similarity. Compatibility of two components in a mixture gener-

ally is determined by their relative surface energies. Similar val-

ues for the surface energies of two materials usually lead to

improved wetting and adhesion behavior and, in turn,

improved compatibility.25 Surface energies are typically deter-

mined via contact angle measurements or inverse gas chroma-

tography (IGC). Although there are numerous reports dealing

with the interfacial properties of either matrix systems or fillers

intended for blending,3,9,13,18,26–28 no combined studies exist

that focus on the quantitative characterization of the interfacial

properties of ethylene vinyl alcohol and nanoclays where the

interfacial properties of both components are modified in order

to improve and adjust the intermolecular interaction forces.

The present contribution deals with the preparation of silane-

modified EVOH and silane-modified nanoclay to adjust the sur-

face energies for improved compatibility and thermostability of

the two modified components. All samples were characterized

by IGC and contact angle measurements (CA) to quantify the

interfacial energies and to determine the Lewis acid-base prop-

erties of modified EVOH and modified nanoclay. Furthermore,

thermostability of these materials was investigated by thermog-

ravimetric (TGA) measurements.

EXPERIMENTAL

Chemicals

Ethylene vinyl acetate (EVA, Levapren
VR

) with a vinyl acetate

content of 70.5% obtained from Bayer AG (Leverkusen, Ger-

many) was used for the synthesis of ethylene vinyl alcohol
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(EVOH). Grafting reagents procured from Wacker Chemie AG

(Munich, Germany) were 3-glycidoxypropyltrimethoxysilane

(GOP-TMOS, tradename Geniosil
VR

GF80) and methacryloxyme-

thyltrimethoxysilane (MAOM-TMOS, tradename Geniosil
VR

XL33). As a natural bentonite (NBt) the organically modified

nanoclay Nanofil
VR

5 supplied by Rockwood Clay Additives

GmbH (Moosburg, Germany) was used for all experiments.

Dimethylformamide (DMF) supplied by Th. Geyer GmbH (Ren-

ningen, Germany) was used as swelling agent for suitable process-

ing of the nanoclay. Surface properties of modified EVOH and

nanoclay were characterized by IGC using n-hexane, n-heptane,

n-octane, and n-nonane as non-polar probes. Polar probe mole-

cules were chloroform and 1,4-dioxane. Methane was used as the

non-interacting probe. For contact angle measurements water

and n-decane were used. All probes were of analytical grade and

were purchased from Th. Geyer (Renningen, Germany).

Methods

Synthesis and Modification of EVOH with Different Silanes.

EVOH was synthesized according to a procedure described in

detail elsewhere.29 Ethylene vinyl acetate (EVA) was dissolved in

toluene and a stoichiometric amount of ethanolic potassium

hydroxide solution was added. The mixture was heated to 70�C
for 3 h. EVOH was precipitated upon addition of diluted

hydrochloric acid. EVOH was washed with a mixture of water/

acetone, filtered off and dried under vacuum at 80�C.

For modification with silanes, aliquots of EVOH were dissolved

in DMF under inert gas atmosphere (N2). Stoichiometric

amounts of each silane, GOP-TMOS, or MAOM-TMOS were

added and stirred at 60�C for defined reaction times. Prior to

EVOH modification, the silanes were activated for 10 min in an

ethanol-water mixture (1 : 1, v/v). In the experimental design

the factors “reaction time” for the modification and “pH-value”

at which silane activation and modification was performed were

varied. The reaction mixtures were stirred for either 6 h or 48 h

at a pH value of either 4.6 or 7.0 (Table I). Subsequently, the

crude products were precipitated from solution with brine, fil-

tered off, and washed with water. The obtained samples were

dried under vacuum at 80�C for 24 h.

Modification of Nanoclay with Different Silanes. The nanoclay

NBt was modified by two different silanes MAOM-TMOS and

GOP-TMOS as follows. Initially, 1 g of the nanoclay was pre-

treated for 1 h with a Sonotrode HD 2200 VS 70 T (Bandelin

electronic, Berlin, Germany) in DMF to improve swelling prop-

erties. Subsequently, each suspension of nanoclay was treated

with either 40, 70, or 100 mmol of the respective silane. The

samples were stirred for 16 h, then washed with ethanol and

water, filtered off, and dried under vacuum at 80�C overnight.

Structural Characterization of Silane-Modified EVOH and

Silane-Modified Nanoclay. Structural characterization of silane-

modified EVOH and silane-modified nanoclay was performed

by 1H and 29Si nuclear magnetic resonance spectroscopy and

infrared spectroscopy.

1H-NMR-spectra of silane-modified EVOH were recorded on a

Bruker AC 250 NMR spectrometer (University of T€ubingen,

Germany). Magnetic field strength was 5.85 T (250.10 MHz for
1H) at 27�C, 1H 90� pulse length was 9.6 ms and spectral width

was 4000 Hz. Samples were dissolved in deuterated dimethyl

sulfoxide (DMSO-d6).

