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lyl hedgehogs (TMS-hedgehogs), due to the presence of silicon in the tails. By comparing the
surface properties of these hybrid hedgehogs to purely hydrocarbon equivalents, links between

performance and structure are made. Namely, by controlling the molecular volume of the surfac-
tant fragments, improvements can be made in surface coverage, generating lower surface energy
monolayers. Small-angle neutron scattering (SANS) data has been collected showing these novel
surfactants aggregate to form ellipsoidal micelles which grow with increasing concentration. This
study highlights the sensitive relationship between surface tension and the surfactant chain, for
design of new super-efficient surfactants close to the limit of the lowest surface tensions possible.

1 Introduction

Surfactants exhibit diverse behaviour @‘ascinating with use-

aracter. In aqueous
systems they will spontaneously adsorb to the interface, forming
orientated monolayers which lower the surface tension y (surface
energy). Therefore, one of the most commonly measured prop-
erties of surfactants is their ability to reduce surface tension. >
Many industrial processes require low surface energy to operate
optimally and therefore, surfactants find uses in numerous ap-
plications including: agrochemicals, pharmaceuticals, cosmetics,

ful properties owing to their amphiph

detergents, petroleum, paints, coatings, adhesives and printing.
The most effective surfactants (i.e. showing the greatest reduc-
tion in y) are fluorocarbon (FC) surfactants, able to reduce y for
water from ca. 72 mNm~! to 15-25 mNm~! (25 °C). However,
it has been identified that fluorinated compounds are environ-
mentally hazardous pollutants which bioaccumulate, and hence,
there is now a need to develop replacements for FC surfactants. 78
Generally, hydrocarbon (HC) surfactants are only able to reduce
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the surface tension of water to ~ 30 mNm~!.? How@:ighly
branched hydrocarbon or "hedgehog" surfactants are class
of low-surface energy surfactants with surface properties rivaling
fluorosurfactants. 1011

The surface tension (y) generated by surfactants is inti-
mately related to surface intermolecular interactions, which are
strongly influenced by the chemical identity of the surfactant tails,
amongst other characteristics. 1213 Hence, the hydrophobic tails
have a major effect controlling important physiochemical prop-
erties such as the critical micelle concentration (cmc), and lim-
iting values at the cmc of area per molecule A.pc, surface ex-
cess I'cme, surface coverage @ (see equation 3 in §3.2) and
surface tension ymc. Because these properties are characteris-
ti@any given surfactant, they are useful parameters to com-
p erformance and identify structure-property relationships.
By comparing the performance of three es of surfactants
(fluoro/silicone/hydrocarbon) in terms o rface packing in-
dex ®¢pc, a general structure-property relationship of surfactants
was identified: the limiting tension y.mc depends on the ability
of surfactant hydrophobic tails to efficiently pack and form dense
surface layers. 14 For super-efficient hydrocarbon surfactants, the
tails should pack to mimic the density of a pure alkane and result
in ¢y close to 1 (i.e. dense surface packing).

When present in water, the common linear hydrocarbon sur-
factant sodium dodecylsulfate (SDS) achieves a Y%mc = 35
mNm~!,15 much higher than the corresponding liquid alkane,
dodecane y = 25.35 mNm~! at 20 °C. This is because the wa-
ter soluble headgroups present in surfactants sterically hinder the
hydrophobic tails from efficiently packing to form dense surface

coverages, as well as increasing the dispersion contribution 4
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Fig. 1 Molecular structures of the surfactants investigated in this article

to the total tension by introducing dipolar interactions. There-
fore, to promote water solubility, which is essential for surfac-
tant molecules, dipolar interactions are both essential and un-
avoidable. Highly branched HC surfactants, termed "hedgehog"
surfactants due to their spiky brushlike structures, have achieved
Yeme = 24.6 mNm~! (ref 10), much lower than the corresponding
linear chain C18 hydrocarbon surfactant (%ome = 33.2 mNm~1)
and indeed lower than certain dichain FC surfactants, e.g. 26.8
mNm~! for DiHCF his remarkable reduction in surface ten-
sion is thought to be atie to 1) a direct increase in the —CH; to
—CH, — ratio per headgroup based on the following order of in-
creasing surface energy CF5 < CF, < CH; < CH, (ref 13), and
2) chain branching drives A¢yc higher because of the increased
bulkiness of the tails, which causes a decrease in the number
of surfactant molecules per unit area and therefore, fewer tail-
tail interactions between chains. Previously, a series of dichain
hedgehog surfactants were developed with a design strategy to
incorporate as many low surface energy groups (CH,;) as possible
in the hydrophobic tails (ref. 11). From this series, the most ef-
ficient surfactant, di-BC achieves %me = 23.8 mNm~! (at 35
°C) with a &, = 0.95 (1.€. a high surface coverage), highlight-
ing that short branched HC surfactants can effectively lower the
surface tension of water.

