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Abstract 

Surfactants are widely applicable and appear in everything from detergents to 

drug delivery systems.  As a result, the ability to tune both the surface and solution 

properties of these systems is highly desirable.  One way to achieve this is with mixed 

systems of surfactants and hydrotropes.  The focus of the present study is to determine 

the properties of mixed systems of the anionic surfactant sodium octyl sulfate (SOS) 

with either of the anionic hydrotropes sodium cumene sulfonate (SCS) or sodium 

benzene sulfonate (BZS).  Analysis of surface tension and 
129

Xe NMR experiments 

were used to explore these systems.  The concentration of the hydrotrope was varied 

while the concentration of the SOS is held constant.  The hydrotropes BZS and SCS 

behave differently at the surface and both in solutions of just the hydrotrope and in 

solutions including the surfactant SOS at a constant concentration.  SCS lowers the 

surface tension with an observable critical concentration similar to a surfactant while 

the surface behavior of BZS is much less pronounced and shows no critical behavior.  

The surface behavior of the SCS/SOS and BZS/SOS solutions was very different 

which is suggestive of different surface compositions: a mixture of SCS and SOS at the 

surface of the SCS/SOS solutions and a surface of primarily SOS for the BZS/SOS 

solutions.  These differences are not as evident in the 
129

Xe data where the ionic effect 

of the hydrotrope appears to dominate the chemical shift resulting in a linear 

dependence of chemical shift on hydrotrope concentration.  There is limited to no 

evidence of hydrotropes forming micelles or of an increase in surfactant micellization 

as a result of an increase in hydrotrope concentration.  The SCS causes a more dramatic 

increase in the chemical shift than the BZS, but the change in behavior is the similar 
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upon addition of SOS micelles.  By applying a simple model, the SCS and BZS are 

found to incorporate to approximately the same extent—likely not at all—into the SOS 

micelles. 
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I. Introduction 

Surfactants 

Surfactants, or surface active agents, are amphiphilic molecules usually consisting 

of a hydrophilic head and a hydrophobic tail that aggregate at the surface to lower the 

surface tension of a solution.  Above a certain concentration called the critical micelle 

concentration (CMC), additional surfactant molecules no longer dramatically lower the 

surface tension but instead form aggregates in solution called micelles.
1
  Micelles are 

colloidal sized aggregates of surfactant molecules arranged to reduce the interaction of 

the hydrophobic moieties with water in aqueous solution. They are effectively a phase 

that is distinct from the bulk solution.
2
  The micelles form spontaneously so that the polar 

moieties form a hydrophilic shell that interacts with the polar solvent while the non-polar 

moieties form a hydrophobic core that does not interact with the solvent.  Surfactants can 

also form reverse micelles in a non-polar solvent where water inside the micelle interacts 

with the polar moiety and the non-polar moieties face outward and interact with the polar 

solvent.
3
  Figure 1 shows aggregates that can be formed by standard surfactants. 

 

Figure 1. Behavior of surfactants (i) Spherical micelle in water (ii) Reverse micelle containing 

water in a non-polar solvent (iii) Microemulsion of oil in water. 

 

Similar to reverse micelles are microemulsions which form in mixtures of a 

hydrophobic liquid in a polar solvent.  In these systems, the surfactants aggregate at the 

surface of microscopic emulsions of the hydrophobic liquid, and phases are distinguished 

(i) (iii) (ii) 
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by the structure of the aggregates.
4
  These systems are usually characterized by one or 

more of several methods.  The extraction spectrophotometric method uses the affinity of 

many dyes for hydrophobic environments to spectrophotometrically determine 

concentration and sometimes size.
5
  Dynamic light scattering, also called quasi-elastic 

light scattering, uses the autocorrelation function of the intensity of scattered light with a 

time delay to calculate the size distribution of the microemulsions in the solution.
6,7

  

Measurements of conductivity are discontinuous at phase transitions and are therefore 

useful in monitoring these changes.
6
 

Micellar solutions are often characterized by surface tension because the surface 

properties are tied to the solution properties.
8,9

  In addition, other characterization 

techniques are used to specifically study the solution properties.  Simple micellar 

solutions contain very small aggregates with sizes on the order of 1-1000 nm requiring 

techniques such as spectrophotometry.  The extraction spectrophotometric technique has 

been successfully used to determine concentrations of surfactants,
10

 but is not a common 

method.  Dynamic light scattering is much more commonplace and has been utilized 

recently to monitor changes in micelle shape,
11

 and measure aggregation numbers.
12

  

Static light scattering, in which the change in scattering intensity with respect to angle, 

can be used to calculate the molecular weight of aggregates and has been used more 

recently to precisely determine the CMC of block copolymer micelles.
13

  Both dynamic 

and static light scattering methods are often used together to more exhaustively study a 

surfactant system.
14,15

  Very precise data on the micellar shape and concentration can be 

obtained from small angle neutron scattering (SANS) experiments,
16,17

 but these 

experiments require a nuclear reactor and are rare as a result. 
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Surfactants are used commonly in industry because of their effect on surface and 

solution properties.  They are used in detergents at concentrations both above
18

 and 

below
19

 the CMC.  Above the CMC, the formed micelles can surround hydrophobic 

molecules and help to solubilize them.  Above and below the CMC, the surfactants lower 

the surface tension which facilitates mixing of hydrophobic compounds with water.  

Some surfactants such as cationic surfactants of quaternary ammonium salts act as fabric 

softeners which further increases their utility in detergents.
20

  Surfactants are also 

commonly used as emulsifiers or agents used to create a non-homogenous mixture of two 

normally immiscible liquids.
21,22

  In these mixtures, the surfactant aggregates on the 

surface between the water and the droplets of the emulsifying liquid to allow for mixing 

of the two incompatible liquids to form the emulsion such that  the hydrophobic material 

disperses in water.  Surfactant emulsifiers are used widely to help cleanup oil spills such 

as the Deepwater Horizon oil rig explosion in 2010.
23

  Surface active compounds are 

furthermore used in paints
24,25

 and waxes.
26

  Hydrophobic paint and wax compounds that 

were historically stored and applied in oil-based solvents are now often found in aqueous 

solutions with the help of surfactants. 

