
Central European Journal of Chemistry 

Nuclear Magnetic Resonance Spectroscopic 
Studies of the Trihexyl (Tetradecyl) Phosphonium 
Chloride Ionic Liquid Mixtures with Water

* E-mail: kghandi@mta.ca

Received 24 January 2008; Accepted 11 April 2008

Abstract:  Tetra-alkyl Phosphonium ionic liquids are phosphonium salts with melting points near room temperature. We report the NMR studies 
of water-trihexyl (tetradecyl) phosphonium chloride ionic liquid mixtures. The proton chemical shifts were used to investigate the inter-
molecular interactions in mixtures of ionic liquids and water. The OH chemical shifts were found to decrease as the water concentration 
in the ionic liquid increased, and their rate of change with temperature decreased with water concentration. The CH2 and CH3 chemi-
cal shifts were found to move downfield with the increase in temperature, and moved further downfield as water concentration was 
decreased. The interface of experimental data and the results of quantum calculations suggest a significant binding of phosphonium 
cations to chloride anion and water molecules. As well, the analysis of the data suggests a possible transformation from cation-
chloride-water configuration at low water concentrations to cation-water-water at higher water concentrations.
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1. Introduction
Ionic liquids are ionic compounds, which liquefy close 
to room temperature (< 100°C). These are efficient 
solvents for a variety of organic syntheses processes 
[1,2], and are composed of organic cations and anions, 
which may be “mixed and matched” in order to fine-
tune the desired solvent effects [1,2]. Ionic liquids are 
usually non-flammable. Because they have a very low 
vapour pressure, the solvents are restricted to the liquid 
phase; thus, no significant amount of harmful vapours is 
released into the atmosphere.  

The contrasting nature of cations and anions, 
specifically close sites of low electron density and high 
electron density, suggests that solvation in ionic liquids 
differs from that in molecular solvents. For example, 
according to the principle that polar solvents solvate 
mostly polar and ionic solutes, while nonpolar solvents 
solvate nonpolar solutes, ionic liquids should only 
solvate polar or ionic species. However, a wide variety of 
nonpolar molecules are soluble in ionic liquids, such as 

benzene. Another eccentric feature of ionic liquids is their 
relatively small dielectric constants (close to ~10) [3] as 
conductors, which suggest the intermolecular interactions 
between cations (or anions) in ionic liquids and polar 
solutes, or solutes with large polarizability, could be 
quite strong. In this work, we investigated phosphonium 
ionic liquid-water intermolecular interactions. The cation 
is an asymmetrical tetraalkylphosphonium that is paired 
with chloride anion (Fig. 1).

NMR is a sensitive probe used for investigation of 
the electronic structure and intermolecular interactions, 
in particular hydrogen bonding interactions [4-7]. NMR 
of the 1-butyl-3-methylimidazolium tetrafluoroborate 
(BmimBF4) and 1-butyl-3-methylimidazolium 
hexafluorophosphate (BmimPF6) have been studied by 
Suarez et al., where they attributed the high chemical 
shifts of imidazolium protons to a hydrogen bond with 
the anions [8]. Holbrey and Seddon also used 1H 
NMR to probe hydrogen bonding in the liquid phase 
for 1-alkyl-3-methylimidazolium tetrafluoroborate salts 
(CnmimBF4, n = 0-18); however, they found no significant 
H-bonding to anion, since the chemical shift values of 
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the protons of these ionic liquids were similar to the 
values in a deuterated propanone solution with different 
concentrations [9]. Other NMR studies of this family of 
ionic liquids and their mixture with molecular solvents 
support the occurrence of hydrogen bonding between 
the imidazolium alkyl groups and the anions [10-15]. 

Among mixtures of ionic liquids with molecular 
solvents, those with water are especially important as 
the presence of water in ionic liquids may affect their 
solvent properties [16-17]. To our knowledge, there is no 
NMR data on mixtures of water and phosphonium ionic 
liquids, despite extensive NMR studies of imidazolium-
based ionic liquids and their solutions [8-15]. Here, we 
report the first studies of 1H NMR chemical shifts of 
trihexyl (tetradecyl) phosphonium chloride (Fig. 1), and 
its mixture with water as a function of temperature.  

