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Abstract: The infrared absorbance spectrum of the ionic liquid 1-butyl-1-methylpyrrolidinium
dicyanamide, mixed with water at two different concentrations, was measured between 160 and
300K in the mid infrared range. Both mixtures do not crystallize on cooling; however, remarkably,
the one with an ionic liquid (IL):water composition of 1:3 displays a cold crystallization process on
heating in a restricted temperature range between 240 and 250K. A portion of the water participates
to the cold crystallization. On the contrary, with an IL:water composition of 1:6.6 no crystallization
takes place. Upon water addition the vibration frequencies of the anion and of some lines of the
cation are blue shifted, while the absorption lines of water are red shifted. These facts are
interpreted as the evidence of the occurrence of the hydrogen bonding of water, as the hydrogen
bonding acceptor with respect to the anion (anion‘-O-H bonds develop) and as hydrogen donor for
the cation (C-H--O bonds can form). Microscopic inhomogeneities in the samples and their
evolution with temperature are discussed.

Keywords: ionic liquid; water; mixtures; infrared spectroscopy; molecular interactions; hydrogen
bonding; microscopic inhomogeneities

1. Introduction

For many applications of ionic liquids (ILs), mixing them with solvents—in particular,
water—is required. Among such possible utilizations one can cite the dissolution of cellulose [1],
otherwise insoluble in pure water, specific treatments to recover organic pollutants [2], the storage
and modulations of properties of biomolecules [3], the use as electrolytes in electrochemical devices
[4] such as fuel cells [5], the production of microemulsions for synthesis, (bio-)catalysis,
polymerization, (nano-)material preparation, drug delivery and separations [6]. Hence, a large
amount of research was devoted to the investigation of the phase equilibria of ILs with various
solvents and some predictive models were proposed [7]. However, compared to the extensive
studies of the macroscopic properties, such as excess volume, viscosity or mixing enthalpy, little is
known concerning the microscopic interaction of ILs and water [8].

Due to the limited amount of experimental data on the interactions of ILs and water at the
molecular level [9-19], there is no comprehensive theory or a detailed framework for these
properties. Nevertheless, some general picture slowly emerges [8,20,21]. At extreme low water
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concentrations [9], all water molecules are isolated in the IL and do not establish bounds. With
increasing H>O concentrations, water tends to be bound more strongly to the anions than to the
cations [22]. The interaction between anion and cation in ionic couples are reduced, due to the
competing interaction with water. The main steps are as follows: (1) the continuum network
structure of ILs is gradually transformed into ion-clusters, (2) the ion clusters are dissociated into
ion-pairs surrounded by water and (3) the ion-pairs are dissociated into hydrated and separated ions
[8]. Notice that the hydration is not always completed, even at extremely high concentrations of
water, as the separation of ionic couples is more effective in aprotic ionic liquid than in protic ones
where strong interactions between anion and cation remain.

A valuable contribution to the development of this general description has been provided by
computational investigations of the mixtures of ionic liquids and water [23-26]. According to this
model, the small quantity of water in ILs gives rise to separated solvent molecules, while for
increasing H>O concentration a water percolation network is formed and the hydrophobicity of the
anion controls the water pocket size [23]. There is a large consensus on the fact that water molecules
solvated in aprotic ILs assemble in cavities inside the polar nanoregions of ILs, that progressively
grow until they form a percolating network [23]. On the other hand, water more homogeneously
mixes with protic ILs, that are able to form hydrogen bonds.

It must be noted that all the described properties are valid at sufficient low temperatures so that
the decomposition of anions due to the interaction with water molecules is avoided. Such an effect
was observed for example for the BFs and PFs anions [27].

Studies of mixtures of ILs with solvents were also extended to alcohols [28-30] and acetone [31].
In some cases, phase diagrams of these mixtures have been constructed, as in the case of choline
bis(trifluoromethylsulfonyl)imide and N,N,N-trimethylpropylammonium
bis(trifluoromethylsulfonyl)imide with propanol [30]. These mixtures can crystallize at low
temperature in the whole concentration range, but for concentrations of propanol higher than 35
mol%, one observes also a clouding point.