Here, a novel series of short branched HC surfactants are intro-
duced, see Figure 1, generating surface tensions as low as Yem¢ =
22.8 mNm™! at 25 °C. This has been achieved by incorporating
silicon directly into the hydrocarbon chain to slightly increase the
surfactant tail volume, making further improvements in packing
efficiency. To discuss the effects of chain silination and to iden-
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tify how this helps to produce a low surface energy, hydrocar-
bon analogues have also been synthesised (AOTA has previously
been referred to as AOT14,17 and the hydrocarbon equivalent of
AOTSIC could not be synthesised in sufficient quantities due to
expensive starting materials). Surface properties are discussed
and compared between the two series, as well as the aggregation
structures formed in solution, studied using Small-Angle Neutron
Scattering (SANS). Hence, these are not conventional, purely hy-
drocarbon hedgehog surfactants but trimethylsilyl hedgehogs, or
TMS-hedgehogs for short, consisting of carbon and silicon.

to be confused with silicone, or siloxane surfactants which

a distinctively different class. A characteristic of silicone surfac-
tants is a highly flexible —O—Si—O—Si— backbone. However, the
Si—O-Si linkage is susceptible to hydrolysis in the presence of
moisture, 18 and the hydrolytic instability of silicone surfactants
is an inherent weakness which reduces their performance. The
TMS-hedgehogs introduced here have been designed to circum-
vent both the hydrolytyic instability of silicone surfactants, and
the environmentally hazardous nature of fluorosurfactants, whilst
generating the lowest surface energies currently achieved by HC
surfactants.

2 Experimental

2.1 Materials

The synthesis of dichain surfactants has been described before. 17
The materials used were 2,2-Dimethyl-1-propanol (Aldrich
99%), (Trimethylsilyl)methanol (Aldrich 98%), 3,3-Dimethyl-1-
butanol (Aldrich 98%) 2-(Trimethylsilyl)ethanol (Aldrich 99%)
and 3-(Trimethylsilyl)-1-propanol (Aldrich 97%), Dimethylani-
line (Aldrich 99%), Fumaryl chloride (Aldrich 95%), Tetrahy-
drofuran (Aldrich 99%+ anhydrous), Hexane (Aldrich 98 %),
Ethyl acetate (Aldrich; 99.8%+ anhydrous), Hydrochloric acid
(Aldrich 98%), Diethyl ether (VWR Chemicals; 95%), Methanol
(Aldrich; 99.8%+ anhydrous), Anhydrous magnesium sulfate
(VWR Chemcials 65/70%), Sodium hydrogen carbonate (Aldrich
98%), Sodium metabisulfite (Aldrich 98%), Sodium sulphite
(Aldrich 98%) and Ethylenediaminetetraacetic acid tetrasodium
salt hydrate (Aldrich 98%)

2.2 Surfactant synthesis

The same synthetic procedure was used for all surfactants shown
in Figure 1, as an example, the synthesis of AOTA is outlined
here. Neopentyl alcohol (8.055 g, 2.2 eq.) and dimethylaniline
(10.069, 2.0 eq.) were dissolved in 150 mL dry tetrahydrofuran.
The reaction vessel was flushed with N, and then fumaryl chlo-
ride (6.355 g, 1.0 eq.) was added dropwise. As the fumaryl chlo-
ride was added the internal temperature rose to approximately
65 °C. Once all the fumaryl chloride was added, the reaction mix-
ture was refluxed and TLC plates developed periodically (4:1 hex-
ane:ethyl acetate eluent) to check for residual fumaryl chloride.
After approximately 4 hours the reaction was complete and THF
was removed by rotary evaporation. The product was dissolved in
diethyl ether and the ethereal solution was washed sequentially
with 10 % hydrochloric acid (100 cm3) and saturated aqueous
sodium hydrogen carbonate solution (100 cm?) until the aqueous

