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Abstract
Diglyceryl alkyl esters are good foaming agents but the ester linker can be sensitive to pH,

chemicals and temperature unlike the ether function. In this work, the foaming properties of
a diglyceryl ether, namely 1-O-dodecyl diglyceryl ether (C;,Gly,), are compared to those of
n-dodecyl-B-D-maltoside (C;,Glc,) and pentaethyleneglycol monododecyl ether (C;,Es). The
self-aggregation behaviour of C,,Gly, and adsorption at the air-water interface has been first
investigated. For the three surfactants, the dynamic response of the interface, measured in
oscillatory bubble interfacial rheology experiments below CMC, is compared and put in
relation with their foaming properties. In particular, the foamability by air sparging at a
concentration of 10 times the CMC, the foam stability over 1h and the foam density are

quantified.

It is shown that C,,Gly, forms liquid crystals at low concentration (~10 CMC). C,,E5, with a

lower elasticity high frequency limit £, forms unstable foam with quick drainage and
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breakdown, whereas higher g, surfactants C;,Gly, and C,,Glc , form much more stable

foams, resulting from hydrogen bonds between the polar heads of C,,Glc , and C;,Gly,.
Differences in C,,Gly, and C,,Glc, foams lay in initial bubble size (smaller for the C,,Glc,). In
C.,Gly, foam, the main destabilization phenomenon is coalescence over drainage, and the

foam volume only decreases by 30% in 1 hour.

Keywords: 1-O-dodecyl diglyceryl ether, foam, dilational surface rheology, foam stability,

non-ionic surfactants.

1. Introduction
Foams, consisting of gas bubbles dispersed and stabilized in a liquid or solid matrix, are

found in a variety of end-use products including construction materials, toiletries, but also
food and beverages. In an aqueous matrix, foam generation requires stabilizing the
gas/water interface, usually by means of surface-active molecules, so as to achieve good
foamability and foam stability.

It was shown that foamability of a surfactant solution is greatly influenced by the nature and
surface properties of the surfactant. Indeed, correlation between dynamic surface tension
and foamability was reported,[1—4] and the faster the surfactant adsorbs at the interface, the
higher the foamability is.[5] Also, it directly depends on the critical micelle concentration
(CMC) as lower CMC corresponds to higher foamability.[6]

On the other hand, foam stability is a measure of a foam’s lifetime. Three main phenomena
contribute to destabilize foams, namely liquid drainage, Ostwald ripening, and bubble
coalescence.[1,7,8] Slowing down or limiting those processes allows improving foam stability.
First of all, it was shown that drainage can be limited by increasing the solution viscosity or
the surface elasticity and viscosity.[1] Ostwald ripening is favored by large bubble size
dispersity and solubility of the gas in the solution, and is thus reduced in monodisperse
foams and by reducing the gas permeability through the surface surfactant layer. This is
thought to be linked with surface viscoelastic properties.[9] Tcholakova et al. showed that
high elastic modulus of the adsorbed surfactant layer contributes to reducing the Ostwald
ripening rate in surfactant stabilized foams.[10] Finally, coalescence can be stemmed by
increasing the film resistance to rupture, which is believed to depend on the surface
viscoelasticity.[2,11,12] In other words, surface viscoelastic properties are involved in all three
foam destabilization phenomena, and are thus of first importance in foam studies.

Dispersed liquid crystal (LC) phases have been shown to stabilize both aqueous and
non-aqueous foams.[13-17] Indeed, the presence of dispersed La lamellar liquid crystals

increases the film viscosity, thus leading to a decrease of the liquid drainage. Moreover, their



contribution to foam stabilization can be attributed to the covering of bubbles by the particles,
reducing gas diffusion. Finally, they prevent bubble coalescence by avoiding bubble

collision.[16]

In this work, we report the foaming properties of the 1-O-dodecyl diglyceryl ether (C;,Gly,)
surfactant, synthesized in the laboratory so as to study the pure regioisomer. Shi et al.[18]
described a green catalytic reductive etherification of diglycerol with linear aldehydes to
produce a mixture of 1-O-alkyl and 2-O-alkyl diglyceryl ethers (selectivity > 9/1). Sagitani et
al. showed the ability of C;,Gly, to form LC phases in aqueous solution.[19] Similar
surfactants such as diglycerol fatty acid esters are able to form LC at low concentration,[20]
and were reported by Shrestha et al. as good foam stabilizers.[16] C,,Gly, has been reported
as an effective solubilizing agent forming Winsor Il microemulsions at low concentration and
as a promising emulsifying agent [19,21] but to our knowledge, its foaming properties have

never been described.

Among other nonionic surfactants, such as polyethoxylated fatty alcohols (CE;) and
alkylpolyglucosides (C,Glc,), the strength of H-bonds was found to be of importance
regarding foaming properties,[22] attributed to the influence on surface viscoelasticity.
Indeed, Stubenrauch et al.[23] showed the importance of intermolecular H-bonds in foam
stabilization for a various C,,-chain surfactants bearing different types of polar heads.
Surfactants bearing oligo(ethylene oxide),[22,24—-26] phosphine oxide,[27,28] trimethyl
ammonium,[27,28] sarcosinate,[29] amine oxide at pH # 5,[30] or carboxylic acid at pH #
pKa[31] as polar head produce foams that are not very stable. On the contrary, surfactants

bearing a sugar-type polar head are good foam stabilizers.[22,24,25,30]

Those results point out the importance of intermolecular interactions in foam stabilization. We
discuss the properties of aqueous solutions and foams stabilized by C;,-chain nonionic
surfactants, the C;,Gly, in comparison with n-dodecyl-3-D-maltoside (C;,Glc,) and
pentaethylene glycol monododecyl ether (C,,E5), differing by the nature of their polar head as

shown in Figure 1, and their lyotropic behaviour.
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Figure 1. Molecular structures of n-dodecyl-B-D-maltoside (C,,Glc,), 1-O-dodecyl diglyceryl ether
(C42Gly,) and pentaethylene glycol monododecyl ether (C,,Es) studied in this work.

