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Abstract 

The effect of the addition of n-hexanol as co-surfactant on the structure of cetyltrimethylammonium 

bromide (CTAB) micelles has been studied using small-angle X-ray and neutron scattering (SAXS, 

SANS). Contrast variation neutron scattering experiments were performed to determine the structure 

of both pure CTAB and n-hexanol modified CTAB micelles. The incorporation of n-hexanol leads to 
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an elongation of the ellipsoidal CTAB micelles. The scattering length density of the micellar shell 

linearly depends on the degree of deuteration of the dispersion medium water and revealed the 

existence of substantial amounts of water in the micellar shell. The water content in the shell 

increased from 20 vol-% observed for pure CTAB micelles to 44 vol-% found for n-hexanol modified 

CTAB micelles. The amount of n-hexanol in the micellar shell was determined by varying the amount 

of fully deuterated and protonated n-hexanol. These experiments revealed a volume fraction of 

26 vol-% of n-hexanol molecules in the micellar core which equals a molar fraction of 50 % n-hexanol 

within the CTAB micelles. The total composition of micellar core and shell was estimated. The 

packing density of headgroups, water molecules and bromide ions turned out to drastically increase 

in n-hexanol modified CTAB micelles. These findings contribute to a fundamental understanding of 

the stabilization mechanism of micelles by alcoholic co-surfactants and the resulting alteration of the 

morphology and interface composition. These results will facilitate the optimization of processes 

where CTAB and other comparable surfactants are used as phase transfer catalysts, structure 

directing agents or stabilizers in colloidal dispersions or emulsions. 

 

Keywords: CTAB micelles; surfactants; co-surfactants; SANS; SAXS 

 

Introduction 

The importance of surfactants in various fields of scientific research is predominantly related to their 

amphiphilic behavior. This property directly leads to numerous applications in catalysis and the 

stabilization of colloidal emulsions and suspensions..[1][2][3][4][5][6] It is well known, that micelles 

are capable to catalyze chemical reactions and direct structure forming processes in both hydrophilic 

and hydrophobic solvents.[7][8][9][10][11] Due to the amphiphilic nature of surfactants, the 

concentration-dependent formation of self-assembled structures like e.g. micelles, vesicles and 

liquid crystals is observed besides their molecular disperse distribution in solution.[12] 

Cetyltrimethylammonium bromide (CTAB) is one of the most common surfactants and is widely used 

in the synthesis of inorganic nanoparticles, mesoporous silica and as catalyst in redox 

reactions.[7][10][13] CTAB forms micelles in water above a critical micelle concentration (cmc) 

slightly below 0.001 mol/L at room temperature.[14] At higher concentrations, the elliptical micelles 

become more elongated and rod-like shapes are formed at around 0.3 mol/l.[14][15] It is well known, 

that short and medium length n-alcohols influence these transitions by acting as 

co-surfactants.[16][17][18][19] Co-surfactants can be described as surfactants which are not capable 

to form stable micelles on their own. However, these molecules can be incorporated into the micelles 

by effecting their structure and cmc.[20] N-alcohols shorter than n-butanol seem to act as co-solvents 

rather than as co-surfactants and are not predominately incorporated into the micelles.[16] 
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N-alcohols longer than n-butanol are only partially soluble in water and thus significantly influence 

the size and shape of the micelles by getting incorporated into their structure.[21][22] 

A lot of work has been done regarding the structure of CTAB micelles.[23][24][25][26] However, the 

structure modification induced by n-alcohols especially at CTAB concentrations significantly higher 

than the cmc has not been intensively studied. It is known that the addition of n-octanol to CTAB 

dispersions promotes the phase transition towards rod-like micelles whereas methanol has the 

opposite effect of decreasing the micelle size.[27][28] In addition to the morphology the composition 

of micellar core and shell changes by the incorporation of alcohols into micelles.[21][29] Small-angle 

neutron scattering techniques has been successfully conducted to determine the location of certain 

molecules within complex core-shell structures.[22][30][31][32] 

In this work a general approach to determine both morphology and composition of n-alcohol-modified 

CTAB micelles is presented. 

The combination of small-angle X-ray (SAXS) and neutron scattering (SANS) is very promising to 

analyze complex colloidal structures like organic nanocrystals, emulsions and molecular self-

assemblies.[33][34][35][36][37][38][39][40] 

The results of a combined structural analysis of CTAB and n-hexanol modified CTAB micelles using 

SAXS and contrast variation SANS are presented in this work. The scattering contrast of the micelles 

in different D2O/H2O mixtures could be correlated with the water content in the micellar shell. The 

results are in accordance with molecular dynamics simulations known from literature.[41][42] The 

incorporation of n-hexanol into CTAB micelles leads to larger, more elongated structures with a much 

higher amount of water in the shell. These findings will be of importance for numerous applications 

of CTAB solutions and will help to further improve the properties of such micellar solutions in terms 

of catalytic activity and morphological selectivity. 

