Adsorption of 12-s-12 Gemini Surfactants at the Silica-Aqueous Solution Interface
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The adsorption of gemini surfactants of the form alkanediyl-bis (dodecyldimethylammonium bromide)

to a silica substrate is investigated using optical reflectometry (OR) and atomic force microscopy (AFM).

The adsorption isotherms and kinetics of adsorption have been determined for spacer sizes of 2, 3, 4, 6, 8, 10,
and 12. The maximum surface excess correlates strongly with the size of the spacer group. The smallest
spacer size yields the largest surface excess. Soft-contact AFM imaging has shown that flattened ellipsoidal
aggregates are present on the surface at the shortest spacer lengths. Images of the adsorbed layer cannot be
obtained for spacer sizes greater than 3 because of a strongly attractive force regime. The origin of the attraction

is attributed to proximal desorption induced by the approach of the tip toward the substrate. The linear increase

in the area per adsorbed molecule with spacer size suggests that the aggregate structures become flattened
with increasing spacer size but are otherwise similar.

Introduction geometry of the surfactant within an aggregate, whether in
solution or at a surface. Danino et’dhave demonstrated that
the structure of the micelles formed in solution varies signifi-
cantly with spacer length. For quaternary ammonium surfactants
of the form 12s-12, for s < 5 the headgroups are in close
proximity. The Bjerrum length in water at 2% is 0.7 nm?
Therefore, gemini surfactants with short spacer lengths will have

Gemini surfactants are a relatively new class of amphiphilic
molecules, first appearing in the literature in 197dhey have
become a topic of scientific interest due in part to their
effectiveness in the modification of interfacial properties but
also because their molecular geometries lead to interesting

ag:grfgitzesstructures both in solution and at the sailieous a charge of less than 2, as charge condensation must occur. The
interface-= _ smaller headgroup area leads to aggregates of lower curvature

A gemini surfactant consists of two surfactant molecules inan that of the corresponding monomer for lewalues. For
Jomed_by an alkyl spacer group. The surfactant_molecul_es_ areg < s < 12, the distance between headgroups induced by the
often identical. The spacer group can be flexible or rigid, spacer is similar to that of the monomer, and similar aggregate
hydrophilic orlhy.drophoblé,and it generally connects the tWo gt ctures result. Fos > 14, the spacer adopts a looped
surfactant moieties at, or near, the headgroup. The attachment,ntormation within the aggregate, effectively increasing the
of the spacer group increases the hydrophobicity of the dimeric  4r5carhon chain volume. The structure formed in this case
surfactant relative to that of the constituent monomeric units. s similar to those of dimeric surfactarfi& 11

As a consequence, the cmc of the gemini surfactant can be up The effect of the length of the spacer group on adsorption at

0 100 times lower than that of the monomeric analdgfer the solution-air interface has been extensively investigated. It
simplicity, shorthand nomenclature for gemini surfactants, which y gated.
has been demonstrated that the surface area occupied per

is based on the number of carbon atoms in the surfactant chain h . .
(m) and the spacer group (s), is often employed and is bestsurfactant molecule increases with the size of the spacer for 3

illustrated by example. For alkanedigle-bis (dodecyl- =< s < 10. The behavior of gemini surfactants at the selid

dimethyl-ammonium bromide) dimeric surfactants with the liquid interface has been shown to follow similar treddls:

alkanediyl spacer groups.B, or CgHyg, the corresponding The adsqrpticf)n é)fhlzliz-lz_wazls investigate_d atf tgg sigca
surfactants are referred to as 12-2-12, and 12-8-12, respectively"quueous interface,the Laponite clay-aqueous interface,an

This paper is concerned only with £2t2 surfactants. the titanium-aqueous interfack. It was shown that the

The properties of gemini surfactants are greatly influenced maximum surface excess of 12-2-12 at the s+h_aqueous
interface was lower than that of the monomeric analogue,
by the length of the spacer group. The spacer group controls TAB
the separation between the headgroups that may be greater or ' . .
less than the average separation of the corresponding monomer Chorro et ak” have shown using electrophoretic measure-

in an aggregate. This changes the mobility and the packing ments that at Iovy surfactant concentratipns th(? silica is
substantially negatively charged as adsorption begins, and the
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TABLE 1: Characteristics of Investigated Gemini Surfactants

