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ABSTRACT: Understanding of non-equilibrium processes at dynamic interfaces is indispensable for advancing design and 
fabrication of solid state and soft materials. The research presented here unveils specific interfacial behavior of aroma 
molecules and justifies their usage as multifunctional volatile surfactants. As non-conventional volatile amphiphiles we 
study commercially available poorly water-soluble compounds from the classes of synthetic and essential flavor oils. Their 
distinctive feature is high dynamic interfacial activity, so that they decrease the surface tension of aqueous solutions on a 
time scale of milliseconds. Another potentially useful property of such amphiphiles is their volatility, so that they notably 
evaporate from interfaces on a time scale of seconds. This behavior allows for control of wetting and spreading processes. 
A revealed synergetic interfacial behavior of mixtures of conventional and volatile surfactants is attributed to a decrease 
of the adsorption barrier as a result of high statistical availability of new sites at the surface upon evaporation of the vola-
tile component. Our results offer promising advantages in manufacturing technologies which involve newly creating in-
terfaces, such as spraying, coating technologies, ink-jet printing, microfluidics, laundry, stabilization of emulsions in cos-
metic and food industry, as well as in geosciences for controlling aerosols formation. 

Introduction 

Odor compounds are aliphatic or aromatic amphiphilic 
molecules with varied carbon backbones and diverse 
functional groups, including aldehydes, esters, ketones, 
alcohols, alkenes, carboxylic acids, amines. Essential oils 
are generated through different biosynthetic routes and 
extracted from vegetable raw materials. The fragrance and 
cosmetic industries promoted the development of chemi-
cal synthesis of perfume molecules,1 as well as activated 
research on the structure-odor relationship. Odor-
triggering activity is an important part of specific signal-
ing pathways in olfactory system, an evolutionally evolved 
remarkable molecular sensing mechanism.2, 3 Features of 
molecules which can act as odorant-triggers are typically 
considered in terms of molecular weight, geometry, chi-
rality, flexibility (vibrational frequencies and rotation), as 
well as biochemical (enzymatic) influence. Applications of 
aroma molecules are currently related to their biological 
activities (odor, antioxidant, antimicrobial). However, 
rich and complex composition of these poorly water solu-
ble volatile amphiphiles defines their specific physico-
chemical properties beyond the scent function. 

In this paper we disclose functional properties of aroma 
molecules, which are of high interest for material and 
surface science and which are envisaged to notably ex-
pand the application fields of this class of amphiphilic 
compounds. One of the important parameters which de-
fine the formation, properties and functions of aqueous 

solutions, dispersions and mixtures is the sur-
face/interfacial tension γ which is typically assumed to be 
an equilibrium value. This thermodynamic parameter 
defines the energetic costs associated with the existence 
of a phase boundary, e.g. between liquid and air. A stand-
ard approach to facilitate the formation of new surfaces is 
to apply surfactants – amphiphilic molecules, which con-
centrate in a thin sub-interfacial region, and thus de-
crease the surface/interfacial energy (Figure 1a). However, 
the systems in which a fresh surface is created may not be 
in an adsorption equilibrium, and therefore exhibit a 

time-dependent (dynamic) surface tension γ (t).4, 5 

For solutions of amphiphilic molecules the γ (t) depend-
ence may span from microseconds to minutes (or even 
hours)5-7 (Figure 1b). In the simplest case the time effect is 
controlled by the rate of the surfactant diffusion D to the 
surface according to the diffusion equation: 
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where c is bulk concentration of the surfactant and x is a 
distance measured away from the surface. Diffusivity D 
depends on the molecular weight and molecular structure 
of a molecule (Figure 1b), so that in practical research the 
choice of surfactants is often considered in terms of their 
dynamic interfacial activity.  

“Dynamic” interfaces with non-equilibrium adsorption 
state are relevant to a wide range of processes and tech-
nologies in which “fresh” surfaces are created (Figure 1c). 



