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Precise Urea/Water Eutectic Composition
by Temperature-Resolved Second Harmonic
Generation

The use of temperature-resolved second harmonic generation (TR-SHG) to deter-
mine the accurate eutectic composition between urea and water is illustrated. The
TR-SHG results were confirmed with differential scanning calorimetry and ther-
mal stage microscopy observations. Due to the sensitivity of this technique, by
precisely differentiating the liquidus temperature and the eutectic temperature,
the eutectic composition was determined to be between 32.8 and 32.9 wt %, com-
pared to 32.5 wt % for the commercial aqueous urea solution marketed for NOx

concentration reduction. This study demonstrates that TR-SHG is a promising
tool for precisely determining the eutectic compositions of binary systems involv-
ing at least one non-centrosymmetric phase.

Keywords: Eutectic composition, Hypereutectic, Hypoeutectic, Second harmonic generation,
Urea
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1 Introduction

A stable binary eutectic mixture is a mixture of two compo-
nents that corresponds to the lowest possible temperature for
the liquid phase. The temperature at this point is called eutectic
temperature and the composition is called eutectic composition
[1–4]. A common example of a eutectic mixture is the sodium
chloride/water binary system, which has its eutectic tempera-
ture at –21.1 �C and a eutectic composition of 23.3 wt % (in
salt). NaCl is used as de-icing salt to lower the freezing point of
water on roads [5]. The case of deep eutectic solvents (DES),
i.e. ionic liquids, can also be mentioned as it has found wide
application in chemistry. For example, the mixture of ammoni-
um salts (such as choline) with urea has been shown to pro-
duce eutectics that are liquid at ambient temperature and pres-
ent uncommon solvent properties [6, 7]. Eutectic mixtures are
also commonly used in the pharmaceutical industry to study
the compatibility between active pharmaceutical ingredients
(API) and excipients during the pre-formulation stage [8].
Therefore, determination of the eutectic composition is of
interest in many fields of the chemical industry.

A widely used technique in eutectic determination is differ-
ential scanning calorimetry (DSC). The eutectic temperature is
determined as the onset temperature of the first thermal event
[9, 10] whereas the liquidus temperature is determined as the

peak temperature of the last thermal event on heating. From a
DSC thermogram, it is easy to extract both the eutectic and
liquidus temperatures for compositions far away from the
eutectic composition. However, for compositions in the vicinity
of the eutectic composition, the liquidus and eutectic tempera-
tures are too close to be distinguished [11]. In these cases, it is
difficult to precisely determine the eutectic composition.

A valuable method is to draw a Tammann graph by plotting
the variation of the eutectic invariant enthalpy versus the com-
position [12, 13]. The eutectic composition is given as the inter-
cept of the straight lines in the Tammann graph. However,
when the eutectic phase diagram covers a very narrow temper-
ature range, it is difficult to extract any enthalpy even by using
a smaller scanning rate [14] or a deconvolution treatment
(PeakFit software) [15]. Thus, it is necessary to search for alter-
native experimental methods to solve this problem. In this
matter, nonlinear optical second harmonic generation (SHG)
deserves attention.

SHG refers to an optical process in which an electromagnetic
wave (from a high-power laser source) gives rise to a new wave
at half the initial wavelength while traveling through a non-
centrosymmetric material [16–18]. SHG only occurs in non-
centrosymmetric crystals and is thus impossible in liquids,
amorphous solids, and centrosymmetric crystalline materials
[19–21]. Due to its high sensitivity to non-centrosymmetry
[22], SHG has already been employed in monitoring the for-
mation of non-centrosymmetric crystals from an amorphous
phase [23] and from supersaturated solutions [24]. In order to
monitor the intensity of the SHG signal versus the temperature,
a heating/cooling stage can be coupled to a classical SHG setup
[19, 20]. Up to date, temperature-resolved SHG (TR-SHG) has

www.cet-journal.com ª 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eng. Technol. 2016, 39, No. 7, 1326–1332

Lina Yuan

Simon Clevers

Nicolas Couvrat

Yohann Cartigny

Valérie Dupray

Gérard Coquerel

Normandie Université,
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been used to monitor temperature-induced
solid-solid phase transitions [25] and to
follow hydration-dehydration processes.
Following these recent applications of
SHG, by tracking the phase transforma-
tions along the heating process, it was logi-
cal to envisage using TR-SHG to precisely
assess the eutectic composition of binary
eutectic mixtures. Of course, this requires
as an essential feature that at least one of
the two components of a binary system
crystallizes in a non-centrosymmetric space
group.