Materials and Methods 

Tab.1: Volume fraction of H2O in D2O VH2O/D2O to achieve H2O molar fractions XH2O and corresponding 
scattering length densities (SLD) for neutrons of the solvent. SLD of H2O is given for X-rays. 

VH2O/D2O XH2O SLD / cm⁻ ² 

∞ 1.00 9.42e10 (X-rays) 

∞ 1.00 -5.59e9 

3.00 0.75 1.18e10 

2.40 0.71 1.48e10 

1.80 0.64 1.92e10 

1.20 0.55 2.59e10 

0.60 0.38 3.76e10 

0.36 0.27 4.52e10 

0.00 0.00 6.33e10 
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Cetyltrimethylammonium bromide (CTAB, C19H42BrN, > 99 %, Sigma), n-hexanol (HexOH, C6H13OH, 

≥ 99 %, Sigma-Aldrich) and deuterated n-hexanol (d-HexOH, C6D13OH, 98%, Eurisotop) were used 

without further purifications. Aqueous CTAB solutions (0.1 mol/L) were prepared by dissolving 

corresponding amounts of CTAB in H2O or D2O, respectively. To obtain 5 mL of an equimolar mixture 

of CTAB and n-hexanol (CTAB/HexOH, 0.1 mol/L, respectively), 4.875 mL of 0.1 mol/L CTAB 

solution were mixed with 0.0624 mL of pure n-hexanol (c=8.025 mol/L). To correct for the increased 

volume caused by the addition of n-hexanol, 0.0624 mL of 0.2 mol/L CTAB solution was added 

(4.875 + 2 * 0.0624 = 5) assuming a linear volume increase by mixing the different liquids. To conduct 

contrast variation SANS experiments, solutions of CTAB (or CTAB/HexOH) in H2O were mixed with 

corresponding solutions in D2O with the volume ratio VH2O/D2O. The corresponding mole fractions of 

H2O (XH2O) and scattering length densities (SLD) of the solvent are given in Tab.1. The samples for 

SAXS and SANS were prepared in the Materials Science laboratory which is running in collaboration 

of the Technical University Munich (TUM) and Helmholtz Zentrum Geesthacht at the Heinz Maier-

Leibnitz Zentrum (MLZ) at the FRM II in Garching. 

Small-angle X-ray scattering (SAXS) 

SAXS data were collected at the SAXS beamline I911-4 at the MAX IV Laboratory (Lund, Sweden) 

which was equipped with a bent Si (111) crystal (horizontally focusing) and a multilayer mirror for a 

curved focus in the vertical (R=400 m).[43][44] The experiments were performed at an X-ray 

wavelength of 0.91 Å and an energy resolution of ΔE/E~10-3. The sample to detector distance (SDD) 

of 2350 mm allowed to access the Q-range of 0.01 – 0.3 Å-1. Silver behenate was used as standard 

to determine the SDD and the coordinates of the beam center on the detector.[45][46] A Pilatus 1M 

detector (Dectris AG, Switzerland) was used for data acquisition. The SURF setup which allowed 

simultaneous measurements of SAXS and spectroscopy was used as sample environment.[47] The 

setup was equipped with a silica glass capillary with a diameter of 2 mm as a flow cell. All 

measurements were done at 303 K to prevent CTAB precipitation. The FIT2D software was used for 

azimuthal integration of the raw data.[48] The resulting scattering curves were normalized to 

incidence flux, transmission and acquisition time. A measurement of pure water was used to subtract 

the solvent contribution from the sample measurements. The scattering curves were calibrated to 

absolute scale using the differential scattering cross section of water.[49][50] For the SAXS data 

modeling the software SASfit was used which employs the Levenberg-Marquardt method for the 

non-linear least square regression.[51] 

Small-angle neutron scattering (SANS) 

SANS experiments were performed at the KWS-2 instrument of the Jülich Center for Neutron 

Science (JCNS) at the Heinz Maier-Leibnitz Zentrum (MLZ) at the FRM II in Garching, Germany.[52] 

A beam size of 8 x 8 mm2 at the sample position was chosen and the data were recorded at two 

SDDs (1.4 m and 8 m, collimation length: 8 m) to gather a Q-range from 0.006 Å-1 to 0.469 Å-1. The 

wavelength was set to 4.54 Å with a wavelength spread of ∆λ / λ = 20%. The data was corrected for 

ACCEPTED M
ANUSCRIP

T



 

5 

background by the measurement of a boron carbide slab. For detector sensitivity correction and the 

calibration to the absolute scale of the differential scattering cross section the measurement of a 

polymethylmethacrylat (Plexiglas, 1mm) standard was used. The data reduction was performed 

using the software QTIKWS.[53] All samples were measured at 308 K to avoid precipitation of CTAB. 