This journal is © The Royal Society of Chemistry [year]
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phase was clear. The washed ethereal solution was dried over
anhydrous magnesium sulfate, filtered, and rotary evaporated to
yield the crude diester as an oil. The crude diester was purified
by column chromatography, with a petroleum spirit (40/60):di-
ethyl ether eluent in a 80:20 ratio (for some diesters, a pet:ether
90:10 eluent gave better separation). Fragments were checked by
TLC, recombined, and rotary evaporated to yield the pure diester
dineopentyl maleate as a white solid (7.250 g 90% yield, Found:
C, 63.15; H, 5.4. Calc. for C;,H,,0,: C, 63.2; H, 5.3%). Yields,
elemental analysis and full 'H NMR analysis for all diesters can
be found in the supporting information.
Bis(2,2-dimethylpropanol) fumarate (7.250 g, 1.0 eq.) was
then dissolved in a 1:1 mixture of ethanol/water (250 mL) and
refluxed. Sodium metabisulfite (9.229 g, 1.1 eq.) and sodium sul-
phite (4.464 g, 0.9 eq.) were added portion-wise during the first
hour of reflux. The reaction was monitored by TLC (eluting with
ethyl acetate). If some residual diester remained after 2 hours,
additional disulfite and sulphite were added. Once complete, the
reaction mixture was decanted off and rotary evaporated.

2.2.1 Surfactant purification.

To remove residual inorganic material left over from the sulfona-
tion step, soxhlet extraction with ethyl acetate was performed for
24 hours. Then, once rotary evaporated, the product from soxh-
let extraction was dissolved in the minimum amount of methanol
and centrifuged at 6000 rpm for 45 minutes. The reaction mix-
ture was decanted leaving any residual salt, rotary evaporated,
and dried in the oven overnight (60 °C, 15 mbar). The product
from centrifugation was recrystallised from either methanol or
ethanol, and then dried under vacuum for at least 24 hours (60
°C, 15 mbar) to yield the pure surfactant AOTA as a white solid
(6.103 g 84% yield). Found: C, 46.86; H, 7.09; S, 8.64. Calc.
for C;4H,5Na0,S: C, 46.66; H, 6.99; S, 8.90%). 'H NMR (400
MHz, DMSO-dg) 6 0.84-0.88 [d, 18H], 6 2.71-2.89 [dd, 2H], §
3.58-3.62 [dd, 1H], 6 3.92-4.05 [m, 4H]. Once dried, the final
products were stored in sealed vials in a desiccating cabinet over
refreshed phosphorus pentoxide. Yields, elemental analysis and
full "H NMR analysis for all diesters can be found in the support-
ing information. All purified surfactants were investigated with
a range of analytical methods, 'H, 13C and EA (elemental anal-
ysis), which confirmed the desired products at 98% purity. All
experimental data can be found within { (Electronic supplemen-
tary information - ESI).

2.3 Surface tension

Surface measurements were made using a K100 tensiometer at
the Kriiss Surface Science centre at the University of Bristol, using
the Wilhelmy plate method. Glassware was repeatedly cleaned
with a dilute Decon solution - methanol - ultra pure water cy-
cle (Millipore, 18.2 MQcm) until a a surface tension of 72.0 +
0.2 mNm~! at 25 °C was obtained. Prior to the surface ten-
sion isotherm being determined, the appropriate amount of EDTA
(ethylenediaminetetraacetic acid tetrasodium salt hydrate) must
be determined individually for each surfactant, on a batch-by-
batch basis. The appropriate molar ratio of surfactant:EDTA must
be determined to sequester any polyvalent cations which may be

This journal is © The Royal Society of Chemistry [year]

present at the surface, but without exerting any electrolyte effect.
The procedure is described in more detail here (ref. 16). Sur-
face tension measurements were then carried out at the follow-
ing surfactant:EDTA ratio - AOTA (275:1), AOTSiA (300:1), AOTB
(425:1), AOTSIB (500:1) and AOTSiC (250:1). Repeat measure-
ments were made at each concentration until the surface tension
was constant. All measurements were made at 25 °C £ 0.2 °C
using a Grant LTD6G circulating water bath.

