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ABSTRACT

The hydrolysis process of bis-1,2-(triethoxysilyl)ethane (BTSE) was studied in aqueous and methanol
solutions at pH 4. Nuclear magnetic resonance (NMR) evaluation of different solutions was carried out
for 7 days. Unlike other researches, methanol-rich solutions are proven inadequate to reach a complete
hydrolysis process. In water-rich solutions, hydrolysis takes place for 3 days, 85% of the silane molecules
being transformed into silanols; this amount continues increasing up to the seventh day of hydrolysis.
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1. Introduction

aluminium substrates are formed [ 1OJ, while water is a sub-product

Functional silanes. with general formula R-(CH2 )n-Si(OR'h, are
widely used as silane coupling agents. On one hand, their (OR'h
groups are capable of hydrolyzing, yielding silanols (Si-OH) and
therefore reacting with the inorganic substrate. On the other hand.
their R group is capable of reacting with the monomers to be poly
merized. Their R-(CH2)n group forms the non-hydrolyzable part of
the molecule [1 ].
During the hydrolysis process. condensation reactions also take
place, diminishing the amount of silanol groups and thus the effec
tiveness of bond formation. Hydrolysis must be maximum (high
silanol formation) and condensation must be avoided as much as
possible (2,3 J. Thus, these are the two main reactions taking place
during the hydrolysis process (4,5 ]:

This study is focused on bridged silane coupling agents. These
silanes Jack the organofunctional group R, substituted by a sec
ond -Si-(OR'h moiety, thus resulting in structures of the type
(R'Oh-Si-(CH2)n-Si(OR'h. Literature includes scarce hydrolysis
studies for bridged silane bis-1.2-(triethoxysilyl)ethane (BTSE)
solutions for times over 1 h (2,3). However, despite the lack of data.
it is said that BTSE must be hydrolyzed for at least 24 h to maximize
silanol formation [ 13-15 ]. BTSE has been used for dental applica
tions [16), blending it with 3-acryloyloxypropyltrimethoxysilane
(17).
These studies are focused on solutions with high BTSE and alco
hols concentration. Alcohols are not recommended for industrial
processes due to economic, environmental and health reasons [ 18).
Therefore. whether correct hydrolysis can be achieved in solu
tions without or with little amounts of alcohol-reaching a good
compromise between hydrolysis and condensation-becomes an
interesting research issue.
This paper studies the hydrolysis process in three solutions con
taining different amounts of water and methanol during a 7-day
period, so as to investigate if the influence of methanol on reaction
kinetics can be studied at longer hydrolysis times. NMR techniques
were used, previously proven useful for the study of hydrolysis of
other silanes (8.19-26), but it has not been applied to BTSE.

-Si(OR'h + H20 ..... -Si-(OHh + R'-OH

(1)

-SiOH + HOSi ..... -SiOSi- + H2 0

(2)

Silanes are placed on surfaces using aqueous solutions also con
taining alcohol, due to their limited water solubility (6). The main
factors governing these reactions are solution pH and hydrolysis
time [1 ]. Acidic conditions accelerate the hydrolysis rate and limit
self-condensation reactions (7,8). Moreover, these conditions seem
to be the most efficient to form silane films on aluminium alloys (9).
Silane adsorption on the metal surface takes place through the reac
tion between the silanol groups of the hydrolyzed silane and the
hydroxyls groups in the metallic surface. Bonds such as Si-0-AI on
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[11.12].

2. Experimental
2.1. Silane solution preparation
The silane, bis-1,2-(triethoxysilyl)ethane (BTSE), was pro
vided by ABCR GmbH&Co. KG. with approximate purity of 97%

1

Fig. 1. Molecular structure of BTSE.

(batch number: 1004499). Its molecular structure is shown in
Fig. 1.
Three 1% BTSE solutions were prepared with different amounts
of water-d2 and methanol-d4 . Solution 1 contains 6% of water-d2
and 93% of methanol-d4 , while these amounts are reversed in Solution 2 (93% of water-d2 and 6% of methanol-d4 ). Finally, Solution 3
only contains 99% of water-d2 .
Water pH was adjusted to 4 with acetic acid 1 M [27] before
adding the silane, as acid pHs are typically used for alkoxysilanes
[1]. The solution was left to stand during the whole hydrolysis process and studied for 168 h (7 days).