Concerning the water mixtures of ILs and water, little is known about the temperature
dependence of the interactions between IL and solvent or about the occurrence of crystallization or
glass transition at low temperatures. Quite recently the infrared spectra of two mixtures of
1-butyl-3-methylimidazolium dicyanamide ionic liquid and water were investigated down to 140K,
with a special attention to the changes of the environment of water molecules and the interface
between water and ionic liquid as a function of temperature [32]. A cold crystallization only
occurred for small water concentrations absorbed from the atmosphere, while for higher
concentrations (0.024 H>O molecules per ionic couple) the crystallization was not observed. The
analysis of the O-H stretching bands indicated the existence of two different “liquid like” water
environments. When cold crystallization took place, the water molecules, which seemed less
coordinated with the other H2O molecules and mostly linked to the anions, become part of the
crystallized sample. For all water concentrations, it seems that at the microscopic level the samples
were not homogeneous, but more likely they were composed of separated clusters or regions of bulk
water confined in the ionic liquid.

In the present paper, we extend this low temperature investigation of the infrared spectra of
water-IL mixtures to the hydrophilic 1-butyl-1-methylpyrrolidinium dicyanamide ionic liquid at
larger concentrations of water, in order to explore the water-rich region of the phase diagram.

2. Materials and Methods

The 1-Butyl-1-methylpyrrolidinium dicyanamide (PYR1s-DCA) was purchased from Solvionic.
The structure of the ions compositing this IL are displayed in Figure 1. As the purity of the IL was
99.5%, the sample was investigated as received without further purification. It must be noted that
despite that the initial purity of the sample was very high and the initial water content was
extremely low, during the charging of the cell, it absorbed a large quantity of water due to its
hygroscopic nature, as it will be more deeply commented in the following Section “Results”.
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Figure 1. Basic structure of the PYRi4 cation and the DCA anion.

Infrared absorbance measurements were conducted at the AILES beamline of Soleil
Synchrotron, with a resolution of 1cm™, using a Bruker IFS125 HR spectrometer. A thin layer of
liquid was placed in a vacuum sealed cell for liquids, equipped with two diamond optical windows
and a 6pm thick spacer. The temperature was varied in the range 300-160K by means of the
Cryomech cryostat available at AILES with a temperature rate of 5K-min. The spectra were
recorded in the mid-infrared range by combining a KBr beamsplitter and a wide range low noise
MCT [33].

Measurements were performed both on the as received sample (in the following called
PYR14-DCA) and on an intentionally hydrated sample (in the following indicated as
PYR14-DCA+H20), obtained by mixing the starting materials with 57wt% of bidistilled water,
corresponding to the addition of ~6.6 water molecules for each ionic couple.

The dicyanamide anion and the 1-butyl-1-methylpyrrolidinium cation were also investigated
computationally in vacuum by means of DFT calculations at the B3LYP level of theory, using the
6-31G* basis set, as reported in Reference [32] and [34]. After optimization of the geometry, the
infrared vibrational frequencies and intensities were calculated. A simulated absorption spectrum
was constructed by summing Gaussian curves centered at each calculated vibration frequency, with
a 10cm™ linewidth and an intensity proportional to the calculated one.

3. Results

3.1. Line Attribution at Room Temperature and Estimate of the Initial Water Content of PYR1-DCA

Figure 2 displays a comparison of the experimental absorption spectrum of PYRi-DCA and the
calculated ones for the single ions PYR1s and DCA. The lines centered around 664, 903 and 1307 cm™
are attributable to the anion vibrations. Around 2200cm™" one would computationally expect a triply
degenerate absorption band with a high intensity due to DCA. In the real ionic liquid, the triple
degeneracy is removed and three strong absorption bands centered around 2130, 2190 and 2230cm™
are detected, similarly to the case of other ILs containing dicyanamide [34-37]. All the other
absorption bands between 600 and 3200cm can be attributed to the vibrations of the PYRi4 anion, in
particular CH bending and stretching modes are visible in the regions 1350-1500 and 2800-3200cm,
respectively. The comparison of the experimental vibration frequencies with those computed for
anion and cation provides evidence that below 1200 cm™, one has to use a frequency scaling factor of
0.97 for DCA anion, while no scaling factor is needed for the PYRu4 cation.