2.4 Small-Angle Neutron Scattering (SANS)

SANS measurements were performed on D33 at the Institute
Laue-Langevin (ILL, Grenoble, France) and SANS 2D at the ISIS
facility (Rutherford Appleton Laboratory, Didcot, UK). The D33
instrument used neutrons with a wavelength of AL = 6 A and
two sample-detector positions (2 and 7.5 m) providing an acces-
sible Q range of 0.005-0.2 A-!l. On SANS 2D, a simultaneous Q-
range of 0.004-0.6 A~! was achieved with a neutron wavelength
range of 1.75 < A < 15.5 A and a source-sample-detector dis-
tance L1=L2=4m. All samples were made in D,0O, using 2 mm
path length rectangular quartz cells at a temperature of 60 °C.
Raw SANS data were reduced by subtracting the scattering of the
empty cell and D,O background and normalised to an appropri-
ate standard using the instrument-specific software. SANS data
were fit using SasView. For all concentrations of AOTB, SiA and
SiB, and intermediate concentrations of AOTA / SiC, the ellipti-
cal form factor model was applied. Data at high concentrations of
AQTSiC were fit to a lamella paracrystal form factor which models
repeating stacks of lamellar sheets. Finally, low concentrations of
AOTSiC and AOTA were fit to a spherical form factor. Full details
of models used can be found in { (ESI) as well as the following
references: Lamellar paracrystal model - Bergstrom?2° and Kot-
larchyk, 2! Ellipsoid model - Feigin, 22 Sphere model - Guiner. 23

3 Results and discussion

3.1 Equilibrium surface tension

Determining surface properties from tensiometric experiments re-
lies on the observation that increasing surfactant concentration
causes a decrease in the surface tension until a break point is
reached at the cme. It is assumed the interface and bulk phases
are in equilibrium, the surface coverage can be determined in-
directly using the Gibbs adsorption equation, which relates the
surface excess I' (molm~2) to changes in the surface tension y
(Nm~1):
1 dy

D= RT am o) )

where a = solute activity and m = the theoretical prefac-
tor. For ionic surfactants, the importance of using activity in
the Gibbs equation over concentration has already been estab-
lished.?* Therefore, the Debye-Hiickel limiting law was used to
calculate solute activity. The theoretical prefactor, m, is depen-
dent on the surfactant type and structure.2® For a 1:1 ionic sur-
factant in the absence of any extra electrolyte, this prefactor is
2. The average area occupied per surfactant molecule at the cmc,
Acme, can then be found:

Journal Name, [year], [vol., 1-9 |3
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Fig. 2 Equilibrium surface tension data from right to left for AOTA, AOTSiA, AOTB, AOTSIB and AOTSIC at 25 °C in water at EDTA:surfactant ratios as
noted in the Experimental section. Polynomial lines fit to pre-cmc data are shown. Surfactant molecular structures are also included, the colour of the
tail corresponds to the appropriate curve. Curves slightly off-set to improve clarity between surfactants with similar cmcs.

1
Ame = =——— 2
eme = e NA (2)

where Iy is the surface excess at the cmc and Np is Avo-
gadro’s constant. As discussed previously in section 2.3, to ensure
a chemically pure surface free from polyvalent M"" species that
are inevitably introduced during synthesis, the appropriate sur-
factant:EDTA ratios must be determined separately for each sur-
factant on a batch-by-batch basis. Equilibrium y vs In a plots for
the TMS-hedgehogs are shown in Figure 2. All curves show clean
breaks at the cmc with no minima or shoulders which would indi-
cate surface-active impurities. CMCs were determined by taking
the double differential of the surface tension data with respect
to activity, and then applying a Gaussian distribution function,
where the minima was taken to be the value of cmc, example
shown in {(ESI). The pre-cmc data were fit to quartic functions to
estimate the limiting surface excess concentration at the cmc, and
thus, the area per molecule at the cmc. These results are given in
Table 1.

For linear surfactants, the cmc decreases logarithmically with
increasing linear alkyl chain length, consistent with the Klevens
equation. 26 For branched surfactants, the link between cmc and
alkyl carbon number is typically not so simple. Comparison of the
cmc data presented in Table 1 shows a logarithmic decrease with
increasing chain length (e.g. AOTA/AOTB), due to an increase
in hydrophobicity. For AOTSiA, SiB and Si h tail possesses
effectively 5, 6 and 7 carbons, with cmcs rtional to their
linear analogues (ref 9). As expected, incorporating silicon into
the chains (AOTA/AOTSiA) causes further decreases in cmec.