Fig. 3. NMR spectra of Solution 2 (6% methanol + 93% water + 1% BTSE) for different
hydrolysis times.

2.2. NMR and HR/MAS spectroscopy
A Bruker Avance 500 MHz NMR spectrometer, operating at
500 MHz for 1 H RMN, was used for Solutions 1 and 2. Solution 3, due
to its lack of homogeneity, was studied with the HR/MAS (High Resolution/Magic Angle Spinning) technique in a Bruker AMX 500 MHz
NMR spectrometer operating at 500 MHz.
Measurements were carried out at 25 ◦ C to prevent changes in
the hydrolysis and condensation behaviour of the silane solution,
since temperature increases or decreases may inﬂuence hydrolysis
rates and, accordingly, condensation reactions [28].
3. Results
Fig. 2 shows the spectra obtained for methanol-rich Solution
1 with different hydrolysis times. The initial spectrum shows a
quartet–triplet at approx. 3.80 and 1.15 ppm related to the methylene and methyl protons of the ethoxy groups in the BTSE molecule,
respectively [29] as shown in Fig. 1. Moreover, the singlet at
0.70 ppm corresponds to Si–CH2 bonds [20,29], while the one at

Fig. 2. NMR spectra of Solution 1 (93% methanol + 6% water + 1% BTSE) for different
hydrolysis times.

3.30 ppm corresponds to non-deuterated methanol and involves
no practical importance.
Until 48 h of hydrolysis, the spectra show no signiﬁcant changes.
At this time, a quartet–triplet, associated to the methylene and
methyl protons of the ethanol formed as a sub-product of the
hydrolysis reaction, appears at 3.60 and 1.10 ppm [2,3,20].
The evolution of NMR spectra along the hydrolysis time for Solution 2 is shown in Fig. 3. Resonances of BTSE ethoxy groups (assigned
to the quartet–triplet at 3.8 and 1.15 ppm) constantly diminish
since test onset and almost disappear after 72 h of hydrolysis. The
increases observed in the signals of ethanol protons (assigned to the
quartet–triplet at 3.60 and 1.10 ppm) are progressive and simultaneous.
When hydrolysis time increases, a singlet at 0.70 ppm begins to
drop until disappearing after 72 h. At the same time, another singlet
appears around 0.60 ppm.
The spectra obtained for Solution 3 (Fig. 4) are very close to those
obtained for Solution 2. Ethanol is formed since test onset and the
intensity of its signals increases along with hydrolysis time. After
3 days, its signal shows no meaningful changes until the end of
the test. Another singlet, shifted to 0.60 ppm, appears. Its inten-

Fig. 4. NMR spectra of Solution 3 (99% water + 1% BTSE) for different hydrolysis times.
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Fig. 5. Evolution of concentration of ethoxy and ethanol groups in studied solutions.

sity increases as the 0.70 ppm singlet diminishes, until its complete
disappearance after 48 h.
The concentration of the individual type of protons in the
solution can be obtained from the integral intensity of the corresponding peaks of the spectra [28]. Fig. 5 compares the change
of the concentration of methyl protons in ethoxy groups (nonhydrolyzed silane molecule) and ethanol (reaction product) for
different hydrolysis times and all the studied solutions. The spectra of Solutions 2 and 3 will be integrated from the moment those
spectra are solved (i.e., after 36 h of hydrolysis).
In all cases, increased concentration of methyl protons of
ethanol is observed, this increase not being noticeable for Solution 1. However, in Solutions 2 and 3, this growth is important,
as well as the reduction of the concentration of methyl protons
in the ethoxy groups of the BTSE molecule, which takes place at
the same time. Meaningful concentration changes take place until
72 h of hydrolysis, being almost constant from that time onward.
Moreover, concentrations are very similar for both solutions.
4. Discussion
Upon time, the BTSE molecule in solution will undergo hydrolysis and condensation reactions according to:
–SiOCH2 CH3 + H2 O → –SiOH + CH3 CH2 OH

(3)

–SiOH + HOSi– → –SiOSi– + H2 O

(4)