 

Examples include cleaning,8 spraying and coating opera-
tions, i.e. liquids emerging from orifices or spray nozzles, 
9, 10 or bubbles and droplets formed within liquids, as in 
microfluidic devices.11 In ink jet printing surface life-times 
of as low as fractions of a millisecond are of practical im-
portance.12 

 

Figure 1(a) Schematic illustration of the time-dependent 
concentration growth in the sub-interfacial layer (dashed 
line) at liquid-air interface. (b) Examples of the kinetic 
curves of the surface tension of ~0,3 g/l solutions in MQ wa-
ter of conventional surfactants (empty symbols) (Table S1, 
Supporting Information) and of volatile surfactants (filled 
symbols) (Table 1) measured with bubble pressure tensiome-
ter at 25°C: dashed line - MQ water; red empty squares– so-
dium dodecyl sulfat (SDS); magenta down triangles– 
DX4005N fluorosurfactant; black circles - methylestersul-
fonat (MES); blue triangles – citral; green circles – linalool, 
orange squares – geraniol. (c) Examples of processes and 
technologies which involve formation of new surfaces at a 
timescale of milliseconds and below.  

In this paper we introduce volatile surfactants (from a 
class of aroma molecules) which possess distinctive fea-
tures such as volatility and a higher than conventional 
surfactants dynamic interfacial activity at a time scale of 
milliseconds (Figure 1b, Table 1). We note these unique 
and powerful features of aroma (fragrance) molecules 
remained until now unrevealed, so that intensive funda-
mental research on the effects of perfumes on the interfa-
cial processes in complex colloidal systems has to be re-
visited.13 Here these properties are quantified using dy-
namic and static (equilibrium) surface tension measure-
ments, and are further demonstrated in dynamic wetting 
experiments. We present a methodology allowing evalu-
ating interactions of volatile surfactants with other com-
ponent of complex liquids, and disclose a synergetic inter-
facial behavior of volatile and conventional surfactants, 
that offers breakthrough possibilities in surfaces-
emerging technologies. Preliminary conclusions are made 
with regards to the understanding the “structure-
function” relationship of volatile surfactants. 

Experimental Section 

Aroma compounds - flavor oils linalool, 1-decanol (both 
form Sigma-Aldrich), benzyl alcohol, citronellol and con-
ventional surfactants SDS (Sigma-Aldrich), MES (PT 
Global Eco Chemicals), and DX4005N (Dynax) (Table 1S, 
Supporting information) have been used as received.  

Solutions for the measurements of isotherms have been 
prepared by titration method via stepwise addition of 
weighted amounts of corresponding liquids (or stock so-
lutions) to MQ water under stirring at constant tempera-
ture for 10 minutes at 25°C, if not stated otherwise.  

Solutions of conventional surfactants sodium dodecyl 
sulfat (SDS from Sigma-Aldrich), methylestersulfonat 
(MES from PT. Global Eco Chemicals Indonesia) anionic 
surfactants and DX4005N fluorosurfactant (Dynax Corpo-
ration) (Table S1, Supporting Information) have been pre-
pared by dilution of stock solutions. The curves presented 
in Figure 1b are exemplary measurements in course of 
titration experiments to obtain surface tension isotherm 
of respective surfactants. 

Dynamic surface tension was measured by maximum 
bubble pressure method at 25 ± 0.5°C using a SITA pro 
line t100 apparatus (SITA GmbH, Germany) and capillary 
from polymethyl ether ketone (MEEK). 

Measuring dynamic surface tension with the bubble pres-
sure method enables high precision and flexibility with-
out adjustment of the immersion depth. This is done by 
pumping air through a capillary into the liquid to be ana-
lyzed. The pressure within the bubble changes continu-
ously as the radius growths. The surface tension is calcu-
lated from the deviation between pressure maximum and 
minimum. The calibration is carried out with MQ water. 
Thereby, the radius of the capillary (0.8 mm) is taken into 
account. 

Static surface tension was measured by the pendant drop 
method at 25 ± 1°C using horizontal microscope. The drop 
was continuously imaged via DCM-130 digital video cam-
era. The value of the surface tension was determined from 
the shape analysis of the pendant drops by numerical in-
tegration of the Young-Laplace equation and approxima-
tion of the resulting droplet shape to experimentally ob-
tained image. To determine the equilibrium surface ten-
sion, droplets of the surfactant solution were formed in a 
closed cuvette with an aliquot of a corresponding solution 
at the bottom of the cell to maintain the respective partial 
vapor pressure. To study the effect of the solution evapo-
ration and the volatility of the surfactants on the surface 
tension, the drops have been formed in the open system 
(Figure 4a). 

