
IntroductIon

Two-pack (2K) waterborne polyurethanes are in-
creasingly used in coatings technologies. Examples 
of such coatings can be encountered in many dif-
ferent fields including metal coatings (for railway 
carriage, car refinish…), wood coatings (e.g., parquet 
flooring, furniture) or soft-feel coatings for plastic 
in the automotive industry. The benefits brought by 
waterborne technology can explain this growth. It is 
fully compliant with the new volatile organic com-
pounds (VOC) regulations and contributes to better 
health and safety conditions for both workers and 
end users. Of course, switching from solvent-based to 
waterborne technology implies technical challenges. 
Many improvements have been achieved during the 
past years to develop waterborne systems that can 
compete with solvent-based coatings. In the case of 
polyisocyanates, for instance, the ease of mixing in 
the formulation and the control of side reactions with 
water have been greatly improved by using hydrophili-
cally modified polyisocyanates.

However, a deeper understanding of the film for-
mation mechanisms and the impact of different key 
parameters is still essential in order to finetune the for-
mulation and achieve optimal results. Many techniques 

have been used to investigate these aspects such as 
Fourier transform infrared spectroscopy (FTIR), differ-
ential scanning calorimetry (DSC), or even mechanical 
measurements.1-3 Confocal Raman spectroscopy has 
also been widely used but only a few reports mention 
its use for the investigation of aqueous systems.4

Here we present the use of Inverse Micro 
Raman spectroscopy (IMRS) in order to investigate 
the drying behavior and film composition of 2K  
waterborne polyurethanes.

InvestIgatIon of 2K waterborne  
polyurethane systems usIng  
Imrs: prIncIples

The bands of a Raman spectrum represent the 
frequency shift due to the interaction of a  
laser beam with the chemical bonds of a molecule. 
Therefore, Raman spectra are characteristic for the 
chemical species. IMRS is a non-invasive technique 
that allows investigation of dynamic processes like 
drying or chemical crosslinking. 

Two-pack waterborne polyurethane coatings are 
chemically crosslinked systems; their Raman spec-
trum will change not only as a result of water evapo-
ration during drying, but also due to the formation of 
new chemical bonds, as shown in Figure 1.

The reaction between a polyol and polyisocyanate 
leads to the disappearance of N=C double-bonds and 
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the formation of N–H groups. Unfortunately, both 
bonds display only weak Raman vibrational bands 
and, as long as water is present, the N–H band 
is hidden by the broad band from O–H bonding. 
Fortunately, crosslinking takes a much longer time 
than the drying of the film, which makes it possible 
to study crosslinking after the water has evaporated.

QuantItatIve evaluatIon

Composition and chemical crosslinking can 
be followed by the changes in the respective peak 
height between 2500 cm-1 and 3800 cm-1. The 
Raman intensity can be expressed by equation (1), 
which shows a linear dependence of the Raman 
intensity with the concentration of the chemical 
species under investigation.5

where:

∂σ/∂ Ω = differential scattering cross-section 
ci  =  concentration of component i 
 =  molar mass of component i 
Mi  =  Avogadro constant 
V  =  sample volume 
Ωobs  =  observation angle of objective 
F  =  projection screen of the detector  
  aperture onto the sample volume 
C  =  constant, considers the detector  
  efficiency 
I0  =  intensity of incident laser light

All experimental factors can be neglected if we do 
consider the relative concentration of a compound 
to a fixed (non-volatile) reference compound. In our 
case, the polyol is the reference and the relative 
Raman intensity can be expressed as follows: 

Or 

Xi is the concentration ratio of component i to 
the polyol and Ki,p is a proportionality factor that 
can be obtained from the Raman spectrum of one 
single calibration sample of known concentration. 
K is specific for the system under investigation.

experImental

Inverse micro raman spectroscopy (Imrs) 
experimental setup

The IMRS device is schematically represented 
in Figure 2. With IMRS, the local concentration 
of different species can be determined in thin poly-
mer films (up to 60–80 µm) online during drying 
with a high space and time resolution of 2-3 µm 
and 1–2 sec.

