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Abstract
In the presence of moisture, hydrolysis and polycondensation mechanisms cause the alkoxysilane groups linked to 

the ends of polymer chains to cross-link silyl-modified polymers. Three separate physical states can be distinguished 
during these processes (viscous, skin effect and cross-linked state). To establish the open time for the adhesive 
business, it is crucial to understand how these states evolve at each reaction time. This information is typically gathered 
manually. Automation of this monitoring could reduce human error and be used to screen a large number of catalysts 
or for extremely lengthy cross-linking reactions. Hence, by observing the decrease in intensity of the Si-OCH3 groups 
during chemical reactions, a contactless microprocessing technology was established to link these physical states 
with an optical technology, Raman spectroscopy. Using the least amount of chemical components possible, this online 
characterisation approach can also be utilised to compare the efficacy of various catalysts for the cross-linking of silyl-
modified polymers.
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Introduction
Key components utilised as binders for elastic adhesives [1] [2], 

composites [3] [4], and electrolytes [5], as well as for coating [6] 
[3] applications, are silyl-modified polymers (SMPs). These hybrid 
polymers are also showing up more frequently in aerospace and 
aviation applications [6]. Because of its adaptable features, including 
Young’s modulus, tensile strength, thermal properties, gas barrier, 
and photonic properties, they can be employed in numerous other 
applications. Alkoxysilane groups connect to the ends of polymer 
chains via hydrolysis and polycondensation mechanisms in the 
presence of moisture, which causes cross-linking of SMPs [1], [5]. 
During cross-linking, there are various intermediary phases. For many 
applications, it is crucial to monitor these intermediate states in real 
time to understand how polymers behave. For adhesive adhesives, 
for example, it’s important to understand the application time 
(viscous state), setting time (skin effect), and time to obtain maximum 
properties (cross-linked state). In the literature, it is reported that a 
variety of analytical techniques, such as 29Si NMR, FTIR, and Raman 
spectroscopy have been employed to describe the intermediate 
products produced during the hydrolysis and condensation reactions 
of alkoxysilanes. We provide a contactless method for characterising 
the various physical states produced during the cross-linking of various 
SMPs that is based on Raman spectroscopy. 

Materials and Methods
Adhesive Materials Used in Experiments

Silane-based substances called silyl modified polymers combine 
organic and inorganic components to create new, very effective sealant 
polymers. SMP1 and SMP2, two silyl-terminated prepolymers that 
were purchased from BOSTIK, were employed in this work. In Figure 
1, SMP1 is a polyether based on dimethoxysilane with a urethane 
moiety, and SMP2 is polyurethane based on trimethoxysilane.

Commercial Chemicals

Triethylamine (TEA, 99% wt), 1, 5-Diazabicyclo [4.3.0] non-5-ene 
(DBN), and 1, 8-Diazabicyclo [5.4.0] undec-7-ene (DBU, 98% wt) were 
acquired from Sigma Aldrich and used directly after purchase without 

further purification.

Instruments Using Raman

A confocal microscope and LabRAM HR 800 (Jobin-Yvon) with a 
632.8 nm from a He-Ne laser were used to acquire the Raman spectra. 
A grating with 600 grooves/mm and an air-cooled CCD detector were 
used to detect the signal, producing a spectral resolution of 4 cm-1. The 
peak at 521 cm-1 of the silicon sample is used to test the spectrometer’s 
calibration before recording the spectra of a new sample. The surface 

Figure 1: Blue = viscous, orange = skin effect, and red = cross-linked are the 
Raman intensities of Si-(OCH3)3 from SMP2 catalysed with 0.5% wt DBU catalyst 
and their corresponding physical states, respectively.
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of the combination containing silyl modified polymers and catalyst 
was focused for our study using a 100 x objective in the 100 - 3600 
cm1 range, and more preferably in the 400 - 750 cm1 regions. The 
slit and whole specifications were established at 125 m and 1100 m, 
respectively. One spectrum measurement took one minute, broken 
down into a 30-second acquisition time and two accumulations. To 
track the evolution of Si-OCH3 groups during the hydrolysis and 
polycondensation reactions, this acquisition was repeated for SMP1 
and SMP2 over the course of an hour and two hours, respectively. 
Measurements were made at a temperature of 23°C (+/- 1°C) and a 
moisture content of 55% H2O (+/- 5%). To ascertain the initial intensity 
of Si-OCH3 prior to the cross-linking, initial spectra of each silyl 
modified prepolymer (SMP1 and SMP2) were conducted without the 
use of a catalyst. The final intensity of Si-OCH3 groups was calculated 
using the spectra of each cross-linked silyl modified polymer (SMP1 
and SMP2, aged 3 months). Prior to integration with the software 
LabSpec V4.04, all spectra were baseline adjusted. The integration was 
carried out with the following parameters: a gaussien/lorentzien ratio 
of 0.5 and w (FWHM = full-width half maximum) fixed at. The area or 
intensity of the Si-OCH3 peak can be utilised to track the tendency of a 
chemical reaction after the automatic fitting technique. Due to the high 
resolution of Raman spectra, findings with area and intensity produce 
identical results. Yet, the fitting method based on peak intensity was 
quicker than the method based on peak area (approximately 5 to 10 
times in our case). Consequently, samples containing various mixtures 
of catalysts were tested in order to swiftly compare and assess in real 
time the physical states (viscous, skin effect, or gum appearance).

The Findings and Discussion
Usually, SMPs cure in two responses. The end polymeric 

alkoxysilane groups hydrolyze in the presence of moisture in the 
first step, catalysing their conversion into silanol groups. The silanol 
groups combine with additional silanols or alkoxy-silanes in the 
second process, where a catalyst is present, to generate Si-O-Si bonds. 
Condensation and hydrolysis happen virtually simultaneously and 
compete with one another. The silyl modified prepolymer is initially 
viscous and stays so throughout the hydrolysis procedure. This is a 
match for the viscous state (state 1). The creation of dimeric structures 
raises the viscosity but does not result in the production of a three-
dimensional network. A skin effect develops as polymer chains lengthen 
or form rings as a result of the creation of many Si-O-Si bonds during 
the polycondensation process (state 2). The result is a cross-linked state 
(state 3), which corresponds to a three-dimensional structure and has 

properties similar to gum.

Conclusions
In order to describe the physical states of SPM prepolymers during 

moisture curing, a novel spectroscopic technique was created. The 
alkoxysilane groups’ high Raman intensity enables rapid, repeatable 
assessment of the physical states of viscosity, skin effect, and cross-
linking. The adhesive business can characterise the physical state 
and ascertain the open time using this technology in an appealing 
and effective manner. One can foresee using this non-contact optical 
approach for online or on-site applications for adhesives thanks to 
commercially accessible tiny Raman spectrometers. Furthermore, 
a method for performing real-time measurements has already been 
developed that integrates fiber-optic Raman spectroscopy with micro-
reactor technology. We may envision combining the HTS methodology 
with the Raman method created in this study to produce a potent 
quantitative method based on our recent study on the development of 
a high-throughput semi-quantitative screening technique to compare 
and find catalysts for adhesive compounds that work well. For 
applications like repositionable samples or samples that are usable after 
a certain period of time, this technique could be utilised to find new 
catalysts for adhesive materials with certain time windows permanent 
adherence.
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