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ABSTRACT  

The behavior of two polar solvents, ethylene glycol (EG) and 

dimethylformamide (DMF), entrapped in n-heptane/sodium bis-(2-ethylhexyl) 

phosphate (NaDEHP) reverse micelles (RMs) were investigated using dynamic light 

scattering (DLS), molecular probe absorption and FT-IR spectroscopy. DLS results 

reveal the formation of RMs containing EG and DMF as a polar component. To the best 

of our knowledge this is the first report where both polar solvents are entrapped by 

NaDEHP surfactant to effectively create RMs. 

We use the solvatochromism behavior of the molecular probe, 1-methyl-8-

oxyquinolinum betaine (QB) and FT-IR spectroscopy to investigate the 

physicochemical properties of the non-aqueous RMs. Our results demonstrate that 

NaDEHP surfactant interacts through hydrogen bond with EG at the EG/NaDEHP 

interface and this interaction is responsible for destroying the bulk structure of pure 

solvent EG when entrapped in NaDEHP RMs. On the other hand, when DMF is 

incorporated inside the RMs the bulk structure of DMF is destroyed upon encapsulation 

by the Na-DMF interaction at the DMF/NaDEHP interface. Our results are completely 

different than the one observed for n-heptane/AOT/DMF. 

Our results show how the physicochemical properties, such as micropolarity, 

microviscosity and hydrogen bond interaction of nonaqueous n-heptane/NaDEHP RMs 

interfaces can be dramatically changed by simply using different non-aqueous polar 

solvent. Thus, these results can be very useful to employ these novels RMs as 

nanoreactors since the dimension of the RMs are around 10 to 20 nm.  
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INTRODUCTION 

Reverse micelles (RMs) are aggregates of surfactants formed in a non-polar 

solvent, in which the polar head groups of the surfactants point inward and the 

hydrocarbon chains point toward to the non-polar medium.
1-4

 A common surfactant 

used to form RMs is sodium 1,4-bis-2-ethylhexylsulfosuccinate (AOT). AOT has a 

well-known V-shaped molecular geometry, giving rise to stable RMs without 

cosurfactant.
1-5

 The AOT RMs has the remarkable ability to solubilize a large amount of 

water with values of W0, (W0 = [Water]/[AOT]), as large as 40 to 60 depending on the 

surrounding non-polar medium and the temperature among others.
1-4 

Besides water, 

some polar organic solvents, having high dielectric constants and very low solubility in 

hydrocarbon solvents, can also be encapsulated in reverse micelles.
1,6 

The most 

common polar solvents used include formamide (FA), dimethylformamide (DMF), 

dimethylacetamide (DMA), ethylene glycol (EG), propylene glycol (PG), and glycerol 

(GY).
1
 The RMs in AOT/n-heptane systems containing these solvents are known to be 

spherical.
1
 Also, it has been demonstrated that the size of the RMs depends on Ws (Ws = 

[polar solvent]/[surfactant]).
7,8

 

Other surfactants such as the dialkyl phosphates and their alkaline salts are of 

interest in extraction processes because of their complexing properties toward metal 

ions, which are important in hydrometallurgy, nuclear industry and biological 

materials.
9 

Quintana et. al.
10 

used the surfactant sodium bis-(2-ethylhexyl) phosphate 

(NaDEHP, see Scheme 1) to form aqueous RMs and they demonstrated that because of 

the different water–surfactant interactions the micropolarity and microviscosity of the 

water/NaDEHP interface, interfacial water structure, molecular probes partition and 

intramolecular electron transfer processes are dramatically altered in comparison to the 

AOT RMs systems. Surprisingly there are no reports in the literature about the study of 
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polar solvents, different than water, which can be encapsulated by the surfactant 

NaDEHP. This is a “hot topic” since it is very important in the colloidal field to explore 

new RMs systems, other than AOT RMs, where other polar solvent than water can be 

effectively encapsulated forming true RMs media in order to take all the advantages of 

the interface to use the RMs as nanoreactor. Bicountinous media or nonorganized 

microemulsions do not do what RMs can do. 

The present contribution reports the study of the different interactions between 

different non-aqueous polar solvents (EG, DMF) and NaDEHP polar heads in non-

aqueous NaDEHP/n-heptane RMs, in order to gain insights on the unique RMs 

microenvironment created upon polar solvents encapsulation. Thus, we explore the 

structure of EG and DMF when encapsulated inside EG/NaDEHP/n-heptane and 

DMF/NaDEHP/n-heptane RMs, respectively, by using two approaches: i) non-invasive 

techniques such as Fourier transform infrared spectroscopy (FT-IR) and dynamic light 

scattering (DLS), ii) invasive technique such as absorption spectroscopy using 1-

methyl-8-oxyquinolinum betaine (QB, Scheme 1) as molecular probe. 

