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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Sucrose monolaurate self-assembly in 
water ± urea is investigated.

• Formation of spherical micelles is 
observed between 1 and 40 wt%.

• All solutions have Newtonian behavior, 
with viscosity increasing sharply above 
20 wt%.

• H-bonding drives micelle aggregation 
into thread-like structures, while pre
serving micelle individuality.

• Addition of urea disrupts the H-bonds, 
leading to reduced structural 
organization.
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A B S T R A C T

Sugar esters, a class of surfactants derived from renewable resources, have attracted significant attention due to 
their biodegradability, low toxicity, and broad applications in food, cosmetic, and pharmaceutical formulations. 
Despite their widespread use, the phase behavior of these compounds in aqueous systems remains incompletely 
understood. In this study, we investigate the self-assembly of a nonionic sucrose ester of lauric acid in 1–40 wt% 
concentration range using rheological measurements, dynamic light scattering, X-ray scattering, DOSY NMR, and 
molecular dynamics simulations. Formation of spherical micelles with a diameter of 5.4 nm is observed at low 
surfactant concentrations, driven by hydrophobic interactions between the alkyl tails. These solutions exhibit 
Newtonian flow behavior with viscosities close to that of pure water. However, the viscosity increases from 5 
mPa.s at 16 wt% to 640 mPa.s at 40 wt%, while the Newtonian character persists even at 40 wt%. This behavior 
is explained with the formation of interconnected, thread-like micellar structures of (almost) spherical micelles 
that largely preserve their distinctiveness, resembling the “pearl necklace” arrangement known for polymer 
systems. The main driving force for this supramolecular organization was found to be the hydrogen bonding 
between sucrose headgroups. The addition of 6 M urea, a known hydrogen bond disruptor, significantly reduces 
micelle clustering and the viscosity decreases to 150 mPa.s at 40 wt% concentration, supporting the proposed 
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aggregation mechanism. These findings contribute to a deeper understanding of the self-assembly behavior of 
sucrose esters in aqueous environment and highlight their potential for controlled aggregation in practical 
formulations.

1. Introduction

Currently, there is a high demand to replace the synthetic petro- 
chemically derived surfactants in different formulations by more eco- 
friendly, sustainable ‘green’ substances [1–4]. A prominent candidate 
for the replacement of the widely used nonionic alcohol ethoxylated 
surfactants are the alkyl sucrose esters. Sucrose esters, derived upon 
esterification of sucrose with fatty acids [4–7], are known to have 
numerous beneficial properties, including being biodegradable, 
biocompatible, non-toxic, tasteless and odorless [4,5,8–11]. Further
more, they are shown to possess antimicrobial activity, insecticidal, 
anti-inflammatory, antitumor and antioxidant properties and to be able 
to serve as permeability enhancers for drug molecules [5,8,12,13]. Su
crose esters can be synthesized using fatty acids with varying chain 
lengths, whereas the mono- to polyesters ratio present within the ob
tained surfactant mixture determines their hydrophilic-lipophilic prop
erties, rendering them suitable for both oil- and aqueous-based products 
[8,14]. All these characteristics make the sucrose esters widely studied 
and used in various food, cosmetic, detergent and drug delivery for
mulations [15–20].

Although the phase behavior of sucrose esters in water has been 
widely investigated [21–27], some of the fundamental mechanisms 
behind the experimentally observed behavior still lack an in-depth un
derstanding. For example, it has recently been shown that the viscosity 
of the long-chain sucrose palmitate surfactant P1670 (containing ca. 
80 % monoesters, 20 % diesters and C16-to-C18 fatty acid residues ratio ≈
3:1) passes through a maximum upon heating. This was explained with 
the melting of the diester particles present in the solution at low tem
peratures and formation of mixed wormlike micelles together with the 
monoesters [28]. The presence of the diester particles was later found to 
be responsible for the ability of sucrose esters dispersions to form 
completely non-flowing gel-like samples at very low surfactant and salt 
concentrations, e.g. 1.5 wt% surfactant and 10 mM NaCl [29]. This 
phenomenon arises due to the adsorption of hydroxide anions from the 
water onto the surface of the in-situ prepared nonionic surfactant par
ticles, making them negatively charged, hence susceptible to the pres
ence of electrolyte [29].

Another non-trivial behavior deserving further investigation is the 
significant viscosity increase (by more than 2 orders of magnitude) 
observed in aqueous sucrose laurate solutions upon increase of the 
surfactant concentration. Such behavior has been reported in Ref. [30]. 
However, the solutions prepared with sucrose laurate contents up to 
45 wt% were reported to be isotropic and showed Newtonian viscous 
liquid behavior [30]. Therefore, the molecular arrangement of sucrose 
laurate in solution responsible for the pronounced viscosity increase, yet 
maintaining Newtonian behavior, remains unresolved.

The aim of this study is to investigate the concentration-dependent 
molecular arrangement of sucrose laurate in water and to determine 
the mechanisms leading to the significant viscosity increase upon in
crease of the surfactant concentration up to 40 wt%, while the Newto
nian rheological behavior of the samples is preserved. For that purpose, 
we performed rheological and structural (SAXS) measurements, NMR 
experiments, as well as molecular dynamics simulations. The results 
showed a notable effect of the presence of hydrogen bonds between the 
sucrose headgroups. Hence, further experiments were performed in 
presence of the hydrogen-bond-breaking agent urea to understand its 
impact over the observed behavior.

2. Materials and methods

2.1. Materials

Dodecyl sucrose ester (trade name L1695, Ryoto™) was obtained by 
Mitsubishi Chemical Group and was used as received in the experiments. 
HPLC analysis performed in our lab showed that this surfactant contains 
about 87 % monoesters and 13 % polyesters (the main fraction being the 
diesters). The alkyl chains in the L1695 surfactant were found to be of 
high purity, with more than 99 % being lauric (C12) [31]. Urea (purity >
99.5 %) was obtained from Riedel de Haen (Honeywell International 
Inc., USA).

All solutions were prepared using deionized water purified with an 
Elix 3 system (Merck-Millipore Inc., USA).

2.2. Experimental methods

2.2.1. Solutions preparation
To prepare the L1695 surfactant solutions, the required amount of 

surfactant and water were carefully weighed on an analytical balance 
and mixed. Then, the mixture was stirred at 25 ◦C for 30–60 min until 
the surfactant became completely dissolved. The experimental charac
terization of the obtained solutions was made after at least one day 
storage at ambient temperature (25 ◦C). All L1695 concentrations re
ported throughout the paper are given in weight percentages relative to 
the total weight of the obtained solution.

For the samples containing urea, a 6 M (36 wt%) urea solution in 
water was first prepared and subsequently used to dissolve the desired 
amount of L1695 surfactant at 25 ◦C. The aim of these experiments was 
to determine how replacing part of the water molecules with urea in
fluences interactions between surfactant micelles. To ensure consis
tency, the solvent composition was kept constant across all experiments 
by dissolving different L1695 concentrations in the same solvent me
dium (water + 6 M urea). Fixing the urea concentration relative to the 
total solution would have led to variable urea contents across samples – 
from 6 M at 1 wt% L1695 to about 10 M at 40 wt% L1695. In the adopted 
approach, the L1695 concentrations varied between 1 and 40 wt%, 
corresponding to variation of the urea concentration with respect the 
whole solution, from 6 M (1 wt% L1695) to 3.6 M (40 wt% L1695), 
respectively.