C,,Es was chosen because its hydrophilicity quantified by the HLB value is the closest (11.7,
calculated using Giriffin’s equation)[32] to the C;,Gly, (11.6, calculated by the PIT-slope
method).[33] C,,Glc, was chosen as a reference surfactant because its foaming and surface
rheological properties are well described in the literature.[11,12,22,24,26,34,35] Its
hydrophilicity according to the HLB is 14.4,[36] clearly higher than C,,Gly, and C,,Es. Firstly,
the self-aggregation behaviour in dilute solution and the behaviour of binary water/surfactant
mixtures at higher concentration are investigated. Secondly, dilational surface rheology for
C,,Gly, and C;,E5 are performed and compared with reported data for C,,Glc,.[37] Finally,
foamability and foam stability results are discussed in terms of surface tension data as well
as on dilational surface elasticities and interpreted based on the differences of the nature for

the three types of polar heads and lyotropic behaviour of surfactants.

2. Materials and methods
21. Chemicals
Pentaethylene glycol monododecyl ether (C;,Es, >98.0%) was purchased from TCI

chemicals and n-Dodecyl B-D-maltoside (C,,Glc,, >98.0%) was purchased from Sigma
Aldrich. 1-O-dodecyl diglyceryl ether (C,,Gly,) was synthesized in the lab according to the

following procedure.

Selective synthesis of 1-O-dodecy! diglyceryl ether (C,,Gly,) (Scheme 1). ZnCl, (8.9 g,
0.065 mol, 0.06 eq.) was dissolved under stirring in 1-dodecanol (200.5 g, 1.078 mol, 1 eq.)
and heated to 100 °C. Epichlorohydrin (109.2 g, 1.180 mol, 1.1 eq.) was added dropwise for
4 h. After cooling to 50 °C, NaOH,, 50% (86.2 g, 1.078 mol, 1 eq.) was added dropwise for
1 h. The mixture was kept under stirring at 50 °C for 4 h. After cooling to R.T., the mixture
was washed with 3x120 mL of water to remove salts. The crude was dried over MgSQO,,
filtered and distilled under vacuum pressure (7x102 mbar) between 134 and 138 °C to yield
65.2 g of a mixture of dodecyl glycidyl ether (82% GC-FID) and dodecylchlorhydrin ether
(18% GC-FID). This mixture was added dropwise for 1 h to a solution of sodium solketalate
prepared previously by dissolving Na(s) plates (7.4 g, 0.322 mol, 1.2 eq.) in solketal
(177.0 g,1.339 mol, 5 eq.) at R.T. for 4 h then 60 °C for 20 h under N, flow. The mixture was
stirred at 50 °C for 20 h, cooled to R.T., dissolved in 100 mL diethyl ether and washed with
3x100 mL water. The organic phase was dried over MgSQO,, filtered and solvent was
evaporated. The crude was distilled under vacuum pressure (4x102 mbar) between 160 and
165 °C to yield a colourless liquid (80.2 g, 96% GC-FID, two-steps yield = 82%). The product
(35.9 g, 0.096 mol) was diluted in 120 mL methanol, trifluoroacetic acid (TFA, 1.2 mL,

0.016 mol, 1.8 g) was added and the mixture was stirred at R.T. for 96 h. The reaction was
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monitored by 'H NMR. Once the reaction was complete, solvent and TFA were removed by
rotative evaporation, yielding 1-O-dodecyl diglyceryl ether as a white powder (31.5 g, > 98%
("H NMR), yield = 98%).

"H NMR (300 MHz, DMSO-dg) d 4.55 (s broad, 3H), 3.68 (quint a, J = 5.5 Hz, 1H), 3.56 (quint
a, J=5.6 Hz, 1H), 3.44 — 3.22 (m, 10H), 1.46 (q, J = 6.6 Hz, 2H), 1.24 (s, 18H), 0.84 (t, J =
6.5 Hz, 3H).

C NMR (75 MHz, DMSO-dg) 6 72.88, 72.13, 70.50, 70.42, 68.50, 68.48, 63.01, 31.25,
29.15, 29.01, 28.98, 28.85, 28.67, 25.59, 22.05, 13.88.

'H and *C NMR spectra are available in the Supporting Information.
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Scheme 1. Synthetic pathway for the preparation of well-defined 1-O-dodecyl diglyceryl ether.