In the following, the principle of the
proposed nonlinear optical method is
described. Then, the potential of the tech-
nique is evaluated through the experimen-
tal study of the binary system formed by
urea and water. This system is indeed of
particular interest for the chemical industry
as it is used to reduce the concentration of
nitrogen oxides (NOx) in exhaust emissions
from vehicle engines. Marketed under the trade names DEF
(diesel exhaust fluid), AdBlue, or AUS 32, this commercial
aqueous solution of urea has a concentration of 32.5 wt % urea
and a freezing point of –11 �C [26, 27].

2 Principle of Eutectic Composition
Determination by TR-SHG

A binary eutectic system composed of component A that crys-
tallizes in a centrosymmetric space group (SHG inactive) and
component B that crystallizes in a non-centrosymmetric space
group (SHG active) is considered here.

The SHG intensity generated by a given sample depends on
numerous parameters (the molecular nature of the sample, the
crystal structure, the size and orientation of
the crystallite, etc.) [19, 20, 28], but a highly
simplified view of the SHG process can
lead to the notion that the SHG signal
generated by the sample is roughly propor-
tional to the fraction of the crystalline non-
centrosymmetric phase. With this assump-
tion, it is possible to speculate on the sche-
matic evolution of the SHG signal for the
binary mixture between A (centrosymmet-
ric phase) and B (non-centrosymmetric
phase) during the heating process corre-
sponding to the route 1 fi 2 fi 3 in the
related phase diagram (see Figs. 1 and 2).

Fig. 1 relates to the case of a mixture in
the hypoeutectic composition domain. For
hypoeutectic compositions, from point 1 to
point 2, the SHG signal is supposed to be
stable as no change in the solid phase is
expected. At point 2 (eutectic temperature
TE), a sharp decrease of the SHG signal
should occur (as the microstructured crys-

tals disappear) and lead rapidly to a zero SHG signal. Indeed,
above point 2, the system is only composed of centrosymmetric
phases (crystals of A) and/or liquid.

Fig. 2 corresponds to the case of a mixture in the hypereu-
tectic composition domain. For hypereutectic compositions,
from point 1 to point 2, the SHG signal should remain stable
(similarly to the hypoeutectic case). At point 2, a sharp
decrease of the SHG signal should occur at the eutectic tem-
perature (TE) due to the formation of a liquid phase. From
point 2 to point 3, a progressive decrease of the SHG signal
should be observed, due to the progressive melting of the
SHG-active phase (crystals of B). Finally, at point 3, the SHG
signal should totally vanish, meaning that there is no non-
centrosymmetric crystal anymore and that the liquidus tem-
perature (TL) is reached.

Chem. Eng. Technol. 2016, 39, No. 7, 1326–1332 ª 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.cet-journal.com

Figure 1. Basic scheme of the SHG signal evolution for hypoeutectic compositions.

Figure 2. Basic scheme of the SHG signal evolution for hypereutectic compositions.
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Based on these schematic evolutions of the SHG
signal with the temperature, it is clear that, for
hypereutectic compositions, both the eutectic and
the liquidus temperature should be detected by
TR-SHG, while for hypoeutectic compositions only
the eutectic temperature should be observed. Due
to the sensitivity of this technique, even for compo-
sitions close to the eutectic composition, it should
be possible to differentiate whether the liquidus is
present or not. Thus, the exact eutectic composi-
tion can be determined precisely by refining the
compositions around the eutectic composition.

