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The knowledge of the physics and the chemistry behind the evaporation of solvents is very important for the
development of several technologies, especially in the fabrication of thin films from liquid phase and the
organization of nanostructures by evaporation-induced self-assembly. Ethanol, in particular, is one of the
most common solvents in sol-gel and evaporation-induced self-assembly processing of thin films, and a
detailed understanding of its role during these processes is of fundamental importance. Rapid scan time-
resolved infrared spectroscopy has been applied to study in situ the evaporation of ethanol and ethanol-water
droplets on a ZnSe substrate. Whereas the evaporation rate of ethanol remains constant during the process,
water is adsorbed by the ethanol droplet from the external environment and evaporates in three stages that
are characterized by different evaporation rates. The adsorption and evaporation process of water in an ethanol
droplet has been observed to follow a complex behavior: due to this reason, it has been analyzed by two-
dimensional infrared correlation. Three different components in the water bending band have been resolved.

Introduction

Deposition of thin films from the liquid phase is a widely
used technology for fabrication of coating layers of oxides,
organic polymers and hybrid organic-inorganic materials. Thin
films are generally deposited by dip-coating, spin-coating and
spray-coating in controlled conditions, i.e., temperature, pressure
and relative humidity in the deposition room. Sol-gel process-
ing is a typical example of technology for film deposition by
liquid phase and several products are now on the market, such
as antireflective and antiscratch coatings.1,2 Self-assembly
through supramolecular organic templates is another method
to deposit thin films from the liquid phase that allows production
of mesoporous films;3 these films show an organized porosity
at the mesoscale (2-50 nm) after removal of the template. At
the basis of the mesoporous films processing there is evapora-
tion-induced self-assembly (EISA), in which solvent evaporation
induces self-organization of the micelles. EISA is also used to
drive self-organization of nanoparticles or bacteria in ordered
structures.4,5 In all these examples, from sol-gel to EISA
processing, the evaporation of the solvent plays a crucial role.
A deep knowledge of this very basic phenomenon is, therefore,
fundamental for a real understanding and control of film
deposition via the liquid phase.

In sol-gel and EISA deposition techniques, ethanol is the
most widely used solvent, which is often preferred to methanol
due to its lower toxicity and due to lower vapor pressure with
respect to other alcohols. A typical sol-gel reaction involves

an alkoxide, a solvent (typically an alcohol ensuring homogene-
ity and water for hydrolysis) and an acid or a base as the catalyst.
Sol-gel is also at the basis of EISA processing of mesoporous
thin films: in such a case the role of solvent is critical because
it is only during the evaporation phase that the critical micelle
concentration is reached and self-organization of the template
occurs. In previous studies, multistep evaporation rates, at-
tributed to water uptaking, have already been observed by
interferometry for sol-gel film deposition.6 Controlling water
and ethanol evaporation is, therefore, necessary during thin film
deposition.

It is not surprising that, even nowadays, there is a lack on
available data about simple yet extremely important features
of the physics and the chemistry behind basic phenomena.
Studies on ethanol evaporation, water and binary water-ethanol
mixtures have been already performed on different surfaces by
studying the changes in the contact angle.7,8 The evaporation
of an ethanol-water aerosol droplet has been also followed by
cavity enhanced Raman scattering and laser induced fluores-
cence,9 whereas fluorescence spectroscopy has been used to
probe the evolving size of evaporating droplets.10 Experiments
on droplet evaporation on solid surfaces have shown that two
pure modes of evaporation can be identified:11 one consists of
the decrease of the drop-substrate contact area maintaining the
contact angle constant, and the second mode results in the
decrease of the contact angle keeping the surface area constant.
Phenomenologically, the evaporation process can follow either
a pure mode or a mixed type, where the mode changes in the* Corresponding author. E-mail: plinio@uniss.it.
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course of evaporation.11,12 Details on the solvent evaporation
process appear, however, still to be fully disclosed.13

In previous works, to investigate time-resolved phenomena
during self-assembly of mesoporous thin films (the reactions
and the evaporation rates of the different components), we have
applied time-dependent and time-resolved infrared techniques.14

In particular,15 we have observed that in situ rapid scan infrared
spectroscopy is very suitable for monitoring solvent and water
evaporation during film deposition. Because of the complexity
of the system, however, not all the details of the process could
be fully explained. It appears, instead, that some phenomena
have been somehow neglected. We have, therefore, recognized
the need for a very basic comprehension of the evaporation
processes related to ethanol at ambient conditions; this is the
simplest and likely the most important system for driving self-
assembly phenomena and sol-gel reactions. In the present work,
rapid scan infrared spectroscopy has been applied to investigate
the evaporation of ethanol droplets cast on an infrared transpar-
ent substrate and two-dimensional (2D) correlation has been
used to analyze the data.16–18

Experimental Section

Ethanol (EtOH) anhydrous (RPE) for analysis, water content
<0.1%, and double-distilled water were used for the evaporation
experiments; ethanol was purchased from Carlo Erba Reagents
and used without further purification.