aggregate structure

surfactant name structural formula abbreviation  in solution %11 cmc (mMMYS o2
ethyl-o,w-bis(dodecyldimethyl- CoHa(CioH2sNTMe; Br), 12-2-12 wormlike 0.84 0.15
ammonium bromide)
propyl-a,w-bisdodecyldimethyl- CsHe(Ci2H2sNTMe; Br), 12-3-12 extended micelles 0.87 0.16
ammonium bromide)
butyl-o,w-bis(dodecyldimethyl- C4Hs(Ci2H2sNTMe; Br), 12-4-12 spherical micelles 1.09 0.15
ammonium bromide)
hexyl-a,w-bis(dodecyldimethyl- CsH12(C12H2sNtMe; Bro), 12-6-12 spherical micelles 1.01 0.20
ammonium bromide)
octyl-a,w-bis(dodecyldimethyl- CgH16(C12H25NtMe;, Bro), 12-8-12 spherical micelles 0.83 0.25
ammonium bromide)
decyl-o,w-bis(dodecyldimethyl- Ci10H20(C12H25NTMe, Br), 12-10-12 spherical micelles 0.63 0.25
ammonium bromide)
dodecyle,w-bis(dodecyldimethyl- Ci2H24(Cr2H2sN*Me; Bro), 12-12-12 spherical micelles 0.37 0.31

ammonium bromide)

one surfactant can neutralize only one surface-charge site. Atthe surfactant adsorption process at the solid-aqueous interface
surfactant concentrations above the cmc, it was shown that ascompletely, the equilibrium surface excess must be equated with
the size of the spacer group increased the maximum surfacethe structure of the adsorbed surfactant layer, and the adsorption
excess of surfactant decreasédn effect that was attributed  mechanism must be determined. The equilibrium surface excess
to an increased headgroup area altering the structure of theat any surfactant concentration can be determined using a variety
adsorbed aggregate. However, in the absence of direct evidencef traditional’”~2° and ellipsometric techniqué323 In both
of the adsorbed surfactant structure, this interpretation cannotinstances, the most common substrate used is amorphous silica
be confirmed. in the form of silica particles or oxidized, polished silicon
The current study aims to elucidate the relationship between wafers. Although this is not problematic in itself, the majority
spacer length and surface adsorbate morphology. Although theof the information concerning the adsorbed morphology of
geometry of gemini surfactants is quite different from that of surfactant aggregates is derived from data acquired using
similar monomeric surfactants, it has been suggéététhat AFM.24 As the AFM is particularly well suited to detecting the
the adsorption mechanism of gemini surfactants has features inperiodicity of discrete surface aggregates, AFM images of
common with that of conventional surfactants. In view of this, adsorbed surfactant layers are obtained most readily on crystal-
we shall briefly review current views on the adsorption of line substrates that strongly template the adsorbing surfactant
cationic surfactants to silica. into regularly arranged structures. Obtaining AFM images on
The adsorption process for cationic surfactants on $ftiéa amorph_ou_s silica is more difficult bgcausg of increased disorder
involves three fundamental stages, which divide the isotherm Poth within the aggregates and in their arrangement at the
into four zones. In the first stage, surfactants are electrostatically Surface. Thus, the majority of AFM studies concerning surfactant
adsorbed to the charged surface sites. The presence of th@dsorption have been reported on atomically smooth, strongly
positively charged headgroup at the interface renders nearbyt€mplating substrates such as graphite and mica. This is
hydroxyl groups more acidic, inducing more charged sites in particularly true for gemini surfactlar!ts, where the pnly reported
the vicinity of the initial surface chargé.The surfactant tail ~ @dsorbed morphologies are hemimicellar and cylindrical struc-
may interact with hydrophobic regions on the substrate if any tures on graphite and micaespectively. The use of different
are present. The hydrophobic tail of the surfactant and the newly Substrates precludes a direct comparison between information
induced surface sites now act as nucleation points for further Obtained using different methods. On substrates where images
surfactant adsorption. This is the second stage in the adsorptiorPf the adsorbed aggregate structures are readily obtained, there
process and is driven by hydrophobic interactions and electro-iS no corresponding adsorption isotherm data. Conversely,
static attraction. Throughout the second stage, the charge or@dsorption isotherm studies at the siticgueous interface for
the underlying surface continues to increase. At the end of stagedemini surfactants have dealt with amorphous silicahere
two, the adsorbed morphology is known as a “tepee” structure, Images of the structure of the adsorbed aggregate have not b_een
and the substrate ionization is a maximum. Any further reported. Therefore, the morphology of structures formed in
adsorption is purely hydrophobically driven and is against an ;olutlon and on other substrates is used, along with adsorption
electrostatic barrier that is present because of overcompensatiorSotherms, to imply the adsorbed aggregate structure. The current
of the surface charge by the surfactant already present. StageéStudy aims to overcome this disparity.
three is characterized by the hydrophobic adsorption of surfac- .
tant molecules to the tepees already adsorbed at the interfaceaterials and Methods
with headgroups oriented away from the surface. In stage three, The gemini surfactants utilized in this study were kindly
the level of counterion adsorption becomes appreciable, andprovided by Professor Raoul Zana and were used without fur-
surfactant continues to accumulate in the existing adsorbedther purification The solution cmc values, micelle ionization
aggregates or admicelles until a maximum in adsorption is degree, and solution aggregate morphology for the surfactants
reached, denoting the beginning of stage fdurther increases  used are provided in Table 1. All water used was filtered,
in the bulk surfactant concentration have no effect on the surfacedistilled, and passed through a Millipore filtration unit before
excess. use. Silicon wafers were baked at 100D for 100 min in an
Investigating surfactant adsorption at the selidjueous oxygen atmosphere to produce an oxide layer §5iBydrox-
interface poses unique difficulties. Despite the contribution of ylated silica was prepared by soaking pyrogenic silica in water
several studies, a complete picture of gemini surfactant adsorp-for 48 h followed by treatment with 10 wt % NaOH for 30 s
tion at the solid-aqueous interface is yet to emerge. To quantify and rinsing in water and then ethanol before drying under a
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nitrogen stream. The thickness of the oxide layer present on 2r
the silicon wafer was determined ellipsometrically using an Auto 1.8 |
EL-Il automatic ellipsometer (Rudolf Research) to be #63% 16 | oottt
nm for both the hydroxylated and pyrogenic silicas. The 14 } o*