Analysis of SAXS / SANS data and fitting model 

The scattered intensity I(Q) can be expressed in terms of the scattering length density (SLD): 

𝐼(𝑄) = 𝐹𝑇(∫ 𝑆𝐿𝐷(𝑟)𝑆𝐿𝐷(𝑟 − 𝑢)𝑑𝑟) = 𝐹𝑇(𝑃(𝑢))       

   (1) 

with 

𝑄 =
4𝜋

λ
sin(

2θ

2
) =

2𝜋

𝑑
           

       (2) 

Here, FT denotes the Fourier transformation and P(u) the Patterson function. The modulus of the 

scattering vector Q is given in (2). Q is defined as Q=kf-ki, where ki and kf are the wave vectors of 

the incident and the scattered waves, respectively. The distance d represents the real space 

analogue to Q, λ the X-ray and neutron wavelength, respectively and 2θ the scattering angle. The 

small-angle approximation leads to the scattered intensity of particles:[54] 

𝐼(𝑄) = (Δ𝑆𝐿𝐷)2 ∗ 𝑁 ∗ 𝑆(𝑄) ∗ ∫ 𝑓(𝑅) ∗ [𝑉(𝑅)]2 ∗ [𝐹(𝑄, 𝑅)]2𝑑𝑅     

  (3) 

ΔSLD = SLDcore – SLDsol is the excess SLD which is given by the SLD of the micelles SLDcore and 

the solvent (water, SLDsol). S(Q) denotes the structure factor, N the total number of particles, V(R) 

the particle volume and f(R) their relative frequency. F(Q,R) denotes the form factor amplitude. 

For the concentrations used in the present study, CTAB forms ellipsoidal core-shell micelles in 

water.[26] Thus, the form factor amplitude F(Q,R)ellip can be described by the formula:[51] 

𝐹(𝑄,μ)𝑒𝑙𝑙𝑖𝑝 = (𝑆𝐿𝐷𝑐𝑜𝑟𝑒 − 𝑆𝐿𝐷𝑠ℎ)𝑉𝐶[
3𝑗𝑖(𝑥𝑐)

𝑥𝑐
] + (𝑆𝐿𝐷𝑠ℎ − 𝑆𝐿𝐷𝑠𝑜𝑙)𝑉𝑡[

3𝑗𝑖(𝑥𝑡)

𝑥𝑡
]    

 (4) 

with 

𝑗𝑖 =
sin(𝑥𝑖)−𝑥𝑖cos(𝑥𝑖)

𝑥𝑖
2 , (i = c, t)          

      (5) 

𝑥𝑐 = 𝑄√𝑎2μ2 + 𝑏2(1 − μ2),𝑥𝑡 = 𝑄√(𝑎 + 𝑡)2μ2 + (𝑏 + 𝑡)2(1 − μ2)     

 (6) 
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𝑉𝑐 =
4

3
π𝑎𝑏2            

        (7) 

𝑉𝑡 =
4

3
π(𝑎 + 𝑡)(𝑏 + 𝑡)2          

       (8) 

The micellar hydrocarbon core with the volume Vc is characterized by the lengths of the semi-axes 

a and b and the SLDcore. Vt denotes the total volume of the ellipsoidal particles including core and 

shell. The shell thickness is given by t and the scattering contrast results from the difference between 

the SLD of the shell SLDsh and that of the solvent water SLDsol. A particle size distribution needs to 

be taken into account since the micelles could not be considered as completely monodisperse. A 

Gaussian distribution turned out to describe the shell thickness extremely well: 

𝑓(𝑥) =
𝐴

𝑐𝑔𝑎𝑢𝑠𝑠
𝑒
−
(𝑥−𝑡)2

2σ2            

      (9) 

𝑐𝑔𝑎𝑢𝑠𝑠 = √
π

2
σ(1 + 𝑒𝑟𝑓(

𝑡

√2σ
))          

     (10) 

with A being the area under the curve and σ the standard deviation of the shell thickness t. The 

interactions between CTAB micelles were taken into account by means of a structure factor S(Q):[40] 

𝑆(𝑄) = 1 + 4πϵ∫ (𝑔(𝑟) − 1)
𝑠𝑖𝑛𝑄𝑟

𝑄𝑟
𝑟2𝑑𝑟        

     (11) 

where ε is the particle density, g(r) the probability to find another particle at a distance r from any 

randomly chosen particle. This probability strongly depends on the interaction potential of the 

particles. In this work we assumed a screened Coulomb repulsion which was calculated by Hayter 

and Penfold with a mean spherical approximation.[24][25] This model is applicable for charged 

micelles in water including the parameters RHS (hard sphere radius of particles), Z+ (charge of 

particles), η (volume fraction of particles), T (sample temperature), [salt] (monovalent salt 

concentration) and εr (dielectric constant of the solvent). RHS represents a measure of the minimal 

inter-micellar distance. D2O and H2O possess almost the same εr at room temperature and a value 

of 71.08 was used for all model calculations.[55][56] Polydispersity and anisotropy of the micelles 

were not taken into account for the structure factor calculation. The comparison with fits obtained 

considering the decoupling approach for the structure factor did not result in noteworthy differences 

(see the supplementary information Tab.SI1, Tab.SI2).[57] With the SLD of the micellar core 

obtained from data modeling, η was calculated using equation (10) and the SLD calculator that is 

implemented in the SASfit software:[51] 
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Fig.1: illustrative representation of the used fitting model to describe the CTAB micelle structure. 