2.2.2. Rheological measurements
The flow behavior of the prepared solutions was investigated using a 

rotational rheometer (MCR-302e, Anton Paar GmbH, Austria). The 
measurements were conducted at a constant temperature of 25 ◦C using 
a cone-and-plate geometry with a 40 mm diameter cone, a 1◦ inclination 
angle, and a truncation gap of 78 µm. The apparent shear viscosity was 
recorded as a function of the applied shear rate in the 0.1–500 s⁻1 range, 
applied in a logarithmic progression.

2.2.3. Measurements of the micelle sizes
The sizes of the micelles formed in the studied L1695 samples were 

determined using Zetasizer Nano ZS apparatus (Malvern Instruments). 
The scattered signal at a 173◦ angle was recorded and analyzed. The 
measurements were performed with a laser source operating at 633 nm 
wavelength at a constant temperature set to 25 ◦C. Intensity-weighted 
mean hydrodynamic diameter, Zave, and the calculated mean volume 
diameter (dvmean) were used as characteristics of the micelle sizes.
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2.2.4. Small angle X-ray scattering (SAXS) analysis
The prepared surfactant solutions were also analyzed with an X-ray 

scattering system (Xeuss 3.0, Xenocs, Sassenage, France). A CuKα X-ray 
source operating at a wavelength of 0.154 nm (Xeuss 3.0 UHR Dual 
source Mo/Cu, Xenocs, Sassenage, France) was used, and the scattered 
signal was recorded with an Eiger2 4 M detector (Dectris Ltd., Baden 
Deattwil, Switzerland). The sample-to-detector distance (SDD) was set 
to 750 mm. Data acquisition time was set to 30 min. Silver behenate was 
used as a standard to precisely determine the sample-to-detector dis
tance and the coordinates of the beam center on the detector. Samples 
were enclosed into thin glass capillaries with an outer diameter of 1 mm 
and wall thickness of 10 µm (product of WJM Glass, Germany). The 
measurements were performed at a constant temperature of 25 ◦C. The 
recorded signal was analyzed using XSACT software and corrected for 
the background scattering using the signal obtained from an identical 
glass capillary filled with deionized water or with water + urea solution, 
depending on the solvent in the given sample. The analysis of the 
reduced SAXS data was performed by the SASView 5.0.6 software. A 
Levenberg-Marquardt fit optimization method was used. The scattering 
length densities (SLD) were calculated to be: SLD-core = 7.34 × 10− 6 

Å− 2 (calculated for dodecane), SLD-solvent = 9.47 × 10− 6 Å− 2 for the 
spectra obtained in water and ≈ 10 × 10− 6 Å− 2 for the spectra obtained 
in water-urea mixtures. The SLD for the shell was determined from the 
best fit, as it depends strongly on the sucrose headgroup hydration de
gree, thus it should be intermediate between 14.3 × 10− 6 Å− 2 (calcu
lated for sucrose) and 9.47 × 10− 6 Å− 2 for pure water.

2.2.5. NMR analysis
The NMR study was carried out on a Bruker Avance III HD 500 MHz 

spectrometer (Rheinstetten, Germany) fitted with a high-resolution 
broadband probe-head with Z gradient. Experiments were conducted 
at a temperature of 25 ◦C. The studied samples were prepared as 
described in Section 2.2.1 above. 0.5 mL of the prepared sample and 
0.1 mL of deuterium oxide (99.8 atom % D, product of Carlo Erba) with 
TMSP-Na-2,2,3,3-d4 as an internal standard (0 ppm) were mixed before 
the measurement. Topspin 3.6.5 software package (Bruker, USA) was 
used for spectrum collection and data analysis.

2.3. Molecular dynamics simulations

2.3.1. Molecular model
To gain a deeper understanding on the observed L1695 phase 

behavior, we performed computational molecular dynamics (MD) sim
ulations, using sucrose monolaurate molecules and applying the 
following workflow: i) Single molecules of sucrose monolaurate (SML) 
and urea were geometrically optimized with the hybrid density func
tional theory (DFT) functional Becke, 3-parameters, Lee–Yang–Parr 
(B3LYP) [32,33] and basis set 6–31 G* defined for the atoms H through 
Zn [34]; ii) The molecules were described with the molecular mechanics 
force field CHARMM36 [35–37] using its original parameters and partial 
charges for the atoms; iii) The model systems were constructed by 
randomly placing SML molecules within an orthorhombic simulation 
box with an edge size of 20 nm along each axis, see Supplementary 

Figure S1A. Periodic boundary conditions (PBC) were applied in all 
three spatial dimensions; iv) The box was filled with water molecules 
described by the TIP4P (transferable intermolecular potential with 4 
points) model [38]; v) When urea was included in the model, its mole
cules were added randomly after the placement of the SML molecules, 
see Supplementary Figure S1B. No background electrolyte was used in 
the simulations. The compositions of all simulated systems are sum
marized in Table 1.

2.3.2. Computational protocol
The following computational protocol was employed for all con

structed molecular systems: i) energy minimization using the Limited- 
memory Broyden–Fletcher–Goldfarb–Shanno optimization algorithm 
L-BFGS [39]; ii) heating to 298 K in the canonical NVT ensemble, with a 
constant number of particles, N, constant volume, V, and constant 
temperature, T, using a velocity-rescaling thermostat [40] with a 
coupling time of 0.1 ps; iii) relaxation of the system for 1 ns in the 
isothermal-isobaric (NPT) ensemble at 298 K temperature and 1 bar 
pressure, controlled with a Berendsen barostat [41] with a coupling time 
of 0.8 ps; iv) running the production MD simulations for 10 ns in the NPT 
ensemble and 500 ns in the NVT ensemble, using a 2 fs integration step 
time. Snapshots of the obtained MD trajectories were saved every 10 ps. 
The NPT simulations were used to adjust the system density, which was 
monitored over time; 10 ns were sufficient for equilibration. The den
sities determined from the MD simulations are in good agreement with 
the experimentally measured densities of L1695 solutions, see Supple
mentary Figure S1C. During the equilibration period, the box size 
decreased slightly from 20 nm down to approximately 19.4 nm.

The leapfrog algorithm [42] was used to integrate the equations of 
motion during heating, relaxation, and production runs. All 
hydrogen-containing bonds were constrained: the LINCS [43] algorithm 
was applied to SML molecules, and SETTLE was used for water mole
cules [44]. Non-bonded interactions were described by a Lennard-Jones 
potential, combined with a Coulomb term, with a cutoff set to 12 Å and a 
switching function initiated at 10 Å. Long-range electrostatic in
teractions were calculated using the Particle Mesh Ewald (PME) method 
[45,46] with the same cutoff. The GROMACS 2021.3 software package 
[47] was used for all simulations and analyses, whereas VMD was 
employed for visualization of the trajectories [48].

2.3.3. Analysis of the MD trajectories
The generated MD trajectories were subjected to the following ana

lyses: i) System density during the initial 10 ns in the NPT ensemble was 
extracted from the energy file using the default GROMACS tool gmx 
energy; ii) Solvent-accessible surface area (SASA), normalized per 
molecule, was calculated using gmx sasa with the default solvent probe 
radius of 0.14 nm for water. This analysis provides information about 
the hydration of molecular fragments within the micelles over the 
simulation time; iii) Hydrogen bonds (HB) were analyzed using gmx 
hbond, applying the geometric criteria of a donor-acceptor distance, 
r ≤ rHB = 0.35 nm, and a donor-hydrogen acceptor angle deviation ≤ 30◦

from the ideal 180◦; iv) Center-of-mass distances between pairs of su
crose headgroups were calculated using gmx dist as a function of time. 

Table 1 
Composition of the systems studied by molecular dynamics simulations.