refractive indices of silica and silicon used in the determination £ 1.2 | W
of the surface excess were 1.46 and 3.8, respectively. These 8 ¢ |} . JAAdasasabansaantilan,

..........,.00000.0

(mg m™)

wafers were used as the substrates for both optical reflectometry & o | © alesececcses

and AFM adsorption studies. ' 06 b 3.%‘;““““A““““““““
The optical reflectometry technique used to measure surface § 04 k 3

excess concentrations follows that described by Dijt ét ahd 3 o2k 2

has been described in detail in a previous papdsriefly, 0 pr

reflectometry relies upon determining the change in the polar- A A A )

ization of light reflected from the substrate during adsorption. ’ 14 16 18 20 29

In a typical reflectometry experiment, the cell initially contains Time (s)

pure water, and a stable baseline is recorded. Surfactant is then ) o
passed into the cell, and the change in the ratio of the s and p':'gldre 1_|-, SamFI"e_dat?‘ forfthe adsorption of $22 gemni Surfal(’;agts
ot ; .« i< at the silica-solution interface at a concentration ofeme: 12-2-
polar|zta_1t|on|s tof ttk;]e reflefcted laser bea_lfrr\] is recordtgd. 'II'{us_ls 12 #), 12-3-12 @), 12-4-12 @), 12-6-12 @), 12-8-12 (), 12-10-12
propor _'Oﬂa (_) e sur ace_ exces_s. € propor 'Ona_' y IS (x), and 12-12-12 4). A typical adsorption result for 1 mM CTAB
determined using an appropriate optical model that requires the(o) is included for comparison. The surfactant solution is first passed
refractive indices of the solvent, silica, and silicon to be known into the cell at~15.5 s, leading to surfactant adsorption. The plateau
as well as the thickness of the silica layer and the refractive level of adsorption is maintained while the surfactant solution is flowing
index increment (/dC) of the adsorbing solution. The values into the cell.
of dn/dC used in this study were determined using a Wyatt o .
differential refractometer. ThenddC values were between final value. The equilibrium surface excess remained constant
0.1649+ 5 x 104 and 0.1747 6 x 104 for all spacer sizes. ~ While the surfactant concentration was maintained. For com-
The optical reflectometer is entirely contained in an incubator, Parison, the adsorption curve of CTAB, also at<lcmc, is
allowing the temperature to be accurately maintained at 25.0 included. CTAB has a longer alkyl chain {§ than the gemini
+ 0.1°C. surfactants under investigation here but a similar cmc (0.9 mM)
AFM images of adsorbed surfactant structures were obtained2nd therefore provides an appropriate comparison. The form of
using a Nanoscope Ill AFM (Veeco Metrology) operating in the adsorption for CTAB is similar to that of the gemini
the “soft-contact” mode as described previol&i§e Silicon surfactants and identical to that obtained for 12-3-12. Upon
nitride cantilevers from Olympus were used. These had sharp-Water being passed into the cell, desorption was complete and
ened tips with a radius of less than 20 nm and a spring constant'@pPid for all surfactants (not shown). o
of ~0.09 NnT. The image presented in the current study is a  Several previous studies have reported adsorption isotherms

deflection image obtained at a scan rate of 10 Hz with integral for gemini surfactants on particulate silica by the solution
and proportional gains between 1 and 3. Force curves angdepletion metho_d_. This method ha_s some I|m|tat|(_)ns. The surface
substrate images were first obtained in water to ensure that thecharge of the silica substrate varies not only with pH but also
surfaces were clean. Surfactant solutions were then introducedWith surfactant adsorptiol:2° Therefore, in depletion experi-
into the cell, and images of the surface were taken after elapsedNents with & high surface-to-volume ratio, the ionic strength
times of between 5 min and 24 h. The AFM was contained in Of the supernatant can vary along an isotherm, complicating

an incubator, allowing the temperature to be accurately main- the interpretation. This is further compounded by the release
tained at 25.0- 0.1 °C. of metal ions, particularly sodium, from the particulate silica.