 

η =
𝑉𝑚𝑖𝑐

𝑉𝑠𝑜𝑙+𝑉𝑚𝑖𝑐
=

𝑁𝑚𝑖𝑐𝑉𝑡

𝑉𝑡𝑜𝑡
=

𝑁𝐶𝑇𝐴𝐵𝑉𝑡

𝑁𝑎𝑔𝑔𝑉𝑡𝑜𝑡
=

𝑛𝐶𝑇𝐴𝐵𝑁𝐴𝑉𝑡

𝑁𝑎𝑔𝑔𝑉𝑡𝑜𝑡

        

    (12) 

𝑁𝑎𝑔𝑔 =
ρ𝑐𝑜𝑟𝑒𝑁𝐴𝑉𝑐

𝑀𝑐𝑜𝑟𝑒
=

𝑆𝐿𝐷𝑐𝑜𝑟𝑒∗𝑉𝑐

𝑏𝑐𝑜𝑟𝑒
          

      (13) 

where Vmic denotes the total volume of micelles in a certain volume of solvent (Vsol) leading to the 

total volume Vtot. Therefore, Nmic is the number of micelles within the volume Vsol which can be 

calculated from the total number of CTAB molecules (NCTAB) and the amount of CTAB molecules per 

micelle (Nagg). NCTAB can be calculated from the CTAB concentration of 0.1 mol/L and the Avogadro 

number (NA = 6.022x1023 mol⁻1). Nagg can also be extracted from the SLDcore using the scattering 

length bcore of the core. Mcore is the molar mass of the part of CTAB molecules which is located in the 

micelle core. As described in literature,-C13.5H28-chains with a molar mass Mcore=190.36 g/mol 

located in the core and -C2.5H5-N(CH3)3
+-head groups with a molar mass of Mhead=94.18 g/mol in the 

shell of the micelles were assumed.[15][26] Thus, the micellar shell includes 2.5 “wet” methylene 

groups in average, plus the trimethylammonium group and bromide counterions. Ionic micelles are 

not saturated in terms of charge neutrality because not all counterions are bound to the Stern 

layer.[12] 

Tab.2: Comparison of structural parameters of elliptical core-shell CTAB micelles from literature and this work. 

Major 

half-axis 

Minor 

half-axis 

Shell 

thickness 
source 

37.8 20.1 6.5 [26] 

40.2 24.0 4.2 [40] 

47.2 26.5 6.5 [60] 

33.7 27.8 - [61] 

33.0 17.6 7.0 This work 
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An outer, second shell can be considered where solvated bromide ions are accumulated compared 

to the bulk solution. This shell is described as Gouy-Chapman layer.[12] The micellar core was 

assumed to resemble a liquid alkane droplet which is supported in literature.[58][59] The model of 

the micelle structure is systematically depicted in Fig.1 including the most important fitting 

parameters (red) listed in Tab.3. Despite the high amount of fitting parameters the chosen model 

turned out to be a good choice since it perfectly describes nine data sets obtained from contrast 

variation SANS and SAXS experiments for corresponding samples. 

Results and Discussion 

Fig.2: Contrast variation SANS and SAXS data (black) of 0.1 mol/L CTAB (a) and 0.1 mol/L n-hexanol and 
CTAB respectively (b) at different H2O mole fractions (XH2O) in D2O as solvent resulting in a change of the 
neutron scattering contrast. The amount of data points in the SANS curves was reduced by a factor of 5 (in 
SAXS by 2) in behalf of clarity. The SAXS data and fits are separately depicted in c for both CTAB (blue 
squares) and CTAB/HexOH micelles (black circles). For the same sample all fits (red solid lines) were obtained 
by simultaneous fitting of all parameters except for RHS and SLDshell. 