Two features are studied to follow the hydrolysis process: on
one hand, the reduction of the quartet–triplet associated to the
methylene and methyl protons in the ethoxy groups of the nonhydrolyzed BTSE molecule (Fig. 1) and, on the other hand, the
increase of the quartet–triplet (around 1.10 ppm) associated to
the methylene and methyl protons of ethanol, formed as a subproduct of the hydrolysis reaction [2,3]. At the same time, changes
in the pattern of Si–CH2 bonds (singlet at 0.70 ppm) are observed,
as shown by the changes observed in the symmetry of the molecule
along the hydrolysis process [2,3]. Those assignments are valid for
all the spectra and will therefore help us to follow the hydrolysis
process of the studied solutions.
The methanol-rich solution (Solution 1) shows a very slow
hydrolysis process. The quartet at 3.80 ppm and the triplet at
1.15 ppm, associated to the ethoxy groups of the non-hydrolyzed
BTSE molecule, do not change with time, indicating that these
groups are not hydrolyzed. Moreover, no changes are found in the
singlet at 0.70 ppm, associated to the symmetry of the pure BTSE
molecule (Fig. 1), thus proving that no hydrolysis takes place.

Fig. 6. Hydrolysis evolution for the three studied solutions.

The state of the hydrolysis process can be known at all times
through the integration of signal data (Fig. 5) [30]. Fig. 6 shows the
hydrolysis evolution between 36 and 168 h for the three considered
solutions.
As previously indicated in a qualitative manner (Fig. 2), the
hydrolysis process for Solution 1 is slow, only 7% is reached after 7
days (Fig. 6). Spectra changes appear at 48 h (Fig. 2), when hydrolysis begins and ethanol bands are observed. This result is contrary
to the scarce existing literature on this issue, since most authors
state that the complete hydrolysis process takes place quickly (i.e.,
within 24 h) for 10%-BTSE methanol-rich (80–90%) solutions. This
difference in results may be due to the fact that reaction kinetics
depends on BTSE content to a certain extent [18].
The short-time spectra of Solution 2 (Fig. 3) are not well resolved.
Signals are broad and without multiplicity. As BTSE is slightly
soluble in water, micelles are formed. The solution is then nonhomogeneous and low-deﬁned signals are obtained. Hydrolysis
transforms the molecule’s ethoxy groups (–OEt) into hydroxyl
groups (–OH). Therefore, the molecule becomes more polar and
hence more soluble in water, so signals are resolved. This process
occurs after 36 h of hydrolysis.
The spectra obtained for Solution 3 (Fig. 4) are similar to those for
Solution 2 (Fig. 3). In both solutions, signals of quartet (at 3.80 ppm)
and triplet (overlapping with the methyl protons of ethanol at
1.15 ppm) disappear after approx. 36 h.
Solutions 2 and 3 present very similar hydrolysis rates, by far
faster than those for Solution 1. The resonances of ethoxy groups of
BTSE in Solutions 2 and 3 almost disappear after 72 h of hydrolysis
(Fig. 3), when the process has reached 85 and 90%, respectively.
Then, they stabilize and no meaningful changes are observed for
longer times. Since test onset, a small hydrolyzed fraction (3.60
and 1.10 ppm signal) from ethanol protons is found (Fig. 3) [2].
The singlet at 0.70 ppm becomes a more complex multiplet as
the molecule becomes more complex during the hydrolysis process. This is explained by the appearance of mono-, bi-, tri- or more
hydrolyzed BTSE species, apart from non-hydrolyzed forms [30].