The performance of linear vs branched surfactants can be com-
pared through their effectiveness, i.e. Y%mc - ¥ at the common
reference concentration cmc. For linear surfactants, the general

4| Journal Name, [year], [vol.],1-9

Table 1 Surface properties determined from y vs In a plots for each
surfactant at 25 °C. Data for AOT?, SDS27, and SS128. @

Surfactant cme (mM) Yeme (mNm~1) Acme (A2)
+ 0.2 + 0.1 +2
AOTA 89.6 30.2 79
AOTSIA 68.1 27.0 82
AOTB 25.9 26.7 75
AOTSiB 15.9 24.3 78
AOQOTSIiC 3.0 22.8 74
AOT 2.56 30.8 75
SDS 8.15 31.2 47
SS1 - 21.5 70

trend is a slight decrease in Yy with increasing carbon num-
ber, reflecting an increase in the chain density present in the
surface films.2° For branched surfactants, both the specific po-
sitions and extent of chain branching play important roles, due
to the imposed geometrical constraints which affect how sur-
factant molecules pack (ref 9). Branching near the chain tips
produces increases in effectiveness, highlighted by the fact that
all current super-efficient hydrocarbon surfactants possess fully
branched chain tips, i.e. the maximum number of three —CH,4
groups in the chain tips (refs. 10, 11). This improvement in ef-
fectiveness is thought to be due to a direct increase in the —CH,4
to —CH,— ratio per headgroup based on the following order of
increasing surface energy CF; < CF, < CH; < CH, (ref 13). The
t-butyl group has the highest CH; content of any alkyl moiety,
and is therefore suitably equipped to produce dense surface lay-
ers populated by low surface energy CH; groups.

All of the surfactants reported here possess either a t-butyl or

This journal is © The Royal Society of Chemistry [year]
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Surf. ®eme
AOTA 0.87
AQTSIA 0.96
AOTB 0.82
AQTSIB 0.93

AQTSIC 0.92

AOT 0.63
SDS 0.44
581 0.89

Fig. 3 Visual representation of surfactants at the air-water interface, showing the different fragments and interfacial volumes used in the calculation of

coverages for the hybrid series at 25 °C are also shown, as well as AOT?, SDS27 and SS128

®.c. The measured surfactant volume is Vineas and the calculated volume based on the sumn of fragments is V. Calculated surface

trimethylsilyl group at the chain tip. From the Yy, values shown
in Table 1, AOTSIC is the strongest performer achieving Yemc =
22.8 mNm~!, the lowest currently reported for a hydrocarbon
surfactant (ref. 14). There is a clear decrease in Y, as chain
length increases, which is counterintuitive as the —CH;:—CH,—
decreases suggesting sufficiently long tails are required to achieve
low Yeme. Longer tails could screen underlying polar interactions
more effectively, or possess a greater conformational freedom,
which could allow a greater packing efficiency. However, long
chains in the surfactant tails are not a prerequisite of low surface
energy. The short chain hedgehog surfactant di-BC4SS shares a
very similar tail structure to AOTA (possessing simply one extra
CH, group) but achieves Jeme = 23.8 mNm~! (at 35 °C - ref. 11).
On comparison with AOTA, reaching Jme = 30.2 mNm~!, the
difference of 6 mNm~! for such a simple difference in molecular
structure is remarkable. Possibly because the tail structure of di-
BC¢SS is close to a maximum —CH;:—CH, — ratio; future work
aims to elucidate this. When compared to the surface proper-
ties of a common linear or branched HC surfactant, such as SDS
or AOT respectively, or a common reference silicone surfactant
SS1 (data shown in Table 1), the TMS-hedgehog series produce
a more effective reduction of y. Generating surface tensions far
below the commonly achieved value of ~ 30 mNm~! for HC sur-
factants.