2. Experimental Procedures

2.1. Chemicals
The chemicals used were commercially obtained ionic 
liquids from Cytec, and the water was deionized and 
distilled twice. The ionic liquid was pumped at 110o C 
overnight to extract the water.

2.2. 1H chemical shift and magnetic 
susceptibility measurements

The 1H NMR chemical shifts of the hydroxyl, methyl, 
and methylene groups in ionic liquid-H2O solutions 
were measured with a JEOL JNM-GSX270 FT-NMR 
spectrometer (JEOL, Tokyo), operating at 270MHz 
at 25.0(1) °C in coaxial tubes. D2O (99.9% D; Sigma-
Aldrich, Japan, Tokyo) served as the locking agent in a 
coaxial configuration. The coaxial setup of Mulay et al. 
[18] and Mizuno et al. [19] with an external reference 
was used. The temperature measurements were 
accurate to +/- 0.1°C, and temperature was calibrated 
with a thermocouple inserted into the sample tube before 
measurements. Trihexyl (tetradecyl) phosphonium was 
mixed with concentrations of water ranging from 0-5%, 

as water is only up to 8% soluble in this ionic liquid. 1H 
NMR experiments were run from 5oC to 95oC. 

The volume magnetic susceptibilities for the different 
ionic liquid-water mixtures were also measured. The 
proton chemical shifts were corrected for changes in the 
volume magnetic susceptibilities of the sample mixture, 
χv(sam), and the reference solution, χv(ref), in the 
manner of Mulay et. al. [18] and Mizuno et al. [19], as
      ( ) ( )( ) 64 10

3cor obs v vsam refδ δ χ χ
π

= − − ×
              (1)

Magnetic susceptibilities were calculated using
9

g bal 0  (C     (R – R ))/(10   m) χ = ⋅ ⋅ ⋅                (2)
where χg is the volume magnetic susceptibility in c.g.s 
units, Cbal is the balance calibration constant, ℓ is the 
sample length in centimeters, R is the reading for the 
tube plus the sample, R0 is the reading for the empty 
tube, and m is the mass of the sample in grams. The 
proton chemical shifts were determined relative to the 
TMS peak.

The following acquisition parameters were used: 
spectral width, 4 kHz; 45 degree flip angle; data points, 
16k; repetition delay, 4 seconds; number of transients, 
8; spin, 20Hz. All samples were allowed to equilibrate 
for at least 10 minutes before acquisition. Experimental 
errors were within +/- 0.002 ppm.

3. Computational
Geometry optimizations were performed at the DFT level 
with a basis set of 6-31G (d). Calculations were done on 
a series of model systems: tetramethyl phosphonium 
chloride and tetraheptyl phosphonium chloride with 
water molecules and tetramethyl, tetraethyl, tetrapropyl, 
tetrabutyl, tetrapentyl, tetrahexyl and tetraheptyl 
phosphonium cations using the Gaussian 03 suite of 
programs [20]. Optimization was done on tetramethyl 
phosphonium with a chloride ion and water molecule with 
the chloride ion in varying positions around the cation, 
and two tetramethyl phosphonium ions with a water 
molecule. Vibrational frequencies were used to confirm 
the optimized geometry corresponds to a minimum (i.e. 
there is no imaginary frequency).

The gauge including atomic orbitals (GIAO) method 
[21] is documented to provide acceptable chemical shifts 
for different nuclei [21-23] in relatively large molecules. 
The success of GIAO even extends to molecular systems 
that include hydrogen bonding interactions [24-26] and 
ionic liquids [27].

Our quantum calculations were limited to isolated 
(gas-phase) molecules in optimized structures. While 
experimental NMR spectra are due to statistical 
averages in the liquid phase and are affected by 

Figure 1. The trihexyl (tetradecyl) phosphonium chloride ionic liquid 
(IL 101).
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Figure 3. 1H-NMR spectra of trihexyl (tetradecyl) phosphonium chloride from 20 to 95°C. 

dynamic processes, the computed static chemical shifts 
provide a qualitative picture of the expected effect of 
intermolecular interactions on the NMR spectra.