2.2. Surface tension measurement and CMC determination
Critical micellar concentration (CMC) determination by surface tension measurements was

carried out with a Kriss K100 tensiometer (Kriss GmbH, Germany) using a Du Nouy ring.
Surface tension before CMC was fitted by Langmuir-Szyszkowski equation of state given in
equation (1). This model been widely applied to adsorbed surfactants, and was shown to
describe well the dependence of the surface tension y with the surfactant concentration for
low molecular surfactants.[11,38] This model considers no interactions between adsorbed

molecules.
y=y0—RTlenln(1 +%) (1)

In this equation, y (mN.m™) is the measured surface tension, Y, is pure water surface tension,
i.e. 720 mN.m”, R (mol”. K) is the gas constant, T (K) is the temperature, i.e. 298 K, T

(mol.m?) is the maximum surfactant surface concentration, ¢ (mol.L™") is the bulk surfactant



r
concentration and a (mol.L") is the bulk concentration for which T =—". The area per

molecule A (m?) can then be calculated as follows.

AT WT )
where N, (mol™) is the Avogadro number.

2.3. Microscopy and Dynamic Light Scattering
Aqueous systems were observed at the optical microscope (Keyens VHX-900 F) equipped

with cross polarizers. Particle-size measurements were performed using a Zetasizer Nano
ZS (Malvern). Light-scattering cells of 10 mm were used. All measurements were performed
at 173°. The time-correlation function of the scattered intensity allows calculating a
hydrodynamic radius of the droplet using the Stokes—Einstein equation. The data are
analyzed by cumulative analysis to obtain an average diffusion coefficient and subsequently
by CONTIN analysis in order to obtain information about the entire distribution of the particle
size. Solutions were prepared by dissolving the surfactant in water and then agitating 30 min
at ultrasonic bath Bandelin (Sonorex Digitec). In order to study the influence of agitation on
the size of aggregates two other protocols were studied for the 5x10“ M C,,Gly, solution.
First, magnetic stirring at 750 rpm for 1h30 and then this sample was agitated again using an
ultrasonic probe Sonotrode S26d2 (2 mm diameter) immersed by 5 mm in the liquid and
operated by the ultrasonic processor UP200St (both from Hielscher) for 1m30s. The
sonotrode pulse was fixed at 100% and the amplitude at 80%. To study the change in
temperature by DLS, the samples prepared at 25°C were heated until 40°C and then the
temperature in DLS was also fixed at this value.
2.4. Dilational interfacial rheology

The surface dilational rheological properties of surfactant solutions were studied at 25 °C
using a TRACKER™ automatic drop tensiometer (Teclis Instruments, France). Solutions at
concentrations from 0.1, 0.5 and 1 CMC were studied for C,,E5; and C,,Gly,. A bubble of 5 L
was formed at the tip of a needle connected to a syringe in the rising drop configuration and
left to rest until the interface was stabilized: the surface tension stabilization isotherm was
monitored by image analysis of the contact angle between the needle and the bubble. In this
work, 1 h equilibration was sufficient. At the end of this period, 10 sinusoidal oscillations of
amplitude 0.8 yL were imposed to the bubble by oscillation of the motor-driven syringe
plunger. The experiment was repeated within the accessible frequency range of oscillation
(102 Hz to 1 Hz), causing sinusoidal changes in the surface area and the drop shape. The
changes in drop shape were monitored by a video camera, and the corresponding changes

in surface tension were calculated using the TRACKER™ 2020 software. Surface tension



variation with bubble area over time was processed to calculate the surface dilational

visco-elasticity E (mN.m™") according to equation (3).

_ _ ay
E= dlnin A (3)

where y (mN.m™) is the bubble surface tension and A (m?) is the bubble area. The surface
dilational visco-elasticity E is a complex function of the perturbation frequency v, whose real
part €, is the dilational elasticity and the imaginary part €; is related to the dilational viscosity 1
(s.mN.m™") as given in equation (4).

E = e + isi =& + 2Tvin (4)
In this expression, 2v = w is the oscillation pulse (rad.s™).

The dilational viscoelasticity has been related to thermodynamic parameters by theorical
equations like the Lucassen-Van den Tempel model.[39,40] This model considers “a
diffusion-controlled adsorption system”, in which there is no barriers to adsorption/desorption
in the interface and the increase of adsorption is equal to the diffusion. The experimental E is

a function of the high frequency limit of dilational surface elasticity £, see equation (5), and

the dephasing angle ¢ (rad) between area deformation and surface tension variations, see

equation (6).

€
El= ———
1Bl J1+28+28 (5)
tantan @ = TE_? (6)

(7)

with £ = /=%
where W, is the molecular exchange parameter and v the frequency. The g, and §

parameters are related to the thermodynamic behaviour and the transport properties of the

dy
dinl’

surfactant by the and the diffusion coefficient “D” of the surfactant at the bulk,
respectively. Using equations (5) and (6), one obtains the expression of g, independent of the
frequency as given in equation (8).The same way, w, can be written independently of the
frequency as stated in equation (9).[37]

— |E|
80 ~ coscos @ —sinsin @ (8)

2
= 4 tg @
®o ™ (1-tge)* ©)



g, and w, were calculated at each frequency for C,,Es and C,,Gly, surfactants solutions,

averaged and compared to the fitted values in the Supplementary Information. The evolution

with the oscillation frequency of e and n was modelled with equations (10) and (11)

respectively.[37]
r 0 1+28+2¢
€
N= oo (1)

2V g 498428
2.5. Foaming capacity and stability

Dynamic foam stability experiments were conducted using a Kriiss Dynamic Foam Analyzer
DFA 100 (Kriss GmbH, Germany). Foam was generated in a glass column of height 250 mm
and diameter 40 mm by air sparging through a porous paper filter (pore size 12-15 uym) in
50 mL of surfactant solution at a flow rate of 0.2 L/min until a total height of 180 mm was
reached. An optical camera, fixed at a height of 10 cm, monitored the foam evolution
(number and volume of bubbles on a certain area) for 60 min. The volume of both foam and
solution was monitored over time, and the liquid fraction in the foam part f,, was calculated as

follows.

