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a b s t r a c t

A commercially available poly(vinyl butyral) (PVB) coating was modified using a combination of

1–10 wt.% bis(trimethoxysilylethyl)benzene and dibutyltin dilaurate as the hydrolysis catalyst. Results of

attenuated total reflectance (ATR)–FTIR analysis indicated the modification resulted in a hybrid coating

material containing silicate moieties covalently bonded to the PVB polymer chains. Gravimetric analysis

indicted the bis-silane addition resulted in a reduction in the diffusion coefficient of the parent coating

to 2-chloroethyl ethyl sulfide (2-CEES), dimethyl methylphosphonate (DMMP), diisopropyl methylphos-

phonate, and methyl salicylate; the most significant reduction was observed for 2-CEES and DMMP at

temperatures ≥50 ◦C. Glass transition temperature, abrasion resistance, tensile strength, and coating

hardness were increased upon incorporation of the bis-silane. Despite incorporation of an inorganic

component, coating flexibility was retained at low temperature (−15 ◦C).

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Recent studies have shown that organic–inorganic interpen-

etrating networks, copolymers, and hybrid materials may be

prepared via incorporation of novel functionalities into organic

polymer systems using polysiloxanes [1], silicones [2], and

alkoxide [3–5] precursors. Incorporation of an inorganic com-

ponent into an organic polymer has been shown to result in

modification of material properties including density, adhesion,

transparency, thermal stability, and permeability. For exam-

ple, Patil et al. [6] found that membranes based on poly(vinyl

alcohol) crosslinked with tetraethyl orthosilicate (TEOS) were

useful as oxygen barriers. Annenkov et al. [7] investigated the

reaction of poly(vinyl butyral) with TEOS. Prezzi and Mas-

cia [8] found that incorporation of alkoxysilanes into epoxy

coatings resulted in a dense epoxy–silica hybrid with an

elevated glass transition temperature, Tg, and extensive sup-

pression of molecular relaxation in the Tg region. Van Ooij

and coworkers [9] incorporated bis-silanes into epoxy, acrylate,

and urethane coatings and found a significant increase in cor-

rosion resistance of metal substrates. Ji et al. [10] found that

incorporation of glycidoxypropyltrimethoxysilane or aminopropy-

ltrimethoxysilane [11] decreased water absorption of an epoxy

coating. Similar research focused on the development and char-

acterization of hybrid films formed from polyurethane–titania

∗ Corresponding author at: 139 Barnes, Suite 2, Tyndall AFB, FL 32403, USA.

Tel.: +1 850 283 6708.

E-mail address: tammy.metroke.ctr@tyndall.af.mil (T.L. Metroke).

[12], polyacrylate–titania [13], epoxy–silica–titania [14], and

titania–epoxy systems [15].

The objective of this study was to synthesize and character-

ize a novel organic–inorganic composite material via modification

of a commercially available poly(vinyl butyral) (PVB) coating with

1–10 wt.% bis(2-trimethoxysilylethyl)benzene (BB) and dibutyltin

dilaurate (DBTDL) as a hydrolysis catalyst. The PVB polymer

backbone comprises 1,2-dioxane rings, unreacted C OH (alcohol)

groups and a minor fraction of acetate functionalities. Depend-

ing on the synthesis conditions, a common polymer formulation

may contain 76, 22, and 2% of the butyral, alcohol, and acetate

functionalities, respectively [16]. Unlike alkoxysilanes that have

been traditionally used for modification of organic systems, the

silane used in this study was a bis-silane, whose general molec-

ular formula may be represented by (RO)3 Si X Si (OR)3, where

R represents a hydrolyzable silicon alkoxide functionality and X

represents a non-hydrolyzable connector group as shown in Fig. 1.

Attenuated total reflectance (ATR)–FTIR spectroscopy was used to

determine the incorporation mechanism of the silane in the PVB

coating. Gravimetric analysis was used to determine the diffusion

coefficient of various chemicals through the parent and modi-

fied coatings. Abrasion resistance, coating hardness, and tensile

strength were determined using standard methods.

2. Experimental

2.1. Materials

ALARA 1116, a waterborne, strippable coating was chosen as

the parent coating and was used as received (Carboline, Co.).

0300-9440/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.porgcoat.2010.08.012
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Fig. 1. Molecular structure of bis(2-trimethoxysilylethyl)benzene (BB).