The general ability of surfactants to stabilize and maintain separation in 

suspensions makes them useful in many more recent technological developments of 

academic and industrial interest.  Ferrofluid suspensions require surfactants to maintain 

the stability of the suspension.
27,28

  Surfactants are used to maintain the stability of 

quantum dot solutions by preventing the quantum dots from aggregating and losing the 

band-gap behavior.
29

  Molecular surfactants offer a significant advantage over some other 

quantum dot coatings in that they are compatible with biological systems.
30–32

  More 
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recently, the possibility of using micellar solutions as drug delivery systems for 

hydrophobic drugs has been explored.
33,34

  The wide range of applications for surfactants 

makes the ability to tune both the surface and solution behavior important to engineering 

better surfactant systems. 

Hydrotropes 

Hydrotropes are a broad class of compounds that increase the solubility, or lower 

the cloud point, of hydrophobic compounds in water.  They are similar to surfactants in 

that they are usually amphiphilic and must reach a certain concentration called the 

minimum hydrotrope concentration (MHC) before they display hydrotropic qualities.  

What separates hydrotropes from surfactants is that they do not form micelles though 

they often do aggregate in some manner or another.
35

  The exact shift between 

hydrotropy and micellar behavior is not exactly characterized, though lower chain length 

alkanoates, alkyl sulfates, and alkylbenzenesulfonates behave as hydrotropes because the 

shorter chain length does not allow for micelle formation.
36

  Hydrotropes are in general 

surface active and therefore display surface properties similar to those of surfactants. 

Hydrotropes are characterized in much the same way as surfactants.  Due to their 

surface activity, surface tension measurements are often used to describe hydrotrope 

behavior.
37,38

  Light scattering is not often used as a characterization technique since 

hydrotropes do not aggregate in a well defined manner as observed with surfactants.  

Studies utilizing electrical conductivity
39,40

 and hydrophobic solubilization
41,42

 are much 

more common, though SANS is used occasionally.
40

 

Hydrotropes are used in many of the same applications as surfactants due to the 

ability of hydrotropes to solubilize hydrophobic compounds in water.  This property 
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makes them useful in detergents.
43,44

  Hydrotropes have also been shown to increase the 

solubility of surfactants
37

 making them useful in systems where achieving high surfactant 

concentrations is desirable such as in soaps, personal care products and car waxes.  

Hydrotropes have been shown to increase the solubility of the drug paclitaxel
45

 which 

means that they could be used as a standalone drug delivery system or, more probably, as 

an agent to release the paclitaxel micelles in a micellar delivery system. 

Due to their dramatic ability to solubilize hydrophobic compounds and in general 

stabilize these compounds in aqueous solutions, hydrotropes have been utilized in several 

synthetic applications.  One such application is extractive separations of compounds with 

similar boiling points.
46,47

 This method can eliminate the need for column 

chromatography in some cases thereby allowing for more industrially viable syntheses.  

Another application is the use of hydrotropes as a medium in which to perform 

microwave heated syntheses.
48

 

Mixed Systems of Hydrotropes and Surfactants 

One of the primary ways in which the properties of surfactants are tuned is by 

mixing them with other surfactants or with hydrotropes.  Extreme examples of mixing 

that is chemical in nature are dimeric or “geminal” surfactants where the head groups of 

two surfactants are connected by a spacer to form a double tailed and double headed 

surfactant.  These double tailed surfactants display behavior that is dramatically different 

from the behavior of the component surfactants.
49,50

  Mixtures of cationic and anionic 

surfactants have also been shown to form double tailed surfactants.  Unlike the covalently 

bonded geminal surfactants these surfactants are ionic pairs, however they also behave 
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differently than either of their component surfactants
51,52

 and have properties that are 

tunable based on solution pH.
53

 

Though hydrotropes do not form micelles, they can influence the properties of 

micellar solutions when mixed with surfactants.  The mixture of anionic hydrotropes with 

cationic surfactants has been shown to drive the formation of wormlike micelles.
54,55

  

Conversely, cationic hydrotropes have been shown to drive the formation of rod-shaped 

micelles when mixed with an anionic surfactant.
56

  The addition of anionic hydrotropes to 

anionic surfactants has also been shown to promote the transition from spherical to rod-

like micelles, but the effect is less pronounced.
57

  Though the effect of anionic 

hydrotropes on the micellar behavior of anionic surfactants is less drastic than the effect 

of cationic/anionic mixtures, it is still significant and the anionic hydrotropes have been 

shown to incorporate into micelles of some anionic surfactants.
58,59

 

The focus of the present study is mixed systems of the anionic surfactant sodium 

octyl sulfate (SOS) with either of the anionic hydrotropes sodium cumene sulfonate 

(SCS) or sodium benzene sulfonate (BZS).  These compounds are shown in Figure 2.  

SCS is a natural choice for such a  study as it has already been shown to incorporate into 

the micelles of sodium dodecyl sulfate (SDS), and BZS was chosen because it has a 

simple structure from which all sodium alkylbenzene sulfonates are derived.
59

  BZS has 

been shown to have no significant effect when added to solutions of PEO/PPO/PEO 

block copolymer (PEO = polyethylene oxid, PPO = Poly(p-phenylene oxide)),
60

 but has 

not been characterized in mixtures with anionic surfactants.  Less incorporation into the 

micelle is expected from the BZS because its hydrophobic region is shorter in length than 

that of the SCS.  It is therefore less likely to behave as a surfactant does. 
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Figure 2.  The compounds used in this study are Sodium Octyl Sulfate 

(NaC8H17O4S), Sodium Benzene Sulfonate (NaC6H5O3S), and Sodium Cumene 

Sulfonate (NaC9H11O3S). 