Time-resolved in situ infrared (IR) analysis was performed
at the synchrotron infrared beamline (SINBAD) at the Laboratori
Nazionali di Frascati (Frascati, Italy) of the Istituto Nazionale
di Fisica Nucleare (INFN) using a Bruker Equinox 55; a
conventional Globar source was used. The IR measurements
were performed using the interferometer working in vacuum,
in the range 600-4000 cm-1 and with a resolution of 8 cm-1.
A MCT detector (1 mm2 size) cooled to the nitrogen temperature
and a KBr beam splitter were used. Rapid scan time-resolved
(RSTR) measurements were performed by a single scan per
spectrum and an acquisition time of 133 ms followed by an
interval of 160 ms before the beginning of the next acquisition
to study the evaporation of a cast droplet of pure ethanol and
ethanol-water mixtures. We have recorded the infrared spectra
in the shortest time sequence that could be achieved; the scan
time used in the experiment is the best compromise in terms of
signal-to-noise ratio and resolution. Another experimental
parameter that we have optimized is the ethanol droplet size; if
the ethanol drop is too large, the infrared signal will be saturated
for most of the measurement time, on the other hand, smaller
droplets show a very fast evaporation and are not suitable for
time-resolved studies. The experimental conditions that we have
selected are optimized for an evaluation of the physical changes
of the system but do not allow us to extract quantitative data,
for example, about the evaporation rate. The main reason is
the high ethanol-substrate wettability; due to the low contact
angle (θ ) 30°), the ethanol droplet quickly spreads on the
substrate and only part of the droplet can be illuminated by the
IR microscope. We have repeated the experiment for several
runs (up to ten for each composition) to ensure reproducibility
of the experimental conditions, and the experimental trend has
been always the same; on the contrary, the time scale has been
more difficult to reproduce due to the reasons we have
previously pointed out.

The relative humidity (RH %) during the experiment was
carefully monitored, and a cabinet was built around the
microscope to control the RH, which was constant at 50%. The
measurements were done at 25 °C and at room pressure.

The experiments were conducted in transmission configura-
tion, using a double-sided, forward-backward acquisition mode,
with a Bruker IR microscope. The background was recorded
as the average of 40 scans in air with the ZnSe substrate. In a
typical experiment, a small drop of ethanol or water-ethanol
mixture (50 µL) was cast on the ZnSe substrate and the
measurement was started immediately afterwards. The results
were analyzed by Bruker Opus 6 Software. Baseline was
calculated by rubberband correction using 64 points in a range
from 1840 to 1600 cm-1 for the bands at 1740 and 1640 cm-1,
and in a range from 950 to 750 cm-1 for the band at 880 cm-1.

Results and Discussion

Tomonitor theevaporationprocessofethanolandethanol-water
binary mixtures, we have selected specific bands attributed to
the two components. This choice was dictated by the need to
have a vibrational mode that is not saturated during the
measurement and not overlapped to other bands. In particular,
we have selected the bands at 880 cm-1 νs(C-C + C-O) and
at 1760 cm-1 (first overtone of the band at 880 cm-1) for
ethanol19,20 and the band at 1640 cm-1 for water (bending mode)
and followed their evolution with time. The choice of the bands
(see Experimental Section for details) has allowed us to obtain
unsaturated signals during the overall evaporation process (see
Supporting Information). In general, the choice of the bending
mode of water is not the best one to follow the different
components (given by different strength of the hydrogen bonds);
the wider stretching band at higher energy (around 3300 cm-1)
allows a better separation. In the present case the saturation of
the water stretching bands observed even at low water contents
in the ethanol-water mixtures has restricted the choice to the
water bending mode at 1640 cm-1.