Above 3200 cm™, one observes the typical absorption bands of water. Despite the storage of
sample in an inert atmosphere, during the charging of the cell, it absorbed a significant amount of
water from the atmosphere. One can roughly estimate the concentration of H20 absorbed from air
comparing the area of the water absorption bands of the two sample: PYR14-DCA and PYRus-DCA +
H20. The latter was obtained by adding 57 wt% of water to the former. Figure 3 reports a comparison
of the spectra of the two samples in the region of the OH stretching bands.
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Figure 2. Comparison of the infrared absorbance of PYRu-DCA measured at 300 and 241 K on
heating (upper part of the panels, the lines are vertically shifted for clarity) and the calculated
absorbance for the isolated ions DCA and PYRu (lower part of the figures). For dicyanamide a
scaling factor of the vibration frequencies of 0.97 was considered. The blue, magenta and yellow
rectangles show the regions of the vibrations of the DCA anion, the PYRus cation and water,
respectively. The scales of the vertical axes are the same in the three panels (as indicated in the left

panel).
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Figure 3. Comparison of the infrared absorption spectra measured at 300K of PYRu-DCA and
PYRu-DCA+H20.

The area of absorption bands is proportional to the concentration of the species giving rise to it.
Calling co and c1 the water concentration absorbed from the atmosphere and the concentration of
water added intentionally, Ao and A: the area of the OH stretching bands in the as received and in
the intentionally hydrated sample, one can write the following proportion—co : Ao = c1 : A1. Solved to
calculate co, one finally obtains co = ciAo/A1. In the present case Ai~2Ao, and therefore, the
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concentration of water in PYRu-DCA is c0~3.3 molecules of H2O per ionic couple, while the
concentration of water in PYR1+-DCA+H:O is c1~6.6 molecules of H20 per ionic couple.

It must be noted that the frequency of the bands due to OH stretching is a clear mark of the
coordination of water molecules: in gases, where a very low coordination is expected, OH bands are
visible above 3600cm™ [9,38]; bands between 3400 and 3500cm are due to an intermediate
coordination 2 or 3 of water molecules. Finally, the band centered around 3270cm™ is typical of
4-fold coordination and was largely observed in pure water in the solid state [38].

3.2. Temperature Dependence of the As-Received Sample

Figure 4 reports the temperature dependence of the absorption spectrum of the PYR1s-DCA
sample. The spectrum recorded at the lowest temperature of 160K looks similar to that measured at
the highest T (320K), i.e., the same bands are present in the two spectra, they are just narrower and
better defined at the lower temperature, as expected for a sample that does not undergo phase
transitions on cooling. The main difference is observed in the region between 3200 and 3600cm™,
corresponding to the OH stretching vibrations of water: while at room temperature there are two
bands centered around 3430 and 3490cm™, at low T, one observes an increase of the intensity of the
band at ~3420cm™ and a third band, centered around 3280cm™, develops. On increasing
temperature, no major changes are visible up to 220K. On the contrary, at 240K all the absorption
lines get narrower and some of them split; the same features are visible also at 250K. On further
heating, starting from 260 K the bands return to the shape they had at 220K and they maintain that
same shape up to the maximum temperature of 320K. The evolution of the absorption bands as a
function of temperature are typical of a lack of crystallization on cooling; the sample likely
transforms into a glass at low T. On heating, the sample undergoes a cold crystallization in a
restricted temperature range including 240 and 250K. Starting from 260K, the specimen liquefies and
recovers the original liquid state. It is remarkable that this ionic liquid is able to undergo a
crystallization process despite the presence of a large amount of water (~3.3 molecules of H20O per
ionic couple). In hydrophilic 1-butyl-3-methylimidazolium dicyanamide (bmim DCA) the
crystallization was previously suppressed by adding a much smaller concentration of bidistilled
water (2.45wt%, i.e., 0.024 molecules of water per ionic couple) [32].
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Figure 4. Temperature dependence of the spectra of PYRi14-DCA measured on heating from 160 up to
320 K in different frequency regions (700-1550 and 20502300 cm™ in the left panel and 2800-3700
cm! in the right panel).