We have chosen QB as molecular probe because it is very sensitive to most of 

the RMs interface properties named above.
11,12 

QB is a molecular probe that has an UV-

visible absorption spectrum with two major features. An absorptions band in the visible 

region, B1, that is primarily sensitive to polarity, and another band peaking at shorter 

wavelength in the UV, B2, which reflects the hydrogen bond donor capability of the 

solvent.
11,13 

The absorbance of the B2 band is highly sensitive to the molecule's 

environment hence the ratio of the absorbances of B2 to B1 (Abs B2/Abs B1) in 

combination with the absorption bands shifts, provides an effective method to determine 

the properties of the microenvironment surrounding the probe.
11-13
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We used DLS and FT-IR techniques to reveal the formation of the two reverse 

micellar system in n-heptane and also to evaluate which interaction dominates the RMs 

interface.  

 From DLS technique we substantiate the formation of EG/NaDEPH/n-heptane 

and DMF/NaDEPH/n-heptane instead of bicontinous structureless microemulsions.
1
 

When RMs are explored, the following questions has to be answered: is the polar 

solvent effectively entrapped by the surfactant creating a true RMs in the organic 

solvent or is polar organic solvent dissolved only in the organic solvent/surfactant 

mixture without any molecular organization?
1,14

 Thus, DLS can be used to assess this 

matter because if organic polar solvents are encapsulated to form RMs interacting with 

the polar solvent/surfactant interface, the droplets size must increase as the Ws value 

increases with a linear tendency (swelling law of RMs) as it is well established for other 

RMs.
1,15

 

From FT-IR experiments, it is possible to monitor the changes, of the 

asymmetric stretching modes of the phosphate group (P=O)
16-19

 upon increase the polar 

solvents content and to explore the hydrogen bond interaction between EG and 

NaDEPH at the polar solvent/surfactant interface. The nature of the hydrogen bond in 

solution is of particular interest and has been investigated by diverse experimental and 

theorical methods
20

 since interface interactions play a fundamental role in the 

physicochemical properties of RMs.
21

 

Moreover we will show here that FT-IR technique is very powerful since not 

only the frequency band shifts can be monitored but the band intensity as was discussed 

in other nonaqueous AOT RMs.
1
 This will help to acquire a clear picture about how the 

constrained environment affects the bulk properties of the polar solvents encapsulated 

inside the RMs. The study of the different interactions between different non-aqueous 
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polar solvents (EG, DMF) and NaDEHP polar heads in non-aqueous NaDEHP/n-

heptane RMs, in order to gain insights on the unique RMs microenvironment created 

upon polar solvents encapsulation is crucial to use these new RMs media as nanoreactor 

for nanoparticle synthesis and micellar enzymatic reactions, on which we are currently 

investigating.  

 

EXPERIMENTAL SECTION 

Materials 

Sodium 1,4-bis (2-ethylhexyl) sulfosuccinate (AOT) from Sigma (> 99% purity), 

were used as received. Sodium bis-(2-ethylhexyl) phosphate (NaDEHP) was 

synthesized according to reference 22. Both surfactants were kept under vacuum over 

P2O5 to minimize water absorption. The absence of acidic impurities was confirmed 

through the 1-Methyl-8-oxyquinolinium betaine (QB) absorption bands.
11

 QB was 

synthesized by a procedure reported previously.
23

 

 n-heptane (Merck spectroscopic quality), ethylene glycol (EG) and 

dimethylformamide (DMF) (Sigma-Aldrich, 99% purity, HPLC grade) were used as 

received and ultrapure water was used throughout and prepared to a specific resistivity 

of > 18 MΩ cm (Labonco equipment model 90901-01). 

Micellar Solutions 

The stock solutions of AOT or NaDEHP in n-heptane were prepared by mass 

and volumetric dilution. To obtain optically clear solutions they were shaken in a ultra-

sonicating bath, and, the amount of polar solvents were added using a calibrated 

microsyringe. The amount of ethylene glycol (EG) and dimethylformamide (DMF) 

present in the system is expressed as the molar concentration ratio between polar 

solvent and the surfactant (Ws = [polar solvent]/[surfactant]). The NaDEHP 
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concentrations used throughout were always higher than the critical micellar 

concentration (cmc) which is around 10
-3

M.
10

 

The Ws range values studied in order to obtain optically clear solutions were 

0.4<Ws< 1 for EG/NaDEHP/n-heptane and, 0.4<Ws< 5 for DMF/NaDEHP/n-heptane 

RMs.   