 

To understand the influence of n-hexanol incorporated into CTAB micelles, it is crucial to know the 

structure in their unmodified state. Morphological parameters of CTAB micelles found in literature 

are summarized in Tab.2.[15][26][40][60][61] Contrast variation SANS experiments in literature 

proposed an isotope dependency of the CTAB micelle structure. The consequence was that all 

parameters were fitted separately for each contrast.[26] In this work no isotope dependency on the 

micelle morphology has been observed and a different approach was chosen. The SASfit software 

was used to fit the parameters of all data sets simultaneously, except for RHS and SLDshell which 

exhibited an isotope dependency.[15] These isotope dependency was also verified with SAXS, 

where RHS was drastically and SLDshell slightly changing by replacing D2O with H2O which is 

documented in the supplementary information (c.f. Fig.SI1). Both, contrast variation SANS and 

SAXS on absolute scale in combination with simultaneous fitting are necessary to solve the large 

set of fitting parameters given by the ellipsoidal core-shell form factor F(Q,R) and the Hayter-Penfold 

structure factor S(Q).[24][25] We used the form factor parameters found in literature as starting 

parameters but introduced a Gaussian distribution of the shell thickness to exactly describe the 

scattering at high Q values (c.f. Fig. 2). The SLDcore was chosen such that the mass density of the 

core ρcore was comparable to liquid alkanes (0.794 g/cm-³) and consistent for neutron and X-ray 

scattering.[58][59] 
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Tab.3: Fitting parameters obtained from simultaneous fitting of contrast variation SANS and SAXS data of 0.1 
mol/L CTAB  and CTAB/HexOH solutions. The shell thickness t is given with the standard deviation σ. a and b 
are the half-axis of the core-shell ellipsoid with the scattering length densities of core (SLDcore). S(Q) includes 
the distance parameter RHS, the particle charge Z⁺ , the volume fraction of the micelles η and the free salt 
concentration [salt]. The packing parameter P was calculated using formula 14. 

XH2O CTAB CTAB/HexOH 

σ / Å 3.2 3.2 

t / Å 7.0 7.0 

a / Å 33 62 

b / Å 18 18 

SLDcore / cm⁻ ² -3.75e09 -4.20e09 

SLDcore SAXS / cm⁻ ² 7.74e10 7.74e10 

Z+ 66 85 

η / Vol-% 6 7 

[salt] / mol/L 2.9e-05 5.5e-05 

P 0.37 0.39 

 

 

The scattered intensity at around 0.1 Å-1 was observed to be significantly higher in the case of 

n-hexanol modified CTAB micelles compared to pure CTAB micelles. Accordingly, the modified 

micelles were found to be more elongated along the semi-axis a compared to the unmodified 

micelles. The semi-axis b (b=c in a biaxial ellipsoid) was not changing with the alcohol modification 

of the micelles which is in agreement to other micellar systems.[22][29] The summary of all fitting 

parameters that were independent of the molar fraction of H2O in H2O/D2O mixtures XH2O are 

summarized in Tab.3 for both: CTAB and CTAB/HexOH micelles. Charge (Z+) and free salt 

concentration ([salt]) were fitted simultaneously to consistently fit the data at low Q. Since these two 

parameters depend on each other, their reliability should be proven using complementary techniques 

to discuss them in more detail. However, in this study, the morphology of the micelles was of the 

main interest. 

The morphological transition into more elongated micelles caused by the incorporation of n-hexanol 

was already proposed in literature but not quantified.[62] The increase of the micelle size is 

consistent with spectroscopy studies on the influence of n-octanol and n-nonanol on CTAB 

micelles.[20] An estimation of the micelle morphology can be given by the well known packing 

parameter P:[63] 

𝑃 =
𝑉𝑐

𝐴∗𝐿𝑐ℎ𝑎𝑖𝑛
= 1 −

𝐿𝑐ℎ𝑎𝑖𝑛

2
(
1

𝑎
+

1

𝑏
) +

𝐿²𝑐ℎ𝑎𝑖𝑛

3𝑎𝑏
        

     (14) 

Tab.4: Fitting parameters obtained from simultaneous fitting of contrast variation SANS and SAXS data of 0.1 
mol/L CTAB and CTAB/HexOH solutions with certain mole fractions XH2O of H2O in H2O/D2O mixtures. XH2O in 
the SAXS measurement was 1.0. The scattering length densities of the shell (SLDshell) and the distance 
parameter RHS of S(Q) were fitted in dependence of XH2O. 

 CTAB CTAB / HexOH 

XH2O SLDshell / cm⁻ ² RHS / Å SLDshell / cm⁻ ² RHS / Å 

0 1.03e10 33.5 2.80e10 47.1 

0.27 9.03e09 33.9 2.06e10 46.1 

0.38 9.36e09 33.8 1.80e10 45.8 

0.55 6.02e09 33.6 1.29e10 45.0 

0.64 5.39e09 33.8 9.44e09 44.7 
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0.71 2.27e09 33.5 8.43e09 44.4 

0.75 2.51e09 33.5 6.85e09 44.2 

1.00 -3.01e09 33.0 -3.10e09 44.7 

SAXS 1.02e11 34.7 1.03e11 44.0 

 

 

where A is the surface area of the amphiphile, Vc the volume of the micellar core and Lchain the length 

of the hydrophobic tail within the core. For ⅓ < P < ½ one would expect a transition from spherical 

to rod-like micelles which is in agreement to the results of CTAB micelles (P = 0.37) and 

CTAB/HexOH micelles (P = 0.39, c.f. Tab.3) where the larger value represents a more pronounced 

elongation of the micelles which supports the small-angle scattering results. The second part of 

equation 14 was used to estimate P since the semi-axes a and b of the micelles can directly be taken 

from the contrast variation SANS (and SAXS) fits. 