V.®

V. -
Fu® ==V (12)

lig
with Vsol(t) and Vfoam(t) the solution and foam volumes (mL) respectively, and V.o the initial

solution volume before foam generation by air sparging. All experiments were done at least
in triplicate.

3. Aggregation behaviour in aqueous solution and surface activity
The binary C,,Gly,/water mixtures were shown to form LC in equilibrium with aqueous

solution up to a concentration of 55 wt.%. Beyond this concentration, lamellar L, phase is
formed.[19] In this work, closer attention was brought to the behaviour of dilute solutions, in
particular so as to approach the solubility limit of C,,Gly,. Between 1x10* and 3x10* M
(0.003-0.010%) there is an increase in aggregate size measured by DLS and shown in
Figure 2a. Observations with a polarized optical microscope confirmed the presence of LC
phases (Figure 2b and 2c) and probably the presence of vesicle structures (Figure 2c).
Those vesicles could be formed from bilayers similar to the lamellar phase and are not
thermodynamically stable. Indeed, changing the agitation protocol to prepare the solutions in
Figure 2a modifies drastically the size of aggregates (see Figure S4A in Supporting
Information). If just magnetic stirring is applied to the 1x10° M sample, the size is near

190nm and after 1m30s of ultrasounds using a sonotrode the size decreases until 19 nm.
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No change was observed in the structures over a temperature range of 25°C to 60°C for the
1.5x102 M solution prepared using ultrasonic bath (see Figure S5 in Supporting Information).
However, the temperature has an important influence in the size distribution when the sample
is prepared with magnetic stirring and in this case an increase of temperature until 40°C

diminishes notably the average size (see Figure S4B in Supporting Information).
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Figure 2. (a) Aggregate size distribution in C,,Gly, solutions measured by DLS at 25.0 °C. Up to 1x
10* M (0.003 wt.%), aggregate size corresponds to presumed micelle structures. From 3x10* M
(0.010 wt.%), bigger objects are formed. (b) Photo from optical microscope with polarized light for a
1.5%102 M solution (0.502 wt.%) shows LC in equilibrium with aqueous solution and probably vesicle
structures (c).

The formation of LC phases is common with nonionic surfactants, especially for the series of
polyethoxylated alcohols CE;[41] Below the cloud point, C;,Es/water system forms an
isotropic solution L; at 25°C until a concentration of about 45 wt.% at which a hexagonal
phase H, is obtained. L, phase is formed at higher concentrations.[42] Regarding
sugar-based surfactants, C,,Glc,/water systems form isotropic solutions up to 45 wt.% and L,
phase at higher concentrations.[43] In both cases, dilute samples are isotropic solutions at
room temperature. The formation of LC phases is related to interactions among polar heads,
water molecules and hydrophobic chains.[44] The fact that LC form at low concentration in
C.,Gly,/water mixtures is indicative of preferential intersurfactant interactions over
surfactant-water interactions, which is not the case for C;,Glc, and C,,E;. Interestingly, a
similar phase behaviour to that of C,,Gly,, i.e. LC formation in equilibrium with aqueous
solution at concentrations as low as 2 wt.% and vesicle formation, was reported in the case
of diglycerol monolaurate, which only structural difference from C,,Gly, is an ester link
instead of an ether one.[20] Other oligoglycerol esters were shown to form L, phase

dispersions at low concentrations.[20,45]

The behaviour of C,,Gly, aqueous solutions at much more dilute concentrations allowed the

determination of its critical micelle concentration (CMC), compared to that measured by



Sagitani et al.[19] Both isotherms are shown on Figure 3 and were fitted with a Langmuir-

Szyszkowski model.
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Figure 3. Surface tension isotherm of C,,Gly, at 25.0 °C compared to that of Sagitani et al.[19] Data
before CMC is fitted with a Langmuir-Szyszkowski model as given in equation (1). Error bars are
indicated in the zoom. Blue for the data of Sagitani et al. [19] and red for our data.

Minimal surface tension ymm=26.8 mN.m™ agrees well with the value of 27.0 mN.m

determined by Sagitani et al.[19] Compared with C,,E; and C,,Glc,, C,,Gly, causes the

greatest decrease in surface tension since ymin=30.5 mN.m" for C,,Es[46] and Y .

= 36.4 mN.m" for C,, Glc,.[47] The CMC for C,,Gly, obtained here (4.7x10° M) and in the
literature (3.5x10° M) are very close as can be seen in Figure 4. In comparison with the two
other surfactants under study, the CMC value of C,,Gly, is comparable to that of C,,E5 (6.4 %
105 M)[46] but inferior by an order of magnitude to that of C,,Glc, (1.5x10* M)[48], which has
greater molecular solubility in water, potentially due to more hydrophilic polar head forming
strong interactions with water molecules. Compared to the homologous ester, the CMC value
is slightly inferior to that of diglyceryl monolaurate (1x10* M), probably due to the reduced
hydrophilicity and thus aqueous solubility of the ether bond vs the ester one. Minimal surface

tensions are comparable (ymin = 27.7 mN.m" for diglyceryl monolaurate).[49]

Parameters of the Langmuir-Szyszkowski model and the resulting area per molecule Am are

presented in Table 1. The area per C,,Gly, molecule is larger in this work, meaning that the
interface is less densely packed compared to the results of Sagitani et al., but differences in

fitting parameters are small and a and I values are of the same order of magnitude. Further

interpretations will be based on values determined in this work.