Spreading kinetics was studied in the experimental setup 
consisting of horizontal microscope equipped with a 
high-speed video camera (XIMEA xiQ), horizontal adjust-
able substrate support, and vertical dosing syringe with 
flat-tip needle mounted above the substrate. In a standard 
procedure a substrate is placed on substrate support, and 
a drop with a diameter of ~ 1 mm is formed at the needle 
tip. The substrate support is gently raised until the drop 
contact with the substrate is initiated, and the drop is 
simultaneously transferred and spreads onto the substrate 



 

surface. Process of drop transfer and spreading is record-
ed with 432 x 310 pix resolution at a frame rate of 1000 fps. 
Geometrical parameters of the spreading drop (contact 

angle θ and drop base diameter d) have been extracted 
from the sequence of the drop images using home-made 
software. For each system at least five drops have been 
reproduced. Freshly cleaned glass slides (cleaning proce-
dure with chromic mixture followed by UV/ozone treat-
ment) or Melinex® PCS peelable polymer slides have been 
used as substrates. 

Jetting experiments have been done using pico-liter dos-
ing system (PDDS module from Dataphysics, Germany). 
30 pl droplets of studied solutions have been ejected onto 
fresh polymer substrate (Milinex® PCS). The drop diame-
ter and the contact angle have been monitored and ana-
lyzed using SCA Software. 

Results and Discussion 

The interfacial behavior of amphiphilic organic substanc-
es was studied in connection to their molecular structure 
and related physico-chemical parameters (Table 1). Figure 
2a displays surface tension of solutions of three alcohols 
measured with maximum bubble pressure tensiometer 
which assesses the pressure development in a gas bubble 
(fresh interface) at a tip of a capillary immersed into a 
liquid (Inset in Figure 2b).14 This method allows a time 
window from milliseconds to hundreds of seconds over 
which dynamic surface tension measurements can be 
made.5 Figure 2a compares surface tension isotherms of 
decanol, linalool and benzyl acetate in dynamic (at 40 
ms) and in quasi-static (at 20 s) regimes. Examples of ki-
netic curves (Figure 2b) are selected for solutions which 

exhibit γ of ~ 57 mN/m at 20 s surface age (marked as blue 
area in Figure 2a). The corresponding concentrations in 
bulk indicate the amount of a solute required to produce 
~ 15 mN/m reduction in the surface  

 

Figure 2. (a) Surface tension measured with the bubble pres-
sure tensiometer at 45 ms (open symbols) and at 20 s (filled 
symbols) as a function of the molar concentration in MQ 
water (log scale) of benzyl alcohol (blue rhombs), linalool 
(green circles) and of decanol (orange triangles). (b) Surface 
tension versus surface age (of a bubble) for the selected solu-
tions of decanol, linalool and benzylalchohol with concentra-
tions of 0,03 g/L (0,00019 mol/L), 0,116 g/L (0,0075 mol/L) 
and 10 g/l (0,092 mol/L), respectively. The surface tension at 
20 s surface age of each solution is ~58±1 mN/m. The solid 
lines are fits according to Ward and Tordai model (Equation 
2, Table S2 and Figure S1, Supporting Information). Sketch 
illustrates the measurement cell in bubble pressure method: 

air bubble growing at a tip of a capillary inside the bulk 
aqueous solution. 

An equation which relates adsorption Γ(t) to the diffusion 
D of solute molecules from the bulk to the interface as 
well as to their back diffusion was first obtained by Ward 
and Tordai.16 It accounts for the diffusion of monomers 
from the bulk to interface, and also for the back diffusion 
into the bulk as the interface becomes more crowded. It is 
widely used to analyze the adsorption process from the 
dynamic surface tension measurements.5: 

Γ
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where c is the bulk surfactant concentration, D the mon-

omer diffusion coefficient, c(τ) the concentration in the 

subsurface, and τ is a dummy variable of integration. The 
solid lines in Figure 2b are fits according to Equation 2, 
which has been solved numerically using the code devel-
oped by Li at al.17. It is assumed that the isotherm of sur-
face tension at equilibrium can be described by semi-
empirical Szyszkowski Equation which is valid in semidi-
lute regime:  

γ0 - γ = Bln(1+ac)    (Eq. 3) 

Parameters KL(a) and Γmax(B) for linalool and benzyl al-
cohol have been obtained from the surface tension iso-
therms measured with bubble pressure tensiometer at 20 
s surface age time. The approximation of the surface ten-

sion to the infinite-time limit γeq (Table S3, Supporting 
Information) has been done using method suggested by 
Christov et al.14 More details are given in the Supporting 
Information. 