 

There is some disagreement in the literature as to the MHC of SCS.  

Balasubramanian et. al. reported the MHC of SCS to be 0.1 m from surface tension 

experiments and also concluded that hydrotropy was the result of specific aggregation 

and not a “salting-in” effect.
35

  It has more recently been reported that SCS has a “critical 

aggregation concentration” at 0.38 m from surface tension measurements, but gas 

solubility measurements indicate possible hydrotropy at concentrations closer to 0.1 m.
61

  

These surface tension experiments are in direct contradiction with those of 

Balasubramanian et. al.  Another study stated the MHC to be 0.14 m from conductivity 

and molar volume experiments, but notes that a critical change in surface tension is not 

reached until the concentration is above 0.3 m.
62

   Another conductivity study has 

reported the MHC to be 0.1254 m.
63

  These varied reports highlight the nature of 

hydrotropes; their behavior is less predictable and less clearly defined than that of 
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surfactants.  The MHC of sodium benzene sulfonate has not been reported, possibly 

because its physical properties do not display critical behavior.  However, surface tension 

measurements that show a modest decrease in surface tension over the 0.0 – 1.0 m range 

have been reported.
64

  BZS has also been shown to be soluble in water and to have 

solubility properties characteristic of a salt.
65

 

SOS was chosen as a surfactant because, unlike shorter n-alkyl sulfates, it has 

been shown to consistently display micellar behavior characteristic of a standard surface 

active agent,
66,67

 and due to its chemical similarity to the shorter hydrotropic alkyl 

sulfates, SOS micelles may be more amenable to incorporation by hydrotropes.  The 

CMC of SOS has been shown to be 0.120 m from surface tension experiments
68

 and was 

later shown to be 0.133 m by surface tension and refractive index experiments.
67

  The 

aggregation number at the CMC was found to be 38 from fluorescence decay and was 

shown to increase with an increase in surfactant concentration or counterion 

concentration.
67

 

Surface Tension 

Due to the surface active nature of hydrotropes and surfactants, the measurement 

of surface tension provides a valuable tool in studying these systems.  Surface tension is 

defined as the free energy required to form one area unit of surface and in solution 

chemistry usually refers to a liquid-air interface.  It is described mathematically by the 

equation of Young and Laplace given below in equation (1). 

     
 

  
 

 

  
               

∆P is the pressure difference across the surface, γ is the surface tension, and R1 and R2 are 

the two radii of curvature necessary to describe the curvature of a surface in three 
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dimensions.  Surface energy is the same, but is sometimes used more generally to 

describe solid-liquid or solid-air interfaces.
2
  Because a liquid will always form so that its 

free energy is minimized, surface tension can be understood as the tendency of the 

surface to resist a distortion caused by an external force, and most methods of 

measurement are based upon this definition. 

These methods of measurement include the capillary rise method in which the rise 

of a liquid up a capillary tube is related to the surface tension by the radius of the 

capillary and the density of the liquid, the drop weight method in which the surface 

tension is related to the weights and masses of drops falling from a tube of known 

diameter, and the ring method in which the force exerted by the surface on a ring of 

known dimension is related to surface tension.  Other methods include methods based on 

the internal pressure of bubbles, force exerted on a slide (Whilhelmy slide method),  

methods based on the properties of static bubbles and drops, and methods based on 

dynamic processes such as flow and waves.
2
 

Changes in surface tension resulting from changes in the concentration of a 

component of the liquid can be theoretically related to the concentration of that species 

by the Gibbs equation and the Gibbs isotherm from which it is derived.  The Gibbs 

isotherm is a simple relation between the change in surface tension and the change in 

chemical potential of the components of the liquid phase.  The Gibbs equations 

describing this surface phenomenon is described in equation (2), 

    
 

  
 
  

     
               

Where Γi is the surface excess of the ith component of the liquid, a is its activity, γ is the 

surface tension as described by Young and Laplace, and Ci is the concentration of the ith 
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component.  T and R are the absolute temperature and the gas constant respectively.
2
  

This provides a theoretical thermodynamic relationship between the change in surface 

tension and surface excess. 

 In the present study, the drop weight method was used to measure surface tension.  

This method was chosen based upon its simplicity both in practical considerations and 

theoretical underpinnings.  The theory stems from Tate’s Law, described in equation (3), 

which says, 

                    

Where W is weight of a pendent drop of solution immediately before it falls from the tip, 

r is the radius of that spherical drop and γ is the surface tension.
2
  The geometric basis of 

Tate’s law and its deviations from actual behavior is shown in Figure 3.  This simple 

equation is only slightly modified to correct for non-spherical drops.  The resulting 

equation is, 

                     

where f is a correction factor that is a function of the radius divided by the cube root of 

the drop volume as described by Hoskins et. al.
69

  . This method requires only a balance 

and some way to measure drop volume.  Despite its simplicity, the drop weight method 

has proven to be accurate in many recent applications.
70

 



11 

 

 

Figure 3. (i) Spherical drop at the moment of falling as described by Tate’s Law.  

The radius of the drop is equal to the radius of the tip from which it is falling and 

the force of the surface tension is equal to the force of gravity. (ii) Actual drop 

requiring corrections to account for deviations from Tate’s Law. 

 

 Xe NMR 

 
129

Xe is a spin-1/2 nucleus, and therefore NMR active, with 26.4% abundance.
71

  

129
Xe is a useful NMR nucleus because of its highly sensitive chemical shift, long and 

easily measureable relaxation times.
72

  It has been used to probe cavities in mordenites,
73

 

zeolites,
74,75

 cryptophanes,
76,77

 and proteins
78–80

 as well as simple solvents.
81–83

  

Development of hyperpolarized xenon by optical pumping results in a resolution increase 

of at least two orders of magnitude and has made the study of xenon adsorbed to solid 

surfaces possible.
84

  Hyperpolarized xenon also allows for the measurement of the 

diffusion coefficient of xenon in solutions
85

 and increased resolution in the applications 

mentioned previously. 