SML concentration, wt% Concentration, M Number of molecules Water-to-SML molecules ratio

SML Urea H2O SML Urea H2O

2.5 0.048 0 54 230 0 258 257 1123
0.048 6.0 35 230 28 900 166 938 726

5 0.095 0 53 415 0 253 094 610
0.095 6.0 33 460 28 900 161 309 351

16 0.305 0 46 1470 0 223 923 152
0.305 5.0 28 1470 24 276 136 799 93

40 0.760 0 35 3669 0 167 593 46
0.760 3.6 24 3669 17 300 117 830 32
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The obtained values were processed to obtain distance distribution 
plots; v) Radial distribution functions (RDFs) for specific molecular 
fragments relative to the geometrical center of selected spherical mi
celles were computed with gmx rdf and normalized to the number 
density of the molecules within each analyzed micelle to allow com
parison; vi) Partial density profiles of molecular fragments in the xy- 
plane were obtained using gmx density, calculated from the center along 
the z-axis of selected aggregated micelle pairs.

As a reference, additional MD simulations were performed for a 
single solvated SML molecule to eliminate aggregation effects, both in 
the absence and in the presence of urea. These simulations were also 
used to estimate the maximum number of hydrogen bonds that one SML 
molecule forms with water and urea under full solvation conditions.

3. Results and discussion

3.1. Concentration-dependent L1695 arrangement in water – 
experimental results

We began our study by preparing a series of L1695 solutions in water 
with concentrations varying between 1 and 40 wt%. Note that all these 
concentrations are well above the critical micellar concentration for this 
surfactant, which was previously determined to be about 0.036 wt% at 
25 ◦C [31]. All prepared solutions were completely transparent indi
cating absence of supramolecular aggregates able to scatter the visible 
light. Furthermore, the solutions were freely flowing, but with a 
noticeable difference in their viscous properties. To quantify this dif
ference, viscosity measurements were performed. All solutions were 
found to exhibit Newtonian behavior, as seen from the data presented in 
Supplementary Figure S2A. This result is in good agreement with the 

results reported previously in Ref. [30] for similar solutions.
Fig. 1A presents the constant viscosities determined in our mea

surements as a function of the surfactant concentration. As seen from the 
data, the viscosities of the solutions containing ≤ 20 wt% L1695 are 
relatively low, reaching values of ca. 2 mPa.s at 8 wt%, 5 mPa.s at 16 wt 
%, and 8 mPa.s at 20 wt% L1695 concentrations. However, further in
crease of the surfactant concentration leads to much steeper increase in 
the viscosity which raises to ca. 44 mPa.s at 30 wt%, 140 mPa.s at 35 wt 
% and 640 mPa.s at 40 wt% L1695. Note that even at 40 wt% the so
lutions were found to exhibit Newtonian behavior, without any indica
tion for change in the type of the structures formed or appearance of the 
typical for concentrated samples shear-thinning behavior. Therefore, 
this significant change in the viscosity could not be attributed to the 
formation of wormlike micelles.

Next, we continued with experiments, studying the molecular 
arrangement in the different sucrose ester solutions. First, DLS mea
surements were performed to characterize the average hydrodynamic 
diameter of the aggregates present in the studied solutions as a function 
of the surfactant concentration. The obtained results are presented in 
Fig. 1B,C and in Supplementary Figure S3. The intensity-weighted mean 
hydrodynamic diameter, Zave, was found to remain relatively constant at 
concentrations between 2.5 and 8 wt%, Zave ≈ 5.4 ± 0.3 nm. However, at 
1 wt% concentration, it was slightly lower Zave ≈ 4.3 ± 0.2 nm, whereas 
at concentrations exceeding 10 wt% the measured values increased 
significantly. Note that the 1 nm difference between the sizes measured 
for 1 wt% sample and that for 2.5 – 8 wt% samples, already indicates a 
possible interaction between the L1695 micelles even at low surfactant 
concentrations of only few percent.

The significant increase of the sizes detected for solutions containing 
12 and 16 wt% L1695 did not change the micelles size distribution by 

Fig. 1. Characteristics of L1695 solutions in water. (A) Viscosity measured at a shear rate of 100 s− 1 as a function of the L1695 concentration. The arrows denote 
concentrations at which MD simulations were performed. (B,C) Hydrodynamic diameter (B) and intensity-weighted size distributions (C) measured by DLS. (D) SAXS 
curves obtained for 5 wt% (magenta), 16 wt% (green) and 40 wt% (purple) L1695 solutions. Curves are not shifted with respect to the y-axis. The black dashed lines 
represent the theoretical fits of the curves, see text for more details. Inset: parameters used in the core-shell ellipsoid model applied for the SAXS spectra description.
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volume. It remained with a single almost Gaussian-shaped peak even at 
16 wt%, see Supplementary Figure S3B. The peak maximum shifted to 
slightly higher diameters. Much bigger differences were observed in the 
intensity-weighted size distributions, which are known to be more 
sensitive to the presence of larger particles (as the scattering intensity is 
proportional to the sixth power of the object diameter [49]), see Fig. 1C. 
A main peak centered between 4 and 6.5 nm was present in all samples 
(its position increased slightly with the increase of the surfactant con
centration). However, a second peak with a maximum around 60 nm 
was also present in all samples. The intensity of this second peak 
increased significantly with the increase of the L1695 concentration, see 
Fig. 1C. These results show that aggregates bigger than the individual 
spherical micelles are present in the L1695 solutions even at 1 wt% 
concentration, see Supplementary Figure S3A. The size and number of 
these aggregates increases significantly with the increase of the surfac
tant concentration.

To further characterize the shape and size of these aggregates, next 
we conducted X-ray scattering experiments. Illustrative curves showing 
the typical SAXS curves obtained depending on the L1695 concentra
tions are presented in Fig. 1D. As seen, for all studied samples a wide 
peak with a maximum at ca. 0.17 Å− 1 is observed. The intensity of this 
peak increased significantly with the increase of the surfactant con
centration, while its width broadened.

The obtained spectra were described theoretically using the SASView 
software to extract detailed information about the structure, size and 
shape of the particles present in the investigated samples. A core-shell 
model was chosen, as typically used for surfactant micelles [50]. How
ever, modelling micelles as spheres resulted in relatively big fitting er
rors, leading us to adopt the core-shell ellipsoid model. Note that the 
SAXS spectra clearly indicate the presence of non-spherical objects. If 
the micelles were spherical, the slope of the scattering intensity versus 
the scattering vector, q, at low q-values would be expected to approach 
zero, which is not observed in the obtained spectra.

In the adopted approach the scattering entities are described by four 
main parameters, see the inset in Fig. 1D. These are: two radii of the core 
(equatorial radius Req.core and polar radius Req.core × xcore, which in
cludes the core axial ratio xcore) and two shell thicknesses (equatorial 
Shell thickness and the polar shell thickness, defined as shell thickness ×
xpolar shell, where the parameter xpolar shell accounts for asymmetry in the 
shell thickness along the ellipsoid polar axis). Since the currently studied 
micelles were expected to have a uniform shell structure, xpolar shell was 
initially fixed at 1. The shell SLD value was set to 11.3 × 10− 6 Å− 2, as 
initially fitting results indicated that values near this yielded the best 
agreement with the experimental data. This choice was later supported 
by the results obtained from the MD simulations, see Section 3.4 below. 
This SLD value represents an average scattering length density, ac
counting for contributions from sucrose, water molecules which hy
drates it, and the terminal methylene groups of the hydrophobic tail to 
which the headgroup is attached.