More recent studies have attempted to overcome this difficulty
by acid-washing the silica prior to adsorption, with some degree
of success. However, acid-washing the substrate will alter the
A comparison of adsorption studies on silica, particularly surface chemistry of the substrate apprecidbihese difficul-
those undertaken using different technigques, can be complicatedies have been overcome in the current study. The silica wafers
by the variability in the properties of the substrate with the used in this investigation are of high purity and do not possess
methods employed to clean and prepare the suffadet 32 significant levels of metal ions. Additionally, adsorption meas-
In this study, the silicon wafers used in both optical reflec- urements obtained using optical reflectometry are under constant
tometry and AFM were derived from the same silicon wafer flow, and the surface area under investigation is small so that
and have been prepared under identical conditions. This permitsany H" ions released from the substrate will be quickly removed
direct comparison between the surface excess and adsorbed layégrom the reflectometry cell. Therefore, the solution conditions
morphology. are unaffected by the adsorption of the surfactant to the substrate.
The adsorption of 1212 gemini surfactants to silica as a The major disadvantage of reflectometry compared with solution
function of time is presented in Figure 1. The surfactant depletion studies is the relatively high detection limit of the
concentrations shown are approximately tmc. For a given instrument (on the order of 0.025 mg &), making it generally
spacer length, there was no variation in the form of the data unsuitable for the study of the first adsorption stage (charge
over the range of surfactant concentrations studied. For eachneutralization!
surfactant, a baseline was obtained-fdr5 s prior to surfactant Adsorption isotherms are presented in Figure 2 for the spacer
being introduced into the cell, at which time the surface excess lengths investigated here, with the concentration axis normalized
rapidly increases. For all spacer lengths, equilibrium adsorption by the solution cmc. Below 0.8 cmc, the adsorption isotherms
levels are attained withi4 s ofadsorption commencing. The are apparently coincident. This indicates that electrostatic
surface excess rises rapidly to approximately 70% of the interactions between the substrate and the adsorbed surfactant
equilibrium surface excess followed by a slower increase to the play a dominant role in the adsorption process up to this

Results
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Figure 2. Adsorption isotherms for 1812 gemini surfactants at the : > T g
silica—solution interface with the concentration axis as a function of F e A e T el S

the cme: 12-2-12¢), 12-3-12 @), 12-4-12 @), 12-6-12 @), 12-8-12 Figure 4. AFM image of the silica-solution interface immersed in
(), 12-10-12 &), and 12-12-12£). Below 0.3x cmc, there isno  an aqueous solution of 2 cmc 12-2-12 revealing adsorbed aggregates
apparent variation in the surface excess with spacer size. Above 0.3 jth approximately circular profiles in the upper portion of the image.
cme, the isotherms begin to separate, and the saturation surface excesgne slow scan direction is down the page. The underlying silica surface

decreases with increasing spacer size. is seen in the lower portion of the image when a higher imaging force
is applied.
18 925
16 i i, [_E by comparing the area per molecule at the sitiater interface
14 ) to that obtained at the aiwater interface, where a monolayer
A | A adsorbed structure is well established. In view of this, area per
o 17 G molecule data at the aiwater interface determined in the
§; 08 | 1, % studies of Espert et &% and Alami et al® are presented for
£ o6 b 2 comparison. By halving the area per molecule at theaater
04 b S interface, an approximation of the area per molecule in a fully
’ 105 ¢ formed bilayer is obtained. For all spacer lengths investigated
02 1 < in this study, the area per adsorbed molecule at the siiceter
0 _ 0 interface is greater than that for a fully formed bilayer. This
6 2 4 6 8 10 12 14 16 18 suggests the formation of discrete bilayered surface aggregates.
Spacer Size (s) Images of the adsorbed surfactant morphology at the-solid
Figure 3. Variation in the saturation surface exceBsax (¢) and the liquid interface can be obtained using direct in-situ AFM. An

area per adsorbed molecule Bba (W) with spacer length. For ;446 of the hydroxylated siliessolution interface immersed
comparison, the area per molecule at the—aiater interface 4) . . . :
determined by Espert et #.and Alami et al® is presented. This In an aqueous solution of 12'2',12'81,2 x cmc is presented in
provides a measure of the area per molecule in a fully formed Figure 4. Adsorbed flattened ellipsoidal structures are observed
monolayer. Optical reflectometry measures a combination of the change0on the silica surface with an adsorbed layer thickness of£3.5
in the refractive index and thickness of an adsorbed layer and cannot0.2 nm and an average peak-to-peak distance of the adsorbed
distinguish between counterions_in solutior] and those associate_d Withaggregates of 8.8 0.5 nm. The adsorption density was found
e e o e e Socooet e 410 De 150 aggregates per 10 000G iscerblechange i
consequence, all counterions are included in the calculation that convert: strug:tu_re was observed in the Images collected regularly over 6
an adsorbed mass to a molecular density. . Similar aggregate structures were imagedfer3. However,
for s> 4, images of adsorbed structures could not be obtained