Methodology 

The apparent diameters (dapp) of the different EG/NaDEHP/n-heptane and 

DMF/NaDEHP/n-heptane RMs were determined by dynamic light scattering (DLS, 

Malvern 4700 with goniometer) with an argon-ion laser operating at 488 nm. 

Cleanliness of the cuvettes used for measurements was of crucial importance for 

obtaining reliable and reproducible data.
24

 Quartz cuvettes were washed with ethanol, 

and then with doubly distilled water and dried with acetone. Prior to use, the samples 

were filtered three times using an Acrodisc 0.2 µm PTFE membrane (Sigma) to dust or 

particles presents in the original solution. Before introducing each sample to the cuvette, 

it was rinsed with pure n-heptane twice, then with the surfactant stock solution, and 

finally with the sample to be analyzed. Before performing measurements on a given 

day, the background signals from air and n-heptane were collected to confirm 

cleanliness of the cuvettes. Prior to data acquisition, the samples were equilibrated in 

the DLS instrument for 10 min at 25 ºC. To obtain valid results from DLS 

measurements, knowledge of the solvent refractive index, viscosity, and well-defined 

conditions are required. Since we worked with dilute solutions, the refractive indices 

and viscosities for the RM solutions were assumed to be the same as neat n-heptane.
25

 

Multiple samples at each size were made, and thirty independent size measurements 

were made for each individual sample at the scattering angle of 90º. The instrument was 

calibrated before and during the course of experiments using several different size 
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standards. Thus, we are confident that the magnitudes obtained by DLS measurements 

can be statistically significant for all the systems investigated. The algorithm used was 

CONTIN and the DLS experiments shown that the polidispersity of the RMs were less 

than 5 %.  

FT-IR spectra were recorded with a Nicolet IMPACT 400 FT-IR spectrometer. 

IR cell of the type Irtran-2 (0.5 mm of path length) from Wilmad Glass (Buena, NJ) was 

used. FT-IR spectra were obtained by overlaying 200 spectra at a resolution of 0.5 cm
-1

, 

and the n-heptane spectrum was used as the background. 

To introduce the molecular probe, a 0.01 M solution of QB was prepared in 

methanol (Sintorgan HPLC quality). The appropriate amount of this solution to obtain a 

concentration of 2x10
-4

 M for QB in the reverse micellar medium was transferred into a 

volumetric flask, and the methanol was evaporated by bubbling dry N2
11,13

; then, the 

surfactant RMs stock solution was added to the residue to obtain a [surfactant] = 0.1 M. 

The stock solution of surfactant 0.1 M and the molecular probe were agitated in a 

sonicating bath until the RMs was optically clear. 

UV/Vis spectra were recorded using a Shimadzu 2401 spectrophotometer. The 

path length used in the absorption and emission experiments was 1 cm. λmax was 

measured by taking the midpoint between the two positions of the spectrum where the 

absorbance is equal to 0.9xAmax. The uncertainties in λmax were about 0.1 nm. 

RESULTS AND DISCUSSION 

Non-aqueous NaDEHP/n-heptane RMs explored by DLS. 

In order to confirm the presence of nonaqueous NaDEHP RMs, DLS 

measurements were carried out for two systems: EG/NaDEHP/n-heptane and 

DMF/NaDEHP/n-heptane, at different Ws and at [NaDEHP] = 0.1 M. The droplets sizes 

values obtained in both systems are reported in Figure 1 A and B. It is shown that 
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different tendency is obtained depending on the polar solvent entrapped. Additionally, 

the range of Ws obtained giving a clear solution is also different between RMs.  

Figure 1 A demonstrates an increase in the droplets size values when the EG 

content increases. For example, the apparent diameter (dapp) value for the RMs at Ws = 

0.4 is 9.0 nm and this value increases up to 22.5 nm at Ws = 1. The tendency observed, 

indicates that EG molecules are effectively entrapped in the organized system and that 

RMs are not interacting among each other.
26

 It is important to remark that the dapp 

values obtained for NaDEHP/n-heptane RMs are larger than the corresponding values 

reported for the EG/AOT/n-heptane RMs.
15

 For example, the dapp value reported
15 

in the 

system EG/AOT/n-heptane at Ws = 0 is 2.2 nm and increases up to 5.4 nm at Ws = 1. To 

interpret these results it is important to consider that the RMs droplet sizes depend, 

among many other variables, on interactions between the surfactant and the polar 

solvent. It is known that when water is encapsulated in AOT/n-heptane RMs, the 

hydrogen-bond interaction of water molecules with the AOT polar head groups 

increases the surfactant’s head group cross-section area, a, thus decreases the surfactant 

packing parameter Pc (Pc = v/alc, where v and lc are the volume and the length of 

hydrophobic chain, respectively, and a the cross-section area of polar head group of the 

surfactant) and, increases the RMs droplet size.
27,28

 