Due to the inverse setup, the drying conditions, 
i.e., air humidity, drying temperature, and air veloc-
ity above the sample film can be adjusted. During 
a film drying experiment, a monochromatic, paral-
lel laser beam is focused into the sample film by 
a system of mirrors and optical lenses. Within the 
polymer film, the laser light is scattered—elastically 
(Raleigh) and inelastically (Raman)—due to the 
interaction of the laser beam with the molecules of 
the sample. Returning by the same path, only the 
inelastically scattered light, which is the Raman 
light, can pass the interference pattern of the 
notch filter. The high spatial resolution is the result 
of a confocal pinhole which is optically coupled 
with the objective’s focus.
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figure 1—Main chemical reactions in 2K waterborne poly-
urethane systems.

figure 2—Experimental setup of IMRS.
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materials
The system which was studied is based on 

the reaction of an acrylic polyol and a hydrophilic 
polyisocyanate. Characteristics of the products are 
given in Tables 1 and 2.

The NCO/OH ratio used for the study is 1.4 in 
order to take into account the side reactions with 
water. Weight ratios shown in Table 3 were used 
for all experiments.

results

Influence of the dry content of the polyol
In the conventional way of formulating a 2K 

waterborne polyurethane coating, part A is pre-
pared first. It contains polyol, additives, pigments, 
and additional water. Then, part B consisting of 
the hydrophilic polyisocyanate [as such or further 
diluted with organic solvent(s)] is added and mixed 

figure 3—Distribution of the 
particles size of a 2K waterborne 
polyurethane composition regard-
ing the initial dry content of the 
polyol. Left: case A: ~42% dry con-
tent = poor emulsification; Right: 
case B ~36% = good emulsification.
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figure 4—Evolution of the ratio isocyanate/polyol regarding the preparation. Case A = poor emulsification; Case B = good emulsification. 

Poor emulsification: case A Good emulsification: case B

    table 1—Characteristics of the Polyol

 Dry Content Particle Size OH value
  (%) (D 90- µm) (mg KOH/g)

 42 0.105 130

    table 2—Characteristics of the Hydrophilic 
 Polyisocyanate

 Dry Content  Viscosity NCO Content 
 (%) (mPa.s) (%)

 100 ~ 3000 18.7

    table 3—Relative Weight Composition of the    
    Formulators Studied
   Hydrophilic 
 Watera Polyol Polyisocyanate

 1.8 1.0 0.7

      (a) The amount of water includes both dilution 
    water and water coming from the polyol.

July 2010
40 COATINGSTECH



to the part A. To bring the formulation to the  
desired viscosity for application, water can be 
added as a last step,. 

The quality of the final coating is greatly influ-
enced by the characteristics of the components 
used in the formulation. One key parameter is 
the dry content of the polyol, as can be seen in 
Figure 3 where the particle size distribution of 
the mixture (polyol, polyisocyanate, and water), 
as recorded by laser light scattering technique 
for two different initial dry contents of the polyol, 
are reported.

The differences in the particle size distribution of 
the initial emulsions may result in differences in the 
coatings structure that can be detected by IMRS.

Investigation of film drying  
and composition

When monitoring the polyisocyanate to polyol ra-
tio over time during drying (Figure 4), the impact of 
the initial dry content of the polyol on the film mor-
phology is clearly highlighted. For a formulation pre-
pared with a polyol with an initial dry content of 42% 
w/w, large heterogeneities of a size up to 20 μm 
are observed in the film from the very beginning of 
drying. Within these areas, the content of polyisocya-
nate is higher than in the surrounding film. During 
drying, these heterogeneities are free to move in 
and out of the laser focus. A possible driving force 
for this could be a lateral mass flow induced by hori-
zontal inhomogeneous film drying which is typical 
for aqueous dispersions and emulsions.