concentration. At higher concentrations, surfactants with shorter because the imaging tip was attracted to the surface from
spacer lengths have greater surface excess values. The higheseparations>9 nm. That is, the necessary conditions for soft-
surface excess value obtained is the saturation value for thatcontact imaging were not present.
surfactant,I'max. Adsorption at these concentrations is hydro- The deflection force curve can provide both quantitative and
phobically driven and takes place against an electrostatic barrier.qualitative data with regard to the structure of the adsorbed
For all spacer lengths, the saturation surface excess is reachedemini surfactant layer. Force versus distance plots are presented
at or slightly below the solution cmc, with no increase in surface in Figures 5 and 6 for 12-2-12 and 12-12-12, respectively The
excess detectable up to 20cmc. insets show the same data presented on &liogar scale and

The variation inlmaxWith spacer length is presented in Figure fitted using the DLVO theory and constant potential boundary
3. As previously reported, the value ©f,.x decreases with  conditions. Force curves obtained in the presence of 12-3-12
increasing spacer length.These data are easily converted to were of a similar form to those obtained with 12-2-12, and the
the area per adsorbed molecule assuming single-layer coveragéorce curves presented for 12-12-12 are representative of force
and two adsorbed counterionslatax Which is also presented  curves obtained for all gemini surfactants wite 4. In the
in Figure 3. Note that the counterions will largely be in close presence of 12-2-12 at % cmc, a long-range repulsive
proximity to the adsorbed molecules and therefore will con- interaction that decays exponentially with distance is measured,
tribute to the surface excess as measured by optical reflec-as is expected for an electrical double-layer interaction. This
tometry. The area per adsorbed molecule increases in a lineatindicates that both surfaces carry a charge of the same sign. At
fashion with spacer length for the spacer sizes investigated heresmall separation distances, a steeply repulsive region is observed,
Some insight into the adsorbed morphology can be obtainedbeginning at a separation of about 5 nm. A final push through
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3r " chain surfactant. In this study, the concentration leading to the
second adsorption step appears to be independent of the spacer
25 ¥ length. The difference between the two studies may be related
2 | g to a change in the ionic strength of the solution upon surfactant
£ § adsorption that can occur in depletion studies. Surfactant
S1sr adsorption to charged surface sites on silica can induce nearby
E )k S hydroxyl groups to become more acidfcFor longer spacer
£ e s 10 15 o 2 groups, this may result in both headgroups interacting with the
05 | Sepadionom substrate and a consequent increase in solution ionic stréhgth.
An increased ionic strength will result in the solution cmc being
oFE=====" s decreased, shifting the features of the adsorption isotherm to
05 ) ) ) ) lower concentrations. In the experiments reported here using
0 10 20 30 40 the optical reflectometer, the ionic strength of the solution is
Separation (hm) unaffected by surface ionization. Gemini surfactants have been
Figure 5. Force versus separation for the interaction of an AFM Noted for their slow exchange kinetitFor all concentrations
cantilever probe (Olympu® = 1000 nmKk = 0.09 N nT?) with a flat and all spacer lengths, the adsorption was completed rapidly,

silica substrate immersed in a 1.80 mM aqueous solution of 12-2-12. within 5 s. The desorption of the geminis was similarly rapid
The data were collected at a pH of 509 0.5 and at a constant regardless of spacer size.

temperature of 25 0.1°C. The inset shows a DLVO fit to the same .
datapusing the constant-potential boundary conditiify £ 45mV, Surface Coverage.The . headgroup area .Of the gemini
«~1 =5 nm. The Hamaker constant used was 0880-2° J, which is surfactants at the atwater interface changes linearly for2
for silica-water-silica.) Good agreement is obtained down to a S = 12. (See Figure 3.) Li et & have shown that at the air
separation of 3.5 nm, where the experimental force is greater becausewater interface each gemini surfactant has a charge ¢i.é.,
of interaction with the adsorbed aggregates. only one of the headgroups is ionized; surface ionization value,
o = 0.5) regardless of the size of the spacer group. The
and jump to contact are then seen at a separation of 3.5 nmheadgroup area for a conventional ionic surfactant is strongly
This push-through distance provides a measure of the adsorbednfluenced by electrostatic repulsions; therefore, the headgroup
layer thickness described in detail by Wanless and Dutker. area is expected to be only weakly influenced by the spacer
This measurement relies upon the surface and the tip experienciength. Clearly this is not the case. Therefore, we conclude that
ing an electrostatic repulsion until, at a specific separation, the for the gemini surfactants used here the headgroup area is
tip pushes through the adsorbed layer and makes adhesivejetermined primarily by thphysical sizef the headgroup. This
contact with the substrate. These data are typical of adsorbedunusual behavior may strongly influence trends in the aggrega-
surfactant structures at the sotitiquid interface?* tion behavior of these gemini surfactants.