Table 1. Fitting parameter of Langmuir-Szyszkowski equation for C;,Gly, and associated area per
molecule Am calculated from equation (2). r and A values are compared to those of C,,Glc, and C,,E;

from literature data.
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a (M) I (mol'm?) A (A?

m

C,,Gly, (This work) 5.35%107 4.1x10° 41
C,,Gly,[19] 8.95x107 5.1x10° 33
C,,Gle, [11] 4.59x10° 4.5%10° 37
C,Es[46] 3.3x10° 50

Surprisingly, the most densely packed interface is the one covered with C,,Glc, with the
smallest area per molecule, yet the maltoside polar head is the largest of the three
surfactants under study. This is indicative of important intermolecular interactions. The area
per C,,Gly, molecule is close to that of C;,Glc,. In contrast, C,E5 forms the least dense
surface film, probably due to weaker interactions between the hydrophilic heads Es,
compared to the intermolecular interactions of Gly, and Glc, forming a greater number of
hydrogen bonds. Frumkin and Henry models were also used to fitting the surface tension
data before the CMC and results are very close to those obtained with
Langmuir-Szyszkowski model (see figure S3 and Table S1 in Supporting information). The
value of the Frumkin equation is slightly positive, indicating attractive interactions as

expected.

4. Dilational surface rheology
The surface rheological properties of C,,Gly, and C,,E5 solutions were determined by varying

the oscillation frequency at different concentrations (0.1, 0.5 and 1 CMC). Data were
extracted from literature for C,,Glc, for comparison purposes.[37] Typical examples of
surface tension response to bubble volume sinusoidal oscillations at 0.25 Hz are presented
in Figure 4 in the case of 0.1 CMC and 1 CMC C,,Gly, solutions. The response of both
solutions to the variations in the surface area of the droplet is different in terms of both the
surface tension amplitude and the angle phase between both curves. At 0.25 Hz, the
amplitude in the surface tension is bigger (10 vs. 7 mN/m) for the more diluted solution.
Comparing the surface tension and the bubble area profiles, the angle ¢ is bigger for the
solution at the CMC. The gap between the surface tension and bubble area curves is more

pronounced and the angle must be larger for the solution at the CMC.
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Figure 4. Surface tension (black) and surface area (blue) of oscillating bubbles at a frequency of
0.25 Hz for (a) 0.1 CMC and (b) 1 CMC solutions of C,,Glys,.

Based on those measurements, the dephasing angle ¢, surface elasticity € and viscosity 1

are calculated by Fourier transformation as described in the experimental section. The

evolution of € and n as a function of the oscillating frequency are shown in Figure 5.
Experimental data were fitted with the Lucassen-Van den Tempel model according to
equations (10) and (11), ¢ and w  being fitting parameters.

Dilational surface elasticities € show the same evolution with the increase in frequency for all
surfactants. For the most diluted solutions (0.1 CMC), e _increases until reaching a plateau.
This plateau, corresponding to £ represents the high frequency limit of the dilational surface

elasticity which values are given in Table 2. As the bulk concentration increases, so does the
bubble surface covering and thus its elasticity at high frequencies. At the frequency range
investigated in this work, the elasticity limit cannot be reached and the values in Table 2 for
0.5 CMC and at the CMC are less exacts than those for 0.1 CMC because they are the result

of an extrapolation in which no points are in the vicinity of the plateau zone.

Accurate determination of g would require investigating the surface viscoelasticity at high

frequencies. The elasticity limit is reached for v > % That is why the £, plateau is reached
only for the lowest concentrated solutions in Figure 5, as the range of frequency corresponds
to the order of magnitude of W, For higher concentrations than 0.5 CMC, % > v meaning

that the surfactant surface layer cannot be considered insoluble and purely elastic as the
exchanges processes between the bulk and the surface are non-negligible.[11,50] In the

case of C,,E5 at 1 CMC, the fitted g, and w, values are not consistent with the expected
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evolution. g, value at 1 Hz is barely 19 mN.m™ which is too low compared to that at 0.5 CMC

which is of 45 mN.m™, allowing the extrapolation of g, limit. Instead, at 1 CMC, g, and W,

were calculated at each frequency according to equations (8) and (9) and averaged to yield
the values reported in Table 2. Comparison of values obtained by each method is given in

Table S1 of the Supplementary Information. The reader should be aware that g, and w,

values given in Table 2 must be considered cautiously and are only indicative of an order of
magnitude as important differences were reported for similar surfactants in similar
conditions.[37]

Elasticity limit values g, at 1 CMC are such that C,,Gly, > C,,Glc, > C,,Es. This trend is in

accordance with the density of molecules adsorbed at the interface determined in this work.