Dynamic surface tension of linalool solution with a con-
centration of 6,4·10-4 mol/L can be well fitted by Ward-

Tordai model (Figure 2b). The experimental value of γ at 
20 s surface-age time is slightly higher than that evaluated 
from Equation 3, while the estimated diffusion coeffi-
cients for linalool and for 1-decanol are an order of magni-
tude lower than that evaluated from Einstein relation 
(Table S2, Supporting Information). This result indicates 
an existence of the adsorption barrier for the molecules to 
transform from sub-interfacial layer to the interface. 

The estimated equilibrium surface tension of the 1-
decanol solution is considerably lower than that meas-
ured at 20 s surface age (Table S2). The experimental 
curve for the solution of benzyl alcohol can not be de-
scribed in the frame of Ward-Tordai model, since the 
evaluated diffusion coefficient does not have a physical 
sense (Figure S1). 

Data presented in Figure 2a,b convincingly demonstrate 
qualitative and quantitative difference in the behavior of 
selected alcohols both on a short-term scale and at (qua-
si)equilibrium conditions. Benzyl alcohol has a relatively 
good solubility in water (Table 1), so that its solutions 
exhibit practically a time-invariant surface tension in the 
whole studied concentration and time-scale ranges. The 
low interfacial activity of benzyl alcohol is due to small 
energetic gain in moving solvated molecules from solu-
tion to the interface. Poorly soluble 1-decanol reveals a 



 

high surface activity at a time scale of seconds, i.e. in a 
quasi-equilibrium adsorption state. Its retarded diffusivity 
is clearly seen in the isotherm at 40 ms time (Figure 2a) 
and in respected kinetic curve in Figure 2b.  

The most interesting behavior from the practical point of 
view has been found for linalool, which shows a high dy-
namic activity already at a time scale of tens of millisec-
onds. Linalool exhibits a higher diffusivity in diluted solu-
tions than that of 1-decanol and a higher dynamic and 
equilibrium interfacial activity as compared to benzyl 
alcohol, resulting in 100 times lower amount of linalool to 
produce the same interfacial effect as benzyl alcohol (Ta-
ble S2). We note that measurements of the surface ten-
sion of solutions of poorly soluble aroma molecules are 
complicated by so called mesoscale solubility of organic 
liquids in water.18 During tensiometric measurements, the 
mesoscale solubility in a form of “heterogeneous” oil 
droplets has to be taken into account. The mesoscale 
droplets, which serve as reservoirs and affect the diffu-
sion-limited regime of adsorption, can be removed from 
the solution by filtration. According to our observations, 
the transition from molecular to mesoscale solubility of 
tested aroma molecules is detected at the concentrations 
below the solubility limit reported for these compounds 
in literature, that suggest a revision of the published solu-
bility data. 

Figure 3a compares surface tension isotherms of linalool 
and of conventional surfactant sodium dodecyl sulfate 
(SDS) in MQ water. As clearly seen, linalool exhibits a 
higher interfacial activity, especially in a millisecond 
range. In contrast to micelle-forming SDS solutions (Fig-
ure 2d,A), the cut-off in the concentration dependence of 
the surface tension of linalool solutions is attributed to 
the limit of its molecular solubility. The fact that the low-
est surface tension is similar for both systems is rather 
accidental, since this value varies for the saturated solu-
tions of aroma molecules. A practical conclusion for ink-

jet formulations is that a typically desired value of γ of 55 
mN/m at ~50 ms surface age time can be achieved with a 
three times lower amount of linalool as compared to that 
of a conventional surfactant (Figure 2a). 

Obviously, important properties and functions of micelle-
forming surfactants are not innate for amphiphilic organ-
ic oils. Therefore, an intriguing question was whether the 
mixtures of conventional surfactants and of aroma mole-
cules retain the specific features of individual solutions. 
Displayed in Figure 3b are surface tension isotherms of 
SDS and linalool individual solutions, as well as of their 
mixtures with a constant fraction of linalool of 0,5 versus 
total molar concentration of surfactants in solution.  