The GIAO NMR calculations were run at the DFT/6-

31G (d) level of theory, and the initial structure of the 
molecules was made using GaussView 3.09 [28]. GIAO 
NMR calculations were also performed on tetramethyl 
phosphonium with a chloride ion and water molecule 

Figure 2. 1H-NMR spectra of trihexyl (tetradecyl) phosphonium chloride and its mixtures with water at 5oC. The sharp peak below 5 ppm is due to 
D2O outside the solution in the coaxial tube, the single arrow is due to water mixed with ionic liquid, double arrow is due to CH2 adjacent 
to P and the dotted arrow is due to CH3.
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with the chloride in varying positions around the cation. 
All NMR calculations were done relative to TMS chemical 
shifts at the same level of theory. 

For the case of the two phosphonium ions and water 
molecule, the interaction was repulsive and there was 
a large distance between the two cations. Therefore no 
NMR calculations were run on this conformation.

4. Results and Discussion
The effects of water concentration in ionic liquid on the 
hydrogen-bonding strength were examined using 0-5% 
(v/v) ionic liquid-H2O solutions. Fig. 2 presents the data 
at 5oC. 

It is clear that added water significantly affects the 
NMR spectra of the ionic liquid. In the absence of water, 
the spectrum is quite broad. As water was added to the 
ionic liquid the line widths decreased. The width of the 
water peaks also decreased with water concentration. 
These could be due to motional narrowing as water 
molecules are added, and could mean smaller 
intermolecular interactions in the presence of water 
molecules. The water molecules may be placed in the 
vicinity of cations and anions, and weaken the ion pair 
interactions between them.

The spectra of the ionic liquid (without water) as 
a function of temperature are presented in Fig. 3. It is 
clear that by increasing temperature the widths becomes 
smaller due to motional narrowing. As well, the chemical 
shifts of ionic liquid moved downfield as the temperature 
was increased. 

The chemical shifts also moved upfield as water 
was added. As the temperature was increased, the 1H 
chemical shift values of the OH groups consistently 
shifted upfield. The corrected chemical shifts, according 

to equation (1) of the OH proton at several water 
concentrations over the temperature range of 5 to 95o C, 
along with those found by Mizuno et al. [19] for water are 
presented in Fig. 4. The corrected chemical shifts are 
also presented in the supplementary information. These 
chemical shifts are assigned to OH protons because 
they were not observed in pure ionic liquid. From Fig. 4, 
it is clear that the chemical shifts decrease as the water 
concentration in the ionic liquid increases. In pure water, 
the OH chemical shifts increase as hydrogen bonding 
increases. In 1H-NMR studies of pure water, the chemical 
shift of the proton involved in the H-bond moves about 
0.01 ppm °C-1 upfield to lower chemical shifts; therefore, 
it becomes more shielded with reducing the strength 
of hydrogen bonding between water molecules at 
higher temperatures [19,29-32]. This is the trend at low 
water concentration, but with a smaller temperature 
coefficient (Fig. 4). As water concentration increased, 
the temperature coefficient became smaller, and at 5% 
water, the chemical shifts had the minimum temperature 
coefficient (Fig. 4). 

At first glance, it may appear that H-bonding is 
decreased with the increase of water concentration! 
However, such a view poses a conundrum, since with the 
increase of the water molecules, the natural expectation 
is to have more water-water H-bonding. 

The experimental data in Fig. 4 certainly suggests a 
significantly different environment for water molecules in 
ionic liquid compared to water molecules in pure water. 
Proton NMR chemical shifts account for the average 
hydrogen-bonding structure of water–ionic liquid, which 
involved different types of interactions: water and 
ionic liquid; water and water (in the presence of ionic 
liquid); and ion pair interaction. To gain a qualitative 
understanding of the phenomena behind such an 
extraordinary experimental result, we conducted 
quantum calculations in order to investigate the nature 
of the above-mentioned intermolecular interactions on 
proton NMR chemical shifts of water and ionic liquid.