29Si-Cross polarization/magic angle spinning (CP/MAS) solid

state nmr spectra of the samples were recorded on a Bruker

ASX 300 (29Si) (University of T€ubingen, Germany). Magnetic

field strength was 7.05 T (59.62 MHz for 29Si) at room temper-

ature. The proton 90� pulse length was 6.2 ms (29Si). Spectral

width was 17,921.15 Hz (29Si). Magic angle spinning was per-

formed at 4 kHz (29Si).

Infrared spectroscopy was used to obtain a general overview of

the structure of silane-modified EVOH and silane-modified

nanoclay. KBr-pellets were prepared from unmodified and

modified samples. Infrared spectra were recorded in transmis-

sion before and after modification using a Spectrum One (Per-

kin Elmer LAS GmbH, Rodgau-J€ugisheim, Germany). Each

sample was measured within a wavenumber range between

4000 cm21 and 650 cm21. Each spectrum was an average of 16

single wavelength scans.

Additionally, to investigate the effect of silane-modification on

the inter-layer distance of nanoclay samples X-ray diffraction

measurements (XRD) were conducted. X-ray diffraction pat-

terns of powdery samples were recorded using a Siemens D5005

diffractometer (Cu Ka 1.54 Å) equipped with a secondary

monochromator operating at 40 kV and 40 mA. Nitrogen

Table I. Stoichiometry and Reaction Conditions for Modification of EVOH with MAOM-TMOS and GOP-TMOS

Sample Mass EVOH (g) Silane Volume silane (mL) Amount of silane (mmol) VOH (mmol) pH tR (h)

ES1 3.3 MAOM-TMOS 2.6 14 41 4.6 6

ES2 3.3 MAOM-TMOS 2.6 14 41 4.6 48

ES3 3.3 MAOM-TMOS 2.6 14 41 7.0 6

ES4 3.3 MAOM-TMOS 2.6 14 41 7.0 48

ES5 3.3 GOP-TMOS 3.1 14 41 4.6 6

ES6 3.3 GOP-TMOS 3.1 14 41 4.6 48

ES7 3.3 GOP-TMOS 3.1 14 41 7.0 6

ES8 3.3 GOP-TMOS 3.1 14 41 7.0 48

VOH: amount of vinyl alcohol in ethylene vinyl alcohol; tR: reaction time.
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adsorption measurements were performed on a Quantachrome

Autosorb 6. The specific surface areas of nanoclay samples were

calculated according to the Brunauer-Emmett-Teller (BET)

method. Total pore volumes and pore size distributions of

nanoclay samples were calculated with the Barrett–Joyner–

Halenda (BJH) method.

Characterization of Surface Properties. Inverse gas chromatog-

raphy. Dispersive surface energy and specific desorption energy

of silane-modified EVOH and silane-modified nanoclay were

determined by IGC. The Gas Chromatograph Agilent 6890

Series was equipped with flame ionization detector (FID) and

Chemstation control software version 1.5 from Porotec GmbH

(Hofheim/Ts., Germany). Physicochemical data was evaluated

with IGC analysis software version 1.1 (Surface measurements

Systems, Alperton Middlesex, London, UK). The carrier gas was

helium with a flow rate of 20 cm3 min21.

Prior to surface characterization samples were ground and

sieved [60 mesh (US), 250 mm]. To avoid column blocking each

sample (0.1 g) was mixed with inert glass beads (size 0.25–

0.5 mm). Prepared samples were packed in silanized glass col-

umns (length 0.3 m) with internal diameter of 3 mm. To pre-

vent spillage of sample mass, columns were plugged at both

ends with silanized glass wool. Samples were conditioned at

35�C (308 K) and 0 % relative humidity for 12 h under helium

gas flow of 20 cm3 min21. Injection of n-alkanes was made at a

partial pressure of 0.05 p/p0. Dead time volume determination

was made by the injection of methane gas at a partial pressure

of 0.01 p/p0. Samples were measured twice. Injection of a series

of n-alkanes was performed to calculate dispersive surface

energy cD
S using the approach of Schultz et al. which is briefly

summarized in the following section.30–32

Starting with the experimental determination of the retention

time of a non-polar probe molecule (tr ) and a non-interacting

probe (t0) at certain carrier gas flow F the net retention volume

VN is calculated according to eq. (1) taking into account the

James–Martin correction factor D [eq. (2)] for gas

compressibility.

VN 5F � D � ðtr2t0Þ (1)

D5

3 � pi

p0

� �2

21

� �

2 � pi

p0

� �3

21

� � (2)

Under the assumption of Dorris and Gray33 the desorption

energy DG can be approximated by the product of Avogadro’s

number N , the work of adhesion W to the solid surface and

cross sectional area a of the probe molecule adsorbed [eq. (3)].