 

 
Figure 3 (a, b) Surface tension isotherms at 45 ms (open 
symbols) and at 20 s (filled symbols) versus concentration in 
MQ water of SDS (red squares), of linalool (green circles) and 
in (b) of mixed solutions of SDS and linalool (black triangles) 
with a constant mole fraction of linalool of 0,5. All measure-
ments have been done at 25°C. (c) Surface tension versus 
surface age for the selected solutions of SDS (red squares), 
linalool (green circles) and their mixtures (black triangles) 
with a total surfactant(s) concentration i, ii and iii of 0,0008, 
0,02 and 0,1 mol/L, respectively. Sketches in (d) illustrate 
possible distribution of the volatile (linalool) and conven-
tional (SDS) surfactants within the phases (water and air) 
and at their interface as a result of adsorption-desorption-
evaporation processes. 

Quantitative analysis of these data is beyond the scope of 
this publication. Here we emphasize several important 
observations. In the concentration range below the criti-
cal micelle concentration (CMC) of SDS, the dynamic 
behavior of the mixtures is very similar to that of linalool 
solutions of the same concentration (Figure 3c i,ii). This 
observation can be interpreted as an enhancement of the 
intrinsic diffusivity of SDS molecules by lowering the ad-
sorption barrier in the presence of linalool.  

Around CMC of SDS (8,3 mmol/L) a clear synergetic ef-
fect of the surfactants is seen in that the surface tension 
of the mixture at a time scale of above ~100 ms is signifi-
cantly lower than that of the individual solutions of each 
surfactant with the same concentration (Figure 3c, iii). 
The synergetic adsorption behavior of mixtures of 



 

charged and non-ionic surfactants is typically attributed 
to the formation of a denser adsorption layer as a result of 
the reduced electrostatic repulsion of the charged head-
groups.19 From a dynamic point of view, with increasing 
bulk surfactant concentration typically a drop of the eval-
uated diffusion coefficient in several orders of magnitude 
is observed. It is explained by thermodynamic factors and 
by a statistical factor, related to the availability of an emp-
ty site for a new molecule to enter a crowded interface.5 
The latter factor presumably explains the enhanced effec-
tive diffusivity of SDS in mixed solutions from the bulk 
towards the interface as a result of the property of aroma 
molecules to desorb from the interface into the air phase 
thus reducing the backward diffusion of SDS surfactants 
(Figure 3d). 

The volatile behavior of surfactants has been studied us-
ing pendant drop method, which has been utilized in two 
combinations: in a closed cuvette allowing for a saturated 
atmosphere, and in air (Figure 4a). In the latter case the 
solvent (water) evaporates during the measurements, and 
at the same time the unsaturated atmosphere affects the 
adsorption-desorption equilibrium of the volatile surfac-
tant.  

 
Figure 4 (a) Schematic representation of the experimental 
set-ups to measure surface tension: I – geometry of the max-
imum bubble pressure method, II and III – pendant drop 
method in a closed and open cuvette, respectively. (b) Sur-
face tension of the SDS solutions with concentrations of 
2.2·10

-3
 mol/L (red squares) and 5·10

-3 
mol/L (magenta 

squares) versus surface age measured by method I (filled 
symbols), by method III (open symbols) and by method II 
(solid lines). (c) Surface tension of linalool solutions with 
concentrations of 2,4 mmol/L (dark green circles) and 10 

mmol/L (green circles) versus surface age. Measurement 
methods as in (b). 

Shown in Figure 4a,b are kinetic curves of the surface 
tension, collected over a large time scale by a combina-
tion of dynamic (I) and static (II) measurements. For both 
concentrations of SDS (above CMC) presented in Figure 
4b the equilibrium adsorption (constant surface tension 
value) is achieved on a time scale of tens of seconds. In 
the open system (III) on a longer time scale the surface 
tension continues to decrease as a result of the reduction 
of the drop volume (water evaporation) leading to an in-
creased concentration of the surfactant in the pendant 
drop. 

Different behavior is observed for linalool solutions (Fig-
ure 4c). While in the closed cuvette (system II) the equi-
librium surface tensions measured by the pendant drop 
and by the bubble pressure methods are in a good agree-
ment, in the open system the evaporation of the surfac-
tant into the gas phase overcomes the effect of water 
evaporation, so that the surface tension of 2.4 mmol/L 
linalool solution increases with time and almost reaches 
that of water within 100 seconds. The constant surface 
tension of 10 mmol/L linalool solution is due to the com-
pensation of the surfactant evaporation by the reduction 
of the drop volume as a result of water evaporation. 