(i) (ii) 
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129

Xe shifts of xenon dissolved in a liquid phase are usually interpreted according 

to the reaction field theory or a pair interaction theory.
86

  The reaction field theory is 

based on Onsager’s theory of electric moments in liquids
87

 and predicts a linear 

relationship between the chemical shift and a function of the refractive index, 

  
       

        
              

where δ is the chemical shift and n is the refractive index of the liquid.  The chemical 

shifts were found to correlate well within a group of related solvents where the shift is 

dominated by the contribution of Van der Waals forces.
81

  In aqueous solutions, where 

the contributions due to permanent dipoles and charges are not negligible, this theory is 

not applicable.  McKim and Hinton developed a related theory for aqueous solutions 

where the chemical shift is dependent on charge, activity, and enthalpy and entropy of 

hydration.  Chemical shift was also found to be linearly dependent upon the concentration 

of a single ionic species at low concentrations.
88

 

 Pair interaction models do not in general deal with the forces responsible for the 

chemical shifts, but rather with the functional group or species responsible for the shift.  

Buckingham et. al. found that it was possible to express the shift of a given solvent as a 

sum of terms arising from bulk magnetic susceptibility and different types of pair 

interactions.
89

  This leads naturally to use of additive pair interactions to explain chemical 

shift.  The primary assumption in this case is that the shifts arising from each group or 

species are additive when weighted by concentration,
83

 mole fraction,
82,86,90

 or volume 

fraction.
90,91

  By measuring chemical shift of xenon dissolved in different solutions over a 

wide concentration range, the relative shifting ability of individual functional groups, 

ions, or molecules can be determined. 
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 In this study, 
129

Xe NMR is used to analyze the aggregation behavior of mixed 

systems of hydrotropes and micelles.  The change in chemical shift with respect to 

hydrotrope concentration was measured in order to monitor the behavior with changing 

hydrotrope concentration. 

 Goal of the Study 

 The goal of this study is to discover whether or not the addition of anionic 

hydrotropes (SCS, BZS) to a solution of SOS above the CMC results in an increase in 

micellar concentration, increase in aggregation number, and/or incorporation of the 

hydrotrope into the SOS micelles.  The drop weight method is used to measure surface 

tension which allows for analysis of surface behavior and 
129

Xe NMR is used to analyze 

solution behavior. 

II. Materials and Methods 

99% purity sodium octyl sulfate (SOS) was obtained from Alfa Aesar and used as 

received.  Greater than 96% purity sodium benzene sulfonate (BZS) was obtained from 

Tokyo Chemical Industry and initially used as received.  After anomalous surface tension 

measurements, the BZS was recrystallized from methanol and then filtered with a 0.45μm 

syringe before use.  93% purity sodium cumene sulfonate (SCS) was obtained from 

Stepan Corporation and filtered with a 0.45 μm membrane syringe filter to remove 

insoluble impurities before use.  All glassware was washed twice with 6 M nitric acid and 

twice with nanopure water filtered with a 0.22 μm Millipore filtering device and dried 

before use. All solutions were prepared and diluted gravimetrically.  Solutions with 

hydrotrope concentrations of approximately 0, 0.05 m, 0.10 m, 0.15 m, 0.20 m, 0.30 m, 
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0.50 m, 0.70 m, and 1.00 m were prepared in this manner both in water and in an aqueous 

solution of 0.15 m SOS. 

Surface tension was measured using the drop weight method with the polynomial 

correction described by Adamson.
2
  Drop volume was measured with a 2.0 mL Gilmont 

GS-1200 micrometer syringe with a 4.8 mm tip at 298 K oriented vertically over a 

Mettler Toledo analytical balance.  The balance used to mass the drops is accurate to 

0.0001 g.  The volume and mass of 30 drops was used to calculate the average surface 

tension of each solution.  

Solutions were loaded into NMR tubes rated to either 100 psi or 250 psi, purged 

three times before being pressurized with 99.999% pure xenon gas to 100 psi, agitated by 

hand, and allowed to equilibrate for at least 12 hours.  NMR spectra were obtained using 

a 400 MHz Bruker Ultrashield Plus NMR spectrometer at 298 K with Bruker Topspin 3.0 

software.  The chemical shifts were referenced to the shift of xenon in pure heptane at 

298 K.  An 11µs (~30°) pulse and a delay of 20 seconds were used for all experiments.  

This sequence optimizes the signal to noise ratio for a single scan of Xe in pure heptane.  

The magnet was shimmed on the 
1
H channel and the sample was not spun due to the 

extreme size and weight of the pressure tubes. 

III. Results and Discussion 

Surface Tension 

The surface tension measurements of solutions of SOS obtained with the drop-

weight method are shown in Figure 4.  SOS behaves as a standard surface active agent 

with two clearly defined regions, one above and one below the CMC.  The value of the 

CMC can be estimated by applying a linear fit to the two regions and finding the 
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intersection of these two lines.  The CMC of SOS was found to be 0.134 ± .007 m which 

agrees well with the literature values of 0.120 m
68

 and 0.133 m.
67

  The lowest value of 

surface tension was measured at 0.65 m to be 40 ± 1 dynes/cm. 

 

Figure 4.  The surface tension of SOS solutions was measured at different SOS 

concentrations by means of the drop-weight method.  The shown linear fits were 

used to estimate the CMC.  See Table 1 (appendix) for exact values. 