The increased volume of n-hexanol modified micelles led to slightly different values for the 

parameters of S(Q) (c.f. Tab.3 and Tab.4). We noticed that the SLDshell and the RHS does obviously 

depend on XH2O. The XH2O dependent values for SLDshell and RHS are given in Tab.4. 

To consider this in the simultaneous fitting procedure all parameters (except for RHS and SLDshell) 

were defined as global parameters in each data set which is possible in the SASfit-Software.[51] 

Correspondingly, these parameters were fitted simultaneously for all data sets. RHS and SLDshell were 

fitted not depending on the other data sets at the same time. 

It is well known that the ratio of the required space for the head group and tail group mainly 

determines the morphology of the formed micelles.[63] If the required space for the head group 

becomes smaller, the deviation from spherical shape towards worm-like shaped micelles becomes 

more expressed.[22][29][64] Thus, the incorporation of smaller, uncharged head groups – in this 

case hydroxyl groups compared to trimethylammonium groups - leads to a decrease of the head 

group repulsion. Consequently, the formation of more elongated CTAB micelles by the incorporation 

of n-hexanol is favorable. Additionally, the morphology of the micelles is temperature dependent 

where elongation is preferred at lower temperatures which is documented in the supplementary 

information (c.f. Fig.SI1). 

Fig.3: Scattering contrast (ΔSLD) including linear fits (solid lines) between micelle core and solvent (black 
circles) of CTAB micelles (a) and CTAB/HexOH micelles (b) in different H2O/D2O mixtures with XH2O  as H2O 
mole fraction. The contrast between micelle shell and core (diamonds) shows a linear dependency with XH2O 
which indicates the incorporation of solvent molecules into the shell. The slope of SLDshell in dependence of 
SLDsol (c) gives the amount of water in the micelle shell in both CTAB (red triangles, 20 vol-%) and 
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CTAB/HexOH (blue triangles, 44 vol-%) micelles. 

A quantitative evaluation of the contrast variation experiments revealed that the contrast between 

the micellar core and the shell is changing linearly with increasing XH2O (c.f. Fig. 3a). Hence, the 

scattering length densities cannot be constant for both with changing XH2O. The incorporation of 

water into the micellar shell would explain the scattering contrast dependency between the micellar 

core and the shell on XH2O and was already predicted by theory.[41][42] For the n-hexanol modified 

CTAB micelles the scattering contrast between micellar shell and core was found to decrease even 

steeper with higher XH2O (c.f. Fig. 3b). This behavior clearly indicates that the water content in the 

shell of the n-hexanol modified  

micelles is significantly higher compared to unmodified CTAB micelles. 

In this study the amount of water within the shell of the micelles was estimated by correlating the 

SLDshell with the SLD of the respective H2O/D2O mixture (SLDsol). By plotting the SLDshell as a function 

of the SLDsol, a linear dependency was obtained (c.f. Fig. 3c) which could be fitted with the 

parameters given in the supplementary information (Tab.SI3). The linear slope was used to quantify 

the water content within the shell. No water within the micellar shell would lead to a slope of zero 

whereas a slope of one would indicate a shell of pure water. In this way a quantification of the water 

amount in the shell can be obtained. For pure CTAB micelles approximately 20 Vol-% of water were 

found within the shell, whereas a water content of 44 Vol-% was observed for n-hexanol modified 

micelles. In this approach it has been assumed that the hydroxyl groups of n-hexanol molecules are 

located in the micellar shell whereas the alcohol chain is predominantly located in the hydrophobic 

core. The assumption that the hydroxyl head groups of n-hexanol promote the solvation of the 

micellar shell by enabling the enhanced formation of hydrogen bonds is in accordance with the 

experimental results. 

This effect might increase the thermodynamic stability of n-hexanol modified CTAB micelles 

compared to pure CTAB micelles. Thus, the formation of micelles is more favorable than forming 

solid, crystalline CTAB at the given temperature and CTAB concentration. Indeed, the solubility of 

CTAB is drastically increased by the addition of n-hexanol. 

Tab.5: Fitting Parameters obtained from simultaneous fitting of SANS data from mixtures of 0.1 mol/L CTAB/n-
hexanol and CTAB/fully deuterated n-hexanol solutions in D2O with different mole fractions XdHexOH of 
deuterated n-hexanol. Nomenclature is similar to Tab.4. 