Using the core-shell ellipsoid model under the assumption that the 
ellipsoid shell thickness is uniform (i.e. xpolar shell = 1) yielded unsatis
factory fits (fitting error χ2 = 4.40) even for the most diluted samples 
studied with 5 wt% L1695, see Supplementary Figure S4. Relaxing this 
assumption led to significantly improved fit, for xpolar shell = 0.45 the 
fitting error became χ2 = 0.73, see Supplementary Table S1.

Notably, when varying the values of the xpolar shell, the values of the 
equatorial radius and the shell thicknesses remained relatively constant, 
Req.core ≈ 12.9 ± 0.3 Å, and the shell thickness ≈ 13.7 ± 0.5 Å. Ac
cording to the model, the equatorial size of the micelles is equal to the 
doubled sum of Req.core and shell thickness, which is ≈ 5.3 nm. This size 
is in excellent agreement with the average hydrodynamic diameter 
measured in the DLS experiments (Zave ≈ 5.4 ± 0.3 nm).

Variations in the xpolar shell parameter led to modest changes in the 
xcore value, which practically defines the aspect ratio of the ellipsoids. 
Depending on the value of xpolar shell, xcore ranged between ca. 3.5 and 5. 
For xpolar shell = 0.31, where the best fit was achieved, xcore ≈ 4.3. These 

values indicate that the micelles are likely elongated. However, this 
conclusion is contradicted by rheological data. In systems with elon
gated micelles, increasing surfactant concentration typically leads to the 
formation of wormlike micelles, which would result in non-Newtonian 
behavior. In contrast, the L1695 solutions retained their Newtonian 
viscoelastic properties even at 40 wt% L1695, suggesting that an alter
native explanation is required.

The SAXS results obtained with 16 wt% L1695 in water were suc
cessfully described (χ2 = 2.09) using the same core-shell ellipsoid model 
and similar experimental parameters, see the solid line in Fig. 1D. Spe
cifically, Req.core ≈ 13.3 Å, shell thickness ≈ 12.0 Å, xpolar shell ≈ 0.64, 
and xcore ≈ 2.55, see also Fig. 6C below which summarizes the fit pa
rameters obtained at different concentrations. Polydispersity for the Req. 

core was introduced in the model, with a Gaussian function, and poly
dispersity was calculated to be equal to 0.06. Using the obtained results 
and the core-shell ellipsoid geometry, we estimate that the volume ratio 
between the tails and heads in the micelles is Vtails/Vheads ≈ 0.29. This 
corresponds to an average SLD for the entire L1695 molecule of 
approximately 10.15 × 10− 6 Å− 2, taking into account the individual 
SLDs of the shell and core used in the data fitting. This value agrees well 
with the SLD derived independently from density measurements. For a 
16 wt% L1695 solution, we measured a density of ρ ≈ 1010 ± 5 kg.m− 3 

at 25◦C, Supplementary Figure S1C, which indicates that the density of 
the hydrated L1695 molecules in this solution is 1084 ± 35 kg.m− 3. 
Using the molecular mass of sucrose monolaurate (524.6 g.mol− 1) and 
284 electrons per molecule, yields an SLD of (10.0 ± 0.3) × 10− 6 Å− 2. 
The close agreement between the two SLD values supports the SAXS data 
analysis.

However, a model without a structure factor failed to appropriately 
describe the scattering data from the 40 wt% samples. In this case, the 
estimated L1695 density, based on the bulk solution density, was 1189 
± 15 kg.m− 3, indicating significant decrease in surfactant hydration. To 
determine what would be the appropriate model to describe these data 
and gain further insight into the structural arrangement of sucrose 
monolaurate molecules in water, next we performed molecular dy
namics simulations. The interpretation of the SAXS results is further 
discussed in Section 3.3 below.

3.2. Sucrose monolaurate arrangement in water – molecular dynamics 
simulations

Atomistic molecular dynamics simulations were performed to 
further investigate the arrangement of sucrose monolaurate molecules at 
four different concentrations – 2.5, 5, 16 and 40 wt%. Snapshots of the 
molecular configurations obtained after 500 ns simulation time are 
shown in Fig. 2. At the lowest simulated concentration, small spherical 
micelles were formed. Two of the micelles remained as individual en
tities in the simulation box, while the other three aggregated by the end 
of the simulation. Although aggregation proceeded after ca. 350 ns of 
simulation, the micelles did not fully merge even after 150 ns of contact 
with one another. They remained aggregated due to the interactions 
between their sucrose heads.

Increasing the surfactant concentration to 5 wt% led to more pro
nounced aggregation. In this simulation, all small micelles assembled 
into a single larger aggregate. Much bigger aggregates with irregular 
and branched thread-like structures were formed at the higher concen
trations studied, 16 wt% and 40 wt%. Nevertheless, the primary mi
celles retained their distinct identities, without any sign of complete 
merging or the formation of wormlike micelles, see Fig. 2.

The analysis of the clustering process, see Supplementary Figure S5, 
shows that the average size of the clusters increases gradually up to 
300 ns and reaches a plateau afterwards. This further confirms that 
initially the primary spherical micelles form, which then further 
aggregate due to the interactions between the hydrophilic sucrose 
headgroups present on the micelles surface. The primary micelles were 
found to have an aggregation number varying between 60 and 100. 
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Their formation is analyzed and discussed in more details in Section 3.4
below, where the effect of hydrogen-bonds disrupting additive, urea, is 
also described.

To investigate the aggregation behavior of SML molecules, we 
analyzed the concentration-dependent evolution of the solvent- 
accessible surface area (SASA) over time for both the sucrose head
groups and the alkyl tails, see Fig. 3. As a reference, an additional MD 
simulation with a single solvated SML molecule was performed to 
eliminate the effects of molecular aggregation. From this simulation, we 
obtained SASA values of approximately 5.7 nm2 for the sucrose head
group and 4.2 nm2 for the lauric alkyl tail. Both of these areas were 
found to decrease significantly upon increase of the SML concentration 
in the simulations, see Fig. 3. In particular, the initial SASA values 
determined at the lower investigated concentrations (2.5 and 5 wt%) 
were similar to those for the single molecule. However, the SASA of the 
sucrose headgroups decreased exponentially over time, reaching 
approximately 2.8 nm2 and 2.5 nm2 after 500 ns for surfactant con
centrations of 2.5 and 5 wt%, respectively, Fig. 3A. Additional 200 ns 
simulations were performed for the 2.5 wt% system to check whether 
the SASA will decrease further, but the observed decrease was relatively 
small (< 10 %).

Even faster decrease in the SASA values was observed for the sucrose 
headgroups in the simulations performed at higher (> 5 wt%) SML 
concentrations. In these cases, the initial SASA values were already 
significantly lower – 3.5 and 3.1 nm2 for the 16 wt% and 40 wt% sys
tems, respectively. These values decreased to 2.0 and 1.8 nm2 at the end 

of the simulations. The notably lower initial SASA values for the hy
drophilic headgroups at higher SML concentrations can be attributed to 
the substantially reduced water content in these systems compared to 
those with lower surfactant concentrations. For instance, the water-to- 
SML molecule ratio is approximately 1123 in the 2.5 wt% simulation, 
whereas it decreases to 152 and 45.7 in the 16 wt% and 40 wt% systems, 
respectively, see Table 1. Therefore, while the randomly distributed SML 
molecules in the low concentration simulations are initially fully hy
drated due to the abundant water, those in the more concentrated sys
tems have already lost part of their hydration capacity at the start of the 
simulations due to their close contact with other SML molecules. 
Consequently, the SASA values for the high-concentration systems 
decreased by ca. 5 % between the 200 ns and 500 ns, whereas about 
15 % decrease in the SASA values was observed for the 2.5 and 5 wt% 
SML systems.