The calculations on trihexyl (tetradecyl) 
phosphonium chloride were computationally expensive. 
Therefore, various smaller models were made, and 
calculations were run on these models. The calculated 
NMR spectra for these models (tetramethyl, tetraethyl, 
tetrapropyl, tetrabutyl, tetrapentyl, tetrahexyl and 
tetraheptyl phosphonium cations) were similar; 
therefore, we studied the ionic liquid with the simplest 
model - tetramethyl phosphonium. This made the 
calculation times manageable within our computational 
resources at Mount Allison University, while still 
providing us with a qualitative understanding of the 
effect of intermolecular interactions on NMR spectra. 
A computational comparison was also made between 
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Figure 4. Chemical shifts of the H-bonded OH vs. temperature for 
various water concentrations in comparison with the data 
in pure water from Ref [17].
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water/tetraheptyl phosphonium (Fig. 5) and water/ 
tetramethyl phosphonium (Fig. 6), and it can be seen 
that the general features of the water/tetramethyl 
phosphonium spectra do not vary significantly from 
those of water/tetraheptyl phosphonium (other than 
the trivial change in pattern due to a larger number of 

protons in tetraheptyl phosphonium as compared to 
tetramethyl phosphonium).

Based on the similarity of the trends from the 
calculations performed on larger phosphonium tetra-
alkyl groups and due to the computational cost, 
calculations on water ionic liquid complexes were run 

Figure 5. Calculated NMR spectrum and optimized structure for Tetraheptyl Phosphonium with water.

Figure 6. Calculated spectrum and optimized Structure of Tetramethyl Phosphonium with water.
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on tetramethyl phosphonium, and the calculated NMR 
spectrum of tetraheptyl phosphonium as an example is 
presented in the supplementary information. Figs. 5 and 
6 present the global minimum structures among different 
local minimum structures for water cations. Fig. 7 should 
be compared with Fig. 6 (the tetramethyl phosphonium 
cation along with its computed spectrum). It is clear 
that the water molecule significantly affects the proton 

chemical shifts of the tetramethyl phosphonium cation. 
Similar trends can also be seen from a comparison of 
Fig. 5 and Fig. S1.

The computational predictions in Figs. 5 and 6 
suggest significantly smaller OH chemical shifts than 
the observed chemical shifts (Figs. 2 and 4). This is in 
the same range as the chemical shifts of the protons on 
carbons adjacent to the phosphorus, which is bound to 

Figure 7. Tetramethyl Phosphonium ion optimized structure and calculated NMR spectrum.

Figure 8. Optimized Structure of Tetramethyl Phosphonium ion with two water molecules on one side and calculated NMR spectrum.
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a water molecule. The two arrows in Fig. 6 indicate the 
position of the computed chemical shifts of OH and CH2 
adjacent to the phosphorus.

Figs. 8 and 9 present the geometry of the 
tetramethyl phosphonium cation - two water molecule 
complexes along with their corresponding simulated 
NMR spectra. Fig. 8 shows global minimum of the 
configurations where both water molecules are on 
one side, and Fig. 9 is the global minimum of the 
configurations where the two water molecules are on 
either side.  

In water-ionic liquid complexes with only one water 
molecule or with two water molecules on either side of 
the cations (Fig. 9), the largest chemical shifts were the 
CH chemical shifts adjacent to the phosphorus that are 
hydrogen bonded to water molecules. In water-ionic 
liquid complexes with two water molecules, the OH of 
the water molecule that is hydrogen bonded to water 
molecule, which is bound to the phosphonium cation, 
had the largest chemical shift (see the red, gray, and 
black arrows in Fig. 8). 

Figure 9. Optimized Structure of Tetramethyl Phosphonium ion with two water molecules on two sides and calculated NMR spectrum.

Figure 10. Water molecule and chloride ion. Optimized structure and calculated NMR spectrum.
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So far, the effect of anion has not been considered. 
In the case of water bound to chloride, the protons 
are surrounded by two highly electronegative atoms; 
therefore, the chemical shifts for the protons in the water 
molecule bound to chloride in Fig. 10 are shifted very 
far downfield, as expected. Since we did not observe 
any chemical shifts past 6 ppm, it can be concluded that 
the main interactions are between the cation and water 
molecules or cation, water and anion.  

Fig. 11 illustrates the computed geometry and NMR 
spectrum of the cation in the presence of both water and 
chloride. The OH chemical shifts are similar to the OH 
chemical shifts of the water bound to a phosphonium 
cation and another water molecule (Fig. 8). Since the 
chemical shifts in this case are more similar to the 
observed chemical shifts, we contemplate that the anion 
should be bound to the cation (as an ion pair) if it is 
interacting with the water molecule (Fig. 10). 