DG5N � a �W (3)

Using n-alkane probes, Fowkes related the work of adhesion W

to the dispersive surface energy cD
S of the solid under investiga-

tion and to the dispersive surface energy cD
L of liquid probes,

represented in eq. (4).34

W 52

ffiffiffiffiffiffiffiffiffiffi
cD

S cD
L

q
(4)

By the combination of eqs. (3) and (4), the desorption energy

DG can be expressed as follows:

DG5 N � a � 2

ffiffiffiffiffiffiffiffiffiffi
cD

S cD
L

q
(5)

On the other hand DG can be expressed as a function of the

net retention volume VN by thermodynamic considerations at

infinite dilution as usually applied to IGC [eq. (6)], where C is

a constant depending on the reference state.32

DG5RT � lnVN 1C (6)

Rearrangement of eqs. (5) and (6) leads to eq. (7), from which

the dispersive surface energy cD
S of a solid sample can be calcu-

lated from the slope of the n-alkane line (reference line) from

plotting RT lnVN against a cD
L

� �1
2.30,32

RT lnVN 52N cD
S

� �1
2 a cD

L

� �1
2 1C (7)

In addition the injection of polar probe molecules enables char-

acterization of Lewis acid-base properties. For this purpose the

desorption energy DG is calculated as sum of the dispersive

desorption energy DGD and the specific desorption energy

DGsp. These energies (DGD , DGsp) are substituted by the rela-

tionship of Dorris and Gray [eq. (3)] yielding eq. (8), where

W D; W sp are the dispersive and specific work of adhesion of

an adsorbed probe molecule.35

DG5DGD1DGsp5N � a �W D1 N � a �W sp (8)

Furthermore, DGD can be expressed in dependence of a refer-

ence net retention volume V
ref
N [eq. (9)]. V

ref
N is derived from

the n-alkane reference line at a cD
L

� �1
2 of the corresponding

polar probe molecule.

DGD5N � a �W D5RT lnV
ref
N (9)

With the desorption energy expressed in terms of a net reten-

tion volume [eq. (6)], eq. (8) is transformed by combination of

eqs. (6) and (9) (eq. (10)). Rearrangement of eq. (10) leads to

the expression for the specific desorption energy DGsp [eq.

(11)]:30,32,35

RT lnVN 5RT lnV
ref
N 1N � a �W sp5RT lnV

ref
N 1DGsp (10)

DGsp5RT lnVN 2RT lnV
ref
N (11)

Lewis acid–base properties of silane treated samples were

calculated as the ratio of the specific desorption energies DGsp

from 1,4-dioxane and chloroform. This ratio indicates an acidic

ð DGsp Dioxaneð Þ
DGsp Chloroformð Þ � 1:1Þ or basic character ð DGsp Dioxaneð Þ

DGsp Chloroformð Þ � 0:9Þ of

the solid surface.36

Characteristic physicochemical parameters of used probe mole-

cules required for calculation of surface properties are listed in

Table II.
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Contact angle measurements. Additionally, the surface properties

were characterized by measuring the contact angle of unmodified

and silane-modified samples using a drop shape analysis system

DSA 10 Mk2 from Kr€uss Optronic GmbH (Hamburg, Germany).

The sessile drop method (axisymmetric drop shape) was applied

to measure the contact angles at 22�C and 45% relative humidity.

A syringe with a cannula tip (internal diameter 0.5 mm) was used

to deposit droplets of water or n-decane on the surface of the

samples. Powdery samples were pressed with 150 bar to circular

discs of internal diameter of 1 cm. Each sample was measured

twice. Contact angles were determined by the tangent method

using the analysis software DSA version 1.80.1.2 (Kr€uss Optronic

GmbH, Hamburg, Germany).

Thermal Stability

TGA measurements of modified EVOH and nanoclay were car-

ried out on a TGA/DSC1 from Mettler-Toledo GmbH (Gießen,

Germany) equipped with the module 835 with SDTA sensor,

furnace LF110 and MX5 balance. Samples were heated with a

dynamic rate of 20 K min21 from 25�C to 1000�C under syn-

thetic air. 10 mg of each sample was measured in 70 mL-Al2O3

crucibles. Onset-temperatures of degradation were determined

by the tangent method using the STARe Software 9.30 (Mettler-

Toledo GmbH, Gießen, Germany).

Preparation and Characterization of Nanocomposites

EVOH nanocomposites were prepared via solution blending.

The unmodified and silane-modified EVOH samples were dis-

solved in hexafluoro-isopropanol (HFIP). Subsequently, 5 wt %

of either unmodified or silane-modified NBt were added and

the solutions were treated for 30 min with a Sonotrode HD

2200 VS 70 T (Bandelin electronic, Berlin, Germany). After-

wards, a thin film was produced by spin-coating the dispersion

on a microscope slide followed by evaporation of HFIP.

Electron micrographs of nanocomposites were recorded on a

scanning electron microscope (SEM) Zeiss Auriga (Zeiss micros-

copy GmbH, Jena, Germany). Macroscopic optical properties

were tested by comparing the transparency of films prepared

from modified and unmodified EVOH and NBt.