As EG is a kind of solvent similar to water in the way that it can interact through 

hydrogen bond with the phosphate group of NaDEHP; our results indicate that when EG 

molecules are encapsulated by NaDEHP RMs, their interact ion with the surfactant 

molecules through hydrogen bond changes the a value, thereby increasing the RMs 

droplet sizes. Furthermore, the droplets sizes of the RMs formed in the system 

EG/NaDEHP/n-heptane, is approximately 4 times larger than those formed by 

EG/AOT/n-heptane.
26 

It must be noted that the plot in Figure 1 A shows a deviation 
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from linearity as the Ws value increases, which suggests that the EG/NaDEHP/n-

heptane RMs may be ellipsoidal rather than spherical micelles. 

The droplets size values obtained in DMF/NaDEHP/n-heptane RMs are shown 

in Figure 1 B. It shows that, the dapp values decreases to a minimum at Ws ~ 3 and then 

start to increase gradually until the maximum Ws (Ws = 5), which could be reached 

form a single phase. Figure 1 B demonstrates a different behavior in comparison with 

that obtained in the system DMF/AOT/n-heptane
29

,
 
where, the dapp values of RMs 

increases slightly with the DMF content. However, Figure 1B shows the RMs behavior 

is similar to that of the water/NaDEHP/n-heptane
30,31

 and water/NaDEHP/benzene
32,33 

where a minimum in the dapp value appears around W0~3. Deviation from the linearity 

could be due to several factors, the most relevant might be: droplet–droplet interaction 

and/or other RMs shape.
15,26,30,34 

Schelly et. al.
32,33

 studied several properties of the 

system water/NaDEHP/benzene and they suggested that below the "critical water 

content" (W0 ~ 3) the micelles are large rod-shaped dipolar crystallites with the same 

structure as the constituent rods of the hexagonal liquid crystalline solid state of 

NaDEHP. At W0> 3 they have shown that the large micelles successively dissolve and 

become spherical RMs which sizes growth with the W0 value. 

Similarly, the results obtained in the DMF/NaDEHP/n-heptane can be 

interpreted in the following way. When DMF is encapsulated inside NaDEHP/n-heptane 

RMs, micelle shape would incurred a change from the ellipsoidal (Ws≤ 3) to spherical 

(Ws> 3), similar to results found by Shelly et. al.
32,33

 for aqueous NaDEHP RMs. Upon 

Ws> 3, the NaDEHP molecules on the RM/n-heptane interface, are totally solvated by 

DMF and we observed how the dapp values of RMs increases with DMF content, 

indicating that DMF molecules are effectively entrapped inside the organized system 

and that RMs are not interacting with droplets. It is also necessary to highlight that the 
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dapp values obtained in DMF/NaDEHP/n-heptane are larger than the obtained for 

DMF/AOT/n-heptane
15,26 

RMs. For example, the dapp value found in the system 

DMF/AOT/n-heptane at Ws = 1 is 2.5 nm in comparison with DMF/NaDEHP/n-heptane 

RMs where is 15.7 nm at the same Ws. Another interesting result is that the RMs sizes 

grow faster than the sizes of AOT RMs while increasing Ws.
15 

It is known that DMF do 

not have hydrogen atom to form hydrogen bond interactions and when these molecules 

are encapsulated in AOT/n-heptane RMs, DMF neither interact with the C=O nor with 

the SO3
-
 groups but their weakly bulk associated structure is broken because of their 

coordination with Na
+
.
26

 We propose that in DMF/NaDEHP/n-heptane the free electron 

pairs of the carbonyl and nitrogen groups of DMF sequestrated by RMs can interact 

with the NaDEHP sodium counterions. However, in contrast to AOT, it seems that 

DMF could form part of the interface affecting the surfactant packing parameter Pc and 

hence the RMs sizes and shape. What is important to highlight is that the behavior of 

the encapsulated DMF is similar to the one observed in aqueous NaDEHP RMs, despite 

the very different structure of the polar solvent. 

 In order to evaluate differences in the unique NaDEHP RMs interfacial 

physicochemical properties such as micropolarity and hydrogen bond interaction, we 

have studied the solvatochromic behavior of QB in EG/NaDEHP/n-heptane and 

DMF/NaDEHP/n-heptane RMs by means of absorption spectroscopy, at different Ws. It 

must be noted that the molecular probe resides mainly at the DMF/NaDEHP and 

EG/NaDEHP interfaces in the RMs since QB is not soluble in the organic phase.
1
 Thus, 

QB can monitor the physicochemical changes at these RMs interfaces.  