In order to study quantitatively the microstructure evolution of the sample as a function of T,
we performed a detailed investigation of the dependence on T of the peak position, width and
intensity of some significant bands: (1) the absorption around 1310 cm™, that was attributed to the
asymmetric stretching mode of the bridging N and C atoms of the anion [35-38]; (2) the absorptions
around 2230cm™, attributed to the triple bond between the C and the terminal N atoms of the anion
[35-38]; (3) the OH stretching bands between 3200 and 3600cm™, coming from undesired water. For
the OH bands, three contributions were considered, centered around 3500, 3440 and 3270 cm™! at the
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lowest temperature. These three contributions correspond to different coordination of water by
means of hydrogen bonds [32]: while the bands between 3400 and 3500 cm™ are due to an
intermediate coordination 2 or 3 of water molecules, the band centered around 3270 cm™ is typical of
4-fold coordination and was largely observed in pure water in the solid state [38]. All these
absorption bands were fitted by Gaussian curves as a function of increasing T and the best fit
parameters (peak frequency, intensity and full width at half maximum) are reported in Figure 5.
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Figure 5. Temperature dependence of the parameters of the most significant absorption lines of
PYR1s-DCA measured on heating from 160 up to 300 K.

Concerning the vibrations due to the DCA anion, the band around 1310 cm™ decreases its
intensity for increasing T; in correspondence with the cold crystallization the peak frequency
increases and the FWHM drastically decreases. The behavior of the peak frequency and intensity is
similar for the band centered around 2190cm. However, in the latter case the width of the band
increases above 250K.

Regarding the OH stretching bands, three contributions are considered: the one around
3270cm is present only below 260K and its intensity strongly decreases for increasing T starting at
250K. The band centered around 3440cm™ at low T shifts towards higher frequencies for increasing
temperatures reaching 3480cm™ at 300K, while its intensity decreases as T increases. Finally, the
absorption at the highest frequency shifts from~3500 cm™ to 3540cm™ between 280K and 300K, and
becomes broader at high T. More interestingly, its linewidth drastically decreases by a factor of 3.5 in
correspondence with the cold crystallization, as already visible from the absorption spectra (Figure
4), similarly to the effect already commented for the two bands due to the DCA anion vibrations.

3.3. Temperature Dependence of the Intentionally Hydrated Sample

The temperature dependence of the infrared spectrum of PYR1-DCA+H20O is reported in Figure
6. As in the case of PYR1+-DCA, in PYR1s-DCA + H20 the spectra measured at the highest (300 K) and
lowest (140K) temperature display the same bands, without any splitting. Only in the region
between 3200 and 3600cm™" there is an increase of the intensity of the bands centered around 3270
and 3400cmat low Ts. On increasing temperature, the bands smoothly recover the shape they had
at room temperature, before the thermal cycle. This trend suggests that in PYR1-DCA+H:20 no
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30 7 T T T T
: T(K)
— 40— 160 PYR,,-DCA+H,0 I
180 —— 200
25 ——220——230 :
240 250 on heating I
——260——270
©2.0 280 300
o
c
®©
Q
515
(2]
o
@
1.0
0.5

— TK
[| on heating | —— 140——160
180 —— 200

[ ——220——230
. 240 250
L 260 ——270
: A N ——280—300 Py
i VA
f =

PYR,,-DCA+H,0

1000 1200 1400

wavenumber (cm™)

2200 2300

2800

L
3000 3200 3400

wavenumber (cm’')

Figure 6. Temperature dependence of the spectra of PYRis-DCA+H20 measured on heating from 140
up to 300K in different frequency regions (700-1550 and 2050-2300cm™ in the left panel and

2800-3700cm™ in the right panel).

To gain a better description of the interaction of the ionic liquid with a large amount of water,
the analysis of the same vibrational lines considered for PYRu-DCA was repeated for the
PYRu-DCA+H20 sample. The best fit parameters of the investigated five bands are reported in Figure
7. Both bands due to the DCA vibrations show a decrease of both frequency and intensity as the
temperature increases, while the width of those bands stay almost constant. Concerning the OH
stretching bands, the two absorptions centered at ~3400 and 3480cm™ remain practically at the same
frequencies in the whole temperature range, while their intensity decreases as T increases. A different
behavior is shown by the band around 3270cm™: the frequency increases as T increases; its intensity
stays almost constant up to 210K, significantly decreases between 220 and 240K and stays constant for

higher temperatures.
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Figure 7. Temperature dependence of the parameters of the most significant absorption lines of
PYR14-DCA + H20 measured on heating from 160 up to 300 K.
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3.4. Interaction of Water with the Ionic Liquid