RESULTS AND DISCUSSION

Structural Characterization of Silane-Modified EVOH and

Silane-Modified Nanoclay

Grafting Degree of Silane-Grafted EVOH. 1H-NMR experi-

ments were performed to determine the grafting degree of silan-

ized EVOH. The 1H-NMR-spectra of pure EVOH and of a

MAOM-TMOS modified EVOH (representatively for silane-

modified EVOH samples) are depicted in Figure 1.

Ethylene protons of the ethylene repeating unit and the vinyl alco-

hol unit in EVOH appeared at 1.23 ppm (Figure 1, C–E). Due to

stereochemical effects regarding the configuration of a vinyl alco-

hol unit, methine protons of EVOH showed three doublets at

3.33 ppm, 3.60 ppm, and 3.82 ppm (Figure 1, B). Likewise, the

resonances of the hydroxyl protons showed three doublets at 4.20

ppm, 4.47 ppm, and 4.67 ppm (Figure 1, A).39–41

Additional resonances were observed by the silanization of

EVOH with MAOM-TMOS. These were related to the methyl-

ene protons [Figure 1(a) at 5.97 ppm and 5.62 ppm] and

methyl protons [Figure 1(d) at 1.82 ppm] of the methacryloxy-

group. The chemical shift of methoxy-groups in MAOM-TMOS

[Figure 1(c)] originally appeared at 3.39 ppm but vanished due

to the condensation reaction. Hence, resonances of methoxy-

protons were not present in the 1H-NMR-spectrum of silanized

EVOH. The chemical shift of the methylene protons in the Si-

CH2-O-bridge [Figure 1(b)] at 3.72 ppm was overlapped by the

three resonances of the methine protons of EVOH (Figure 1,

B).

As in case of MAOM-TMOS, the original resonance of

methoxy-protons of GOP-TMOS at 3.49 ppm (Figure 2, H1)

disappeared after silanization in the corresponding 1H-NMR-

spectrum. Further, chemical shifts of protons in positions H2,

H3 at 0.60 ppm and 1.57 ppm (Figure 2) were overlapped by

the resonances of ethylene protons in EVOH (Figure 1C–E).

The chemical shifts of the protons in positions H4 to H7 were

also overlapped by the three signals of the methine protons in

EVOH (Figure 2, H4–H7, Figure 1, B)

Grafting degree of EVOH GDEVOH
was calculated from the ratio

of the integrated peak intensities of the hydroxyl-group before

and after modification [eq. (12), Figure 1]. Herein the chemical

shift of ethylene protons in the EVOH backbone was used as

Table II. Characteristic Parameters of Used Probe Molecules [31,32,37,38]

Probe a½Å2� cD
L ½mJ �m22�

a
ffiffiffiffi
cD

L

p
½Å

2 ffiffiffiffiffiffiffiffiffiffiffiffiffi
mJ�m22
p

�

n-Hexane 51.5 18.4 220.9

n-Heptane 57.3 20.3 258.2

n-Octane 63.0 21.3 290.8

n-Nonane 69.0 22.7 328.7

Chloroform 44.0 25.0 220.0

1,4-Dioxane 31.4 33.2 180.9

Cross-sectional area of a probe molecule in Å
2.

cD
L : Dispersive surface energy of liquid probe in mJ m22.

Figure 1. Comparison of 1H-NMR-spectra of pure EVOH (blue line) and

MAOM-TMOS modified EVOH (green line). Marking characteristic

chemical shifts and peak integrals for determination of the grafting degree.

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

wileyonlinelibrary.com.]
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the reference peak to compare the chemical shifts of the

hydroxyl-group before and after the silane modification.42–47

GDEVOH
5 12

Aafter

Abefore

	 

3100% (12)

Stoichiometric compositions of EVOH and silanes were mixed

in a 3-factor 2-level full factorial experimental screening design

for the determination of optimum grafting conditions. The

three factors varied were silane type, reaction pH and time. For

modification with MAOM-TMOS grafting degrees of EVOH

were in the range from 11% to 19%. GOP-TMOS-treated

EVOH samples yielded a grafting from 13% to 17%. ANOVA

analysis of the screening design for the EVOH-silane modifica-

tion yielded the interaction between reaction time and pH as

the only statistically significant effect. Whereas both time and

temperature need to be integrated into the two-factor interac-

tion model to provide for mathematically correct model hierar-

chy, the factor silane was definitely not statistically significant.

This means that the chemical modification of EVOH under the

studied reaction conditions works equally well for both silanes.