However, the order of evolution is inverted for the molecular exchange parameter w, which is

the highest for C,,Glc, and lowest for C,,Gly,. High W, indicates higher molecule mobility.
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Figure 5. Dilational surface elasticity and viscosity of C,,Gly, (left, CMC = 4.7x10°M), C,,E; (center,
CMC =6.4x10° M)[46] and C,,Glc, (right, CMC =1.5x10* M,[48] extracted and reproduced from
Boos et al., 2013)[37] as a function of the oscillation frequency v for concentrations of 0.1 CMC (&),
0.5 CMC (¥) and 1 CMC (¥).

Surface viscosity n decreases inversely proportional to the frequency and Figure 5 shows the
viscosity in logarithmic scale in order to better visualize the changes. In our case, at low

frequencies, the viscosity seems decrease with higher concentrations of surfactant. At high
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frequencies the values are equivalent. The evolution of both € and n with increasing

oscillation frequency reflects the resistance of surfactant molecules towards desorption,
attributed to interaction strength between molecules inside the interfacial film.

Table 2. High frequency limit of dilational surface elasticity g, (mN.m™) for C,,Gly,, Cy,Es and C,,Glc,
(from Boos et al., 2013) [37] and molecular exchange parameter w, (rad.s™) values for C,,Gly, and
C,Esat 0.1 CMC, 0.5 CMC and 1 CMC.

0.1 CMC 0.5CMC 1 CMC

g, (mN.m™) w, (rad.s™) g, (mN.m™) w, (rad.s™) g, (mN.m™) w, (rad.s™)

C,,Gly, 646+1.2 0.024+0.007 855+1.4 0.49+0.05 127.5%6.2 128+ 1.7
Ci,Es 67.3+04 0118+0.005 67.3+1.5 21+£0.2 846+58 4481038
C,.Glc,[37] 453+2.7 0.261+0.004®° 70.3+4.2 7.1+0.5° 114.2+6.9 156 + 272

@ Calculated from the experimental data reported by Boos et al., 2013.

5. Foam density and stability
The first step of forming a foam is the trapping of air bubbles into the solutions, also called

foamability. In this work, foaming properties are studied at a concentration of 10 CMC so that
the surface concentration is sufficient to attain fast air/water interface covering. All three
surfactant solutions studied showed the same foamability at the air flow rate under study
(Q =200 mL.min"), i.e. the target total height of 180 mm (=218 mL) was attained after
approximately the same duration of air injection: 46 + 1, 48 +2 and 46 £ 1 s for C,,Gly,,
C1,Glc, and C,,E;, respectively. These values match well with the theoretical time calculated
with the flow rate and a mass balance in gas: 50.3 s, indicating that there is no partial foam
collapse during the generation. The characteristics of the resulting foams and their stability
are analysed based on Advance software provided by Kriiss. Foam characteristics like the
total volume, foam liquid fraction and the mean bubble radius evolution over time are
depicted in Figure 6a-c. Some examples of foam pictures are shown in Figure 7 for the three

surfactants under study.
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Figure 6. (a) Foam volume, (b) foam liquid fraction f;, and (c) R;, mean bubble radius evolution over
time for C,,Glc,, C;,Gly, and C,,Es; 10 CMC solutions at 25.0°C. Foam is generated and analyzed
using a Dynamic Foam analyzer DFA 100 (Kruss).

In the volume-time profile (Figure 6a), the behaviour of three surfactants is very different. As
previously reported by Boos et al. using analogous foaming equipment,[25] C,,Glc, foam is

very stable and dense with almost no Vfoam decrease, highest stable fraction of liquid fliq and

the smallest bubbles over 1 hour. Even if the operating conditions are different (50 mL.min"’
N, and Vipam = 80 mL vs. 200 mL.min™ Air and V., = 180 mL) results in terms of stability are
identical.

On the other hand, C,,E5 forms the less stable foam with a total collapse after about 15 min
(Figure 6a), a quick foam drainage in about 300 s (Figure 6b) causing bubbles to break until
no more bubbles are detected by the camera as pointed out in the photo at t=3000 s.
Figure 7 also shows very large bubbles at 500 s. This result is also similar to the obtained
profile for C,,E¢[25] in which V., decreases by 50% at only 140 s (460 s in our case). The
behaviour of C,,Gly, in terms of the Volume-time profile is in between the C,,Glc, and the

Ci;Es. However, the overall picture is not so trivial to interpret. Indeed, Vfoam is maintained to

over 70% of its initial value after 1 hour, but Figure 6b and ¢ show that the foam is the less

dense of all three with a low value of fll,q and the largest bubble size, but nevertheless stable

over time. Those results are not intuitive as one would expect a foam with large bubbles and

thin films to break up quickly.
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Figure 7. Original pictures of foam bubbles from DFA 100 data for C,,Gly, (top), C,,Glc, (middle) and
C1,E5 (bottom) solutions at 10 CMC, taken after 100 s (left), 500 s (centre) and 3000 s (right).

The bubbles created are the smallest for C;,Glc, (R3,=114+36 pm) and C,,E5 (173+27 pum)
and the largest ones are obtained with C,,Gly, solution (619£112 um) as shown in Figure 6¢
and illustrated in Figure 7. The variation of the size with time are very similar for C,,Glc, and
C,,Gly, even if their initial sizes are different. For C,,Es, even if the initial size is similar to that
of C,,Glc,, the tendency is not constant. At the beginning the size increases faster than the
other surfactants until reaching a critical collapse. At this point, the size seems to decrease
because the number of analysed bubbles at the chosen height is insufficient and a value of 0

is finally obtained when no more bubbles are detected.