The interaction of water and the ionic liquid can be investigated by comparing the position of
the vibrational bands when different concentrations of solvent are present in the sample. In the
previous literature it has been reported that water mainly interacts with the anion of ILs [8,20-26]
Indeed, Figure 8 displays a comparison of the spectra of PYRis-DCA and PYRis--DCA+H20 at 300K
and 160K in the region 1250-2300cm™!, where one finds the absorption around 1310cm, that was
attributed to the asymmetric stretching mode of the bridging N and C atoms of the anion and the
absorptions around 2230cm™, attributed to the triple bond between the C and the terminal N atoms
[35-38]. The three bands due to the anion shift toward higher frequencies in the intentionally
hydrated sample by ~6cm™. Similar observations were previously reported for other ionic liquids
mixed with water and the different behavior of anion and cation vibrations were interpreted as the
consequence of the strong interaction of water with the anions [14,18,39]. It can be noted in the
present study that both the vibration of the central part (C-N-C) and of the extremities (C=N) of the
anion are affected, suggesting that the whole anion interacts with water.

34 N T T T T T T T T T T ]
390 DCA 1
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Figure 8. Comparison of the infrared absorption spectra measured at 160K and 300K of PYRu-DCA
and PYRi-DCA+H20 in correspondence with three anion vibrational bands. The curves are vertically
shifted for clarity.

While it is well known that water mainly interacts with the anion of ionic liquids, in some cases
weaker interactions have also been reported between water and the cations of ILs [17,18,39]. Figure 9
displays a comparison of the spectra of PYR1-DCA and PYR1s-DCA + H20 at 300 K and 160 K in the
region 2840-3170cm™, where the absorption bands due to the CH stretching of the cation can be
found. Both at room temperature and at 160 K, one can observe that the bands centered around 2876,
2935, 2964cm(band A, B and C in the following) maintain their central frequency after the
intentional addition of water while the bands around 3015 and 3135cm™ (band D and E in the
following) are blue shifted by ~6cm by increasing the H2O content.
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Figure 9. Comparison of the infrared absorption spectra measured at 160K and 300K of PYR1-DCA
and PYRu-DCA+H20 in correspondence with the CH stretching vibrational bands. The curves are
vertically shifted for clarity.

Contrarily to the case of imidazolium-based ionic liquids [40], to the best or our knowledge a
detailed attribution of the CH stretching bands of ILs containing the pyrrolidinium cation is not
available. Based on our DFT calculations, we suggest that band A is due to the terminal CHs group
of the butyl chain, band B and C are ascribable to the whole alkyl chain, band D is attributable to the
motions of the pyrrolidinium ring and band E originates from the CHs methyl group directly
attached to the N atom. Using these attributions, we can suggest that the absorption lines that are
more strongly affected by the addition of water are those due to the pyrrolidinium ring and to the
methyl group directly attached to the N atom of the cation.

4. Discussion

4.1. Temperature Evolution of Water

The infrared absorbance due to OH stretching vibrations have been largely investigated in the
past and it has been proved that their analysis is able to provide useful information about the
coordination of water molecules. Water can form hydrogen bonds with itself or with other
molecules. The existence of different number of coordinated molecules gives rise to OH stretching
bands centered at different frequencies. The less coordinated water molecules are usually
characterized by a doublet centered around 3600 and 3550cm™" [9]. With increasing coordination, the
absorption bands move toward lower frequencies and the two peaks tend to merge in a single
structured absorption [9,32]. In the case of four-fold coordination, a band centered at 3270cm™ is
clearly visible; this band has been largely investigated in the solid state [38]. In some cases, these
three types of coordination are called multimer (MW), intermediate (IW) and network water (NW)
[18,41,42]. In an unknown system, the investigation of the frequency position of the OH stretching
bands can become a powerful mean to determine the coordination of water molecules.

In the presently investigated samples, no band above 3600 cm™ is visible, in agreement with the
high-water content and the expected high coordination of water molecules. It must be noted that in
the present case, the concentration of water is much higher than in the previously investigated
bmim-DCA [32], where the concentration was lower than 0.024 molecules of water per ionic couple.
In this system, bands above 3550cm™ were also absent. In the present study, even though the
concentration of H2O is as high as ~3.3 molecules per ionic couple, one can observe a cold
crystallization in the PYRu-DCA sample. Part of the water molecules participate to the
crystallization process, as witnessed by the narrowing of the OH band centered around 3500cm™. In
PYR1-DCA, at low temperatures there is an increase of the intensity of the bands due to H20 (see
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Figure 5) and even the presence of network water, centered around 3270cm™, is visible well below
the crystallization temperature. When cold crystallization takes place, the intensity of the band of the
network water decreases and it is drastically reduced at 260K, below the melting point of bulk water.
In this framework, it seems that the ionic liquid and water behave in two almost independent ways,
except for the limited amount of less coordinated H20 involved in the crystallization process (band
centered around 3500cm™).