In order to ensure the feasibility and accuracy of
this method, the binary eutectic system formed be-
tween urea and water was chosen. Under normal
atmospheric conditions and at the equilibrium,
water crystallizes in a centrosymmetric hexagonal
space group, P63/mmc [29, 30], which is SHG inac-
tive. Urea crystallizes in a non-centrosymmetric
tetragonal space group, P421m [31], which is SHG
active. Moreover, for solid urea: (i) no polymorphism has been
reported so far for this compound (i.e., no metastable eutectic
is foreseen), (ii) it has a high SHG efficiency, and (iii) it is stable
under laser irradiation and its SHG intensity remains constant
upon heating in the solid state [32, 33]. These features make
this system simple and suitable for TR-SHG determination of
the eutectic composition.

3 Materials and Methods

3.1 Materials

Urea powder was purchased from Acros Organics (CAS regis-
try number: 57-13-6) with a chemical purity higher than
99.5 %; it was recrystallized from deionized water before use.

Samples of the desired mass fraction were prepared by mix-
ing at ambient temperature the requested amount of urea pow-
der in deionized water (i.e., for a 30 wt % mixture, 3 g of recrys-
tallized urea powder and 7 g of deionized water). The mixture
was then stirred for 5 h to ensure that the urea was fully dis-
solved. Of the pre-prepared solutions, 20 mg was used for each
TR-SHG and DSC experiment.

3.2 Temperature-Resolved Second Harmonic
Generation

Fig. 3 shows the experimental setup used for the TR-SHG meas-
urements. An Nd:YAG Q-switched laser (Quantel) operating at
1.064 mm was used to deliver up to 360-mJ pulses of 5 ns duration
with a repetition rate of 10 Hz. An energy adjustment device
made up of two polarizers (P) and a half-wave plate (l/2) allowed
the incident energy to be varied from 0 to ~200 mJ per pulse. An
RG1000 filter was used after the energy adjustment device to
remove light from the laser flash lamps. The samples were placed
in a computer-controlled heating-cooling stage (Linkam THMS-
600) and were irradiated with the laser beam (4 mm in diameter).
The samples consisted of 20 mg of a pre-prepared urea/water

solution of the desired composition placed in a 15-mm diameter
amorphous silicon dioxide crucible, which was covered with a
glass slide to make sure that the sample is flat and homogene-
ously dispersed in the crucible. Each sample was cooled from
room temperature to –30 �C at 10 K min–1 and maintained at
–30 �C for 5 min. The sample was then heated from –30 �C to
room temperature at 1 or 0.5 K min–1. The signal generated by
the sample (diffuse green light, 532 nm) was collected into an
optical fiber (core diameter of 500 mm) and directed onto the
entrance slit of a spectrometer containing a linear silicon charge-
coupled device (CCD) array as detector (Ocean Optics; spectral
range 490–590 nm, resolution of 0.1 nm). Each point on the TR-
SHG curve corresponds to the average value of the SHG signal
recorded at 532 ± 0.1 nm over 3 s (30 laser pulses). During heat-
ing, a 3-s measurement was performed every minute. The error
of the SHG value (due to the laser intensity fluctuations) was esti-
mated as 9 %. For each TR-SHG plot, the SHG data were normal-
ized using the maximum SHG value recorded during heating.

3.3 Differential Scanning Calorimetry

Thermal analyses were conducted in a DSC 214 Netzsch
equipped with an intra-cooler (–70 �C). The pre-prepared
urea/water solution (mass of ~10 mg with a maximum devia-
tion of 0.05 mg) was placed in a 25-mL closed aluminum cruci-
ble. The atmosphere during the measurements was regulated
by nitrogen flux (50 mL min–1), and heating runs were con-
ducted under conditions similar to those of the TR-SHG meas-
urements in order to compare the results. Data treatment was
performed with a Netzsch Proteus V.6.1.