It is thought that one reason FC surfactants display the most

efficient reduction of surface tension is due to the larger atomic
o3

volume of fluorine over hydrogen (-CH,- = 27 A" / -CF,- = 38

A3).30 Compared to a HC analogue, a fluorocarbon chain will
have a larger cross sectional area, a lower packing density per unit
area and therefore, less intermolecular interactions per unit area.
As highlighted, the t-butyl and trimethylsilyl groups are effective
alkyl moieties to help generate dense surface layers populated by
low surface energy CH; groups. Silicon has a larger atomic radius
than carbon and hence, replacing carbon in the t-butyl group with
silicon should generate a more efficient reduction of Y. From
Table 1, there is a clear decrease in ¥, when silicon is incor-

This journal is © The Royal Society of Chemistry [year]

porated into the surfactant tail. This suggests a lower packing
density per unit area when silicon is present in the chain tip. Fur-
thermore, the area per molecule decreases with increasing chain
length, suggesting more tightly packed molecules, given the in-
crease in molecular volume. Similar trends have been found for
other surfactant systems due to a decrease in chain rigidity, and a
change in the hydration structure of the headgroups. 3!

3.2 Surface coverage

One of the clearest ways of characterising an adsorbed layer is in
terms of the limiting Acmc, determined from the surface excess at
the cmc ey, as this gives an indication about how the molecular
structure affects packing at the interface. From Table 1, compar-
ing Acme for a TMS and purely HC hedgehog shows a change on
the order of the experimental uncertainty, e.g. AOTA Acme = 79
and AOTSIA Ay = 82 A2, From the area per molecule, the sur-
face coverage at the cmc @, can be determined, defined as:

Veal

Vmeas

3

‘I)cmc =

where V., is the total physical volume of surfactant molecu-
lar fragments, 32734 and Vipeas is the total volume occupied by a
molecule at the air-water interface, calculated from:

Vimeas = AcmeXT €]

Acmc has been defined and 7 is an interfacial thickness which
can be estimated using the Tanford equation (ref. 34) or deter-
mined by neutron reflectivity (e.g. ref. 32). An illustration of
these volumes and dimensions is presented in Figure 3, as well as
corresponding ®.n. data for the hedgehog series.

Values obtained for @ are then an intrinsic property and in-
dependent of both surfactant geometry and chemistry of the sur-
factants. Assuming the layer is uniform, a high &, (— 1) indi-
cates an efficiently packed monolayer with little free space. Pre-
vious work which highlighted the first general structure-property
relationship of surface tension suggests that a low surface tension

Journal Name, [year], [vol], 1-9 |5
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Fig. 4 SANS profiles for AOTA, AOTSIA, AOTB, AOTSIB and AOTSIC in D,O over a range of concentrations which are consistent multiples of the
cmc. Measurements were made at 60 °C to ensure a mono-phasic system for all concentrations. Data for AOTSIA, B and SiB are from SANS 2D,

ISIS. Data for AOTA and AOTSIC are from D33, ILL.

is achieved by efficient monolayer packing, regardless of surfac-
tant type (ref. 14). From the data presented in Figure 3, the
TMS-hedgehog series all pack efficiently at the surface, producing
high ®.,. values which are comparable with the super-efficient
FC surfactant di-CF4 (%me = 17.7 mNm~! ®¢pe = 0.97)3°. Fur-
thermore, if the TMS-hedgehog is compared to the purely HC
analogue, for example AOTA versus AOTSiA, from the Acy data
shown in Table 1, one might expect AOTSiA to produce a lower
®Dcme given the larger Acme and hence Vipeas. However, it is clear
that the presence of silicon in the chain in place of carbon im-
proves packing efficiency and surface coverage (i.e. ®cpe — 1).
Thus, the lower Yy and higher ®.,. generated by AOTSiA over
AOTA, can be attributed to the larger size of silicon (rg; = 1.1 /0\)

6| Journal Name, [year], [vol.],1—9

compared to carbon (rs; = 0.7 A) which helps fill the space be-
tween surfactant tails, due to the increased molecular volume of
the chain tips. The least efficient surfactant of this series, AOTA,
produces one of the lowest values of ®.y,c. Compared to the very
similar analogue di-BC¢SS, which achieves yme = 23.8 mNm~!,
a more efficiently packed monolayer is formed - ®¢y,e = 0.95 (ref.
14). This suggests that for small branched hydrocarbon surfac-
tants, a low surface energy can be achieved by either a) a highly
branched tail with a CH; to CH, ratio close to 1 (i.e. di-BC¢SS),
or b) a sufficiently long and thus flexible tail with a high CH; to
CH, ratio in the chain tip (i.e. AOTSiC). When comparing ®cpyc
values with the common surfactants AOT, SDS, and SS1, the rela-
tionship between high surface coverage and low surface tension