The importance of the pH-reaction time interaction can be

rationalized by the established fact that the relative rates of sil-

ane hydrolysis and silane condensation are very much pH

dependent.48 While the hydrolysis of alkoxy silanes is favored by

lower pH, the condensation is favored by higher pH. For all fur-

ther experiments with the nanoclay filler, the samples prepared

at low pH (4.6) and short reaction times (6 h) were used since

they displayed the highest absolute values in measured grafting

degrees. Additional recordings of 29Si-NMR-spectra of the

EVOH samples were conducted to investigate further condensa-

tion reactions of MAOM-TMOS and GOP-TMOS. On the basis

of applied silanes there was one kind of Si-nucleus to be

observed in the corresponding spectra (Figure 5, Tn,

n 5 0,. . .,3). The Si-nucleus in MAOM-TMOS and GOP-TMOS

is assigned as Tn-group (n 5 0, 1, 2, 3), since up to three Si–O–

Si-bridges can be established, indicated by the superscript “n”.

Such Tn-groups have chemical shifts in the range of 250 ppm

to 270 ppm depending on the number n.49 Figure 3 depicts

representatively for all EVOH samples the 29Si-NMR-spectrum

of EVOH treated with MAOM-TMOS. The sole existence of a

single T3-peak at 266.75 ppm indicated that in addition to the

successful grafting to EVOH the silane molecules condensed

completely.

To complement the results of NMR spectroscopy, infrared spec-

tra were recorded of unmodified and silane-modified EVOH

(Figure 4). As seen in Figure 4, the absorbance of the stretching

vibration characteristic for the hydroxyl-group m OHð Þ at

3370 cm21 of EVOH decreased upon silane modification. This

indicates the successful grafting of silane onto the EVOH back-

bone for MAOM-TMOS as well as for GOP-TMOS. In case of

the MAOM-TMOS modification of EVOH, the appearance of

the carbonyl stretching vibration m C5Oð Þ at 1750 cm21 also

corroborates successful grafting of silane onto EVOH.

Silane Grafted Nanoclay. 29Si-CP/MAS-NMR spectra were

recorded to investigate coupling of MAOM-TMOS and GOP-

TMOS to the nanoclay surface. In layered silicates so called Qm-

groups (m 5 0, 1, 2, 3, 4) are observed, related to Si-nuclei

which can form up to 4 Si–O–Si-bridges in a clay matrix (Fig-

ure 5). As a consequence of the geometry of silicates, Si-nuclei

represented by Q4-groups are located in the interior of the clay

matrix, while Si-nuclei of Q3-groups are situated on the surface

or edge of a clay sheet. In dependence of the value for m, the

Figure 2. Chemical structure of GOP-TMOS marking positions of charac-

teristic protons.

Figure 3. 29Si-NMR-spectrum of EVOH treated with MAOM-TMOS rep-

resentative for silanized EVOH samples. [Color figure can be viewed in

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

Figure 4. Infrared-spectra of unmodified and silane-modified EVOH.

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

wileyonlinelibrary.com.]
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corresponding 29Si-resonances are shifted in the range 280

ppm to 2110 ppm.49

Thus, potential coupling positions for silane molecules are

located on the surface of the nanoclay sheets. In case of success-

ful coupling of silanes to nanoclay surface Q3-groups would

turn into Q4-groups resulting in a decreasing Q3-peak. Since

NBt consisted of natural bentonite it contained also aluminum

atoms in the clay matrix. The additional aluminum induced

overlapping of Q3- and Q4-peaks rendering the proof of suc-

cessful coupling of silanes onto NBt surface difficult.50 In the
29Si-NMR-spectra of nanoclay samples (not shown) it was thus

only possible to detect formation of T3-groups indicating com-

plete condensation of silane molecules. It is known from the

scientific literature that the exact number of accessible hydroxyl-

groups on the nanoclay surface is hard to determine for grafting

reactions.51–53 This was also found in the present study where

no grafting degree could be specified for the silane modification

of NBt. However, additional thermogravimetry-mass spectro-

metric analysis was performed on each type of modified nano-

clay in order to determine whether or not organic residues were

bound to the nanoclay or not. It was found that during degra-

dation in the TGA experiment, the main volatile fragments were

CO and CO2. This indicates the degradation of an organic spe-

cies and at least allows the conclusion that nanoclay surface was

successfully modified by both of the applied silanes.

Since 29Si-NMR spectroscopy turned out not to be the appro-

priate method to identify the attachment of silanes to the clay

surface, infrared spectra were recorded of unmodified and

silane-modified NBt to study the surface modification (Figure

6). Comparison of the infrared spectra of pristine NBt and

GOP-TMOS modified NBt revealed no qualitative changes of

the vibrational spectrum indicative for the coupling of GOP-

TMOS to the clay surface. In the case of modifying NBt with

MAOM-TMOS, the carbonyl stretching vibration m C5Oð Þ of

the methacryloxy-group appeared at 1722 cm21 corroborating

sufficient surface modification of the clay surface.

Interfacial compatibility can greatly assist intercalation and exfo-

liation in case of layered silicates.54,55 Therefore, X-ray diffrac-

tion measurements (XRD) were conducted to investigate the

effect of silane-modification on the inter-layer distance of nano-

clay samples. As seen in Figure 7, pristine NBt yielded a basal

spacing between 26 Å and 30 Å. This can be explained by the

surfactant-modification with distearyl-dimethyl-ammonium

chloride of the nanoclay by the manufacturer. The applied sur-

factant molecule with its chain length of 18 carbon atoms is

very flexible, so that the inter-layer distance of the nanoclay can

vary in a broad range. This wide distribution of inter-layer dis-

tances causes the plateau observed for the pristine NBt (Figure

7, black line).