The differences observed in the SASA values for the hydrophilic 
headgroups at different SML concentrations diminished when the SASA 
values of the alkyl tails were analyzed, see Fig. 3B. The initial SASA 
values were again similar to those of individual SML molecules at low 
concentrations and significantly lower at higher SML concentrations. 
However, all simulations showed a rapid SASA decrease, reaching a 
similar final area of approximately 1.0 nm2, independently of the 
studied surfactant concentration. The time required to reach this value 
was ca. 50 ns for the concentrated systems and about 150 ns for the 
more diluted ones. This constant value shows that, even at lower con
centrations, the micelles formed have a well-defined hydrophobic core, 

Fig. 2. Snapshots of the SML molecular configurations at various concentrations after 500 ns of atomistic MD simulations. Alkyl tails are shown in orange and 
sucrose headgroups in blue.

Fig. 3. Solvent-accessible surface area (SASA) per molecule as a function of time. (A) SASA of the sucrose headgroup. (B) SASA of the alkyl tails. Different colors 
indicate the SML concentrations used in the simulations: 2.5 wt% (yellow circles), 5 wt% (purple reversed triangles), 16 wt% (cyan squares), and 40 wt% (orange 
diamonds). Dashed pink lines represent reference values obtained from simulations of a single SML molecule.
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which is relatively inaccessible to the water molecules.
The reduced SASA values observed for the hydrophilic headgroups at 

higher surfactant concentrations indicate a decrease in the headgroup 
hydration as larger aggregates form through the association of the pri
mary spherical micelles. This likely occurs due to a reduction in the 
interactions between the surfactant headgroups and water, i.e. water 
molecules surrounding the hydrophilic headgroups are displaced, in 
favor of increased interaction between the sucrose headgroups them
selves. This conclusion is further supported by the increase in the density 
of L1695 molecules with increasing surfactant concentration.

To investigate this further, we analyzed the number of intermolec
ular hydrogen bonds formed between sucrose headgroups, as well as 
those formed between sucrose and water molecules as a function of time. 
Note that the sucrose monolaurate headgroup contains eight hydroxyl 
groups, as well as two oxygen atoms connected via ether bonds located 
within the fructofuranosyl and glucopyranosyl rings. Additionally, two 
more oxygen atoms are present in the ester bond through which the 
hydrophobic tail is attached. In total, the SML structure contains 12 
oxygen atoms, all of which can act as hydrogen acceptors. Furthermore, 
there are 7 hydrogen atoms which can participate in hydrogen bonds, as 
they are bound to an electronegative atom, making a maximum possible 
number of 19 hydrogen bonds per molecule.

Fig. 4 shows the evolution of the number of hydrogen bonds over 
time. Similar to the trends observed in the SASA analysis, the systems at 
the lower concentrations, 2.5 and 5 wt% SML exhibited comparable 
behavior, as did those at the higher concentrations – 16 and 40 wt% 
SML. The analysis of the hydrogen bonds formed between the sucrose 
headgroups and water molecules revealed a significant decrease over 
time, see Fig. 4A. At low SML concentrations, the number of hydrogen 
bonds began at ca. 13 and decreased down to 8–9 after 500 ns. At higher 
concentrations, the initial number was around 9–10 and it dropped 
down to ca. 7 by the end of the simulations. These results show that both 
increase of the surfactant concentration and molecular rearrangement 
upon relaxation reduce the number of hydrogen bonds formed between 
SML molecules and water.

In contrast, the number of intermolecular hydrogen bonds formed 
between the sucrose headgroups of the individual SML molecules was 
found to increase with the increase of the surfactant concentration, 
Fig. 4B. Specifically, no intermolecular hydrogen bonds were initially 
observed for the 2.5 and 5 wt% SML simulations. However, upon 
micellization the average number of intermolecular hydrogen bonds 
formed by each SML molecule increased to approximately 1.3 for 2.5 wt 
% SML and 1.5 for 5 wt% SML systems.

At the higher concentrations studied, one intermolecular sucrose- 
sucrose hydrogen bond was present at the start of the simulation, and 
an additional bond formed upon aggregation. We note that the number 

of intermolecular hydrogen bonds was determined by first calculating 
the total number of hydrogen bonds between sucrose headgroups across 
all molecules in the simulation. This total was divided by the number of 
SML molecules in the simulation and then 1.5 was subtracted from the 
obtained number to account for intramolecular bonds formed within a 
given molecule. This reference value was obtained from a separate 
analysis of the simulation with a single SML molecule, as well as from 
the analysis of the number of hydrogen bonds formed by each individual 
SML molecule in the 2.5 wt% simulation, see Supplementary Figure S6
showing the probability distribution obtained from this analysis.

The results from the hydrogen bonds analysis strongly suggest that 
the formation of hydrogen bonds between the sucrose headgroups is 
driving the SML assembly in larger aggregates, composed of primary 
micelles. These intermolecular sucrose-sucrose hydrogen bonds form at 
the expense of hydrogen bonds with water molecules (part of which 
break), which probably contributes to the higher viscosity of the solu
tions observed upon increase of the SML concentration. Notably, the 
primary micelles do not merge together but maintain their individuality 
within the larger aggregates, thus resembling closely packed “pearl 
necklace” arrangement which is known for polymers [51].

These findings agree with the results obtained from the SAXS anal
ysis as well, where the micelle aspect ratio, determined by the xcore 
parameter, was found to be greater than 1. This value reflects the 
average number of micelles that have aggregated together, or at least the 
average size of the segment within the larger aggregates which is 
distinguishable by X-ray contrast, as the shells of individual micelles are 
partially fused (xpolar shell is between 0.45 and 0.78).

To further investigate the role of hydrogen bonding between indi
vidual sucrose laurate molecules, we performed additional experiments 
in the presence of urea, which is known to act as an efficient hydrogen 
bond disrupting agent [52–55]. The results from these experiments and 
molecular dynamics simulations are presented in the following sections.

3.3. Effect of urea on the aggregation behavior of L1695

Urea, a strong hydrogen bond donor, has been widely recognized as a 
denaturing osmolyte for proteins, shifting the equilibrium between the 
unfolded and folded states towards the unfolded ones [52]. The mech
anism behind this action has been widely debated but it has been 
established that the main urea action is related to the disruption of the 
intermolecular hydrogen bonds in expense for the formation of stronger 
intermolecular hydrogen bonds between the urea and the protein 
backbone [52–54]. Furthermore, urea has been shown to impact also the 
critical micellar concentration (CMC) of both ionic and nonionic sur
factants [55–59]. For nonionic surfactants, an increase in the CMC 
values has been observed, which is explained with the ability of urea to 

Fig. 4. Number of hydrogens bonds formed per one sucrose laurate molecule between: (A) Sucrose heads and water; (B) Sucrose headgroups from different mol
ecules. Different colors indicate the SML concentrations used in the simulations: 2.5 wt% (yellow circles), 5 wt% (purple reversed triangles), 16 wt% (cyan squares), 
and 40 wt% (orange diamonds).
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displace the water molecules from the hydration shell.
To study the effect of urea addition over the aggregation behavior 

observed for the L1695 surfactant, we prepared samples containing 6 M 
urea with respect to the water and investigated their properties. The 
rheology measurements of the samples containing urea showed New
tonian behavior for all studied surfactant concentrations, up to 40 wt% 
L1695, see Supplementary Figure S2B.