This journal is © The Royal Society of Chemistry [year]
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Table 2 SANS Parameters fit to the Charged Ellipsoid or Sphere models and Lamella stacks model for the hedgehog series in D,O at 60 °C

Parameter AOTSIA AOTB AOQOTSiB

40x 20x 10x 5x 2.5x 40x 20x 10x 5x 2.5x 40x 20x 10x 5x 2.5x
Req A £0.1 16.9 16.7 162 146 - 19.1 189 185 175 16.3 243 221 203 19.3 18.0
Rpol A +£0.1 82 8.0 7.5 7.1 - 9.1 8.9 8.9 8.7 8.3 9.5 9.8 9.2 9.3 8.9
X 2.06 209 216 2.06 - 2.10 212 208 201 1.96 2,56 226 221 208 202
Z+0.5 15 13 11 10 - 32 21 18 11 9 36 24 18 13 12

AOTA AOTSIC
40x 20x 10x 5x 40x 20x 10x 5x 2.5x

Req (10\) + 0.1 14.4 13.8 9.3 - - 25.5 22.3 21.1 -
Rpol (A) £0.1 9.8 8.3 8.2 - - 11.2 9.3 11.0 -
X 1.50 1.66 1.13 - - 2.28 2.40 1.92 -
Z + 0.5 14 10 8 - - 17 14 16 -
Rsphere A) +0.1 - - - 9.4 - - - - 19.1
D (A) + 0.002 - - - - 22.1 - - - -
L (A) + 0.004 - - - - 129.3 - - - -
Niayer (A) £ 0.01 - - - - 11.1 - - - -
P - - - - 0.19 - - - -

is clearly highlighted, i.e. AOT - %tme = 30.8 mNm ™! & = 0.63
and AOTSiB Yeme = 24.3 mNm~! & = 0.93.

By comparing the surface tension data, there is no evidence
to suggest silicon induces strong dipoles in the chain tips, due
the lower surface energies achieved by the trimethylsilyl ana-
logues. Therefore, the low surface energies achieved by these
TMS-hedgehogs can be attributed to an increased molecular vol-
ume which improves packing efficiency between surfactant tails
in the surface monolayers leading to a higher surface coverage.

3.3 Small-Angle Neutron Scattering

It is of interest to see if the subtle changes in molecular structure
affect surfactant aggregation and preferred micellar shape, hence,
Small-angle neutron scattering (SANS) data were collected as a
function of concentration. Measurements were made at 60 °C for
all surfactants to ensure complete solubility in D,0. Concentra-
tions were kept consistent at multiples above the cmc (i.e. 40x,
20x etc). Scattering profiles with corresponding fits are shown in
Figure 4. For AOTA/AOTSIiA, the most dilute concentration did
not scatter strongly enough and these data are not included.

The scattering profiles for AOTB, AOTSiA and AOTSiB are well
described as oblate ellipsoid form factors with charged structure
factors to account for repulsion. The parameters used to model
the charged oblate ellipsoids - equatorial radius [Req / Al, po-
lar radius [Rpol / /OX], aspect ratio [X = Req / Rpol] and effective
micellar charge (Z). For AOTA and AOTSIC the shape of the ag-
gregates change with varying concentration. Oblate charged el-
lipsoids are still formed, but at low concentrations, a more spher-
ical shape is observed and interestingly, for AOTSiC at the high-
est concentration, a lamella structure is formed. To model the
lower concentrations of AOTA and AOTSIC a spherical model was
used for the radius - [Rgppere / Al, and to model the the lamel-
lar structures present at the highest concentration of AOTSIC, a
paracrystal lamellar model was used (ref. 20) with the following

This journal is © The Royal Society of Chemistry [year]

parameters - bilayer thickness [D - A], average distance between
two adjacent layers [L - A], distribution of layer distance [P], and
number of layers [Njyers]. These data are shown in Table 2.