 

 The surface tension of aqueous solutions of SCS is shown in Figure 5.  As the 

concentration of SCS increases, there is a dramatic drop which indicates surface activity 

by the SCS.  However, there are no clearly defined regions as with the SOS.  This is 

characteristic of hydrotropes which do not, in general, form micelles.  Despite there being 

no clear break in properties, the decrease in surface tension with respect to concentration 

becomes small at high hydrotrope concentrations and two linear fits can be used to 

estimate a critical aggregation concentration (CAC).  In this case critical aggregation 

concentration is used as a general term analogous to the CMC in that significant 

aggregation begins to occur above the CAC, but more general in that the aggregates are 

35 
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not necessarily micelles.  The CAC of SCS was estimated to be 0.24 ± .04 m by fitting a 

line to each region.   A lower limit for the CAC was found by fitting a line to the first two 

and last two points and finding the intersection.  Since there appears to be some 

curvature, this method will find the intersection of the minimum slope in the first region 

with the maximum in the second region thus providing the lowest possible value for the 

CAC given this data.  The lower bound of the CAC for SCS was found to be 0.14 m.  

These estimates agree well with the literature values for the MHC ranging from 0.1 m
35

—

0.38 m.
61

 Since hydrotropy is thought to be the result of specific aggregation,
35

 a 

correlation between the MHC and the CAC is expected.  The lowest value of surface 

tension measured for SCS was 45.4 ± .5 dynes/cm at a concentration of 0.933 m. 

 

Figure 5. The surface tension of SCS solutions was measured at different SCS 

concentrations by means of the drop-weight method.  Linear fits were used to 

estimate the CAC (—) and the lower bound of the CAC (----).  See Table 2 

(appendix) for exact values 

 

 The surface tension of BZS solutions is shown in Figure 6.  Unlike the SOS and 

the SCS, an increase in the concentration of BZS initially caused an increase in surface 
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tension.  This increase is not usual for hydrotropes and has not been reported for BZS.  

However, an increase in surface tension with respect to concentration has been seen in 

the BZS derivative sodium p-aminobenzene sulfonate.
64

  This could be caused by an 

ionic effect, as described in explaining the increase in the surface tension of the 

aminobenzene sulfonate solutions, whereby the solvation shell of the ionic species 

increases the energy of the surface or by the formation of a bilayer at the surface that 

results in an increase in the surface concentration of the ionic head groups that increases 

the energy of the surface.  Because these results conflict with surface tension studies from 

the literature that show a modest decrease in surface tension, the observed increase is 

likely the result of ionic contamination.  The presence of the oxidation products of the 

benzenesulfonate ions along with the BZS in the aqueous solution, specifically the sulfate 

and sulfite ions, could create a “surface making” solution thereby increasing the surface 

tension above that of the simple aqueous BZS solution. 
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Figure 6. The surface tension of BZS solutions measured at different BZS 

concentrations by means of the drop-weight method. See Table 3 (appendix) for 

exact values 

 

 Further steps were taken to purify the BZS before repeating the experiments.  The 

BZS was recrystallized from methanol and filtered before further use.  The surface 

tension measurements of solutions of the purified BZS are shown in Figure 7.  Despite 

the larger than normal error in these measurements, it is likely that there is no observed 

increase in surface tension.  There is instead a modest fall in surface tension that suggests 

some surface activity.  No conclusions about a critical aggregation concentration can be 

made because the error is too great to identify a flattening of the surface tension.  This 

data is consistent with the surface tension reported by Renich et. al. where a slight 

decrease in surface tension with no evidence of critical behavior was observed.
64

  The 

apparent absence of the surface tension increase after purification suggests that the 

increase was the result of an ionic contaminant such as sodium sulfate or sodium sulfite.  

Over this concentration range, the surface tension never drops below 59 dynes/cm which 
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is significantly higher than the surface tension for either the SOS or SCS solutions.  This 

suggests that, compared to the SOS and SCS, less BZS is concentrated at the surface of 

the solution. 

 

Figure 7. The surface tension of purified BZS solutions measured at different BZS 

concentrations by means of the drop-weight method.  The solutions were 

recryatallized from methanol and filtered.  See Table 4 (appendix) for exact 

values 

 

 The surface tension of solutions of SCS and SOS was measured with the SOS 

concentration held constant at 0.15 m as the concentration of the SCS varied.  These data 

are shown in Figure 8.  Since the SOS is held at a concentration above its CMC, there are 

micelles in the solution and the surface resembles a monolayer of SOS at least initially.  

The initial drop and subsequent rise in surface tension could be explained by an initial 

concentration of more surfactant molecules at the surface followed by replacement at the 

surface by SCS molecules.  At high SCS concentrations, the surface tension approaches 

43.3 ± .4 dynes/cm which is lower than the surface tension of SCS solutions at high 

concentrations, but higher than the surface tension of SOS at high concentrations.  This 
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suggests that there is a mixture of SOS and SCS at the surface, but the quantitative 

composition of the surface is not known. 

 

Figure 8. Surface tension of SCS/SOS binary solutions with the SOS 

concentration held constant at 0.15 m. See Table 5 (appendix) for exact values 

 

The surface tension of solutions of BZS and SOS was measured with the SOS 

concentration held constant at 0.15 m and the concentration of the BZS varied.  The data 

are shown in Figure 9.  Since the solutions of BZS showed only a modest decrease in 

surface tension with respect to BZS concentration, the decrease observed in the BZS/SOS 

binary solutions is likely the result of an increase in the surface concentration of SOS.  

This conjecture is further supported by the very low surface tension values at high BZS 

concentrations.  The solutions of pure SOS are the only solutions that had surface 

tensions below 40 dynes/cm which suggests that at high BZS concentrations, the surface 

is nearly saturated with SOS molecules.  This effect is similar to a “salting-out” effect in 

that the increased concentration of ions makes the formation of the surfactant mediated 

surface more energetically favorable and leads to a increase in the surface excess of SOS 

and a corresponding decrease in surface tension. 
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Figure 9. Surface tension of BZS/SOS binary solutions with the concentration of 

SOS held constant at 0.15 m. See Table 6 (appendix) for exact values 

 

The surface tension experiments show clearly different behavior between the two 

hydrotropes both in simple solutions of the hydrotrope and in solutions with SOS 

micelles.  In solution, the SCS displays surface behavior similar to that of surfactant with 

an observable, though not so well defined, change in properties possibly corresponding to 

a critical aggregation concentration.  Unlike the SCS, the BZS does not display critical 

surface tension behavior and the surface tension remains relatively high even at high BZS 

concentrations.  In solutions containing SOS micelles, both SCS and BZS appear to 

increase the surface concentration of SOS at low hydrotrope concentrations, but at high 

concentrations of SCS the surface is likely a mixture of SOS and SCS molecules while at 

high BZS concentrations the surface is likely saturated with SOS. 