The above computational results suggest that 
the OH chemical shifts in Fig. 4 are due to water 
molecules H-bonded either to an anion in the presence 
of the cation (at low water concentration) or to another 
water molecule bound to a cation (Fig. 8) at higher 
concentrations.

In the configuration of Fig. 11 where the protons on 
the carbon adjacent to the phosphorus is bound to both 
water molecule and to Cl- - as well as in the configuration 
of Fig. 8 where the protons on the carbon adjacent to the 
phosphorus is bound to two water molecules - the C-H 
chemical shifts are very large and move downfield, up 
to even 4 ppm. This large chemical shift is due to the 

hydrogen bonding of the C-H proton to water molecules 
or Cl-. The significant shift of C-H chemical shifts to larger 
values is also in accordance with computational studies 
of NMR for imidazolium in the presence of interaction 
with water [22], where the chemical shift of the hydrogen 
atom in Position 2 of the imidazolium ring is shifted to 
high values through specific interactions with water 
molecules. Our water-cation-anion calculation result 
is similar to the NMR results of Mele et al. [11], which 
suggests that the presence of small amounts of water 
could replace the C-H-anion interactions in imidazolium 
based ionic liquids.

The observed trends in the temperature dependence 
(Fig. 4) are due to two main factors: 1) a stronger 
binding of OH to the ion pair vs. binding to another water 
molecule (hence larger temperature coefficient at lower 
water concentration), 2) the average chemical shift of 
the protons in water (in Fig. 8) as compared to the proton 
chemical shifts in the water bound to the ion-pair (Fig. 11) 
is smaller. The interchange between the configuration 
of Fig. 11 and the configuration of Fig. 8 could be 
one of the reasons why temperature dependence of 
the chemical shifts at a higher concentration of water 
in ionic liquid (Fig. 4) is smaller than the temperature 
dependence at lower water concentrations. Thus, the 
above results may suggest that the water-ionic liquid 
interactions are more favorable than the H bonding 
interactions between water molecules mixed in the 
phosphonium ionic liquid. Despite the large chemical 
shift, water molecules at a low concentration are not 
hydrogen bonded to each other, but rather to the ion 

Figure 11. NMR spectrum of Tetramethyl Phosphonium Chloride with a water Molecule.
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pair (due to low concentration of water molecules). 
The larger temperature coefficient (compared to the 
temperature coefficient of chemical shifts at higher 
concentrations) suggests a more significant disruption 
of the intermolecular hydrogen bonds between water 
molecules and the ion pair at higher temperatures. 
Eventually, at higher concentrations, one water molecule 
could replace the position of the chloride anion, and 
the preferred hydrogen bonding is to the ionic liquid 
and a second water molecule. With the increase of 
temperature, the binding to the second water molecule 
could be compromised at the expense of the binding to 
the phosphonium cation. Also, at higher temperatures 
these two water molecules could exchange, and lead 
to an average chemical shift, which would result in a 
smaller temperature coefficient. 
Two questions arise: 

When increasing the water concentration, why 1. 
do the added water molecules prefer to bind to 
the first water bound to the cation (Fig. 8) rather 
than the binding of the two water molecules to two 
cations? This could be due to the energetics of their 
interaction – that is, the binding energies calculated 
from the energies necessary for removing the bound 
components (water/cation). The binding energy 

of a water molecule to a phosphonium cation is 
-41.9 kJ/mol. In contrast, the binding energy of the 
second water molecule to the complex made from 
one cation and one water molecule is -92.1 kJ/mol 
and -98.5 kJ/mol, depending on whether the second 
water molecule coordinates the cation (Fig. 9) or 
the first water molecule (Fig. 8).
Why are the OH chemical shifts larger in the 2. 
configuration of Figure 8 (compared to Fig. 9)? An 
investigation of the electron density in these two 
configurations would clearly answer this question. 
Figs. 12a and 12b show the corresponding 
electron density plots to Figs. 8 and 9. The result 
from the calculations of the electron density of 
the water molecule-ionic liquid complex (Fig. 12) 
suggests the lone pair on the first water molecule 
is coordinated to the phosphorus cation in the 
ionic liquid. In the configuration of Fig. 9, both 
water molecules have their lone pairs partially 
coordinated to the phosphorus (Fig. 12b), while in 
Fig. 8 the lone pair of the second water molecule 
is towards the H atom of the first water molecule  
(Fig. 12a).