4 Results and Discussion

Several compositions of the urea/water mixtures were analyzed.
As examples, the results obtained for one hypoeutectic compo-
sition (30 wt %, mass fraction of urea) and one hypereutectic
composition (35 wt %) are reported here.

www.cet-journal.com ª 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eng. Technol. 2016, 39, No. 7, 1326–1332

Figure 3. Temperature-resolved second harmonic generation setup.
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4.1 Hypoeutectic Composition

The experimental results obtained for the composition of
30 wt % urea are shown in Fig. 4. The TR-SHG curve (Fig. 4 a)
fits well with the expected signal evolution for a hypoeutectic
composition (Fig. 1). A high SHG signal is detected at low
temperature (–30 �C) and a plateau is observed from –30 to
–12 �C. In this region (region I), ice crystals and microstruc-
tured crystals of ice and urea coexist, but only the urea frac-
tion is responsible for the SHG signal observed. The plateau
is followed by a drastic decrease of the SHG signal at –12 �C,
which totally vanishes at –10 �C. This region II corresponds
to the melt of the microstructured crystals, and once all urea
parts have melted, no SHG signal is produced by either ice
or liquid.

The onset temperature of the eutectic peak determined from
the DSC analysis (Fig. 4 b) is –12 �C. The thermal stage micros-
copy observations (Supporting Information Fig. S1) show the
typical dendritic microstructure of ice and urea crystals. Upon

heating, disappearance of the crystals was observed starting
from a temperature of –12 �C. These calorimetric results are in
accordance with the temperature obtained by TR-SHG, con-
firming that the decrease in the SHG signal can be associated
with the eutectic transformation at TE.

Based on the schematic evolution, the SHG signal should
vanish at the eutectic point (–12 �C). However, a 2 �C delay of
the melting completion was observed. Increasing the measure-
ment rate to one measurement every 15 s instead of one every
minute did not lead to a reduction of this delay, probably
because of local heating of the sample (due to the laser beam)
that requires time to dissipate. Nevertheless, it can be men-
tioned that annealing a sample of hypoeutectic composition in
urea at a temperature slightly above –12 �C leads to a decrease
of the SHG signal with time, whereas for the same sample
annealed at a temperature slightly below –12 �C, the SHG sig-
nal remains stable (Fig. S2). So, choosing the temperature at
which the SHG signal starts to decrease as eutectic temperature
is reasonable (onset temperature).

4.2 Hypereutectic Composition

The experimental results obtained for a composi-
tion of 35 wt % urea are shown in Fig. 5. The
TR-SHG curve (Fig. 5 a) fits well with the expected
signal evolution for a hypereutectic composition
(Fig. 2). Between –30 and –12 �C, the TR-SHG sig-
nal remains stable. In this region I, pure urea crys-
tals and microstructured crystals of ice and urea
coexist. They are both responsible for the TR-SHG
signal observed. At –12 �C (eutectic temperature),
the signal decreases sharply, corresponding to the
disappearance (melting) of the ice. Then, in region
II, the SHG signal decreases progressively (due to the
progressive melting of the urea crystals) and totally
vanishes at –7 �C. The latter temperature thus corre-
sponds to the liquidus temperature. In region III,
only a single liquid phase exists: No SHG signal is
observed. The onset of the eutectic peak is –12 �C
from the DSC results (Fig. 5 b). This is in agreement
with the eutectic temperature determined by
TR-SHG. Note that the liquidus temperature (mea-
sured by TR-SHG at –7 �C), cannot be determined
from the DSC curve since the two endotherms
overlap (Supporting Information Fig. S3).

4.3 Refining the Eutectic Composition
of the Urea/Water Binary System
by TR-SHG

For the 35 wt % urea/water composition (Fig. 5 a),
both the eutectic and liquidus temperatures are
observable in the TR-SHG curve. This means that
this composition is in the hypereutectic composi-
tion domain. By contrast, for the 30 wt % composi-
tion (Fig. 4 a), only the eutectic temperature is ob-
servable in the TR-SHG curve, which corresponds

Chem. Eng. Technol. 2016, 39, No. 7, 1326–1332 ª 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.cet-journal.com

a)

b)

Figure 4. Comparison between (a) TR-SHG and (b) DSC analysis for the composi-
tion of 30 wt % urea/water (1 K min–1 heating rate).
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to a typical hypoeutectic composition behavior. Therefore,
the eutectic composition is comprised in the interval of
30–35 wt % urea.