The interaction force measured for 12-12-12 at 2mc has We have found that the area per moleculelaty at the
substantially different features from those observed for 12-2- sjjica—solution interface also changes linearly with spacer group
12. A significant long-range repulsive interaction is evident. |ength. This surprising result warrants investigation. Gemini
However, a jump into contact frony9 nm is apparent as the  gyrfactant aggregates in bulk have surface ionization values that
gradient of the force exceeds the spring constant. This distance\,ary with spacer length fromx = 0.15 fors = 2, 3, and 4 up
is too large to be attributed to the penetration of the tip through g o = 0.31 ats = 12. (See Table 1.) In comparisom,= 0.5
an adsorbed surfactant layer or simple van der Waals forces.at the air-water interface. Therefore, electrostatic repulsion

) ) between headgroups will Hessimportant in aggregates than
Discussion at the air-water interface because of a lower degree of
dissociation. Because the headgroup area at thewaiter
interface is determined by the spacer size rather than electrostatic

set of adsorption isotherms obtained for gemini surfactants at derati lude that the head in th
the silica-aqueous interface, with adsorption isotherms for seven considerations, we can conclude that the neadgroup area in the
silica surface aggregates will also be determined by the spacer

different spacer sizes investigated. The general features of the”. ) . . .
adsorption isotherms obtained in this study for the most part SIZE. Fmally_, if the spacer size determines the headgroup area,
agree well with those previously report€dfwith the saturation then for a given gemini of spacer lengstihe headgroup area
surface excess decreasing with increasing spacer size. HoweverVill P& much the same at the aiwater interface or within an
there are two important differences between the data obtaineg?99regate.

in this study and those previously reported. First, solution For cationic surfactants dfmax the formation of surface
depletion studies show a substantial increase in the surfacedggregates results in surface-charge reversal and low contact
excess above the solution cme, an effect that was more angleS indicating the formation of admicelles (bilayered ad-
pronounced for short spacers. No evidence of this effect was Sorbed structures). Therefore, if a complete bilayer is formed,
detected in the current study for any spacer length. The isothermsthen the area per molecule at the siti@aueous interface should

for all spacer lengths reached saturation at or slightly below be half that of the airwater interface. An evaluation of the

the solution cmc. The same behavior is found for conventional €xperimental data using a patchy bilayer model for the surface
cationic surfactants adsorbing to sil&% The cause of the  aggregates reveals that surface coverage values for all spacer
discrepancy between this study and previous studies is unclearlengths are approximately 40% and are independent of spacer
The second discrepancy relates to the concentration requiredength. (See Table 2.) Therefore, we can conclude that the
to lead to the second adsorption stage. Previous adsorptionsurface coverage of adsorbed aggregates is similar for all spacer
isotherms reported that the second adsorption stage for thelengths.

longest spacer investigated (12-10-12) commenced at lower Imaging of Aggregates.Images of adsorbed surfactant
concentrations than for those with shorter spacer groups. Thisaggregates of 12-2-12 and 12-3-12 that reveal flattened el-
was attributed to the increased hydrophobicity of the longer lipsoidal structures have been obtained. The adsorption density

Adsorption Isotherms. This study reports the most complete
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Figure 6. Force versus separation for the interaction of an AFM cantilever probe (OlyrRpas1000 nm,k = 0.09 N n1?) with a flat silica

substrate immersed in a 0.81 mM aqueous solution of 12-12-12. (The AFM tip and silica substrate were the same as those used for the collection
of the data presented in Figure 5.) The data were collected at a pH af 8.9 and at a constant temperature of2%.1 °C. The inset shows a

DLVO fit to the same data using the constant-potential boundary conditiééy+ (L40 mV,« ! = 8 nm. The Hamaker constant used was 083

1020 J, which is for silica-water-silica.) Good agreement is obtained down to a separation of 10 nm, where the experimental force becomes
strongly attractive. An attraction of this magnitude at these separations when the surface is hydrophobic is commonly attributed to the long-range
hydrophobic attraction.