129
Xe NMR 

The 
129

Xe chemical shifts of solutions of SOS are shown in Figure 10.  Since the 

rate at which the xenon partitions in and out of the micelles is much faster than the pulse 
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width, the observed shift is a time average of the shift of the xenon inside and outside of 

the micelles, and there is only one observed peak despite the existence of two distinct 

chemical environments of the xenon nucleus.  The initial increase in chemical shift is 

likely an ionic effect as the increasing ionic strength of the solution causes the Xe not in 

the micelles to become more deshielded.  At a point above the CMC, however, the 

chemical shift begins to decrease with increasing SOS concentration.  This is the result of 

the increasing fractional occupation of xenon inside the hydrophobic micelles as the 

concentration of micelles increases.  The interior of the micelle is hydrophobic, and when 

the concentration of micelles is high enough, the shielding effect of the micelle interior 

overcomes the ionic effect in the bulk solution and the observed shift decreases. 

 

Figure 10.  
129

Xe chemical shift as a function of SOS concentration referenced to 

the shift of xenon in pure heptanes at 298K. See Table 7 (appendix) for exact 

values 

 

 The chemical shifts of xenon in solutions of SCS are shown in Figure 11.  The 

shift is linear with respect to SCS concentration and shows no change at the MHC.  This 
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suggests that hydrotropy is the result of an aggregate that does not change the chemical 

environment of the xenon which strongly suggests that SCS does not form micelles.   

This is assuming that the hydrotropy is the result of aggregation as has been suggested.
35

  

The chemical shifts of solutions of SCS and SOS with the SOS concentration held 

constant above the CMC are also shown in Figure 11, and again the chemical shift is 

linear with respect to hydrotrope concentration.  Since an increase in the concentration of 

micelles would result in a decrease in chemical shift or, at the very least, a decrease in the 

slope of the chemical shift, the data suggest that the addition of SCS to a solution of SOS 

does not significantly increase the concentration of micelles.  The slope of the chemical 

shift of xenon in the SCS/SOS solutions is less than that of the xenon in the SCS 

solutions.  This means that the xenon in the SCS/SOS solutions is not as dramatically 

deshielded by the ionic effect of the added SCS. 
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Figure 11. 
129

Xe chemical shift as a function of SCS concentration referenced to 

the shift of xenon in pure heptanes at 298K.  In the SCS/SOS solutions, the 

concentration of SOS was held constant at 0.15 m.  Error in chemical shift values 

is < 1 ppm. See Table 8 (appendix) for exact values 

 

Figure 12 shows the shifts of xenon in solutions of BZS.  Like the SCS, the 

chemical shift of the xenon in the BZS solutions is linear with respect to BZS 

concentration.  However, the linear fit to the BZS data is not as precise as that for the 

SCS data.  This is probably indicative of some non-linear behavior, but the uncertainty in 

the chemical shift values makes it impossible to draw a definite conclusion except that 

the shift is approximately linear with respect to BZS concentration over this 

concentration range.  This suggests that BZS, like most hydrotropes, do not form 

micelles.  The BZS also shows no evidence of significantly driving further micellization 

of the SOS.  The chemical shift of xenon in the BZS/SOS binary solutions is also shown 

in Figure 12 and there is no decrease in chemical shift that would be characteristic of the 

formation of more micelles.  Again the presence of the SOS decreases the slope of the 
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chemical shift with respect to BZS concentration.  This means that in the BZS/SOS 

solutions, the xenon is not as deshielded by an increase in the BZS concentration. 

 

Figure 12.  
129

Xe chemical shift as a function of BZS concentration referenced to 

the shift of xenon in pure heptanes at 298K.  In the BZS/SOS solutions, the 

concentration of SOS was held constant at 0.15 m.  Error in chemical shift values 

is < 1 ppm. See Table 9 (appendix) for exact values 

 

 The 
129

Xe shifts can be analyzed more quantitatively by assuming that the shifts 

due to the components of the solution are additive when weighted by mole fraction.  This 

leads to the expression 

                            

where xH and xW are the mole fractions of the hydrotrope and water respectively, δobs is 

the observed shift and δH is the shift of a theoretical, non-physical solution where the 

mole fraction of the hydrotrope is 1—a liquid ionic salt solution containing no water and 

composed entirely of the ionic species. δW is the shift of pure water.  Because the 
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concentration of water is much greater than the concentration of the hydrotrope, this 

expression reduces to. 

     
  
  

                   

where CW and CH are the concentrations of water and the hydrotrope respectively in 

moles per kg solvent (m).  Since the molality of water is 55.56 m and the maximum 

molality of the hydrotrope is 1 m, the maximum error introduced by this approximation is 

less than 2%.  This expression predicts the shift to be linear with respect to hydrotrope 

concentration with an intercept at the shift of pure water which is what was observed.  

The calculated values of δH are 540 ± 6 ppm for SCS and 415 ± 30 ppm for BZS.  This 

means that SCS deshields the xenon more dramatically than the BZS.  This could be due 

to shifting power of the two exposed methyl groups which has been reported to be higher 

than that of a methylene groups.
83

  However, other studies report the shifting power of 

the methyl group to be much lower,
90,91

 which could suggest that a solvation shell effect 

is responsible for the observed differences in the shifting power of SCS and BZS. 