The proton chemical shifts for carbons adjacent to 
phosphorus (assigned as these protons have the largest 

Figure 12. a) Electron Density of tetramethyl phosphonium/two water complex according to Fig. 9 configuration, b) Electron Density of tetram-
ethyl phosphonium/two water complex according to Fig. 8 configuration.

a

b
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chemical shifts in all of our quantum calculations on ion 
pairs, ion pair-water and cation-water configurations) are 
presented in Fig. 13. As the temperature increases, the 
amount of bonding pairs between water molecules or 
chloride ions and cations are expected to decrease. This 
should increase the chemical shifts, due to decrease in 
the partial transfer of electron density from the water’s 
oxygen lone pairs (or chloride ion) to the cation (Fig. 12) 
with temperature. It is interesting to note that the 
temperature coefficients do not change significantly 
with water concentration for these CH2 groups. Since 
the slope is only slightly smaller than the slope in 0% 
water concentration, we can conclude that the binding 
energy of the cation to Cl- and H2O in the liquid is only 
slightly different.

Fig. 14 presents the experimental data for terminal 
CH3 chemical shifts. The chemical shifts were found 
to move downfield as temperature was increased, as 
well as when water concentration in the ionic liquid 
was decreased (Fig. 14). This is similar to the CH2 
chemical shifts (Fig. 13). The relationship between 
water concentration and the position of the CH2 and CH3 
chemical shifts could also be attributed to the partial 
transfer of electron density from the water’s oxygen lone 
pairs to the cation (Fig. 12), and therefore, to the protons 
of the alkyl chains on the ionic liquid. This would result 
in an increase in electron density of the CH3 protons, 
and thus result in the chemical shifts of these protons 
moving further upfield. 

For a quantitative analysis of our experimental 
data, there is a need for modeling the solvent using an 
extended system far beyond an ion pair and a couple 
of water molecules. Long-range effects and dynamic 
averaging should be taken into account, such as 
the works in Refs [31-34]. In particular, it is expected 

that such dynamic calculations would lead to a larger 
average distance between cation and the anion center 
in the liquid phase than in our gas phase calculations 
[31]. This could lead to smaller CH2 and CH3 chemical 
shifts. In addition, for a quantitative treatment of the data 
larger basis, sets such as 6-311++G(d,p) [35,36] should 
be used on systems that include more ionic liquids, to 
address long range effects. Such calculations could 
help to clarify why based on our theoretical analysis of 
the experimental data the main interaction is between 
cation, anion and water as opposed to the view from 
previous works that the main interaction is among water 
and anion [17,38]. Currently, such calculations are 
impossible with our computational resources.

5. Conclusion
NMR of water-trihexyl (tetradecyl) phosphonium 
chloride ionic liquid mixtures was investigated in order to 
understand the intermolecular interactions in mixtures. 
At low water concentration, the OH chemical shifts 
decreased with temperature but with a temperature 
coefficient smaller than in pure water. The temperature 
coefficient decreased with water concentration. Based on 
DFT calculations, the OH chemical shifts could occupy 
two places in the NMR spectrum for the water-ionic liquid 
mixtures; one at ~5ppm for H bonded water molecules, 
and the other at ~3ppm for water molecules bound to the 
phosphonium cation. Comparison with DFT calculations 
suggests a binding of water to both cation and anion 
at low concentration, and a bonding to the cation and 
a second water molecule at higher concentration. The 
OH chemical shifts of the water molecules were found 
to decrease as the water concentration in the ionic liquid 

Figure 14. Plot of terminal CH3 Chemical Shifts vs. Temperature at 
various water concentrations. The chemical shifts are 
corrected for magnetic susceptibility.
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increased. The CH2 and CH3 chemical shifts were found 
to move downfield, both with the increase in temperature, 
and as water concentration was decreased. The effect 
of water (or chloride) on chemical shifts decreased with 
the distance from phosphorus, but even the terminal 
CH3 protons have a significant temperature coefficient. 
This suggests the electron distribution in the cation is 
significantly modified by the presence of water molecules 
and chloride ions.
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