The manufacturer discloses that the coating comprises 35% PVB,

10% hydrated alumina, and 55% water. 2-Chloroethyl ethyl sul-

fide (2-CEES), dimethyl methylphosphonate (DMMP), diisopropyl

methylphosphonate (DIMP), dibutyltin dilaurate (DBTDL), and

methyl salicylate (MS) were obtained from Aldrich or Alfa Aesar and

were used as received. Bis(2-trimethoxysilylethyl)benzene was

obtained from Gelest and used as received.

2.2. Coating modification and deposition

In this study, 1–10 wt.% bis(2-trimethoxysilylethyl)benzene

(BB) was incorporated into a commercially available PVB coating

along with an aqueous (1 wt.%) DBTDL solution as the hydroly-

sis catalyst [17,18] and allowed to stir for 2 h prior to deposition.

Coatings were prepared on a TeflonTM surface using a drawdown

bar and were allowed to cure at ambient temperature for a min-

imum of one week prior to analysis. Dry coating thickness was

measured using a digital micrometer and is reported as the aver-

age of seven measurements along the length of the coating. Dry

coating thicknesses were found to be approximately 0.32–0.34 mm

(12.8–13.6 mil).

2.3. Infrared analysis

Infrared analysis of the coatings was conducted using a Nicolet

6700 IR spectrometer using an ATR accessory. ATR–FTIR spectra

were recorded using a resolution of 4 cm−1 and were an average of

32 scans.

2.4. Permeation study

Breakthrough times for the permeants were recorded at several

temperatures ranging from 22 to 75 ◦C using the general proce-

dure described in ASTM E96. In our experimental method, 100 �L

of simulant was placed in a crimp-top vial onto which a septum

containing a 9.52 mm (3/8-in.) diameter hole and the coating sam-

ple was crimped. Fig. 2 diagrams the experimental setup. The vials

were placed in an oven at the appropriate temperature, removed

periodically, weighed, and returned to the oven. Depending on the

temperature and permeant used, the experiment was conducted

for a period of 1–3 days.

Fig. 2. (a) Representation of the exposure zone formed by the union of the coating

with the septum and crimp top (top view); (b) complete vial assembly used for

permeation studies. The coating was placed between the septum and the crimp cap.

Fig. 3. ATR–FTIR analysis of the hydrolysis of BB using DBTDL as a hydrolysis catalyst

of (a) the neat silane and after (b) 10 min and (c) 60 min hydrolysis.

2.5. Glass transition temperature

A TA Q1000 differential scanning calorimeter (DSC) was used to

measure the Tg of the coating materials. DSC scans of the coatings

were conducted in aluminum sample pans using a heating rate of

5 ◦C/min from −50 to 150 ◦C.

2.6. Physical characteristics

Elongation and tensile strength of the coatings were determined

in accordance with ASTM D 2370-98. Values reported are an aver-

age of five replicates. Coating hardness was determined using the

pencil hardness test described in ASTM D 3363-05. Coating flexibil-

ity was determined using the low temperature mandrel bend test

described in ASTM D 522 at 0 and −15 ◦C. Coatings were allowed

to acclimatize at the test temperature for a minimum of 12 h and

the test was conducted inside a freezer. Abrasion resistance was

determined using a Taber abrader in accordance with ASTM D 4060

using four replicates per coating. Loss of coating thickness was

determined after 1000 cycles.

3. Results and discussion

3.1. BB hydrolysis and condensation

Infrared spectroscopy has been used to study the hydrolysis and

condensation reactions of silanes, including TEOS [19] and organ-

ically modified silanes [20–22] under various conditions. Prior to

addition of the silane to the coating, ATR–FTIR was used to deter-

mine the fundamental hydrolysis and condensation mechanisms of

BB in the presence of DBTDL. Fig. 3 shows infrared spectra of neat BB

and the reaction with DBTDL as a function of time. BB exhibited two
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Fig. 4. ATR–FTIR spectra of the (a) parent coating and coatings modified using (b)

1 wt.% and (c) 10 wt.% BB. The arrows indicate (i) an increase in intensity of the

band at 1090 cm−1 relative to that of the band at 1135 cm−1 due to the formation

of Si O Si bonding in the coating and (ii) a decrease in intensity of the 971 cm−1