 For the solutions of hydrotrope and surfactant, the observed linear behavior leads 

to the following simplifications.  The fraction of xenon in the micelles is assumed to be 

approximately constant with respect to hydrotrope concentration because the 

concentration of the xenon is small enough that it controls the equilibrium.  The micelles 

are assumed to be primarily composed of surfactant molecules because micelles of only 

hydrotropes do not form.  Given that the micelles are composed of mostly surfactant 

molecules, the fraction of hydrotrope being incorporated into the micelle is assumed to be 

constant.  This makes sense based upon a simple equilibrium and implies that as the 

hydrotrope concentration increases, the amount of incorporation into the micelle 
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increases at a constant fraction.  The shift resulting from free SOS and shift resulting 

from SOS in the micelles are assumed to be constant because the concentration of SOS is 

held constant.  Finally, the concentration of the micelles is assumed to be approximately 

constant.  This last assumption is contrary to reports of salt-induced micelle growth,
67

 

however, if the micelles concentration increased significantly enough to affect the Xe 

chemical shift, a decrease in chemical shift would have been observed.  Though the effect 

of salt induced growth is well studied, in some reports the growth is reported to be small 

except at very high salt concentrations.
92

 

These assumptions lead to a model where the chemical shift is written as sum of 

the shift of the bulk solution weighted by the fraction of the xenon in the bulk solution 

and the shift of the interior of the micelle weighted by the fraction of xenon in the 

micelle, or, 

                                     

where X is the fraction of Xe in the bulk solution, δbulk is the shift of the bulk solution and 

δmicelle is the shift of the interior of the micelle.  Making the same assumptions that led to 

equation (6) allows the shift of the bulk solution to be written as, 

                                  

where xH, xS, and xW are the mole fractions of the hydrotrope, the surfactant, and water 

respectively in the bulk solution.  δH, δS, and δW correspond the chemical shifts of the 

hydrotrope, surfactant, and water respectively at a mole fraction of 1.  For the surfactant 

and the hydrotrope this shift is purely theoretical because it corresponds to a non-physical 

solution.  The concentration of the surfactant and the concentration the hydrotrope are 

small compared to the concentration of water which allows equation (9) to rewritten as, 
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where CS is the concentration of surfactant in moles per kg solvent (m) and CH and CW are 

defined as before.  Y and Z are the fraction of the hydrotrope and surfactant respectively 

in the bulk solution.  The aforementioned assumptions allow these fractions to be 

expressed as constants. 

 The shift of the interior of the micelle can be written in a similar manner as sum 

of the shifts of the components weighted by the fractional composition of the micelle. 

                                     

where xHm and xSm are the fractions of hydrotrope and surfactant respectively composing 

the micelle.  By definition, this equation can be rewritten as, 

         
                      

               
                 

where all terms are as defined previously.   

Substituting equations (10) and (12) into equation (8) yields, 

       
  
  

    
  
  

        

  
                             

               
               

where all terms are as defined previously.  Since the micelles are primarily composed of 

surfactant molecules, the denominator of the second term, which represents the sum of 

the hydrotrope and surfactant concentrations composing the micelle is dominated by the 

(1 – Z)CS term and  equation (13) can be rearranged to give, 
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where B is defined as 

    
  
  

                                

which is independent of hydrotrope concentration.  The assumption that the denominator 

of the second term of equation (13) is dominated by the (1 – Z)CS  term could introduce 

error on the order of 10%.  However, the result predicts δobs to be linear with respect to 

hydrotrope concentration which is what was observed.  Since the shift of the hydrotrope 

micelle is likely to be significantly less than hydrotrope in the bulk solution and the 

micelles are primarily composed of the surfactant, the observed chemical shift is 

approximately given by, 

        
  
  

                   

Since δH and CW are known, the product XY can be calculated from the slope of the 

chemical shift with respect to hydrotrope concentration in the hydrotrope/surfactant 

binary solutions.  This value is the product of the fraction of xenon in the bulk solution 

and the fraction of hydrotrope in the bulk solution.  It is calculated to be 0.81 ± .02 for 

SCS and 0.74 ± .06 for BZS.  These two numbers are not distinguishable within error 

which suggests that a similar fraction of the two hydrotropes incorporate into the micelle 

if any incorporation occurs at all.  This product is large enough that no incorporation into 

the micelle is possible and which would imply that ~ 20% of the xenon is inside the 

micelles. 

IV. Conclusions and Future Work 

The hydrotropes BZS and SCS were found to have very different surface behavior 

both in solutions of just the hydrotrope and in solutions including the surfactant SOS at a 
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constant concentration above the CMC.  SCS has pronounced surface behavior that 

results in a lowering of surface tension with an observable critical concentration similar 

to a surfactant while the surface behavior of BZS is much less pronounced and shows no 

such change in properties.  The surface behavior of the SCS/SOS and BZS/SOS solutions 

was very different which is suggestive of different surface compositions: a mixture of 

SCS and SOS at the surface of the SCS/SOS solutions and a surface of primarily SOS for 

the BZS/SOS solutions.  More work is needed to obtain a quantitative composition of the 

surface.  A possible method would be to slowly remove a glass slide from the solution so 

that the molecules at the surface adhere to the slide and then characterize the residue on 

the slide with ATR-IR spectroscopy. 

These differences were not as evident in the 
129

Xe data where the ionic effect of the 

hydrotrope appears to dominate the chemical shift.  There was no evidence of 

hydrotropes forming micelles or of an increase in surfactant micellization as a result of an 

increase in hydrotrope concentration.  The SCS caused a more dramatic increase in the 

chemical shift than the BZS, but the change in behavior was the similar upon addition of 

SOS micelles.  By applying a simple model, the incorporation of SCS into SOS micelles 

was compared with the incorporation of BZS into SOS micelles.  The SCS and BZS were 

found to incorporate to approximately the same extent—likely not at all—into the SOS 

micelles.  A more complex model requiring fewer assumptions could be applied, but 

more independent data is needed such as 
13

C NMR shifts, 
13

C relaxation, 
129

Xe 

relaxation, fluorescence quenching, or light scattering.  Holding the hydrotrope 

concentration constant while varying the concentration of SOS would also provide the 



31 

 

opportunity to more completely understand the behavior of the mixed systems both with 

NMR and surface tension experiments. 