 

QB in EG/NaDEHP/n-heptane and DMF/NaDEHP/n-heptane RMs. 
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Table 1 demonstrates the values of λmax B1 and B2 for QB in pure EG and DMF, 

respectively, as well as the Abs B2/Abs B1 ratio taken at the λmax of each bands.  

Analysis of QB λmax B1 and B2 values shows that both bands undergo 

hypsochromic shifts (shift to a shorter wavelength in the absorption spectrum) when the 

polarity/polarizability (π*) and the hydrogen bond donor capability (α) of the medium 

increases. Also the ratio AbsB2/AbsB1, in combination with the absorption bands shifts, 

provide an effective method to determine the properties of the microenvironment 

surrounding the probe as it was described before.
12,13

 Here, we highlight that the ratio 

values obtained in DMF is three times larger than EG, confirming the absence of 

hydrogen bond interaction.
1,12

 

 Figure 2 shows the QB absorption spectra with varying Ws at [QB] = 2x10
-4

 M 

and [NaDEHP] = 0.1 M in EG/NaDEHP/n-heptane RMs. Figures 3 A and B summarize 

the λmax B1 and the AbsB2/AbsB1 ratio values for QB in EG/NaDEHP/n-heptane RMs. 

Also, data from EG/AOT/n-heptane RMs are shown for comparison. As shown in 

Figures 3 A, there are hypsochromic shifts of the B1 bands with EG content increase, 

indicating that QB is sensing a more polar environment. As expected, at low Ws the 

probe located at interface of NaDEHP/n-heptane RMs, QB is sensing the interaction 

between EG molecules and NADEHP at the interface. Figure 2 shows how the 

absorbance of the B1 band remains practically constant while the absorbance of the B2 

band decreases as the Ws increases, indicating that the molecule is sensing the hydrogen 

bond interaction at the micellar interface, as observed in Figure 3 B.  

Figure 3 A also shows differences between AOT and NaDEHP RMs interfaces. 

For EG/AOT/n-heptane system, the hypsochromic shift observed in the λmax B1 is more 

significant and reaches similar values to the λmax B1 obtained in pure EG (see Table 1), 

at high Ws. This behavior would indicate that QB is anchored at the interface at low Ws; 
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at high Ws values QB is dissolved in the polar core of the micelles, where the polarity 

and structure of EG is similar to that found in pure solvent. Similar tendencies was 

found in previous work
10

 for water encapsulated in water/NaDEHP/n-heptane RMs 

where water molecules formed hydrogen bond interactions with QB anchored at the 

interface at low W0, at high water content QB is expulsed to the water pool where the 

water structure is similar to the pure solvent. On the other hand, in EG/NaDEHP/n-

heptane RMs, the shift observed in λmax B1 never reaches the value observed in the pure 

solvent. This suggests that when QB molecules are anchored to the EG/NaDEHP 

interface, their interactions through hydrogen bond with EG are stronger than whose 

when AOT is the surfactant. In addition, is interaction is responsible for destroying the 

bulk EG structure. Thus, the stronger EG-NaDEHP interaction in comparison with EG-

AOT interaction would be responsible for the large droplet sizes found in 

EG/NaDEHP/n-heptane RMs by DLS technique. 

It is interesting to compare the AbsB2/AbsB1 ratio values for AOT and NaDEHP 

RMs at different Ws. Figure 3 B shows that there is a significant diminishing in the 

AbsB2/AbsB1 values with the increases of the EG content in both systems (NaDEHP 

and AOT) which is consistent with the greater hydrogen bond donor ability of the 

medium upon RMs formation. At the Ws maximum value in EG/AOT/n-heptane, QB 

detects a AbsB2/AbsB1 value close to that found in pure solvent. On the other hand, for 

EG/NaDEHP/n-heptane RMs, the ratio value is quite far from that found in pure 

solvent. This result confirms what discussed above, apparently, EG forms stronger 

hydrogen bond interaction with the polar head of NaDEPH than with AOT. 

Consequently, the structure of EG inside EG/NaDEHP/n-heptane RMs is different from 

those found in the pure solvent and in AOT RMs. 
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However, the situation is quite different when DMF is encapsulated inside 

NaDEHP RMs. Figure 4 shows the QB absorption spectra with varying Ws at [QB] = 

2x10
-4

 M and [NaDEHP] = 0.1 M for DMF/NaDEHP/n-heptane RMs. Figures 5 A and 

B summarize the λmax B1 and the Abs B2/Abs B1 ratio values for QB in 

DMF/NaDEHP/n-heptane and in DMF/AOT/n-heptane varying Ws at 0.1 M 

concentration of the surfactants, respectively.  