On the contrary, in the case of pre-diluted 
polyol (36% w/w) where a narrow distribution of 
the particles sizes is obtained (“good emulsifica-
tion”), this effect is not seen and the content of 
polyisocyanate is close to the theoretical value.

After the phase inversion, the differences ob-
served during water evaporation can still be seen. 
In the case of a polyurethane film prepared with a 

nondiluted polyol (case A), a heterogeneous distri-
bution of the polyol and the polyisocyanate through 
the film thickness is clearly observed, as shown in 
Figure 5. Measurements were made 20 min after 
the phase inversion so that most of the water has 
evaporated from the film.

On the contrary, in the case of a pre-diluted 
polyol (case B), a constant repartition of the 
components in the dry film is observed, either 
just after the phase inversion or one week later 
(Figure 6).

If we perform vertical IMRS scans at different 
horizontal positions of the film (step size horizontal 
direction = 2 mm, width of the film is 1.8 cm), we 
can get the composition of a cross section of the 
film across its total width and thickness (two- 
dimensional distribution of components in the film). 
Accumulation of polyisocyanate as well as the rela-
tive level of crosslinking can be depicted. Figure 7 
presents the measurements for a one-week-old poly-
urethane film made with undiluted polyol.
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figure 5—Evolution of the ratio isocyanate/
polyol in a polyurethane film (case A – poor 
emulsification after phase inversion).

figure 6—Evolution of the ratio isocyanate/polyol in a dry polyurethane film (case B : good 
emulsification after phase inversion).
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figure 7—Two-dimensional map of a polyurethane crosslinked film (case A 
good emulsification with undiluted polyol).
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In Figure 7, high ratio polyisocyanate/polyol 
areas can be seen along the axis of measurement, 
indicating a heterogeneous composition of the film. 
As already highlighted with quantitative measure-
ments, the local value can be twice the average ra-
tio. As far as crosslinking is concerned, the Raman 
technique cannot distinguish between the NH 
groups coming from polyurethane and those com-
ing from the polyurea. However, it is remarkable 
that the higher relative intensity of the NH band 
coincides with a higher polyisocyanate content. 
Taking into account the fact that there is a lack 
of polyol and that two NH bonds are formed with 
polyurea instead of one for polyurethane, it is likely 
that these NH rich regions result from urea forma-
tion. In a 2D picture of the dried film, indication of 
high local concentration of polyisocyanate can be 
plotted as gray zones along the depth of the film 
(Figure 7, right). Black areas indicate where the NH 
signal is stronger, which can be attributed to the 
presence of polyurea.

In the case of a good emulsification with diluted 
polyol, the 2D map of the film shows no indication 
of high local concentration of polyisocyanate.

These results obtained by IMRS can be com-
pared with the macroscopic application properties 
of the dry films. Table 4 shows the evolution of the 
gloss value regarding the initial dilution of the polyol

In the case of the system which has been 
studied, the large particles size distribution of the 
emulsion is directly responsible for heterogeneities 
in the dried film. As a consequence, the gloss of 

the coating is also affected by the dilution level. 
This is the reason why particular attention should 
be paid to the ease of mixing of the hydrophilic 
polyisocyanate to ensure optimum properties of 2K 
waterborne polyurethane coatings.

conclusIons

Inverse Micro Raman spectroscopy has been 
proven to be a very efficient tool in the investigation 
of both drying and crosslinking of 2K waterborne 
polyurethane formulations. It can provide detailed 
information on the composition and heterogeneities 
of the film both during the drying process and the 
curing process. IMRS can be considered as a help-
ful tool to understand the impact of the ingredients 
and to finely tune the formulation. 
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      table 4—Gloss Value of the Films Regarding 
       the  Dilution Level of the Polyol

 Initial Polyol  
 Concentration Gloss 20° 
 (wt %)  (%)

 42 17
 38 78
 35 89
 32 88
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