The formed species in this case may not be necessarily symmetric and protons from methylene groups (bonded to silicon atoms)
would involve more complex resonance patterns [3]. Since the solution contains a reduced BTSE amount (1%), the signals produced
by the protons of –SiCH2 bonds shall be very small, thus hindering the observation of an increase of its multiplicity. However, the
disappearance of the singlet at 0.70 ppm and the appearance of
another singlet at 0.60 ppm indicate changes in molecule symme-
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try. The singlet at 0.70 ppm corresponds to the symmetry given by
the ethyl groups, while the new singlet at 0.60 ppm corresponds to
the symmetry given by the hydroxyls once molecules have been
hydrolyzed. Transforming –OEt into –OH modiﬁes the chemical
environment and, accordingly, a singlet disappears to give rise to
a new one. When the former has almost disappeared, hydrolysis is
nearly completed.
In Solution 2, the singlet at 0.70 ppm disappears at 72 h of hydrolysis. However, in Solution 3, it disappears after 48 h, when 80% of
the hydrolysis process has already been completed (Fig. 6).
Both solutions are completely hydrolyzed after 3 days. However, De Graeve et al. [18] report that the main difference between
water-based and methanol-based solutions is the amount of high
molecular weight condensed species, being higher in the former.
A little change in the spectra of the silane solution is observed
between 72 and 168 h of hydrolysis [2]. This may be the best hydrolysis time for the use of silane Solutions 2 and 3, but it must be
conﬁrmed by other studies.
5. Conclusions
The inﬂuence of the methanol amount in BTSE solutions, as well
as the presence of silanols, was studied by NMR. Hydrolysis of BTSE
in methanol-rich solutions is a very slow process: 7% is reached
after 7 days (in a solution containing 93% methanol, 6% water and
1% BTSE). The increase of water favours the hydrolysis process. A
solution with 6% methanol, 93% water and 1% BTSE completes the
hydrolysis process after approx. 3 days.
Acknowledgment
Authors wish to acknowledge the Ministry of the Environment
(through project 136/PC08/3-11.2) for their ﬁnancial support in this
research.
References
[1] E.P. Plueddemann, Silane Coupling Agents, Plenum Press, New York, 1982.
[2] A. Franquet, M. Biesemans, R. Willem, H. Terryn, J. Vereecken, Multinuclear
1D- and 2D-NMR study of the hydrolysis and condensation of bis-1,2(triethoxysilyl)ethane, J. Adhes. Sci. Technol. 18 (2004) 765–778.
[3] A. Franquet, M. Biesemans, H. Terryn, R. Willem, J. Vereecken, Study of the interaction of hydrolysed silane solutions with pre-treated aluminium substrates,
Surf. Interface Anal. 38 (2006) 172–175.
[4] B. Arkles, J.R. Steinmetz, J. Zazyczny, P. Mehta, Factors contributing to the stability of alkoxysilanes in aqueous solution, J. Adhes. Sci. Technol. 6 (1992)
193–206.
[5] M. Pantoja, B. Díaz-Benito, F. Velasco, J. Abenojar, J.C. del Real, Analysis of
hydrolysis process of ␥-methacryloxypropyltrimethoxysilane and its inﬂuence
on the formation of silane coatings on 6063 aluminum alloy, Appl. Surf. Sci. 255
(2009) 6386–6390.
[6] F.T. Child, W.J. van Ooij, Protecting metals with silanes coupling agents,
Chemtech 28 (1998) 26–35.
[7] M.C. Brochier-Salon, M.N. Belgacem, Competition between hydrolysis and
condensation reactions of trialkoxysilanes, as a function of the amount of
water and the nature of the organic group, Colloids Surf. A 366 (2010)
147–154.