Figure 4 shows that in NaDEHP RMs the B1 and B2 bands present a 

bathochromic shift (shift to a longer wavelength in the absorption spectrum) when DMF 

content increases. This shifting observed was not expected since when Ws increases the 

polarity of the DMF/NaDEHP and NaDEHP/n-heptane interface should also increase, 

and both bands should show hypsochromic shift.
11

 Furthermore, the intensity of the B2 

band increases markedly with the increase of the DMF content and, this band should 

remain constant if the DMF molecules have no interaction with NaDEHP through 

hydrogen bonding. 

Figure 5 A, interestingly, shows that the QB behavior in NaDEHP RMs is 

completely different than what found in AOT RMs.
12 

The system DMF/NaDEHP/n-

heptane shows a batochromic shift in the λmax B1 when DMF content increases, 

indicating that QB senses a reduction in the interfacial polarity as the DMF content 

increases. This phenomenon is clearly different from that found for AOT RMs, where 

the shift is hypsochromic with increasing Ws, showing an increases in the interfacial 

polarity. Moreover, QB in DMF/AOT/n-heptane RMs senses a more polar 

microenvironment inside the RMs, even larger than the pure DMF. In 

DMF/NaDEHP/n-heptane RMs as the DMF content increases, the behavior was 

expected, the polarity sensed by QB decreases to reach the value of the pure solvent but 

never reaches its value.
12 

Also, Figure 5 A shows that, in DMF/NaDEHP/n-heptane 
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RMs, a break appears at Ws ~ 3, indicating that QB also detects the change of the RMs 

shape suggested in Section 1 using DLS technique. 

Figure 5 B, shows the AbsB2/AbsB1 ratio for DMF/AOT/n-heptane RMs. The 

absorbance ratio is constant in the whole Ws range studied because DMF cannot form 

hydrogen bond interactions. On the other hand, different behavior was observed for QB 

in DMF/NaDEHP/n-heptane RMs, where the AbsB2/AbsB1 ratio value increases with 

the DMF content. Also, a break is observed around Ws = 3, which would evidence again 

the possible change in the shape of the system DMF /NaDEHP/ n-heptane. 

In others words, these results obtained for both RMs systems suggest that DMF 

interacts in different manner with different surfactant polar heads groups.  

 

EG/NaDEHP/n-heptane and DMF/NaDEHP/n-heptane RMs explored by FT-IR 

spectroscopy 

FT-IR measurements were carried out for the two RMs systems studied: 

EG/NaDEHP/n-heptane and DMF/NaDEHP/n-heptane, at different Ws and at 

[NaDEHP] = 0.01 M. This different concentration was chosen to obtain non-saturated 

FTIR spectra and it was above the cmc value.
10

 Here, we follow the changes in the 

asymmetric stretching band of the phosphate group (P=O) of NaDEHP by varying the 

EG and DMF content. From the analysis of the changes obtained from the IR spectra, 

the structural information about the NaDEPH RMs interface could be evaluated, when 

EG or DMF are inside the polar core. Scheme 2 shows the structure of the phosphate 

group of bis(2-ethylhexyl) phosphoric acid (HDEHP) and the NaDEHP surfactant.  

Note that the P=O bond is no longer present in NaDEHP since the group [O-P-O]
-
 

is formed due to the electron-cloud delocalization.
35

 Frequency for P=O stretching 

(1252 cm
-1

) in HDEHP is reasonably displaced in NaDEHP by two frequencies, i.e., 
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1229 cm
-1

 for the asymmetrical and 1120-1050 cm
-1

 for the symmetrical, which is 

overlapped with the strong absorption band around 1032 cm
-1

 for the [P-O-C] streching 

and for this reason we have only investigated the shifts in the asymmetric stretching 

band.
35

 

Figure 6 A and B show the FT-IR spectra and the shift corresponding to the 

asymmetric stretching mode of the P=O group band of EG/NaDEHP/n-heptane RMs 

varying Ws, respectively. Figures 6 shows that, upon the addition of EG to the 

NaDEHP/n-heptane RMs, a shift in the asymmetric P=O stretching band to lower 

frequencies (from 1241 cm
-1

 to 1203 cm
-1

) was observed when the Ws values increased 

from 0 to 1.5. Furthermore, Figure 6A demonstrates changes in the intensity of the 

bands when the EG content increases. Li et. al. studied the FT-IR spectra of the system 

water/NaDEHP/n-heptane
16-19

 and they demonstrated that the water inside RMs can 

interact through hydrogen bond with the phosphate group of NaDEHP and that the 

water, at the same time, can interact with the Na
+
 counterion by the ion-dipole 

interaction. The hydrogen bond interaction weakens the P=O bond with increasing the 

water content reflecting in the decrease in the frequency values of the asymmetric 

phosphate stretching band. As EG is a solvent similar to water in the way that it can 

interact through hydrogen bond with the phosphate group of NaDEHP RMs (see 

Scheme 3 for schematic representation); our results indicate that this interaction occurs 

and consequently weakens the P=O bond. 