C OH band relative to the 1000 cm−1 band due to Si O C bond formation.

strong bands due to Si O C stretching modes [23] of Si OCH3 at

approximately 1075 and 798 cm−1. As the hydrolysis reaction pro-

ceeded, the intensities of the 1075 and 798 cm−1 bands decreased. A

new band was observed at approximately 1081 cm−1, indicative of

self-condensation resulting in the formation of siloxane (Si O Si)

bonds [24]. From the perspective of our study, these results indi-

cate that DBTDL-catalyzed hydrolysis of BB is initiated during the

2-h mixing period with the parent PVB solution prior to coating

deposition; at this time, Si OH groups are available for conden-

sation with (a) C OH groups on the PVB polymer to form Si O C

bonds and (b) Si OH groups from the hydrolyzed bis-silane to form

Si O Si bonds.

3.2. Coating modification

Fig. 4 shows the ATR–FTIR spectra of the parent coating and the

coatings modified using 1 and 10 wt.% BB. In the 900–1200 cm−1

region, the parent coating exhibited five characteristic bands cen-

tered at approximately 1135, 1108, 1058, 1002, and 971 cm−1.

The bands at 1135, 1108, and 1058 cm−1 were assigned to the

C O C O C ring vibrations. The band at 971 cm−1 was assigned

to the C CO stretch in the alcohol functionality [23]. In the mod-

ified coatings, an increase in the intensity of the 1090 cm−1 band

relative to that of the 1135 cm−1 band and a decrease in the inten-

sity of the band at 971 cm−1 relative to that of the 1000 cm−1 band

were observed.

The location of the new band in the ATR–FTIR spectra centered

at approximately 1090 cm−1 indicates that siloxane (Si O Si)

linkages were formed during the reaction. Additionally, the con-

comitant decrease in the intensity of the band centered at

approximately 971 cm−1 due to the alcohol functionality, indi-

cates condensation occurs between the partially hydrolyzed silane

and C OH groups on the polymer, crosslinking the inorganic and

organic networks. Condensation likely occurred with acetal func-

tionalities on the parent coating, though evidence for this was not

observed in the ATR–FTIR analysis which we assumed was due to

the low abundance of acetal functionalities in the parent coating.

Based on these results, the modified coating comprises the bis-

silane covalently bonded to the PVB coating and contains regions

of Si O Si bonding dispersed throughout.

3.3. Coating characteristics

To understand the effect of BB addition on the properties of the

parent PVB coating, the permeation characteristics, glass transition

temperature (Tg), tensile strength, hardness, and flexibility were

determined for the parent and modified coatings.

Fig. 5. Molecular structures of the permeants investigated.

3.3.1. Diffusion coefficient

Fig. 5 shows the molecular structures of the permeants inves-

tigated. Diffusion coefficient of a permeant molecule through a

coating was estimated from mass loss vs. time plots as described

in ASTM E96. Fig. 6 shows typical mass loss vs. time curves for the

parent coating using DIMP as permeant at 60 ◦C; this curve is rep-

resentative of data collected for the coatings, temperatures, and

permeants investigated. To prepare this plot, the mass of the test

assembly was measured periodically and was found to remain rela-

tively constant (constant-mass region) indicating that the coating is

exhibiting barrier properties toward the challenge simulant. After

penetration, the mass of the vial decreased as the simulant per-

meates the coating; the slope of the mass loss is a measure of the

steady-state permeation rate. The lag time, tlag, was estimated as

the intersection of linear fits through the constant-mass and the

steady-state slope regions of the curve.

The diffusion coefficient, D, may be calculated from the coating

thickness (l) and the lag time (tlag) using Eq. (1) [25].

tlag = l2

6D
(1)

Fig. 7 shows the calculated diffusion coefficients, D, for the unmod-

ified parent coatings (control) and coatings modified using 1 or

10 wt.% BB as a function of temperature for each of the perme-

ants. For temperatures ≤50 ◦C, D for the modified coatings was

similar to that of the parent coating, independent of permeant. At

70–75 ◦C, D for 2-CEES, DMMP, DIMP, and MS through the parent

Fig. 6. Mass loss vs. time plot for the control coating using DIMP as the permeant at

60 ◦C. The data are fit with two lines representing a constant-mass region (a) and a

region of constant-mass loss (b). The intersection of the two lines gives the lag time,

tlag .
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Fig. 7. Diffusion coefficient as a function of temperature for (a) 2-CEES, (b) DMMP,