[8] M.C. Brochier-Salon, P.A. Bayle, M. Abdelmouleh, S. Bouﬁ, M.N. Belgacem,
Kinetics of hydrolysis and self condensation reactions of silanes by NMR spectroscopy, Colloids Surf. A 312 (2008) 83–91.
[9] A. Frignani, F. Zucchi, G. Trabanelli, V. Grassi, Protective action towards aluminium corrosion by silanes with a long aliphatic chain, Corros. Sci. 48 (2006)
2258–2273.
[10] K.-H. Kuo, W.-Y. Chiu, K.-H. Hsieh, Synthesis of UV-curable silane-coupling
agent as an adhesion promoter, Mater. Chem. Phys. 113 (2009) 941–945.
[11] A.M. Beccaria, L. Chiaruttini, The inhibitive action of metacryloxypropylmethoxysilane (MAOS) on aluminium corrosion in NaCl solutions, Corros. Sci.
41 (1999) 885–899.
[12] M. Kono, X. Sun, R. Li, K.C. Wong, K.A.R. Mitchell, Characterization of aluminum
surfaces after different pre-treatments and exposure to silane coupling agents,
Surf. Rev. Lett. 8 (2001) 43.
[13] A. Franquet, H. Terryn, J. Vereecken, Study of the effect of different aluminium
surface pretreatments on the deposition of thin non-functional silane coatings,
Surf. Interface Anal. 36 (2004) 681–684.
[14] A. Franquet, C. Le Pen, H. Terryn, J. Vereecken, Effect of bath concentration
and curing time on the structure of non-functional thin organosilane layers on
aluminium, Electrochim. Acta 48 (2003) 1245–1255.
[15] Z. Pu, W.J. van Ooij, J.E. Mark, Hydrolysis kinetics and stability of
bis(triethoxysilyl)ethane in the water-system by FTIR spectroscopy, J. Adhes.
Sci. Technol. 11 (1997) 29–47.
[16] J.P. Matinlinna, L.V.J. Lassila, M. Özcan, A. Yli-Urpo, P.K. Vallittu, An introduction
to silanes and their clinical applications in dentistry, Int. J. Prosthodont. 17
(2004) 155–164.
[17] J.P. Matinlinna, M. Özcan, L.V.J. Lassila, W. Kalk, P.K. Vallittu, Effect of the
cross-linking silane concentration in a novel silane system on bonding resincomposite cement, Acta Odontol. Scand. 66 (2008) 250–255.
[18] I. De Graeve, E. Tourwé, M. Biesemans, R. Willem, H. Terryn, Silane solution
stability and ﬁlm morphology of water-based bis-1,2-(triethoxysilyl)ethane for
thin-ﬁlm deposition on aluminium, Prog. Org. Coat. 63 (2008) 38–42.
[19] C.M. Bertelsen, F.J. Boerio, Linking mechanical properties of silanes to their
chemical structure: an analytical study of ␥-GPS solutions and ﬁlms, Prog. Org.
Coat. 41 (2001) 239–246.
[20] M.C. Brochier-Salon, M. Abdelmouleh, S. Bouﬁ, M.N. Belgacem, A. Gandini,
Silane adsorption onto cellulose ﬁbers: hydrolysis and condensation reactions,
J. Colloid Interface Sci. 289 (2005) 249–261.
[21] M.C. Brochier, G. Gerbaud, M. Abdelmouleh, C. Bruzzese, S. Bouﬁ, M.N. Belgacem, Studies of interactions between silane coupling agents and cellulose
ﬁbers with liquid and solid-state NMR, Magn. Reson. Chem. 45 (2007) 473–483.
[22] K.H. Wu, C.M. Chao, T.F. Yeh, T.C. Chang, Thermal stability and corrosion resistance of polysiloxane coatings on 2024-T3 and 6061-T6 aluminum alloy, Surf.
Coat. Technol. 201 (2007) 5782–5788.
[23] M.C. Brochier-Salon, M. Bardet, M.N. Belgacem, Solvolysis–hydrolysis of Nbearing alkoxysilanes: reactions studied with 29 Si NMR, Silicon Chem. 3 (2008)
335–350.
[24] Y.-C. Sheen, W.-H. Chang, W.-C. Chen, Y.-H. Chang, Y.-C. Huang, F.-C. Chang,
Non-ﬂuorinated superamphiphobic surfaces through sol–gel processing of
methyltriethoxysilane and tetraethoxysilane, Mater. Chem. Phys. 114 (2009)
63–68.
[25] T. Metroke, Y. Wang, W.J. van Ooij, D.W. Schaefer, Chemistry of mixtures of
bis-[trimethoxysilylpropyl]amine and vinyltriacetoxysilane: an NMR analysis,
J. Sol–Gel Sci. Technol. 51 (2009) 23–31.
[26] J. Gandhi, T.L. Metroke, M.A. Eastman, W.J. van Ooij, A. Apblatt, Effect of the
degree of hydrolysis and condensation of bis-[triethoxysilylpropyl]tetrasulﬁde
on the corrosion protection of coated aluminum alloy 2024-T3, Corrosion 62
(2006) 612–623.
[27] J.C. Del Real, M. Cano de Santayana, J. Abenojar, M.A. Martinez, Adhesive
bonding of aluminium with structural acrylic adhesives: durability in wet environments, J. Adhes. Sci. Technol. 20 (2006) 1801–1818.
[28] M. Mazúr, V. Mlynárik, M. Valko, P. Pelikán, The time evolution of the solgel process: 29 Si NMR study of the hydrolysis and condensation reactions of
tetraethoxysilane, Appl. Magn. Reson. 18 (2000) 187–197.
[29] Y. Cui, M. Wang, L. Chen, G. Qian, Synthesis and spectroscopic characterization
of an alkoxysilane dye containing C. I. Disperse Red 1, Dyes Pigments 62 (2004)
43–47.
[30] Y. Dubitsky, A. Zaopo, G. Zannoni, L. Zetta, 1 H NMR study of the hydrolysis of
vinyltrialkoxysilanes, Mater. Chem. Phys 64 (2000) 45–53.

4