XdHexOH 

 

SLDcore / 

cm⁻ ² 

SLDshell / 

cm⁻ ² 

RHS / 

Å 

0 -4.20e09 2.80e10 48.3 

0.04 -3.83e09 2.81e10 48.2 

0.30 9.70e08 2.88e10 47.9 

0.55 3.64e09 2.98e10 47.5 

1.00 1.07e10 3.24e10 46.9 
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Fig.4: SANS data including fits (red, solid lines) of CTAB/HexOH micelles in D2O in dependence of the ratio 
of deuterated and undeuterated n-hexanol (XdHexOH). Scattering contrast (ΔSLD) including linear fits (solid lines) 
between micelle core and solvent (ΔSLDsol-core, black circles), shell and solvent (ΔSLDsol-shell, red squares) and 
core and shell (ΔSLDshell-core, green diamonds) are depicted in b. All three contrasts change linearly with XdHexOH 
which indicates the incorporation of n-hexanol molecules into the micellar core and shell, respectively. Plotting 
SLDshell and SLDcore in dependence of SLDdHexOH (c) and fitting the linear dependency leads to the amount of 
n-hexanol molecules in the micellar core (26 %) and shell (8%) of CTAB/HexOH micelles. 

 

To prove that n-hexanol molecules are indeed incorporated in both the micelle core and the shell, 

we performed contrast variation SANS experiments, replacing protonated n-hexanol with fully 

deuterated n-hexanol resulting in the mole fraction of deuterated n-hexanol XdHexOH. Three mixtures 

with different XdHexOH were used. The resulting scattering curves were fitted using the parameters of 

F(Q,R) and S(Q) depending on XdHexOH given in Tab. 5. The variation of both the SLDshell and the 

SLDcore was necessary to yield reasonable fitting results for the SANS data (c.f. Fig. 4a). The SLDshell 

and the SLDcore increased linearly as a function of XdHexOH (c.f. Fig. 4b). Thus, the scattering contrast 

between the solvent and the shell (ΔSLDsol-shell), the solvent and the core (ΔSLDsol-core) and the shell 

and the core (ΔSLDshell-core) decreased linearly with increasing XdHexOH, respectively (c.f. Fig. 4b). 

These results clearly prove the presence of n-hexanol in both the micelle core and the shell. The 

change of the SLDcore is more pronounced compared to the one of SLDshell. Assuming that the 

hydrocarbon chain of n-hexanol is predominantly located in the micelle core leads to a qualitative 

agreement with the experimental data. 

Tab.6: Length Lchain and volume Vchain of the hydrophopic parts of the CTAB and hexanol in CTAB and 
CTAB/HexOH micelles and the respective head group volume of one molecule Vhead calculated from known 
literature values.[15] Micellar core Vc, shell Vsh and total volume Vt of the micelles were calculated from the 
values given in Tab.3. The number of amphiphilic molecules within one micelle Nagg calculated using formula 
13 is in accordance to the ratio of Vc / Vchain. The amount of bromide ions in the shell was calculated as the 
difference from Nagg and Z+ (c.f. Tab.3). The volume fractions of the headgroups Vol-%head and bromide ions 
Vol-%Br⁻ is given for the shell and the hydrocarbon chain volume fraction Vol-%chain for the micellar core. 

parameter CTAB CTAB-HexOH 

formula 

(chain - [head]) 

CH3(CH2)12.5 - 

[(CH2)2.5N(CH3)3] 

CH3(CH2)12.5 - 

[(CH2)2.5N(CH3)3] 
average 

CH3(CH2)4 - 

[CH2OH] 

Lchain / nm 1.93 1.93 1.27 0.62 

Vchain / nm³ 0.39 0.39 0.28 0.16 

Vhead / nm³ 0.17 0.17 - 0.06 

Vc / nm³ 42.8 - 79.8 - 

Vsh / nm³ 58.6 - 93.8 - 

Vt / nm³ 101.4 - 173.6 - 

Vc / Vchain 110 144 289 144 
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Nagg 107 146 292 146 

NBr⁻  44 - 59 - 

Vol-%head in 

shell 
32 26 35 9 

Vol-%Br⁻  in shell 2.9 - 2.5 - 

Vol-%chain in 

core 
100 71 100 29 

 