Figure 1 shows the three-dimensional (3D) time-resolved
infrared spectra of an evaporating droplet of ethanol cast on
the ZnSe substrate; the time evolution of the band at 880 cm-1

is shown. The x-axis represents the wavenumber, the y-axis the
time scale in seconds and the different colors the intensity scale.
From this image the evaporation of ethanol appears as a
continuous process, the same evaporation rate21 is observed
during all the experiment. We have also analyzed the 1850-1580
cm-1 region in detail; the water bending mode (≈1640 cm-1)
and the ethanol first overtone of 880 cm-1 band fall in this
interval. Traces of water are present even in pure ethanol
whereas more water might be adsorbed from the external
environment during the evaporation process. The bending mode
of water is, indeed, clearly observed and it appears to have a

Figure 1. Three-dimensional FTIR image in the 850-930 cm-1 range
obtained during the evaporation of a cast droplet of ethanol. The image
was recorded in rapid scan time-resolved acquisition mode.
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much more complex time-dependent behavior than ethanol,
which shows a constant evaporation rate. Figure 2 shows the
3D time-resolved infrared spectra of water in the ethanol
evaporating droplet, a maximum can be clearly observed. We
have reported in a separate graph the changes in absorbance of
the peak of the water and ethanol bands as a function of the
evaporation time (Figure 3). As we have observed in the 3D
time-resolved spectra, the evaporation of ethanol is continuous
with a constant evaporation rate, whilst the spectra of water as
a function of time are the result of a complex absorption-
evaporation process. We have identified four different trends
for water: (I) a first stage during which water is adsorbed by
ethanol from the external environment, this process reaches a
maximum after few seconds from the beginning of the evapora-
tion. It is interesting to observe that the water content in the
evaporating droplet increases even if ethanol continuously
decreases. (II) Water, after reaching a maximum, starts to
evaporate: this is indicated by a decrease of the curve intensity.
(III) The curve shows a drastic change of the slope and after
this point, which is at around half of the process, the evaporation
is very fast. This stage corresponds to the last part of ethanol
evaporation. (IV) Ethanol is completely evaporated; the small
residual droplet is now composed only of water, which
eventually evaporates in a few seconds. We can also observe,
from the simultaneous evolution of water and ethanol intensities,
that even if water exhibits a complex behavior, which is
evidenced by four different evaporation stages, this does not
affect the ethanol evaporation rate, which remains constant.

The results on ethanol evaporation are in good agreement
with previous findings: experiments conducted by studying the

evaporation rate and the drop profile of pure ethanol have shown
that there is a monotonic evolution with time.7 These experi-
ments, however, do not take into account the possible presence
of water, which can be observed only by using time-resolved
infrared spectroscopy.

We can also analyze more in detail the evolution of the water
band by using 2D correlation infrared analysis,22 this method
has revealed to be very effective to study the water structure.18

We have built the asynchronous spectra in the 1800-1540 cm-1

interval. An average spectrum was used as the reference for
the analysis of the 2D spectra. Figure 4 shows the asynchronous
2D spectra of an evaporating water droplet, three correlation
squares can be built;22 the correlation spectra have been obtained
by extracting the FTIR spectra corresponding to the evaporation
steps (stages from II to IV in Figure 3). One of the advantages
of 2D analysis is the improved resolution that can be achieved,
in this case we can identify four different species that respond
to the change of the external variable (in this case, time). Three
of these bands are attributed to water (1630, 1670, 1720
cm-1)23,24 and the fourth one to ethanol (1760 cm-1). The water
network structure is generally described by a simple model,
which is based on three levels of connectivity.25 Gaussian fitting
of the wide stretching band around 3300 cm-1 gives three

Figure 2. Three-dimensional FTIR image in the 1580-1850 cm-1

range obtained during the evaporation of a cast droplet of ethanol. The
image was recorded in rapid scan time-resolved acquisition mode.

Figure 3. Changes in absorbance of water (∼1660 cm-1), blue line,
and ethanol (∼1760 cm-1), red line, bands as a function of evaporation
time.

Figure 4. Asynchronous two-dimensional infrared correlation plot in
the 1800-1580 cm-1 range of an ethanol evaporating droplet.

Figure 5. Asynchronous two-dimensional infrared correlation plot in
the 1800-1540 cm-1 range of an evaporating droplet of pure water.
The 2D spectra have been obtained taking the water spectra relative to
the last stage of evaporation.