TABLE 2: Measured and Calculated Characteristics of Adsorbed Gemini Surfactants

air—water silica—water surface aggregate proximal
spacer area/moleculé area/moleculé coverage aggregation thicknesé desorption
length (nn?) (nnP) (%) numberd (nm) (%)
2 0.67 0.601 45 164 35 15.0
3 1.05 0.802 38 123 2.68 20.1
4 1.16 0.949 41 104 2.32 237
6 1.43 1.178 41 84 1.95 295
8 1.76 1.552 44 63 154 38.8
10 2.2 1.749 40 56 1.42 43.7
12 2.26 1.954 43 50 1.32 48.9

aReproduced from refs 12 and 1B8From Figure 3¢ Based on a “patchy bilayer” modeélThe measured'ma for each gemini is used to
determine the aggregation number and aggregate thickness on the basis of a model where the surface coverage and the number of surfactant
aggregates per unit area are independent of spacer length. The images of 12-2-12 aggregates are used to determine the aggsegae Bime for
aggregate size for all other spacer lengths is calculated relative to this. (See Discussion.)

was found to be 150 aggregates per 10 0002namd the the tip radius is not independently known. However, the same
aggregate thickness is estimated to be 3.5 nm from the push-+ip was used for both 12-2-12 and 12-12-12; therefore, an
through distance obtained from the force curve. The Tanford approximate tip radius can be chosen, and qualitative compari-
calculation for the chain length yields 1.67 nm; therefore, the sons can be made. The theoretical fit for 12-2-12 is presented
push-through distance is consistent with the presence ofas an insetin Figure 5. The theoretical fit and the experimental
admicelles. These surfactants have been shown to form worm-data are in good agreement, with both data sets exhibiting an
like aggregates in solution. The smaller surface aggregates areexponential electrostatic decay. At a separation of 3.5 nm, the
due to the influence of the substrate. The physical dimensionsexperimental data reveals an additional repulsion that is at-
and interaggregate spacing of the admicellar structures presentetributed to physical contact with adsorbed aggregates. The
here are similar to those observed for monomeric quaternary observed surface potential of interaction between the AFM tip
ammonium surfactants on sili€&%¢ Obtaining clear images of  and the silica substrate in the presence of 12-2-12 is 45 mV,
12-3-12 was considerably more difficult than for 12-2-12. This and the Debye length is 5 nm. When the corresponding fit is
is attributed to the decreased adsorption density of 12-3-12. Theperformed on the 12-12-12 data (inset Figure 6), a surface
number of adsorbed molecules of 12-3-12 is 25% lower than potential of 140 mV and a Debye length of 8 nm are required.
that of 12-2-12. As the spacer length increases, the adsorptionThe Debye lengths required to fit the data will be largely
density continues to fall. Difficulty in imaging surfactant unaffected by any error in the radius of interaction and as such
structures corresponding to low surface excess values has beegan be used as semiquantitative measures of the ionic strength
previously reported® Proximal desorption will also make of the solution. Hence, the degree of ionization of the adsorbed
imaging difficult. This is discussed more fully below. For gemini can be inferred. Calculation reveals that for the 12-2-
3, AFM images of the adsorbed surfactant layer could not be 12 50% of the surfactant molecules bear‘acharge. For 12-
obtained. This is a consequence of the change in the nature 0f12-12, 38% of the surfactant molecules bear‘acBarge. The
the interaction force between the AFM tip and the surface.  Debye length was fitted here using only a 1:1 symmetric
Interaction Forces. Some further insight into the adsorbed electrolyte, and the concentrations were above the cmc. This
layer can be obtained by determining a DLVO theoretical fit will introduce an error in the fitted Debye length. Thus, these
for the experimental force curves, as given in the insets of values should be taken as indicative of the presence ofthe 2
Figures 5 and 6. This cannot be done quantitatively becauseform of the surfactant rather than an accurate representation of
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the proportion of the 2 form. This demonstrates that a careful
study of the measured Debye lengths of a series of gemini A % B

surfactants over a range of concentrations should enable the
ionization state of the gemini monomers to be determined. This
would require the experimental Debye lengths to be fitted using v <3

a program that accepts a combination of symmetric (1:1) and &H n

asymmetric (2:1) electrolytes. The surface charge of the 12- | QUi 4UNE 4N w
12-12 surface is approximately five times as great as that of
the 12-2-12 surface. An increase in surface charge is expected C D

because in solution the micelle ionization degree increases from < %

o =0.15ats=2toa = 0.31 ats= 1226 There is an additional N N4
strongly attractive component to the interaction. It is this strong S

n
v
attraction that precludes images of surface aggregates being| ™ n v m e n

obtained. What is the origin of this attraction? EMIVRANTH TS

Proximal Desorption. It is widely accepted that as surfaces
are brought together the surface charge regulates. Within the
DLVO framework, the maximum interaction force is bounded Figure 7. Schematic representation of the diffusion of surfactant
by the constant-charge boundary condition, and the minimum {Ppoges;i‘e(fe%‘gg;:]T:dag;‘;r?;g é”‘?iﬁ;z%ﬁtaeng?e;f}ﬁrasf’pp;(?:rclr;%ttase AFM
Intergt?tlon force is bounded by the. COnStant-pothtlaI boundary The surfactant concentration is sufficient to lead to surface aggregation.
condition. The change in adsorption as a function of surface g attempt has been made to represent counterions or surfactants that
separation is termed proximal desorption. Ducker ét-#have are not adsorbed either at the silica substrate or AFM tip in the first
recently demonstrated that the degree of charge regulation carinstance, and for simplicity, all surfactants are represented in the cis
significantly exceed the constant-potential boundary condition conformation with straight hydrocarbon chains) (Pe tip is far from
because of short-range hydrophobic interactions, and theth® 'I”te”ace* ata selparatlgn OL.SO ”m'l for example. f-][.h? AFM.SznseS