To be able to compare the surfactant solutions viscosities excluding 
the contribution from the viscosity of the phase in which the surfactant 
has been dissolved, we calculated the relative viscosities of the samples 
by dividing the measured viscosity in the presence of surfactant by the 
viscosity of the solvent used, i.e. 0.89 mPa.s for water and 1.5 mPa.s for 
the 6 M aqueous urea solution (see Supplementary Figure S2B). Then, 
the ratio between the relative viscosity calculated for the pure water 
samples and the one for samples prepared in the presence of urea was 
taken. The obtained data are presented in Fig. 5A. As seen from the 
graph, even for the 5 wt% L1695 sample, the calculated ratio, (ηsurf/ 
ηHշO) / (ηsurf-urea/ηHշO-urea) is ≈ 1.4 > 1. This shows that the relative 
viscosity of the aqueous solution without urea is higher than that of the 
solution prepared with urea. Remarkably, increase of the surfactant 
concentration to 16 and 40 wt% yielded significantly higher relative 
viscosity ratios ≈ 6–7. This substantial reduction in the viscosities of 
solutions containing urea can be attributed to interaction between urea 
and the surfactant molecules, which likely disrupt part of the intermo
lecular hydrogen bonds and alter the structural arrangement present in 
urea-free solutions. This conclusion was further confirmed by the results 
obtained from the molecular dynamics simulations, see Section 3.4
below.

DLS analysis revealed a pronounced reduction in large aggregates in 
samples containing urea, accompanied by a marked increase in the in
tensity of the 6.5 nm peak in 16 wt% samples, see Fig. 5B. Two distinct 
size populations were observed in all samples: micelles centered at 

6.5 nm, whose relative abundance increased from 10 % to 14 % upon 
urea addition in the 16 wt% L1695 sample, and a second population 
corresponding to larger aggregates. The latter peak was centered around 
60 nm in solutions without urea and shifted to approximately 200 nm in 
the presence of urea, while its amplitude decreased significantly from 
2.7 % to 0.7 % (for 16 wt% samples). This result indicates that aggre
gates formed in the absence of urea are more compact due to the higher 
number of inter-micellar hydrogen bonds. In contrast, the addition of 
urea leads to its adsorption on the micelle surface. This prevents the 
strong inter-micellar interactions, leading to the formation of larger but 
less cohesive aggregates. Similar trends were observed across all studied 
concentrations, see Supplementary Figure S7.

The impact of urea on the molecular packing of L1695 molecules was 
further evident from the diffusion-ordered spectroscopy (DOSY) NMR 
data, see Fig. 5C. The data demonstrate a clear difference in the self- 
diffusion coefficients of 16 wt% L1695 samples measured in the pres
ence and absence of urea. In pure water, the average diffusion coeffi
cient was approximately 32 μm2.s− 1, whereas for the urea-containing 
sample it increased to 50 μm2.s− 1. This result directly demonstrates 
the significantly increased mobility of surfactant molecules in the sam
ples containing urea compared to those without, confirming that urea 
effectively disrupts the extended micellar network and reduces the hy
drodynamic volume of the diffusing aggregates.

The obtained self-diffusion coefficients were further used to calculate 
the average size of the micelles present in the solutions with and without 
urea. This was done using the Stokes-Einstein equation [60]: 

dH =
kBT

3πηD
(1) 

where dH is the hydrodynamic diameter of the diffusing particles, kB is 
the Boltzmann constant (1.38 ×10− 23 J.K− 1), T is the temperature 

Fig. 5. Effect of urea on the properties of L1695 solutions. (A) Relative viscosity ratio for 5 wt% L1695 (purple reversed triangles), 16 wt% L1695 (cyan squares) and 
40 wt% (orange diamonds) samples. The presented data were calculated by taking the ratio of the viscosity of the surfactant solution in water (ηsurf) to the viscosity of 
pure water (ηHշO), and dividing it by the corresponding ratio for the surfactant solution in the urea-water mixture (ηsurf-urea) relative to the viscosity of the pure urea- 
water mixture (ηHշO-urea). (B) Size distribution measured by intensity for 16 wt% L1695 solution with (filled red triangles) and without (empty blue squares) 6 M urea 
in the aqueous phase. (C) DOSY NMR-spectra for 16 wt% L1695 solution in water (blue) and in the presence of 6 M urea (red).
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(298.15 K in the present case), η is the viscosity of the media through 
which the particles are diffusing, and D is the measured self-diffusion 
coefficient. Assuming that the micelles present in the solutions have 
spherical shape (as also confirmed by the results from the molecular 
dynamics simulations), values of dH ≈ 5.8 nm in presence of urea and 
15.3 nm in absence of urea were calculated. For these estimates, vis
cosities of 1.5 mPa.s and 0.89 mPa.s were used for the urea-containing 
sample and for the sample prepared without urea, respectively. This 
result is in good agreement with the findings from the DLS analysis, 
suggesting that the number of large aggregates in the sample decreases 
significantly when urea is added.

Similar conclusions were drawn from the analysis of the SAXS re
sults, see Fig. 6. The spectra for 16 wt% samples obtained in water and in 
6 M urea were successfully described using a core-shell ellipsoid model. 
The xcore parameter decreased for the sample prepared in urea as 
compared to that in water, demonstrating the decreased connectivity of 
the individual micelles. This conclusion was further supported by the 
results obtained from the 40 wt% samples, where xcore ≈ 1.9 for the 
sample in water and xcore ≈ 1.4 for the sample in 6 M urea. Furthermore, 

the theoretical description of the scattering spectra obtained for 40 wt% 
samples became only possible when a structure factor was included in 
the model.

Considering the results from the molecular dynamics simulations, we 
chose to use the “sticky” hard sphere structure factor with Percus-Yevick 
closure [61–63]. In this model, the individual particles are considered to 
interact with one another via short-range attractive forces. The structure 
factor is described by four additional parameters: the effective radius of 
the spheres, which was set to be equal to the average outer radius; the 
volume fraction of the hard spheres; the perturbation parameter, which 
practically defines the length scale at which the individual spheres 
interact with one another (it was set to 0.012), and the stickiness 
parameter, ε, which shows the attraction interaction strength. Smaller 
values of ε correspond to stronger attraction. Accordingly, the stickiness 
parameter was found to be ε ≈ 0.5 for the 40 wt% L1695 sample in 
water, whereas it increased significantly when the same surfactant 
concentration was investigated in water-urea mixture, ε ≈ 24.2.

We note that although the arrangement observed in the MD simu
lations resembled a closely-packed “pearl necklace”, the classical “pearl 

Fig. 6. (A,B) SAXS spectra obtained from: (A) 16 wt% L1695 and (B) 40 wt% L1695 samples in water (blue symbols) and in 6 M urea (purple symbols). (C) Pa
rameters obtained from the SAXS spectra fitted using core-shell ellipsoid model. The fits are plotted in (A,B) with dashed curves for the samples dissolved in water, 
and with dashed-dot curves for the samples dissolved in 6 M urea. Data for 5 wt% curve plotted in Fig. 1D are also included.
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necklace” model assumes homogeneous pearls connected by a string 
with its own scattering length density and a defined chain linkage 
length. These assumptions are not met in the present system, where the 
micelles have a core-shell structure and aggregate via inter-micellar 
hydrogen bonds, making the model inapplicable. Nevertheless, the use 
of a sticky hard sphere structure factor to describe the scattering profiles 
at higher surfactant concentrations supports the proposed structure, 
which is also directly observed in the MD simulations. Including the 
sticky hard sphere structure factor allowed the SAXS spectra to be fitted 
even with the core-shell spheres model rather than core-shell ellipsoids. 
However, the fitting error in this case was significantly higher, likely 
because the micelles in the aggregates are not identical in size, and their 
partial fusion varies along the thread-like structures, reducing the X-ray 
contrast.