6514 J. Phys. Chem. A, Vol. 112, No. 29, 2008 Innocenzi et al.



components that are assigned to “network water” (∼3320 cm-1),
“intermediate water” (∼3465 cm-1) and “multimer water”
(∼3585 cm-1).26 The bending mode (around 1650 cm-1) of
water is much more narrow and much less sensitive to changes
of the network structure; identification of the different compo-
nents on the basis of the literature is also difficult because of
the lack of systematic data. Previous studies of water confine-
ment in micellar systems have, however, allowed us to identify
at least two Gaussian components at ∼1625 and ∼1660 cm-1,
which have been attributed to “intermediate water” and “network
water”, respectively.24,27 2D correlation spectra suggest, in the
present case, the presence of three correlated components. On
the other hand, also the fitting that we have performed using
the water bending bands obtained from the time-resolved
analysis, is achieved by using three Gaussian components. We
attribute the three bands that we have resolved in the bending
mode of water by Gaussian fitting and the correlated peaks from
2D correlation analysis to “multimer water” (1630 cm-1),
“intermediate water” (1670 cm-1) and “network water” (1720
cm-1), in accordance with the simple model for water structure.

The correlation squares in 2D correlation spectra show that
there is an asynchronous correlation between ethanol and

intermediate water: the two bands respond to the time change
but one increases in intensity while the other shows a simul-
taneous decrease. In addition, there are other asynchronous
correlations: intermediate water-multimer water and intermedi-
ate water-network water. To interpret these 2D data, we have
to keep in mind that the water bands have a complex evolution
with time: they increase and decrease in intensity and do not
have a monotonic trend; furthermore small overlapping of the
bands are present and this can be also a source of error (see
Supporting Information, where full spectra in the last evapora-
tion seconds are shown). In particular, overlapping of the ethanol
first overtone with the bending mode of water and overlapping
of water with the tail of the δa(HCH) band of ethanol are
observed. The different correlation peaks shown by the 2D
correlation spectra could be, therefore, originated by the
overlapping of these bands. To clarify this point, we have
performed similar experiments of evaporation with pure water.
In this case the FTIR time rapid scan experiments are very
difficult to perform in the middle infrared range because even
the signal from the bending band is easily saturated. We were
able, however, to record good signals from the last stage of the
water evaporation and we have used these data to obtain a 2D

Figure 6. Changes in absorbance of water (≈1660 cm-1), blue line, and ethanol (≈1760 cm-1), red line, bands as a function of evaporation time
for six different concentrations (from 99 (a), to 94 (f) vol % of ethanol) of ethanol-water binary mixtures.
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asynchronous spectrum of evaporating water in the 1550-1750
cm-1 range (Figure 5). In this case ethanol overlapping can be
discarded and we still observed three components for evaporat-
ing water, which we can attribute to the presence of the different
correlated components in the bending mode of water. The
complex evaporation process shown by water is likely correlated
with the presence of different water species; adsorbed water
appears to be the main responsible for the first and second stage,
whereas the other components mostly evaporate during stages
III and IV.

We have extended the time-resolved rapid scan experiments
to water-ethanol mixtures. Controlled amounts of water have
been added to pure ethanol to obtain binary mixtures, in the
1-10 vol % of water in ethanol. This interval has been selected
taking into account the azeotrope of the ethanol-water mixture,
which is at the liquid composition of 95.5% in ethanol and 4.5%
water, percentage by weight.28 We have, therefore, monitored
the evaporation of mixed compositions close to the azeotrope.
Figure 6 (parts a-f) shows the evolution of water and ethanol
peak intensity with evaporation time; the results show that in
all of the ethanol-water mixtures, the ethanol evaporation rate
remains constant, as in the case of pure ethanol. With the
increase of water content, however, there is a change in the
different evaporation stages, whereas four stages are still
observed in the 99 EtOH-1 H2O composition, in the other
compositions only three stages are detected. It must be observed
that in the compositions in which the water content is higher
than 1 vol %, the signal of the bending mode of water results
saturated at the beginning of the evaporation. It is difficult,
therefore, to state whether at higher water contents the first stage
of water adsorption occurs or not.

Conclusions

Rapid scan time-resolved infrared spectroscopy has shown
to be an important tool to study the evaporation process of
alcohols, in particular, ethanol. Details of the process can be
disclosed with a good time resolution, which is difficult to
achieve using other techniques.

The evaporation of a cast drop of ethanol has shown that the
adsorption of water must be taken into account for a better
understanding of the process. The first stage of the phenomenon
is dominated by the adsorption of water. The following
evaporation of water occurs in three different stages character-
ized by different rates. On the other hand, ethanol evaporation
exhibits a monotonic trend that is not affected by the complex
behavior of water. If low amounts of water are added to ethanol,
the tendency is the same. The multistage behavior exhibited by
water during evaporation is likely related to the different water
components, as shown by 2D correlation analysis.
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