In PYRus-DCA+H:0, all OH stretching bands are red shifted compared to PYRui-DCA,
indicating a stronger interaction of water with itself and with the IL, forming hydrogen bonding.
Moreover, in PYRis-DCA+H20, network water is already present at room temperature, further
suggesting stronger interaction in this sample. However, it must be noted that the intensity of this
band has two plateau regions, one below and one above 240K, the same temperature at which the
network water band starts to disappear in PYR1s-DCA. It seems plausible that water transforms into
a glassy state below 240K in both samples.

4.2. Interaction of Water with the Anion and Cation of the Ionic Liquid

The addition of water molecules to PYR1-DCA shifts the position of the anion vibration lines
towards higher frequency. This fact, observed in other ILs [17,18,39], has been attributed to the
interaction of water mainly with the anions by means of hydrogen bonding. The shift of the anions
vibrations can be explained considering that with increasing water content the bonds in the anion
strengthen as a result of the decrease of the interaction between anion and cation [18]. The present
investigation indicates that cations also interact with water, as witnessed by the blue shift of the two
upper frequency stretching modes of PYRu. This blue shift is consistent with the occurrence of
hydrogen bonding forming between water and cations. Similar results were reported for the
interaction of 5-hydroxymethylfurfural (5-HMF) with various ILs based on the
1-butyl-3-methylimidazolium cation and different anions [39]. The addition of the solvent produces
a blue shift of the vibrational bands of both anion and cations. This fact has been attributed to the
occurrence of hydrogen bonding of 5-HMF with both anions and cations. It must be noted that
5-HMF acts as a hydrogen bond acceptor with respect to the anion (anion--O-H bonds develop),
while 5-HMF is a hydrogen donor for the cation (C-H:-O bonds can form) [39]. It is plausible that in
the presently investigated case, water is a hydrogen bond acceptor for the DCA anion and a
hydrogen bond donor for the PYRi4 cation.

In the present study, not all the vibrational bands of the cation are affected by the instauration
of hydrogen bonding: the modes due to alkyl chain seem unaffected, while the vibrations due to the
pyrrolidinium ring and to the methyl group attached to the N atoms are clearly shifted. This is
consistent with the hydrophobic nature of alkyl chains longer than four CH groups, that was
suggested as the origin of microdomains and micellae in ILs with long chains [43].

It must be pointed out that the interaction of the anions and cations with water molecules
through hydrogen bonds implies a decrease of the interactions between PYR14+ and DCA. Indeed, the
frequency shift of the CH stretching bands of PYR1+-DCA+H:0 are comparable to those observed in
aprotic cholinium propionate ([Chl][Pro]) upon hydration. In the latter compound, as well as in ILs
based on the 1-butyl-3-methylimidazolium cation and various anions [43], when the concentration
of water exceeds 4-5 molecules per ion pair, one observes a transition from contact ion pairs (CIPs)
to solvent-shared ion pairs (SIPs) due to the increasing interactions of cholinium and proponiate ions
with water. This bond is established at the detriment of bonds between cation and anion. In this way
the cation and anion tend to separate and water molecules are allowed to fill the space between
them. This mechanism is more effective in aprotic than in protic ionic liquids [18].

5. Conclusions

The addition of water to the hydrophilic PYR1+-DCA IL blue-shifts the bands of the anion and
some bands of the cation belonging to the pyrrolidinium ring and to the methyl group vibrations,
demonstrating the instauration of hydrogen bonding between H>O and both anions and cations.
Concomitantly, the bands of water are red shifted. Remarkably, even in the presence of 3.3
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molecules of water per ionic couple, one can observe a cold crystallization process that involves also
part of the less bound water molecules. On the contrary, no crystallization is observed for an
IL:water concentration of 1 : 6.6.
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