. . o .. an electrostatic repulsion, but this repulsion is not sufficient to induce
magnitude of proximal dgsorptlon is significant for cationic the diffusion of surfactants out of the adsorbed aggre@B)eSituation
surfactants adsorbed to silica surfaces.. Furthermore, at concenzg the AEM tip continues to approach the interface. At these closer
trations where the surface charge is reversed because Okeparations, the magnitude of the electrostatic interaction is sufficient
surfactant adsorption, surfactant monomers desorb from theto force surfactant monomers out of the admicelle. However, the overall
surfaces upon approach to lower the electrostatic repulsion. Weelectrostatic repulsion is greater than the hydrophobic attraction at these
have remarked earlier that the adsorption isotherms of the geminiigﬁg ?t“?r“hg'gﬁgff;&grSo']f‘:ﬁgOS'Lr'f”;gt‘ggt”’:ggepgggéooahg Jt‘;]TﬁetzFM
surfa.mtams are somewhat similar to those of CTAB. Su_bra— tip and the substrate has largely diffused into the solution, resulting in
manian and Ducker have shown that for CTAB concentrations e residual electrostatic repulsion being considerably reduced relative
slightly higher than the cmc the proximal desorption increases to the initial situation and a significant amount of hydrophobe being
dramatically at surface separations below 103t ~9 nm, exposed. The hydrophobic attraction between the surfactant adsorbed
the change in adsorption is0.25 molecules per ninlf we to the AFM tip and the substr.ate leads to the;qupto contact observed
assume that the adsorption is changing by a similar magnitudei” the force curve, the magnitude of which is indicated by the arrow.

. : : . . (D) Expected configuration of surfactant adsorbed to the tip and the
in our experiments, then this represents a significant proportion substrate in the constant-compliance region. Depending on the stiffness

of the total surface excess, up to 50% for the larger spacer of the adsorbed layer, the AFM tip may push through to contact the
groups. (The calculated values are shown in Table 2.) Note thatsilica substrate directly. The situation depicted also leads to the
there is a significant decrease in the surface excess withsignificant adhesion observed for all spacer sizes greater than 3 as the

increasing spacer length. Thus, fewer surfactant monomers areAFM tip is retracted from the substrate.

required to desorb from the substr_ate for the Ionge_r_spacer Sizesspacer lengths. Support for this proximal desorption model can
in order to expose a hydrophobic surface. Additionally, the o qerived from the study of Boschkova et4lwho reported

electrostatic repulsion is greater for the longer spacer lengths; 5, increase in the frictional properties of the adsorbed layer for
therefore, the driving force for desorption is likely to be greater. 15512 gemini surfactants with increasing spacer length.

Both of these influences strongly suggest that proximal desorp- Despite the difficulty in imaging the adsorbed aggregates for
tion will have a greater effect on the adsorbed structures as thespacers of length greater than 3 we have sufficient information
spacer length increases. to infer the likely structure of the series of adsorbed aggregates
The significance of this can be viewed in two ways. First, it from the images of the 12-2-12 aggregates and the surface excess
is expected that solution-facing monomers will be more likely values. It is known that the same surface excess in terms of the
to desorb from the interface as the tip approaches. As anumber of monomers is required to neutralize the surface charge
consequence, a portion of the tail groups of the monomers for the gemini surfactants.Furthermore, it is generally accepted
adsorbed with headgroups facing the silica substrate will be that surface aggregates form around electrostatically adsorbed
exposed. This will produce hydrophobic surfaces; consequently, monomers?-21 Therefore, approximately the same number of
the surfaces jump together under the influence of the long-rangesurface aggregates should be formed for 12-2-12 up to 12-12-
hydrophobic attraction. Alternatively, the change in proximal 12. This is supported by AFM imaging of the 12-2-12 and 12-
desorption itself can be seen to be the origin of the attragtidh. 3-12 gemini surfactants, which reveals similar numbers of
Regardless, it is apparent that significant changes in adsorptionaggregates per unit area despite a 25% difference in the surface
may be occurring upon the approach of the tip to the substrateexcess.
and that this results in an attractive interaction that precludes Proposed Structures. Given that the we have the same
the imaging of interfacial structures. This process is depicted number of aggregates per unit area and that the surface area
schematically in Figure 7. The similarity in the force versus occupied by the aggregates does not change with spacer length,
distance data obtained for spacer lengths between 4 and 12 leadBy assuming that the mass density of the aggregates does not
us to suggest that a similar process is occurring for all of these change we can calculate the aggregate volumes and shapes for
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