Upon modification of NBt with GOP-TMOS, the long-chained

surfactant molecule is replaced by GOP-TMOS. As a result, the

number of possible inter-layer distances is reduced and a shift

of the average interlayer distance to approximately 27 Å is

observed (Figure 7, red line). A similar effect is observed with

MAOM-TMOS. However, in this case the modification led to a

significantly increased inter-layer distance (38 Å, see Figure 7,

blue line).

These observations are in good agreement with the literature,55

where nanoclay modification by a tri-functional silane also

caused an increase in the inter-layer distance in nanoclay,

Figure 5. Differentiation between Tn- and Qm-Si-nuclei in dependence of the number of Si–O–Si bridges. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 6. Infrared-spectra of unmodified and silane-modified NBt. [Color

figure can be viewed in the online issue, which is available at wileyonline-

library.com.]
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whereas modification with a mono-functional silane did not.

The authors explained their findings with a polycondensation

reaction of the used tri-functional silane at the edge zones of

the platelets which was not possible in the case of the mono-

functional silane.

In agreement with these earlier observations, in case of the

silanes used in the present study, the increase in interlayer dis-

tance observed with MAOM-TMOS can also be explained with

the formation of such polysiloxanes. GOP-TMOS in contrast,

although carrying a tri-functional moiety as well can alterna-

tively also react as a mono-functional molecule with its glyci-

doxy group. Considering the relative reactivities of the glycidoxy

and the trimethoxysilyl functionalities, it is assumed that the

attachment of the silane to the nanoclay with the mono-

functional part of the molecule should more preferably occur

than attachment with the trimethoxysilyl-end. This would pro-

vide an explanation for the observation that GOP-TMOS does

not significantly increase the inter-layer distance of NBt. The

reason why GOP-TMOS leads to a smaller interlayer distance

than does MAOM-TMOS may be related to the relative orienta-

tions of the tri-functional groups of the silane molecules after

nanoclay modification as follows: according to Herrera et al.,55

silane modifiers bind to the nanoclay platelets preferably at the

edges of the single layers rather than at sites located within the

interlaminate space. Modification of the nanoclay with a multi-

functional silane ultimately produces a polycondensation prod-

uct (a polysiloxane) that pushes the clay-sheets apart. If the tri-

functional silane is directly linked to the nanoclay with its

hydrolyzed tri-methoxysilyl head, polycondensation is forced to

take place in close proximity to the platelets and hence, their

inter-layer distance is increased. Moreover, polysiloxane bridges

may be formed between the platelets. If, however, as in the case

of GOP-TMOS, the silane is linked to the platelet edge via the

opposite end of the molecule, i.e., its glycidoxy group, its tri-

functional end points outwards and the resulting poly-

condensates are not as close to the single layers, resulting in a

reduced ability to push apart and cross-link the layers.

As an observable effect of such silane modification, the inner

surface of the nanoclay would be blocked by the organic mole-

cules grafted.56 Hence, the specific surface area of the modified

nanoclays would appear to be reduced when assessed by adsorp-

tion measurement methods like the Brunauer-Emmett-Teller

(BET) or the BJH methods because of the screening effect of

the silanes. This blocking effect should be more pronounced in

the case of MAOM-TMOS due to the spatially more restricted

siloxane polycondensation.

To test this hypothesis, BET and BJH measurements were per-

formed on the nanoclays. The values of the BET specific surface

areas and of the BJH values for the total pore volumes of the

modified nanoclays samples were indeed much lower than the

value for the pristine nanoclay (Table III). Moreover, the MAOM-

TMOS modified nanoclay displayed a smaller specific surface area

and a smaller total pore volume than the GOP-TMOS modified

one. The pore size distribution indicated formation of a porous

structure upon GOP-TMOS modification whereas the MAOM-

TMOS modified sample displayed practically no porosity at all.

These findings corroborate the more pronounced screening effect

of MAOM-TMOS as would be expected in the case of an inward

orientation of the tri-functional group.

Surface Properties and Thermal Stability of EVOH and

Nanoclay

Contact angle measurements were conducted to assess the sur-

face properties of unmodified and silane-modified samples.

However, the obtained values were not conclusive due to high

porosity of the samples (circular discs, pressed at 150 bar).

As compared to contact angle, IGC allows to measure porous or

powdery samples. Moreover, the interfacial properties are deter-

mined more directly since here the surface energy is investigated

on a molecular level by the interaction of a probe molecule with

the solid. Hence, IGC was applied to characterize the surface

properties of unmodified and modified EVOH and nanoclay.