To clarify the effect of the volatile surfactants on the equi-
librium wetting behavior and on the spreading kinetics of 
aqueous solutions we employed two kinds of measure-
ments. In a first set a ~40 µl-small pendant drop with a 
life time of minutes, i.e. with a preformed adsorbed layer, 
was brought into contact with a solid substrate (Figure 
5a), and a dynamic wetting behavior (drop diameter and 
contact angle) has been monitored. Time dependencies of 
contact angle and of drop base diameter of drops of water 
and of 7 mmol/L solution of linalool on a freshly cleaned 
glass surface are presented in Figure 5b in half-logarithm 
coordinates. 

For both systems spreading process can be divided into 
two stages: fast spreading at 0-10 ms down to contact an-

gle of ~ 20-25°, and slow spreading up to 5° in 1 s. Figure 5 
c shows time dependence of the squared drop base diam-
eter for the fast spreading stage (at t < 10 ms) which can 
be presented as d2 = kt, where k is the spreading rate con-
stant. Values of k determined from the experimental data 
for water and linalool solution are 470±20mm2/s and 
340±10 mm2/s, respectively (Figure 4c). The lower values 
of k for linalool solution indicate that already on a time 
scale of <10 ms linalool reduces the surface tension of wa-
ter. Thus, with these experiments we assess the surface 
age times, which are even shorter than that currently ac-
cessible with bubble pressure tensiometry. 

On the other side, the constant of the kinetic spreading 
regime is shown to be dependent on the surface tension:20 

� = ���
     (Eq. 4) 

where γ is the surface tension, R – radius of curvature, ρ - 
liquid density. The rate constants k evaluated from Equa-
tion 4 result in 270 mm2/s and 220 mm2/s for water and 



 

linalool solution, correspondingly. The reduction of the 
spreading constant is presumably due to the fast decrease 
of the surface tension of water in the presence of linalool. 
The fact that the calculated from the experimental data 
and evaluated according to Equation 4 values of the 
spreading rate constant are of the same order of magni-
tude can be considered as a confirmation of the applica-
bility of the spreading model for the studied systems.  

 
Figure 5 (a) Schematic of the experiments on wetting dynam-
ics. (b) Drop base diameter (left hand axis - LHA) and con-
tact angle (right hand axis - RHA) versus time for the spread-
ing drops of water (black symbols) and drops of 0,375 g/L 
solution of linalool in water (red symbols) on glass surface. 
(c,d) Analysis of the spreading kinetics of drops of water 
(black symbols) and of 0,375 g/L solution on freshly cleaned 
glass surface in kinetic and in viscous regimes, correspond-
ingly. 

In a time range of 0,01 -1 s a much slower spreading was 
observed with time exponents of 0,075 and 0,110 for water 
and for linalool solution, correspondingly (Figure 5d). 
These values are close to 0,1, which is an indication of 
viscous spreading regime for the case of perfect spread-
ing, as shown by Tanner21 and de Gennes.22 

!
��"� = #�   (Eq. 5) 

where	# = %&'(
)* , V – drop volume, σ - surface tension, η - 

liquid viscosity and K – empirical coefficient close to 10. 
Interestingly, in the viscous regime linalool accelerates 
spreading of water on glass, i.e. the effect is inversed as 
compared to the kinetic regime of spreading when the 
reduction of the spreading driving force resulted from the 
decreased surface tension of the linalool solution. This 
apparent contradiction can be attributed to the volatile 
behavior of linalool on a longer timescale: evaporation 
from the drop surface should cause depletion of linalool 
in the drop close to the triple-phase contact line. Conse-
quently, a negative gradient of the surface tension ap-
pears from the wetting front to the middle of the droplet 

interface (Marangoni Effect), forcing the drop to spread 
faster. Thus, depending on the time scale of the process 
(as well as on the concentration of the added volatile sur-
factant) the volatile amphiphiles can either accelerate or 
retard the spreading behavior of aqueous formulations. 
These results may be relevant to the role of surfactants in 
governing interfacial particle motion.23 

Model jetting experiments (Figure 6) demonstrate the 
appropriateness of volatile surfactants in controlling the 
contact line receding phenomena of liquid droplets under 
evaporation. Printed on polymer substrates pl-small drop-
lets, containing conventional (DX4005N) and volatile 
surfactants, have been analyzed with regards to their di-
ameter (Figure S3b, Supporting Information), evaporation 
time (Figure 6b) and receding contact angle (Figure 6c).  