(c) MS, and (d) DIMP through coatings containing 1–10 wt.% BB.

coating were 5.8 × 10−8, 2.4 × 10−8, 1.2 × 10−8, and 9 × 10−9 cm2/s,

respectively. For the 10% BB modified coatings at 70–75 ◦C, D were

1.8 × 10−8, 1.6 × 10−8, 1.2 × 10−8 and 6.2 × 10−9 cm2/s for 2-CEES,

DMMP, DIMP, and MS, respectively. As compared to 2-CEES and

DMMP, the decrease in the diffusion coefficient for the larger per-

meants, MS and DIMP, at 60–75 ◦C through the silane-modified

coatings was less significant.

3.3.2. Physical characteristics

As determined using DSC, the addition of the silane modifier

resulted in an increase of Tg from 14.78 ◦C for the parent PVB

to 16.39 and 22.40 ◦C for coatings containing 1 and 10 wt.% BB,

respectively. The increase in Tg is likely due to the formation of

Si O Si linkages in the coating, as previously shown by Ji et al. [11]

in epoxy coatings modified using �-aminopropyltrimethoxysilane.

Similar results were observed by Yin et al. [5], who investigated

the Tg of interpenetrating networks of poly(methyl acrylate-co-2-

hydroxyethyl acrylate) containing various concentrations of SiO2

formed via sol–gel synthesis from TEOS. In their study, they

observed an increase in Tg of approximately 6 ◦C upon addition

of 10–20% TEOS to the polymer network. As previously reported

Fig. 8. Proposed representative structure of the organic–inorganic hybrid material

formed through incorporation of BB into a PVB coating. The lines represent PVB

polymer chains. The schematic is not drawn to scale.

by Chan et al. the observation of a single Tg indicates a single-

phase morphology of the bis-silane modified coatings on a scale

not smaller than 150 Å3, indicating that the silane is well-dispersed

within the parent coating.

The observed tensile strengths for the coatings were 1866, 2202,

and 3391 psi for the parent, 1% BB, and 10% BB coatings, respec-

tively. Percent elongation for the coatings was 40, 37, and 25%

for the parent, 1% BB, and 10% BB coatings, respectively. Pencil

hardness for the parent and 1% BB coatings were 6B. Coatings

containing 10% BB exhibited a pencil hardness of 4B. Qualitative

coating flexibility was determined using the mandrel bend test at

0 and −15 ◦C; no cracking of the coatings was observed at either

temperature. Abrasion resistance was determined using a rotary

abrader; loss of dry film thickness was 6.4, 6.1, and 4.8 �m (2.5,

2.4, and 1.9 mil) for the parent, 1% BB, and 10% BB coatings, respec-

tively. These results indicate significant changes in the performance

characteristics of the parent coating upon addition of the silane

modifier.

4. Conclusions

The addition of 1–10 wt.% BB to a commercially available PVB

coating resulted in the formation of a hybrid material contain-

ing silicate moieties covalently bonded to the polymer chains.

Fig. 8 shows a representative structure of the modified coating pre-

pared in this study. The proposed structure contains silsesquioxane

units dispersed in and covalently bonded to the polymer structure.

Addition of 1–10 wt.% BB increased the glass transition tempera-

ture, as the bis-silane becomes covalently bonded to the parent

coating through the condensation of alcohol groups on the poly-

mer and Si OH groups on the hydrolyzed silane. The decrease in

diffusion coefficient observed upon addition of the silane likely

resulted from a reduction in the molecular motions of the parent

PVB coating, an increase in coating tortuosity, and/or a reduction of

the coating pore size. Additionally, the incorporation of the silane

resulted in increase in coating hardness and abrasion resistance,

likely due to the presence of inorganic regions comprising pri-

marily Si O Si bonding. The connectivity with the PVB polymer

backbone imparted by the bis-silane may be responsible for the

increase in tensile strength of the coatings containing 1–10 wt.%

BB. It is interesting that the coating flexibility was not degraded at

low temperatures due to the inherent brittleness of silicate mate-

rials. We postulate that the use of a bridged organically modified

silane allowed enough separation between the inorganic portions

of the silicates to impart flexibility in the coating even at 10% BB

incorporation levels.
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