Figure 7 A and B show the typical FT-IR spectra and the shift corresponding to 

the asymmetric stretching mode of the phosphate group band of DMF/NaDEHP/n-

heptane RMs at different Ws value, respectively. We observed that in the 

DMF/NaDEHP/n-heptane RMs the asymmetric stretching band of the P = O bond is 

centered at 1241 cm
-1

 when Ws = 0 with a slight shoulder at 1260 cm
-1

. This shoulder 
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begins to growth when the DMF content increases. It is known
36

 that N-C stretching of 

the amide is observed in a frequency range around 1260 cm
-1

, so this new band could be 

assigned to DMF encapsulated inside the DMF/NaDEHP/n-heptane RMs, which 

appears in a region of the spectrum near the phosphate group band of the NaDEHP 

surfactant. Note that the frequency of the band remains constant (ν~1241 cm
-1

) with 

increasing Ws, which clearly indicates that the DMF molecules are not interacting with 

the phosphate group. Furthermore, it is known that DMF does not form hydrogen bond, 

however, DMF has high affinity to solvate cations.
37-39

 Other studies
40-43

 performed by 

techniques such as Raman, FT-IR and NMR showed that when different metal ions are 

dissolved in DMF, and induce a specific structuration in DMF, showing a preferential 

solvation. These facts help explain the results since the DMF molecules inside of RMs 

would interact with the Na
+ 

counterion through free electrons of the carbonyl and 

nitrogen groups, without interacting with the phosphate group of NaDEHP surfactant 

(Scheme 3). 

 

CONCLUSIONS 

In this work, we use the dynamic light scattering (DLS) technique to confirm the 

formation of two novel nonaqueous NaDEHP/n-heptane RMs using EG and DMF as 

polar component. 

Using the solvatochromism behavior of the molecular probe, QB, we 

demonstrate that NaDEHP surfactant interacts through hydrogen bond with EG at the 

EG/NaDEHP interface and this interaction is responsible for the disruption of the 

structure of pure solvent EG when entrapped in NaDEHP RMs. On the other hand, 

when DMF is incorporated into the NaDEHP RMs, the RMs shape changes with the 

DMF content, from ellipsoidal or rod-like to spherical RMs in similar manner to what it 
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was observed in water/NaDEHP/n-heptane system. This is quite odd considering the 

completely pure solvent structure of water in comparison with DMF. We suggest that 

DMF bulk structure is destroyed upon encapsulation for the Na
+
-DMF interaction at the 

interface. Thus, DMF forms part of the RMs interface changing the packing parameter 

Pc. Results that are completely different from the phenomena observed for 

DMF/AOT/n-heptane.  

Furthermore, FT-IR has been used to explore the asymmetric P=O stretching 

modes of NaDEHP in these RMs. We found that EG interact with the surfactant 

molecules through hydrogen bond and consequently weakens the P=O bond, which is 

reflected in a decrease in the frequency values of asymmetric stretching band of 

phosphate group. When DMF is encapsulated inside the RMs, DMF molecules do not 

interact with the phosphate group because of its high capacity to solvate Na
+
 inside 

RMs. We suggest that DMF can complex with the Na
+
 ions through their carbonyl and 

amide groups. 

In summary, the work shows how the micropolarity, hydrogen bond interaction 

and polar solvent structure for the novel NaDEHP/n-heptane RMs interfaces can be 

dramatically changed simply using different non-aqueous polar solvent. Since EG and 

DMF are very dissimilar in their approaches to interact with RMs interface, these 

phenomena could have interesting consequences in different reaction to nanoscale.
1
 

Thus, these results can be very useful to employ these novels RMs as nanoreactors. 
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Scheme 1. Schematic representation of NaDEHP/n-heptane RMs and, molecular 

structures of the surfactant NaDEHP and the molecular probe QB. (1) Polar solvent, (2) 

micelles interface, (3) non-polar organic solvent. 
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Scheme 2. Structure of the bond phosphate group (P = O) in (A) HDEHP and (B) 

NaDEHP. The symbol Φ corresponds to 2-ethyl-hexyl groups in both cases.  
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Scheme 3. Schematic representation of the polar molecules (EG and DMF) interaction 

at the interface in nonaqueous n-heptane/NaDEHP RMs. 
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Table 1.The maxima absorption wavelength of B1 and B2 and, the absorbance ratio 

(Abs B2 / Abs B1) values of QB in different polar solvents. [QB] = 2x10
-4

 M. 