A series of n-alkanes were injected to calculate the dispersive

surface energy following the approach of Schultz.30 Further

application of polar probes (chloroform, 1,4-dioxane,) during

IGC experiments was used to determine Lewis acid-base

Figure 7. XRD patterns of unmodified NBt (black line), NBt-GOP-TMOS

(redline), and NBt-MAOM-TMOS (blue line). [Color figure can be

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

Table III. Specific Surface Areas and Total Pore Volumes Determined by

the BET- and BJH Methods of Pristine NBt, MAOM-TMOS, and GOP-

TMOS-Modified NBt

Sample ABET
a (m2 g21) VPore

b (cm3 g21)

NBt 11.3 0.12

NBt-GOP-TMOS 4.5 0.04

NBt-MAOM-TMOS 2.3 0.03

a Specific surface area determined by the Brunauer-Emmett-Teller (BET)
method.
b Total pore volume determined by the Barrett–Joyner–Halenda (BJH)
method.
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properties of the unmodified and modified samples. The calcu-

lated surface properties and thermal properties of EVOH and

nanoclay are listed in Table IV. Surface and thermal properties

of modified EVOH and nanoclay were independent from either

reaction conditions or silane concentrations.

As seen in Table IV untreated EVOH and NBt had similar disper-

sive surface energies of about 42 mJ m22. Likewise, both samples

displayed relatively high Lewis-acidic surfaces of approximately

3.5. In case of modification of EVOH and NBt with MAOM-

TMOS, dispersive surface energies increased in a similar way to

46–47 mJ m22. Further, Lewis-acidity decreased significantly,

which can be explained by a decreasing number of free hydroxyl-

groups in EVOH as well as in NBt. This observation is in good

agreement with a successful grafting result, as indicated by NMR-,

TGA/mass spectrometric-measurements or infrared spectra. Simi-

lar adaptation of the surface properties was also observed modify-

ing EVOH and NBt with GOP-TMOS (Table IV).

Modification of EVOH and NBt with different silanes yielded a

significantly increased thermal stability of both the modified

EVOH and the modified nanoclay as was determined by TGA in

terms of the onset temperature, Ton of thermal degradation (Table

IV).

Silanization of EVOH with MAOM-TMOS yielded a much

more robust modification of the polymer (Ton 5 351�C) than

the GOP-TMOS treatment (Ton 5 341�C) or no treatment (pris-

tine EVOH, Ton 5 301�C) (Figure 8, 9). This can be explained

by the type of linkage established between silanes and EVOH.

Using MAOM-TMOS as the modifying agent, only Si–O–C-

bridges can be formed between silane and polymer. In case of

GOP-TMOS, however, it is also possible to form C–O–C-

bridges. Since a C–O–C-bridge is less stable (716 kJ mol21)

than a Si-O-C-bridge (802 kJ mol21), modification of EVOH

with GOP-TMOS would be expected to yield a less stable prod-

uct than does modification of EVOH with MAOM-TMOS.57

In case of the nanoclay, Ton of pristine NBt (207�C) was

increased to 291�C (NBt-MAOM-TMOS) and 243�C (NBt-

GOP-TMOS) by the modification with MAOM-TMOS and

GOP-TMOS, respectively. This can be explained analogously:

MAOM-TMOS can only be attached to the nanoclay surface by

Si–O–Si-bridges, whereas GOP-TMOS can also form Si–O–C-

bridges. Here a Si–O–Si-bridge (888 kJ mol21) is more stable

than a Si–O–C-bridge, so that the MAOM-TMOS modified NBt

is thermally more stable than the GOP-TMOS-modified NBt.57

These results are in good agreement with earlier findings of

Geyer et al.58 that MAOM-TMOS treatment of nanoclay leads

to a thermally more stable modification than a treatment by

GOP-TMOS. Enhanced thermal stability is of crucial

Figure 8. TGA-traces of unmodified and silane-modified EVOH (a) and

NBt (b). [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

Table IV. Dispersive, Specific Surface Energies, Lewis Acid–Base Properties, and Degradation Onset Temperatures of EVOH and Nanoclay Samples

DGsp mJ �m22
� �

Sample cD
S mJ �m22
� �

Chloroform 1,4-Dioxane DGspðDioxaneÞ
DGspðChloroformÞ Ton [�C]

EVOH 42.1460.45 11.88 42.68 3.59 301

NBt 41.9960.44 23.11 80.99 3.50 207

EVOH-MAOM-TMOS 46.2260.54 23.50 63.83 2.72 351

NBt-MAOM-TMOS 47.4061.16 24.16 73.50 3.04 291

EVOH-GOP-TMOS 49.4860.25 30.99 71.84 2.32 341

NBt-GOP-TMOS 48.2260.36 24.50 73.76 3.01 243

cD
S : dispersive surface energy; DGsp: specific surface energy; Ton: degradation onset temperature.
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importance regarding further processing of such materials.