Film drainage governs the short-term foam stability, whereas coalescence governs the
longer-term stability and coarsening, also known as Ostwald ripening, is not relevant.[25] It

was shown that Ostwald ripening is controlled by the low frequency elasticity and
coalescence by the high frequency elasticity so,[51] and that for g, > % Ostwald ripening is

considerably slowed down.[52] Accordingly, gas permeability is reduced for high elastic

modulus adsorbed layers, which is the case for all three surfactants.[10]
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In the case of C,,E;, the decrease in fh_q and the quick increase in R;, coincide with quick

Vfoam decrease depicted in Figure 6a-c, indicating both drainage and coalescence. The

observed coalescence rate is the most important for C,,Es, for which g, at 1 CMC is the

smallest of the three surfactants under study. On the other hand, the C;,Glc, foam is slowly
drained and coalescence is the main destabilization phenomenon. Even if foam structure
evolves, volume is maintained. Finally, the behaviour of C;,Gly, foam is very different from

the two others. It is the driest foam of all three with the smallest initial f”q and quickest

drainage. However, this does not seem to have any impact on foam stability given that the

Vfoam decrease rate is constant over 1 hour and there is no change in Vfoam evolution even

after the fh,q reaches its minimal value. In that case, destabilization can be attributed to
bubble coalescence only. It results that elasticity limit at high frequencies g, can be regarded

as a relevant indicator of foam stability but results should be interpreted cautiously. Indeed,
based on the hypothesis that thermally induced thickness and concentration fluctuations are
responsible for foam film rupture, the high oscillation frequency range (200-800 Hz) should
be of relevance in dilational rheology experiments, which would require other

equipment.[563-55]

Coalescence rates are similar in C,,Gly, and C,,Glc, foams with an increase of about

+400 um in R;, as their g, values at 1 CMC are comparable (127.5 vs. 114.2 mN.m™). The
faster Vfoam decrease in C,,Gly, foam may thus be due to the initial larger bubble size. That
way, one bubble rupture in the C;,Gly, foam has more impact on the global Vfoam than one

bubble rupture in the C,,Glc, foam. The formation of bubbles by air sparging is believed to be
linked with the diffusion of surfactants to the newly created interface.[1] The molecular

exchange parameter, W, is one relevant parameter to rationalize this phenomenon: the
lowest w, value is obtained for C,,Gly,, indicating slow exchanges between bulk and
interface. W, increases for C;,Es, then again for C,,Glc,, in accordance with the trend

observed in bubble initial size. Diffusion phenomena are, however, irrelevant regarding foam

stability as liquid drainage was shown to be faster than molecular diffusion.[56]

Several studies have shown that intermolecular H bonds have a major impact on foam
stability by increasing the viscoelasticity of the surfactant film.[22—-25,30,57,58] Strong
H-bonds are formed between hydroxyl groups as they can act as both H-bond acceptors and
donors, while ether groups only act as H-bond acceptors. The maltoside polar head bears

the greatest number of hydroxyl groups (7) and forms about 5 intermolecular H-bonds and 5
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H-bonds with water.[57] The diglycerol polar head in C,,Gly, bears 3 hydroxyls and 2 ether
groups, reducing potential interactions compared to a maltoside. However, the low solubility
of C,,Gly, points out its poor affinity for water, thus promoting intersurfactant interactions and
potentially being responsible for quick foam drainage as shown in Figure 6b. No data were
reported yet as to the number of H-bonds formed between chains. Finally, C,,E5 only bears 1
hydroxyl and 5 ether groups, in accordance with the fact that the interface presents the
largest area per molecule, the smallest surface elasticity limit and the poorest foam stability.

Similar behaviour has been reported for C,,E;.[37]

One interesting point regarding the behaviour of C;,Gly, stabilized foam is the formation of
dispersed LC as described by Sagitani et al.[19] and developed in section 3 of this work. At a
concentration of 10 CMC (4.7x10* M), the formation of LC contributes to reducing the
effective molecular bulk concentration available for stabilizing the interface. On the other
hand, as developed in the introduction, dispersed LC formed by diglycerol and oligoglycerol
monoesters forming stable foams were shown to contribute to film stability by increasing the
film visco-elasticity and adsorbing to the interface, thus reducing its permeability to
gas.[13-17] The contribution of LC to visco-elasticity cannot be observed in dilational
rheology experiments, given that LC are formed above the CMC and the diffusion-controlled
hypothesis would not be verified. As expected, optical microscopic observations did not allow
us to observe visible structures in the bubbles as those presented in figure 2b or 2¢ (at much
higher concentrations) but the possibility of nanoaggregates stabilizing the interface should
not be rule out. Some specific methods like confocal laser scanning microscopy could be

used at several concentrations to verify this hypothesis.