Solvent π*
a α

a λλλλmaxB1/nm λλλλmaxB2/nm AbsB2 / AbsB1 

EG 

DMF 

0.92 

0.88 

0.90 

0.00 

464 

546 

355 

381 

1.16 

3.07 

a 
Value from Ref 12 

Page 26 of 33Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



27 

 

 

 

0.4 0.5 0.6 0.7 0.8 0.9 1.0

8

10

12

14

16

18

20

22

  

 

 Ws

d
a
p
p
/n

m

A

 

 

1 2 3 4 5

5

10

15

20

25

 

 

 

 d
a
p
p
/n

m

Ws

B

 

Figure 1. A) The apparent diameter (dapp) values of the EG/NaDEHP/n-heptane 

obtained at 25 °C varying Ws. [NaDEHP] = 0.1 M. B) The dapp values of the DMF 

/NaDEHP/n-heptane obtained at 25 °C varying Ws. [NaDEHP] = 0.1 M. 
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Figure 2. QB absorption spectra in EG/NaDEHP/n-heptane RMs as a function of Ws. 

Ws: (a) 0.4, (b) 0.5, (c) 0.6, (d) 0.8, (e) 1, (f) 1.2. [QB] = 2 x 10
-4

 M. [NaDEHP] = 0.1 

M. 
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Figure 3. A) Variation of B1 band (λmax B1) in (▲)EG/NaDEHP/n-heptane and (●)EG/ 

AOT/n-heptane as a function of Ws. [QB] = 2 x 10
-4

 M. [Surfactant] = 0.1 M. The λmax 

B1 value (dot line) corresponding to neat EG is included for comparison. B) Variation of 

AbsB2/AbsB1 in (▲) EG/NaDEHP/n-heptane and (●) EG/AOT/n-heptane as a function 

of Ws. [QB] = 2 x 10
-4

 M. [Surfactant] = 0.1M. 
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Figure 4. QB absorption spectra in DMF/NaDEHP/n-heptane RMs as a function of Ws. 

Ws: (a) 0.5, (b) 1, (c) 2, (d) 3, (e) 4, (f) 5.5. [QB] = 2 x 10
-4

 M. [NaDEHP] = 0.1 M. 
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Figure 5. A) Variation of B1 band (λmax B1) in (▲) DMF/NaDEHP/n-heptane and (●) 

DMF/AOT/n-heptane as a function of Ws. [QB] = 2 x 10
-4

 M. [Surfactant] = 0.1 M. The 

λmax B1 value (dot line) corresponding to neat DMF is included for comparison. B) 

Variation of AbsB2/AbsB1 in (▲) DMF/NaDEHP/n-heptane and (●)DMF /AOT/n-

heptane as a function of Ws. [QB] = 2 x 10
-4

 M. [Surfactant] = 0.1 M.

Page 31 of 33 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



32 

 

 

 

1280 1260 1240 1220 1200 1180 1160

0.05

0.10

0.15

0.20

0.25

 

 

 

 

υ/cm
-1

A
b
so

rb
an

ce a b

c
d

e

f
A

 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
1190

1200

1210

1220

1230

1240

 

 

 

 

Ws

υ
/c

m
-1

B

 

Figure 6. A) FT-IR spectra of EG/NaDEHP/n-heptane RMs at different Ws values, in 

the region of 1160-1280 cm
-1

 (NaDEHP’s νPO). Ws: a) 0, b) 0.4, c) 0.6, d) 0.8, e) 1.0, f) 

1.5. B) Shift of the NaDEHP’s asymmetric phosphate stretching frequency (νPO) upon 

increases Ws in EG/NaDEHP/n-heptane RMs. Ws: a) 0, b) 0.4, c) 0.6, d) 0.8, e) 1.0, f) 

1.5. 
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Figure 7. A) FT-IR spectra of DMF/NaDEHP/n-heptane RMs at different Ws values, in 

the region of 1200-1280 cm
-1

 (NaDEHP’s νPO). Ws: a) 0, b) 0.5, c) 1.5, d) 3, e) 4, f) 5.  

B) Shift of the NaDEHP’s asymmetric phosphate stretching frequency (νPO) upon 

increases Ws in DMF/NaDEHP/n-heptane RMs. Ws: a) 0, b) 0.5, c) 1.5, d) 3, e) 4, f) 5. 
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