In order to precisely determine the eutectic composition,
additional TR-SHG measurements were performed for
compositions between 30 and 35 wt %. The SHG signals
were recorded with steps of 0.1 �C at a heating rate of
0.5 K min–1 in the temperature range of –12.5 to –10 �C to
precisely differentiate the solidus and liquidus tempera-
tures. In Fig. 6, no liquidus was observed for the composi-
tion of 32.8 wt % urea, while for the composition of
32.9 wt % (Fig. 7), the TR-SHG signal shows a liquidus tem-
perature of –10.7 �C. Consequently, the TR-SHG method
gives a eutectic composition confined between 32.8 and
32.9 wt %.

This value is slightly different from that of the commer-
cial AdBlue: 32.5 wt %. Despite an extensive literature
review, the origin of the chosen composition of the com-
mercial product was not found. However, a few articles can
be found in the literature about the urea/water binary sys-
tem. Babkina and Kuznetsov [34] observed that the
liquidus peaks of the urea/water system can only be distin-
guished in the DSC curves if the urea concentration is low
(up to 4.8 mol %, equal to 14.39 wt % urea), which is also
confirmed in our work (Fig. S2: DSC curves for different
compositions of urea/water).

A eutectic temperature of –11.4 �C and a eutectic compo-
sition of 29.4 wt % urea were calculated via extrapolation
through the deconvolution of the DSC peaks with the
Peakfit software [15], and Durickovic et al. [35] reported a
eutectic composition of 32.26 wt % and a eutectic tempera-
ture of –16.98 �C, obtained by modeling the characteristic
peaks of the liquid, the mixture, and the solid phases by
Raman spectra recorded at various compositions. Concern-
ing the liquidus temperatures determined by TR-SHG
(measurable only in the domain rich in urea), a good corre-
lation is observed with previously reported results based on
other methods [36].

As none of these reported works is based on a clear dif-
ferentiation between the liquidus and solidus temperatures,
the contribution of the present SHG method could be seen
as relevant. Note that a careful adjustment of the urea con-
tent in AdBlue closer to the eutectic composition will
slightly lower the freezing point. An impact on the crystal-
lization kinetics (slowing down of the crystallization in
winter use) might also be envisaged, but further studies are
required to confirm this hypothesis. The application of the
TR-SHG method could also be envisaged on a ternary sys-
tem formed by urea, water, and an extra component that
would further lower the freezing point.

5 Conclusions

A new method based on the TR-SHG process was pro-
posed for precise determination of the eutectic composition
in binary eutectic systems. The principle was exemplified
through the case of the urea/water system, and the eutectic
composition was found to be confined between 32.8 and
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a)

b)

Figure 5. Comparison between (a) TR-SHG and (b) DSC analysis for the
composition of 35 wt % urea/water (1 K min–1 heating rate).

a)

b)

Figure 6. Comparison between (a) TR-SHG and (b) DSC analysis for the
composition of 32.8 wt % urea/water (0.5 K min–1 heating rate).
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32.9 wt % urea for this system. It is worth mentioning that the
liquidus temperature of the centrosymmetric phase cannot be
determined by TR-SHG, which permits to precisely differenti-
ate hypoeutectic from hypereutectic compositions. Thus, pro-
vided a systematic protocol is applied in the preparation of the
samples, this technique reveals its usefulness as a rapid and
sensitive tool for the precise determination of eutectic composi-
tions for binary eutectic systems involving one centrosymmet-
ric and one non-centrosymmetric compound. Further studies
are in progress in order to evaluate if TR-SHG could be used to
characterize binary eutectic systems involving two non-centro-
symmetric compounds.

The authors have declared no conflict of interest.

Abbreviations

DSC differential scanning calorimetry
SHG second harmonic generation
TR-SHG temperature-resolved second harmonic generation
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