 
Figure (a) Schematic of the experiments on wetting dynam-
ics and evaporation. (b) Estimated drop evaporation time 
(LHA) and contact angle at drop deposition (RHA) for the 
drops of water and of solutions containing 0,3% of DX4005N 
(DX), 0,4% of linalool (LO), as well as of the mixture of 0,3% 
DX4005N and 0,5% linalool, as indicated. (c) Dynamics of 
receding contact angle of drops of solutions as in (b). 

As clearly seen in Figure 6b, the smaller the primary con-
tact angle the shorter is the droplet evaporation time. 
Droplets of fluoro-surfactant DX 4005N wet the polymer 
surface well and evaporate in a pinned state keeping liq-
uid/solid area constant during the whole evaporation 
time. Thus the reduction of droplet volume leads to a 
continuously declining contact angle (Figure 6c). Drop-
lets of linalool solution transit within 0,5 s from “constant 
area” to “constant contact angle” mode. The mixture of 
both surfactants exhibits wetting behaviour which is a 



 

combination of both modes. Therefore, these experiments 
demonstrate that by mixing surfactants with different 
surface/interfacial activities, it is possible to tune the dy-
namic surface tension (Figure S4, Supporting Infor-
mation) and surface modification properties of the formu-
lations, in particular, to trigger the onset of the pinning-
depinning transition of the contact line dynamics and 
thus the quality and resolution of printed structures.24, 25 
Furthermore, an improved functionality of the printed 
structures, e.g. conducting lines, is expected as a result of 
the reduced final concentration of the volatile am-
phiphile. 

Conclusions  
In summary, aroma molecules are shown to possess func-
tional properties beyond the odor trigger, such as high 
dynamic activity and volatility. These findings are envis-
aged to launch multiple applications of these volatile am-
phiphiles, as well as to advance material science, as well 
as broad range of technologies ranging from surface-
emerging processes to medical diagnostics26, 27 and to geo-
sciences, e.g. to control the cloud droplet formation.28 
Further work on quantification of the interfacial proper-
ties and classification of volatile surfactants from a reach 
class of aroma (fragrance) molecules is in progress. 
 
Supporting Information. Details to materials section; re-
sults of the quantitative evaluation of the dynamic curves 
shown in Figure 2a; additional data set to the printing exper-
iments in Figure 6.  
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Table 1. Molecular and physico-chemical characteristics of aroma molecules presented in Figure 1 and 2a 

Compound Molecular 
formula 

Structural formula Mol. 
weight, 
g/mol 

Solubility 
in water, 
g/l 

Boiling 
point, °C  

LogPow
[a]

 

Geraniol C10H18O 

 
154,25 0,7  230 3.28 

Citral C10H16O 

 
152.24 0.5 229 2.33 

Linalool C10H18O 

 

154,25 1.5  200 2.44 

Benzylal-
chohol 

C7H8O 

 

108,14 39 206  1.10 

1-Decanol C10H22O  158,28 0.04 230 4.57 

[a]logPow - partition coefficient of an amphiphile in a mixture on n-octanol and water 

 

Table of Contents artwork 

Dynamic surface tension is an important parameter which defines processes and technologies dealing with newly 
creating interfaces, such as spraying, coating, ink-jet printing, microfluidics, cleaning. Aroma molecules are 
shown to possess functional properties beyond the odor trigger, such as high dynamic activity at ms time scale 
and volatility at a scale of seconds, Such dynamic volatile surfactants are envisaged to be of high value in materi-
al science and manufacturing. 
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Supporting Information 

Materials and Methods: 
 
Solutions of conventional surfactants sodium dodecyl sulfat (SDS from Sigma-Aldrich), methylestersul-
fonat (MES from PT. Global Eco Chemicals Indonesia) anionic surfactants and DX4005N fluorosurfac-
tant (Dynax Corporation) (Table S1) have been prepared by dilution of stock solutions. The curves pre-
sented in Figure 1b are exemplary measurements in course of titration experiments to obtain surface 
tension isotherm of respective surfactants. 