Obtaining data for different hydrotropes would provide a more complete picture of 

the effect of hydrotrope structure.  Since there are clear differences in properties between 

SCS and BZS, sodium p-toluene sulfonate, shown in Figure 13, is a natural choice for 

future work.  Other surfactants may also provide insight into the mixing behavior, and the 

comparison of sulfate and sulfonate surfactants could provide important results. 

 

     Figure 13. Sodium p-toluene sulfonate (NaC6H7O3S) 
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Appendix 

 

Table 1-SOS Surface Tension Data 

Conc. SOS (m) Surface Tension (dynes/cm) Error (dynes/cm) 

0.025 59.6 2.1 

0.075 51.3 1.0 

0.130 43.3 1.1 

0.200 42.3 0.8 

0.350 41.2 1.7 

0.650 39.9 1.1 

 

Table 2-SCS Surface Tension Data 

Conc. SCS (m) Surface Tension (dynes/cm) Error (dynes/cm) 

0.0000 72.8 0.4 

0.0465 63.9 0.6 

0.0938 60.3 0.8 

0.1394 55.9 1.5 

0.1869 53.4 0.9 

0.2795 49.4 1.0 

0.4642 46.6 0.5 

0.6904 45.4 0.4 

0.9330 45.3 0.5 

 

Table 3-BZS Surface Tension Data 

Conc. BZS (m) Surface Tension (dynes/cm) Error (dynes/cm) 

0.0000 70.8 0.5 

0.0486 74.3 0.4 

0.1001 75.4 0.4 

0.1005 73.0 0.6 

0.1522 76.2 0.6 

0.1996 75.3 1.1 

0.2001 75.3 1.1 

0.3000 73.6 0.8 

0.5000 70.9 0.9 

0.6872 71.5 0.9 

0.6930 69.1 0.9 

0.9999 66.6 0.5 
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Table 4-BZS Surface Tension Data after Recyrstallization 

Conc. BZS (m) Surface Tension (dynes/cm) Error (dynes/cm) 

0.0000 73.5 0.5 

0.0500 65.2 1.2 

0.1006 71.3 3.5 

0.1490 66.7 3.1 

0.2015 67.1 3.6 

0.2986 60.9 1.5 

0.4967 68.0 0.8 

0.6987 66.9 1.8 

0.9896 66.0 1.8 

 

Table 5-SCS/SOS Surface Tension Data 

Conc. SCS (m) Surface Tension (dynes/cm) Error (dynes/cm) 

0.0000 43.5 0.6 

0.0465 42.2 0.8 

0.0938 41.8 0.9 

0.1394 42.4 0.4 

0.1869 42.9 0.3 

0.2795 43.2 0.3 

0.4642 44.1 0.3 

0.6904 43.7 0.4 

0.9330 43.3 0.4 

 

Table 6-BZS/SOS  Surface Tension Data 

Conc. BZS (m) Surface Tension (dynes/cm) Error (dynes/cm) 

0.0000 43.3 1.0 

0.0486 43.1 0.4 

0.1005 42.8 0.3 

0.1522 42.3 0.4 

0.2001 41.7 0.3 

0.3000 40.2 0.3 

0.5000 40.2 0.3 

0.6930 39.5 0.8 

0.9999 39.2 0.3 
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Table 7-SOS NMR Data* 

Conc. SCS (m) Chem. Shift (ppm) 

0.0000 27.853 

0.0300 28.139 

0.0613 28.61 

0.0821 28.443 

0.1580 29.054 

0.1657 28.854 

0.2543 29.038 

0.3461 28.795 

0.4500 28.689 

0.5500 28.309 

0.5921 28.626 

0.6675 27.943 

0.8990 27.245 

1.1000 26.664 

1.5016 24.994 

 

Table 8-SCS and SCS/SOS NMR Data* 

SCS 
 

SCS/SOS 

Conc. SCS (m) Chem. Shift (ppm) 
 

Conc. SCS (m) Chem. Shift (ppm) 

0.0000 24.6598 
 

0.0000 25.9672 

0.0465 25.1616 
 

0.0465 26.3019 

0.0938 25.6178 
 

0.0938 26.6665 

0.1394 26.0737 
 

0.1394 27.0467 

0.1869 26.7122 
 

0.1869 27.4875 

0.2795 27.3813 
 

0.2795 28.2933 

0.4642 29.2968 
 

0.4642 29.8437 

0.6904 31.5924 
 

0.6904 31.6288 

0.9330 33.6906 
 

0.9330 33.0823 
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Table 9-BZS and BZS/SOS NMR Data* 

BZS 
 

BZS/SOS 

Conc. BZS (m) Chem. Shift (ppm) 
 

Conc. BZS (m) Chem. Shift (ppm) 

0.0000 23.6717 
 

0.0000 25.7545 

0.0486 24.3396 
 

0.0486 25.9826 

0.1005 25.5267 
 

0.1005 26.7423 

0.1005 24.8719 
 

0.1522 26.6366 

0.1522 25.1001 
 

0.2001 26.8339 

0.2001 25.6475 
 

0.3000 27.5487 

0.2001 26.1965 
 

0.5000 28.4610 

0.3000 25.9057 
 

0.5000 29.0391 

0.5000 28.9465 
 

0.6930 29.6163 

0.6939 29.6924 
 

0.9999 31.3195 

0.6939 29.7685 
   0.9999 30.8630 
    

*Note: Uncertainty in all chemical shift measurements is estimated to be < 1 ppm. 
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