All these results suggest that urea significantly affects the self- 
assembly behavior of the surfactant molecules. The reduction in vis
cosity and the shift in size distribution indicate that urea disrupts 
intermolecular interactions, possibly by weakening hydrogen bonding 
or altering hydration layers around the surfactant molecules. Conse
quently, the presence of urea leads to smaller, less organized aggregates 
and a more fluid-like behavior, which could have implications for 
formulation design in surfactant-based systems. To obtain further in
sights about the urea effect over the sucrose monolaurate self-assembly, 
next we compare the results from the molecular dynamics simulations 
performed in presence and in absence of urea.

3.4. Aggregation behavior of SML in presence of urea studied by MD 
simulations

To assess the behavior of a sucrose monolaurate molecule in the 
absence of intermolecular interactions between the sucrose heads, we 
first simulated a reference system containing a single SML molecule 
placed in a water-urea solution. The urea concentration was set to 6 M 
compared to the water to be the same as in the actual experiments. The 
results obtained from this simulation are compared to these of the 
simulation performed in absence of urea in Table 2. The solvent- 
accessible surface area (SASA) was found to remain practically the 
same in presence and in absence of urea, SASAheads ≈ 5.66 ± 0.02 nm2 

and SASAtails ≈ 4.20 ± 0.01 nm2. This result is expected as a single SML 
molecule analyzed in the presence of urea is not expected to change its 
conformation. However, a significant difference was observed in the 
number of intermolecular hydrogen bonds formed between the SML and 
water. While the SML molecule formed about 13 hydrogen bonds in pure 
water, this number decreased down to 9 upon the addition of urea. The 
four disrupted hydrogen bonds were replaced by new ones formed be
tween the SML molecule and urea. The number of the intramolecular 
hydrogen bonds remained unchanged at approximately 1.45 ± 0.05.

Next, MD simulations were performed at different SML concentra
tions and urea molecules randomly distributed among the surfactant 
monomers. A snapshot of the molecular assembly after 500 ns simula
tion at 16 wt% SML is shown in Fig. 7A. The resulting structure differs 
significantly from that shown in Fig. 2, which depicts the system without 
urea. While the addition of urea did not completely suppress micelles 
aggregation, it significantly altered their organization. Instead of 
forming a single, interconnected, thread-like structure, the SML micelles 
preserved to much higher extent their individuality when urea was 
present. The resulting assembly has reduced connectivity and increased 
porosity, with some micelles remaining as distinct entities within the 
urea-water solution. This structural breakdown is consistent with the 
well-known ability of urea to interfere with hydrogen bonding and alter 
solvation structures, thereby weakening the intermolecular interactions 
responsible for the supramolecular organization. Furthermore, the ob
tained picture is also in good agreement with the experimental results 
showing that urea disrupts structured assemblies of sucrose laurate and 
promotes a transition toward a more fluid, less entangled state.

To gain a deeper insight into the dynamics and stability of aggregate Ta
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formation, we analyzed the evolution of cluster formation, see Supple
mentary Figure S8. In pure water, the system exhibits faster aggregation, 
reaching a constant aggregation number relatively quickly. The specific 
time required depended on the surfactant concentration. This aggrega
tion process led to the formation of large, stable supramolecular struc
tures. For the 2.5 wt% system, four micelles were observed, each with an 
average aggregation number of ca. 60, whereas at 16 wt% SML, all 
micelles aggregated into a single thread-like structure containing nearly 
all 1470 SML molecules included in the simulation. In contrast, the 
presence of urea induces markedly different behavior. The average 
cluster size remains relatively small (ca. 25–35 at 2.5 wt% SML and 
around 200–500 at 16 wt% SML) and fluctuates around these values 
throughout the simulation. This indicates that urea significantly hinders 
interactions between individual SML micelles and suppresses the growth 
of supra-micellar aggregates. This effect is most probably related to the 
disruption of hydrogen bonding and alteration in solvent–surfactant 
interactions.

Quantitatively, these findings are also supported by the SASA and 
hydrogen bonds analyses, see Table 2 and Supplementary Figures S9 and 
S10. For example, the SASA for the sucrose heads showed an increase 
with about 50 % when calculated for the 2.5–16 wt% SML simulations 
in presence of urea as compared to the values obtained in pure water. 
The effect for the SASA of the hydrophobic tails was much smaller, but 
once again the values obtained in presence of urea were slightly higher 
than those in absence of it, Table 2.

The values for the SASA were obtained by averaging the results be
tween 400 and 500 ns at each SML concentration. For the number of H- 
bonds, the averaging was done on data obtained from 300 to 500 ns. The 
errors presented in the table represent the standard deviations of the 
averaged values. No errors are reported for the SASA values, as they 
were consistently within ± 1 % of the value of the respective quantity. 
Graphs showing the evolution, i.e. the kinetics, of the reported quanti
ties are available as Supplementary Figures S9 and S10.

The increase of the hydrophilic headgroups exposure to water in 
presence of urea is mainly due to the decreased intermolecular in
teractions between the sucrose headgroups which were disrupted due to 
the presence of urea. The analysis of the average number of hydrogen 
bonds formed by each surfactant molecule showed that about 2.5 – 3.6 
intermolecular hydrogen bonds between sucrose headgroups and urea 
appear for the SML molecules placed in water-urea medium depending 
on the SML concentration. In contrast, the number of the intermolecular 
hydrogen bonds between the sucrose headgroups and water molecules 
decreased by 1.3 on average at 2.5 and 5 wt% SML concentrations and 
about by ca. 0.5 for the higher SML concentrations studied. A high 

impact on the number of intermolecular hydrogen bonds formed of the 
sucrose headgroups themselves was also observed in presence of urea. 
This number was found to decrease between 1.6 and 2.8 times, e.g. from 
1.4 to 0.5 at 2.5 wt%, and from 2.0 to 1.3 at 40 wt%. This result explains 
why the final aggregates formed in the MD simulations performed in 
presence of urea experience a significantly decreased aggregation 
number and lower connectivity. Furthermore, it directly shows that 
hydrogen bonds formed between the sucrose headgroups are mainly 
responsible for the significantly increased viscosity of the solutions 
prepared without urea which have about 6–7 times higher relative vis
cosity (at 16 and 40 wt% concentration) compared to that of the solu
tions prepared with urea. However, note that the average number of 
hydrogen bonds between the sucrose headgroups does not diminish 
down to zero, which explains why even in presence of urea some supra- 
micellar clusters are observed in the simulations, and also detected in 
the DLS measurements.

Another direct indication that urea disrupts the strong interactions 
between the sucrose headgroups of separate primary micelles is the 
average distance between them. To quantify this effect, we measured 
these distances over the last 100 ns of the simulation for the system 
containing 2.5 wt% SML. A bimodal distribution of the distances over 
time is observed both in the absence and presence of urea with main 
maxima around 4 and 10 nm, see Fig. 7B. However, the peak intensities 
differ significantly in the two systems. In the absence of urea, the 
dominant peak occurs around 4 nm, whereas the main peak maximum 
shifts to approximately 10 nm in presence of urea. This result suggests 
that urea molecules forming hydrogen bonds with the sucrose head
groups situate between the primary micelles. In this way, the urea 
effectively maintains a greater distance between the individual micelles, 
preventing the formation of a strongly interconnected micellar network 
and consequently hindering the increase in viscosity observed in the 
concentrated solutions.