Table S1. Conventional surfactants presented in Figure 1b 

Compound Molecular formu-
la 

Mw 
g/mol 

Application areas 

SDS NaC12H25SO4 288,4 In laundry and cosmetic formulations 

MES C16H33(SO3Na)CO
OCH3 

400 In laundry formulations. Kraft point ~ 27°C 

DX4005N 
Aqueous disper-

siona) - 
Provides rapid spreading, wetting and leveling 
performance to various water-based coating 
systems on low surface energy substrates 

a)Solution appears turbid, indicating that fluoro-surfactant is dissolved in a form of mesoscopic aggre-
gates (confirmed by DLS measurements). 

 
Evaluation of surface tension according to Ward-Tordai model: 
Equation 2 has been solved numerically using the code developed by Li at al.[1]. It is assumed that the 
isotherm of surface tension at equilibrium can be described by semi-empirical Szyszkowski Equation 3 
which is valid in semi-dilute regime. 
Parameters KL(a) and Γmax(B) for linalool and benzyl alcohol have been obtained from the surface ten-
sion isotherms measured with bubble pressure tensiometer at 20 s surface age time. The approximation 
of the surface tension to the infinite-time limit γeq (Table S2) has been done using Equation S1: 

+
�� ≈ �-.�/0�12/3 �⁄

5-.�12/3 �⁄          Eq. (S1) 

For 1-decanolsolutions parameters B and a of the Szyszkowski Equation have been evaluated from the 
data published in Ref. [2], were the static surface tension has been measured using ring tensiometer.  
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Table S2. Results of the evaluation the kinetic curves in Figure 2b. 

 С, mol/l γ, (mN/m) 

at 
pC20

a) KL, 
m3/mol 

Γmax, 
mol/m2 

D,b) 

m2/s 
D,c)m2/s γeq,d) 

mN/m 

45 
ms 

20 
s 

1-decanol 1.9×10-4 70 58.7 3.7 39.54 6.4×10-6 2.5·10-11 5.1*10-10 39.5 

Linalool 7.5×10-4 65 59.4 3.1 7.24 3.6×10-6 6.3 10-11 5.2*10-10 57.4 

Benzyl 
alcohol 

9.2×10-2 59 57.4 1.0 0.02 6.7×10-6 - 6.2*10-10 55.5 

 

a)pC20 = - logC20–parameter used to assess the efficiency of the adsorption of surfactant molecules at the 
interface. It refers to the surfactant concentration at which the initial surface tension of the solution is 
reduced by 20 mN/m. The larger the value of pC20, the higher is the adsorption efficiency of the surfac-
tant. 
b)

 Calculated according to Equation S1 (Ward-Tordai) 
c) 

Evaluated according Einstein relation D = x
2
/2t, where x is a diffusion length of a monomer for the 

time interval t. 
d) 

Equilibrium surface tension according to Szyszkowski Equation (S2). 
 

 
Figure S1. Surface tension versus surface age of 0,03 g/l (0,00019 mol/l) solution of 1-decanol meas-

ured with bubble pressure tensiometer. Solid line is a fit according to Ward-Tordai model (Equation 2). 
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Figure S2. Droplet shape dynamics for MQ-water, 0,3% solution of DX4005N (DX), 0,4% solution of 
linalool (LO) and for the mixture of 0,3% DX4005N and 0,5% linalool: (a) dynamics of receding con-
tact angle; (b) evolution of  drop base diameter displayed for 4-5 measured droplets for each system.  

 

 

Figure S3. Kinetic curves of the surface tension of linalool and DX4005N solutions, as well as of their 
mixture. Details are summarized in Table S3. 

 

Table S3. Details on the solutions and measurement curves presented in Figure S3 

Legend in 
Figure S4 

Temperature 
of the meas-
urement, °C 

Concentration Surface tension, mN/m 
DX4005N  
g/100 ml 

Linalool 
g/ L 

45 мs  
(dynamic) 

20 s (qua-
si-static) 

50 s  
(equilibrium) 

LO 25   0,17 69 60   

DX1 28 0,013 - 70,7 21,0 18,0 

DX2 28 0,025 - 69,1 18,9 16,5 

DX2+LO 27 0,025 0,18 57,3 18,4 17,3 
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