From Figure 4 all surfactants show an intermediate-Q peak
which is characteristic of charged micelles. As the concentra-
tion increases this intermediate peak becomes more pronounced
and moves to higher Q. For each surfactant, the sizes of the el-
lipsoids determined from the fits follows the expected trend, with
the smallest surfactants forming the smallest micelles (e.g. AOTA
~ 10 A). The charge is also seen to decrease in accordance with
decreasing micelle size. AOTSiA, AOTB and AOTSiB only form
oblate ellipsoids which display common behaviour for charged
anisotropic micelles when concentration is varied. Similar trends
have been reported before for other surfactant systems includ-
ing the common linear HC surfactant SDS.36-39 For AOTA and
AOTSIC, charged oblate ellipsoids are formed in the intermediate
concentration regime which follow the expected trend.

The sizes and shapes of micelles depends on a balance of in-
teractions between molecular structure of the surfactant tail, and
repulsion between headgroups. At low concentrations of AOTA,
the intermediate-Q peak is lost, due to weaker repulsion between
neighbouring micelles. From the aspect ratio values in Table 2,
there is a shape transition from ellipsoidal to spherical as concen-
tration decreases. The same is true for AOTSIC in the low con-
centration regime, forming spherical micelles with radii ~ 19.1
A. This transition in shape is possibly due to the weaker charge
on the micelles, reducing repulsion between neighbouring head-
groups.

For AOTSIC the intermediate-Q peak moves to lower Q as con-
centration is increased, showing the presence of larger aggre-
gates. At the highest concentration (40 x cmc) a clear Bragg peak
can be seen which is characteristic of d-spacing between lamel-
lae. The average number of layers is around 11, indicating a large
structure formed from many stacks of lamellar sheets with an av-
erage bilayer thickness of 22.1 A. The average distance between
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layers obtained by the model agrees well with the estimated dis-
tance from the Q-value of the highest peak. Previous SANS stud-
ies of large, bulky hedeghog surfactants reported the formation of
lamellar structures (ref. 10). The transition to lamellar structures
at high concentration has been reported before,4? and is due to
significant interactions between micelles that become overpacked
above a certain concentration.

Overall the subtle differences in molecular architecture of the
surfactants discussed here do not seem to greatly affect the shapes
of the micellar aggregates formed. The effect of concentra-
tion and micellar charge play bigger roles. Incorporating sili-
con into the chain tip only causes a slight increase in the mi-
celle size. Highlighting that when nearing the limit of perfor-
mance achievable with hydrocarbon surfactants, the relationship
between molecular structure and packing is extremely sensitive in
the surface monolayer, compared to micellar packing in solution.

4 Conclusion

The general structure-property relationship for surface tension in-
dicates that low surface energies are achieved through efficient
packing between surfactant molecules in the orientated surface
monolayers (ref. 14). Here, this relationship has been extended
and reinforced through a novel approach to improving packing
efficiency, namely, replacing a carbon atom in the chain tips with
silicon. This leads to increased molecular volumes of the surfac-
tant tails, increased surface coverage, and consequently, a lower
surface tension (AOTSIiC Yme = 22.8 mNm™1).

The super efficient hydrocarbon surfactant, di-BC,SS, high-
lighted that short branched tail structures can effectively reduce
aqueous surface tension (ref. 11). By comparing the structure-
performance of the most effective hydrocarbon surfactants, the
trimethylsilyl and t-butyl groups are shown to be effective and
necessary alkyl moieties to help achieve low surface energies with
HC surfactants. This has been highlighted in terms of limiting sur-
face coverage, @y, where the TMS-hedgehogs all show efficient
packing in the monolayers (i.e. high ®.y,.). Furthermore, the
effective performance of this new HC surfactant series is high-
lighted by comparing with standard surfactants such as AOT or
SDS, i.e. AOT - %eme = 30.8 mNm~! @y = 0.63 and AOTSiB
Yeme = 24.3 mNm~! ®cpe = 0.93.

Through the use of Small-angle neutron scattering (SANS),
these hydrocarbon surfactants have been shown to generally form
oblate ellipsoidal micelles. However, for some, as the concen-
tration is varied, different aggregation structures form including
lamellae and spherical micelles (ref. 37 & 41).

Previous studies have examined the effects of chain branch-
ing on surface tension (ref. 10 & 9). This study highlights the
sensitivity of the relationship between surface energy and struc-
ture when designing surfactants close to the limit of their perfor-
mance. These results point to new ways of effectively controlling
surface energy through the design of environmentally acceptable,
commercially viable, super-effective 21st century surfactants.
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