To quantify the amount of n-hexanol in both: the micellar core and shell, the fitted SLDs were plotted 

as a function of the theoretical SLDs of mixtures of protonated n-hexanol and fully deuterated 

n-hexanol with a given XdHexOH (c.f. Fig. 4c) that were calculated using the SASfit software. Hence, 

the linear slope depends on the volume fraction of n-hexanol molecules in the respective part of the 

micelle. A volume fraction of 26 vol-% of n-hexanol has been evaluated for the micellar core. This 

value is consistent to the assumption of an equimolar ratio of n-hexanol and CTAB molecules within 

the micelles which is in agreement to the initial concentration of both compounds in solution. The 

resulting structure model is schematically represented in Fig.5. The volume of the hydrocarbon 

chains of CTAB (C12.5H25) and n-hexanol (C5H11) within the micellar core (Vchain, c.f. Tab.6)  

can be calculated using the Volume of CH3 and CH2 groups to estimate a theoretical volume 

percentage of 29 vol-% of n-hexanol molecules in an equimolar CTAB and n-hexanol containing 

micellar core.[15] The number of amphiphilic molecules within one micelle (Nagg) can be calculated 

using formula 13 or the quotient of the micellar core volume and Vchain. Accordingly, these two 

methods lead to a total amount of approximately 110 CTAB molecules in pure CTAB micelles and 

146 CTAB and 146 alcohol molecules in n-hexanol modified CTAB micelles. 

The evaluation of the volume fraction of n-hexanol in the shell yielded 8 vol-% (c.f. Fig. 4c) which is 

in agreement to the theoretical value of 9 vol-% (c.f. Tab.6) calculated using: 

𝑉𝑜𝑙 − %ℎ𝑒𝑎𝑑 =
𝑁𝑎𝑔𝑔∗𝑉ℎ𝑒𝑎𝑑

𝑉𝑠ℎ
∗ 100         

      (16) 

The volume fraction of CTAB head groups [(CH2)2.5N(CH3)3] can be calculated comparably which 

yielded a theoretical value of 32 vol-% in the shell of CTAB and 26 vol-% in n-hexanol modified CTAB 

micelles. The number of bromide ions within the micellar shell NBr⁻ which is given by the difference 

of Nagg and the charge of one micelle (Z+, c.f. Tab.3) can be used to estimate the volume fraction of 

bromide ions Vol-%Br⁻ within the shell comparably to Vol-%head and is around 3 vol-% for both 

micelles. However, these values are a rough estimation, since Z+ was fitted simultaneously to the 

unbound bromide concentration within the solution. These values depend on each other and should 

be validated by other methods to yield reliable values for the amount of bromide ions in the micellar 

shell. Nevertheless, a packing density can be given by these estimations which yield to 0.49 in CTAB 

micelles which is comparable to a primitive packing (0.52) and 0.76 in n-hexanol modified CTAB 

micelles which resembles a close packing (ccp, 0.74).[65]  
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Fig.5: schematic illustration of the influence of n-hexanol (red) incorporation into CTAB micelles. The ellipsoidal 
CTAB micelles (left) become more elongated by the modification with n-hexanol (right) and show higher 
amounts of water in the shell (blue). The n-hexanol molecules are supposed to be located in the hydrophobic 
core with the hydroxyl group located in the hydrophilic shell. 

 

The determination of the location of the alcohol molecules and the variation of the composition of 

the distinct parts of the micelles described above demonstrates the immense versatility of SANS. 

Since the SLDshell of a core-shell structure changes if the shell is penetrate with solvent molecules, 

a certain scattering contrast cannot be matched to quantify the amount of a certain compound within 

the structure as it was done in other studies.[31][22] For the same reason the simple variation of 

SLDsol cannot be used to completely reveal the composition of the micelles as it has been done for 

other systems.[30][66] However, as it is shown above the contrast of the solvent and the contrast of 

both micellar core and shell can be varied to gain a complete picture of the morphology and 

composition in the described system.[67] 

Conclusion 

Location and amount of a short-chain alcohol molecule within CTAB micelles were determined 

unambiguously using small-angle scattering techniques. The incorporation of n-hexanol into CTAB 

micelles leads to the formation of more elongated, ellipsoidal micelles (c.f. Fig. 5). The alteration of 

the CTAB micelle morphology initiated by the addition of n-hexanol is remarkable and might be of 

interest for applications where CTAB is used as structure directing and stabilizing agent like in gold 

nanoparticle or mesoporous silica synthesis.[8][10][13] 

The incorporation of n-hexanol molecules does not only affect the morphology of the micelles but 

also their internal structure. The amount of water in the hydrophilic shell drastically increases for 

micelles with incorporated n-hexanol. The enhanced solvation of the micelles might be one reason 

for the increased solubility of CTAB in water by the addition of n-hexanol. Additionally, the packing 

density of water, headgroup molecules and bromide ions within the micellar shell increases 

drastically by the incorporation of n-hexanol. These findings will enable the use of highly 
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concentrated CTAB solutions at lower temperatures because of the drastically increased solubility 

of CTAB in water. Additionally the exact composition of the water-CTAB interface modified by 

n-hexanol might be of interest in many other scientific fields where surfactants are used as phase 

transfer catalyst. The phase transfer properties should be drastically influenced by a higher water 

content and packing density within the interface. 
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