Processing of polymers and nanoclays in general entails exposi-

tion to elevated temperatures. Thus, thermal stability is neces-

sary in order to maintain silane modification and thereby,

compatibility between the blend components during processing.

Morphological Characterization of Nanocomposites

Scanning electron microscopy was applied to investigate the

effect of surface modification of both EVOH and nanoclay on

the dispersibility of nanoclay particles in the polymer matrix.

The following nanocomposites were prepared and studied with

SEM (Figure 10): EVOH, unmodified/NBt, MAOM-TMOS

modified [Figure 10(a)]; EVOH, unmodified/NBt, unmodified

[Figure 10(b)]; EVOH, MAOM-TMOS modified/NBt, MAOM-

TMOS modified [Figure 10(c)], EVOH, GOP-TMOS modified/

NBt, GOP-TMOS modified [Figure 10(d)].

The sample shown in Figure 10(a) illustrates an incompatible

mixture of the components: combination of unmodified EVOH

with MAOM-TMOS modified NBt led to nanoclay agglomerates

with a particle size of approximately 1 micrometer dispersed in

the polymer matrix. As evident from the insert in Figure 10(a),

even larger agglomerates in the order of magnitude of several

micrometers were present. Further, dispersion of these particles

in the polymer was not very homogeneous.

The nanocomposite where neither EVOH nor NBt was silane-

modified [Figure 10(b)] yielded a reduction in clay particle size

associated with a more homogeneous dispersion of clay

particles.

Where both EVOH and NBt were modified with silane a signifi-

cantly improved homogeneity of nanoclay particle dispersion in

the polymer matrix was the result [Figure 10(c, d)], no matter

whether MAOM-TMOS [Figure 10(c)] or GOP-TMOS [Figure

10(d)] were applied. All particles were of nanoscale size [Figure

10(c, d), bright small spots] and no larger agglomerates were

observed. These results show that for good compatibility it is

not sufficient that the blend components possess similar values

for their surface energies, but that it is also required that they

display similar surface chemistry in order to produce a homoge-

neous nanocomposite. The improved compatibility between

EVOH and NBt is also evident when macroscopic properties are

considered. Figure 11 shows photographs of one compatible

[EVOH, MAOM-TMOS modified/NBt, MAOM-TMOS modi-

fied, Figure 11(a)] and one incompatible [EVOH, unmodified/

NBt, MAOM-TMOS modified, Figure 11(b)] nanocomposite

film. It is seen that when both components of the nanocompo-

site were chemically modified by MAOM-TMOS, the brilliance

of the image covered by the transparent nanocomposite sheet

became much better. Brilliant optical transparency was only

achieved when the nanoscaled particles were homogeneously

dispersed in the polymer matrix.

CONCLUSION

Ethylene vinyl alcohol and the nanoclay NBt were modified with

different silanes, MAOM-TMOS, and GOP-TMOS. Starting

materials as well as grafted species were characterized by NMR-

spectroscopy, infrared spectroscopy, IGC, contact angle measure-

ments, and thermogravimetry. 1H-NMR-measurements proved

for every silane successful grafting onto EVOH surface. In addi-

tion, 29Si-NMR-measurements revealed complete condensation of

the applied silanes. Further, infrared spectra of unmodified and

modified EVOH samples corroborated successful grafting of

silanes onto EVOH surface. In case of NBt it was not possible to

prove covalent coupling of silanes to silicate surface by 29Si-NMR-

spectroscopy. This difficulty was attributed to the nature of the

nanoclay. Additional aluminum atoms in the silicate matrix ren-

dered differentiation between Si-atoms on the clay sheet surface

(possible coupling positions for silane molecules) and Si-atoms

within the clay matrix impossible. Again, 29Si-NMR-spectra

proved solely complete condensation of applied silanes. In con-

trast to the infrared spectra of the EVOH samples, only the infra-

red spectrum of MAOM-TMOS modified NBt corroborated

sufficient surface grafting of the nanoclay. Thus, additional

thermogravimetry-mass spectrometric analysis and a decreasing

Lewis-acidity of nanoclay supported successful modification of

NBt by silane treatment. XRD-measurements of silane-modified

Figure 9. dTGA-traces of unmodified and silane-modified EVOH (a) and

NBt (b). [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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NBt showed that MAOM-TMOS modification yielded an

increased inter-layer distance compared to pristine NBt. Charac-

terization of surface properties represented by the dispersive sur-

face energies showed good compatibility of modified EVOH and

the nanoclay to each other. Determination of degradation onset

temperatures revealed an enhanced thermal stability of modified

EVOH and nanoclay in comparison to unmodified EVOH or

NBt. Improved compatibility and enhanced thermal stability are

important features to facilitate further processing. Finally, as a

result of silane-modification, improved compatibility of EVOH

and NBt yielded a homogeneous dispersion of nanoscaled clay

particles in the polymer matrix to give films of much improved

transparency. The proposed method should be applicable in prin-

ciple to all polymer matrix systems that bear potential coupling

positions for silanes or are susceptible to silane grafting.
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