Aiming to get further insights into the structural arrangement of the 
formed micelles and the impact of urea on this arrangement, we per
formed a detailed structural analysis of isolating dimers of adjacent 
micelles formed during the simulations. Representative snapshots of the 
extracted aggregates from systems with 2.5 wt% SML, with and without 
urea, are shown as insets in Fig. 8A,B. The aggregate isolated from the 
simulation without urea consists of 206 molecules, organized into two 
spherical micelles containing 145 and 61 molecules. In contrast, the 
aggregate from the simulation with urea comprises 83 molecules, ar
ranged into two micelles with 58 and 25 SML molecules. The aggregate 
formed in the absence of urea appears denser and more compact than 
that observed in the presence of urea. Furthermore, a clearly defined 

Fig. 7. (A) Molecular arrangement at 16 wt% SML after 500 ns of simulation in water-urea medium. (B) Distances between the centers of mass of sucrose head pairs 
over 400–500 ns at 2.5 wt% SML in the absence (blue line) and presence (red line) of urea. Numbers in brackets indicate the percentage of occurrences of each 
distance during the analyzed period.
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layer of urea molecules is visible between the two micelles formed in the 
urea-containing system, preventing them from approaching each other 
more closely.

Molecular ordering within the isolated micelles was determined 
using the radial distribution functions (RDF) of the sucrose heads, alkyl 
tails, water, and urea molecules (when present), see Fig. 8A,B and 
Supplementary Figure S11. All distribution functions were calculated 
with respect to the geometrical center of the spherical micelles.

The structural arrangement was found to follow a layered organi
zation in all investigated micelles, with alkyl tails forming the core, 
followed by the sucrose headgroups, and then the surrounding water 
molecules. This directly indicates that the sucrose heads are only 
partially hydrated, as it was also shown from the SASA analysis, Table 2
and from the SLD values for the shell determined from the SAXS anal
ysis. In the presence of urea, the urea molecules are distributed 
throughout the aqueous phase, partially interacting with the sucrose 
headgroups. Note that the radial distribution functions are also in 
excellent agreement with the data determined from the SAXS analysis. 
In particular, from the SAXS spectra obtained in water, the equatorial 
core radius was determined to be Req.core ≈ 13 Å. This value coincides 
with the distance at which the RDF for the hydrocarbon tails decreases 
to 92 % of its maximal value, while the RDF for the sucrose headgroups 
increases to ca. 20 % of the maximal value, see vertical dashed line in 
Fig. 8A. Beyond this distance, the contribution from the sucrose head
groups becomes significant, and the SLD of the core can no longer be 
modeled as the one for dodecane. Furthermore, the shell thickness 
determined from the SAXS data in water is ≈ 13 Å at surfactant 

concentrations ≤ 16 wt%. Adding this thickness to the equatorial core 
radius yields a total of 26 Å, a distance at which the RDF for the sucrose 
headgroups has decreased to ca. 20 % of its maximal value. At this point, 
the contribution from hydrating water molecules becomes dominant, 
and the scattering at larger distances is better modelled using the SLD of 
the pure solvent, see the vertical dashed line in Fig. 8A. Good agreement 
was also obtained between the RDFs of MD simulations and SAXS results 
for the system studied in presence of urea, see Fig. 8B.

The significantly altered interactions between the individual mi
celles were also evident from the number of hydrogen bonds formed 
between them, see Fig. 8C. In the absence of urea, about 30 intermo
lecular hydrogen bonds in total were observed between the two mi
celles. In contrast, in the presence of urea, only about two hydrogen 
bonds were detected between the two micelles formed. The significantly 
decreased number of hydrogen bonds formed between the micelles in 
presence of urea results from the ability of urea to form bonds with the 
sucrose headgroups, thus interrupting the intermolecular sucrose- 
sucrose bonding. This prevents to high extent the aggregation of the 
primary micelles in presence of urea, thus changing the properties of 
bulk L1695 solutions.

The results clearly demonstrate that hydrogen bonding between 
spherical micelles drives their aggregation, leading to an increase in 
viscosity while preserving Newtonian flow behavior across a wide range 
of shear rates. This indicates that, under the applied shear conditions, 
the characteristic time for micellar rearrangement exceeds that required 
for the breaking and reformation of intermicellar hydrogen bonds. In 
contrast to wormlike micellar systems – where increasing shear rate 

Fig. 8. Analysis of SML micelles obtained in 2.5 wt% SML simulations. (A,B) Radial distribution functions for micelles with: (A) 61 SML molecules from simulation 
without urea and (B) 58 SML molecules from simulation with urea. Insets show pictures from the isolated aggregates containing 206 SML and 83 SML molecules in 
total, respectively. The colors of the lines denote the RDFs for: alkyl tails – orange; sucrose heads – blue; water – dark green; urea – light green. Insets: pictures of the 
analyzed micelles. Blue balls denote sucrose heads, orange balls – alkyl tails, cyan sticks – water molecules, and green sticks – urea molecules. The vertical dashed 
lines in (A,B) denote the distances determined from the SAXS analysis at low surfactant concentrations. See also Supplementary Fig. S11. (C) Normalized probabilities 
for detection of a given number of intermolecular sucrose-sucrose hydrogen bonds formed between molecules from the two analyzed micelles in the aggregates. 
Green bars: simulation with urea; blue bars: simulation without urea.
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typically disrupts the entangled network and markedly reduces apparent 
viscosity – the aggregated micelles studied here maintain stable viscosity 
even at high shear rates.

4. Conclusions

In this study, we investigated systematically the self-assembly 
behavior of sucrose monolaurate (SML) in water across a concentra
tion range of 1–40 wt%. All samples exhibited Newtonian rheological 
behavior. However, a pronounced increase in the viscosity of the 
aqueous solutions was observed at surfactant concentrations exceeding 
20 wt%. This viscosity increase was accompanied by a corresponding 
rise in the intensity-weighted mean hydrodynamic diameter of the mi
celles present in the solutions.

Detailed investigations using X-ray scattering, DOSY NMR and 
atomistic molecular dynamics simulations revealed that SML forms 
nearly spherical micelles at low surfactant concentrations. These mi
celles largely preserve their individuality even at 40 wt%. However, at 
higher concentrations, hydrogen bonding between the sucrose head
groups promotes the formation of thread-like, interconnected structures. 
These aggregates resemble branched “pearl necklace” morphologies, 
previously reported for amphiphilic multiblock copolymers [51]. 
Notably, such structures have not been observed before in systems 
containing solely low-molecular-weight surfactants.

The role of hydrogen bonding for the formation of supra-micellar 
interconnected structures was further confirmed by studies conducted 
in the presence of 6 M urea, a known hydrogen bond disruptor. Sucrose 
monolaurate solutions prepared with urea exhibited significantly lower 
relative viscosities compared to those in pure water. Corresponding MD 
simulations showed reduced inter-micellar aggregation and decreased 
degree of structural organization. Clustering analysis further confirmed 
that urea reduced the size of micellar clusters, effectively suppressing 
the formation of large-scale assemblies.

This study reveals a previously unrecognized mechanism of sponta
neous self-assembly in low molecular weight surfactants, mediated by 
extensive hydrogen bonding between surfactant headgroups. Although 
this behavior is demonstrated specifically for sucrose monolaurate, 
similar structures may be expected in other surfactant systems bearing 
multiple hydroxyl groups in their heads. Such molecules can form 
multiple intermicellar hydrogen bonds, resulting in an extensive inter
micellar network, accompanied by a viscosity increase. Conversely, the 
presence of small hydrogen-bonding molecules such as urea, sugars, or 
monopropylene glycol, is expected to significantly affect this behavior. 
These molecules are likely to adsorb onto the micellar surface, thereby 
suppressing intermicellar hydrogen bonding and reducing the viscosity 
of the corresponding solutions. Future studies should explore the 
broader applicability of this self-assembly mechanism and investigate 
the influence of external factors such as pH, temperature, ionic strength, 
and co-solutes on the aggregation behavior.
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