6. Conclusions
Aggregation behaviour in water/C,,Gly, binary systems revealed the formation of vesicles,

which are metastable structures, in dilute solutions from concentrations as low as ~10 CMC,
and dispersed lamellar LC phase in equilibrium with aqueous solution. The spontaneous
formation of vesicles in the dilute region points out the applicability of C;,Gly, in fields like
drug delivery where vesicles are desired. The contribution of LC to surface elasticity could
not be observed due to necessity of measuring viscoelastic properties in diffusion-controlled
conditions, i.e., at ¢ < CMC. However, the contribution of LC dispersion to foam stabilization
has been already shown in diglycerol monoesters, which present very similar structures to

the surfactant under study.[16]

The CMC values and minimal surface tension were determined for C,,Gly, and compared to
those of the polyethoxylated fatty alcohol (C,,Es) and maltoside (C;,Glc,) homologous. The

C.,Gly, surfactant, previously reported as an effective solubilizing agent [19], or emulsifying
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agent [21] was investigated here as a foam stabilizer and compared with C,,E5; and C;,GlIc,.
CMC were not correlated to either foam density or foam stability. Dilational parameters at
CMC suggest slow bubble stabilization resulting in large bubble size but excellent foam
stability, which was verified by foaming experiments by air sparging at 10 CMC. Comparison

with C,,E5 and C,,Glc, confirmed the trend that high w, enhances small bubble stabilization
and high £, enhances foam stability. The nature of polar heads support the fact that the

presence of intermolecular H-bonds strength accounts for the surface elastic
behaviour.[22-25,30,57,58] Indeed, C,,Gly, and C,,Glc, present the most densely packed
air/water interfaces, the highest elasticity limits and the highest number of hydroxyl groups
per molecule (7 for C,,Glc, and 3 for C,,Gly,, compared to 1 in C,;E;). The main foam
destabilization phenomenon was identified to be bubble coalescence, which rate was similar

in the case of C,,Gly, and C,,Glc, but was initially faster for C,,E5 until total foam break.

Further precision on high frequency elasticity limit £, could be obtained using equipment able

to reach higher oscillation frequency such as the capillary pressure tensiometer (CPT)
reaching frequencies up to 100 Hz.[59] For some applications, using C,,Gly, as foaming
agent would require overcoming its high initial bubble size. This could be investigated by
varying the bubble generation process, e.g. by reducing the air flow (not possible with our
equipment) or nucleating gas bubbles from the solution by gas dissolution.[1] Another idea
could be to use this surfactant in combination with a quickly diffusing surfactant so as to

associate the quick bubble stabilization and the long-term interface stabilization.
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Supporting Information

Sl 1. NMR spectra
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Figure S1. '"H NMR (300 MHz) spectrum of 1-O-dodecyl diglyceryl ether in d;-DMSO. Peak at 2.5 ppm
corresponds to the solvent peak.
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Figure S2. *C NMR (75 MHz) spectrum of 1-O-dodecy! diglyceryl ether in d;-DMSO. Peaks around
40 ppm corresponds to the solvent peak.
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Sl 2. Isotherm Fitting Models
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Figure S3. Surface tension isotherm of C;,Gly, at 25.0 °C. Data before CMC is fitted with either Henry,
Langmuir-Szyszkowski, or Frumkin surface equations of state.

Table S1. Parameters for Frumkin and Henry surface equations of state for surface tension isotherm of
C,,Gly, at 25°C.

Model Equation Parameters

['oo= 1.98x10"° mol.m™

Henry Y=Y, ~ RIT o a = 5.61x10° mol.L"
. . . < ['co= 4.08x10® mol.m™
Langmuir-Szyskowski Y =Y, — RIT_Inin (1 a4 a) a = 5.35%x107 mol L
5 ['co= 4.05%10° mol.m
. _ @ B c a — -7 -1
Frumkin Y =y, — RIT_(In(1 + ) + 5(z7)) 5.3;:10004mol.L
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Sl 3. Influence of agitation protocol and temperature in the size distribution (1x10 M)
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Figure S4. Aggregate size distribution in C,,Gly, 110 M solution measured by DLS A) Influence of

different agitation protocols at 25°C: 1h30 of magnetic stirring at 750 rpm (black); the same protocol

followed by 1m30s of solutions (blue) and the standard protocol of 30 min in ultrasonic bath (gray).
B) Influence of Temperature. Dotted lines correspond to 40°C experiments.
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Sl 4. Influence of temperature on the structures observed by Optical microscopy
(1.5%102 M)

C

Figure S5. Optical microscope observations of C,,Gly, aqueous solution (1.5x102 M) at 60°C.

SI 5. Comparison in the different methods to calculate g, and w,

A comparison was done in Table S2 between g, and W, values determined either by fitting
equations (10) and (11) (method A) or by calculating and averaging g, and w, values for each

frequency according to equations (8) and (9) (method B). It shows that both methods
coincide with each other except for C,,E5s at 1 CMC, for which the fitted values (method A)

are not consistent with the expected g, evolution with concentration.

Table S2. High frequency limit of dilational surface elasticity g, (mN.m™) and molecular exchange
parameter w, (rad.s™) values for C,,Gly, and C,,E; at 0.1 CMC, 0.5 CMC and 1 CMC calculated by
fitting the data (method A) or by averaging the g, and w, values calculated at each frequency
(method B).

0.1 CMC 0.5CMC 1CMC

g, (mN.m™) w, (rad.s™) g, (mN.m™) w, (rad.s™) g, (mN.m™) w, (rad.s™)

A 646+12 0024+0007 855+14 049+005 127.5+62 12.8+17

Col: o 64515 004350005 O7.7+33 080014 1256£225 13058
A 67.3:04 0118+0005 673+15  21+02  407+51 8527

Cofs o 672630  041:006  751+73 31408 84658  448%108
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