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 Hydrophobic, Electrostatic, and Dynamic Polymer Forces 
at Silicone Surfaces Modifi ed with Long-Chain Bolaform 
Surfactants  
   Michael V.    Rapp     ,        Stephen H.    Donaldson Jr.     ,        Matthew A.    Gebbie     ,        Saurabh    Das     ,       
 Yair    Kaufman     ,        Yonas    Gizaw     ,        Peter    Koenig     ,        Yuri    Roiter     ,       and        Jacob N.    Israelachvili   *   

  1.     Introduction 

 Silicone products are ubiquitous in modern life, spanning 

from cosmetic products at home to designer surfaces in the 

laboratory. Boasting a favorable set of material properties—

including hydrophobicity, biocompatibility, optical transpar-

ency, low chemical reactivity, low surface tension, and unique 

tribological properties—viscoelastic silicones are widely 

used in applications such as biomedical implants, [ 1,2 ]  contact 

lenses, [ 3 ]  scaffolds for tissue engineering, [ 4 ]  and lubricating 

fi lms. [ 5,6 ]  Polydimethylsiloxane (PDMS) is the most commonly 

used silicone compound in research, industrial, and consumer 

product applications. In the lab, PDMS can be (i) molded into 

microfl uidic channels for lab-on-a-chip diagnostic experi-

ments, [ 7 ]  (ii) patterned with lithography to form micron-scale 

surface features that control adhesion, friction, and wetta-

bility, [ 8,9 ]  or (iii) functionalized and dispersed in water to form DOI: 10.1002/smll.201402229

 Surfactant self-assembly on surfaces is an effective way to tailor the complex forces 
at and between hydrophobic-water interfaces. Here, the range of structures and forces 
that are possible at surfactant-adsorbed hydrophobic surfaces are demonstrated: 
certain long-chain bolaform surfactants—containing a polydimethylsiloxane 
(PDMS) mid-block domain and two cationic α, ω-quarternary ammonium end-
groups—readily adsorb onto thin PDMS fi lms and form dynamically fl uctuating 
nanostructures. Through measurements with the surface forces apparatus (SFA), it 
is found that these soft protruding nanostructures display polymer-like exploration 
behavior at the PDMS surface and give rise to a long-ranged, temperature- and rate-
dependent attractive bridging force (not due to viscous forces) on approach to a 
hydrophilic bare mica surface. Coulombic interactions between the cationic surfactant 
end-groups and negatively-charged mica result in a rate-dependent polymer bridging 
force during separation as the hydrophobic surfactant mid-blocks are pulled out 
from the PDMS interface, yielding strong adhesion energies. Thus, (i) the versatile 
array of surfactant structures that may form at hydrophobic surfaces is highlighted, 
(ii) the need to consider the interaction dynamics of such self-assembled polymer 
layers is emphasized, and (iii) it is shown that long-chain surfactants can promote 
robust adhesion in aqueous solutions. 
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stimuli-responsive hydrogels [ 10,11 ]  and emulsions. [ 12 ]  In con-

sumer products such as fabric softeners and cosmetic creams, 

PDMS is used to form thin lubricating fi lms that impart a 

favorable tactile sensation onto clothes or skin. [ 5,13 ]  

 In many of these practical applications, the desired 

functionality of the PDMS material—in situ wet adhesion, 

lubrication, or colloidal stabilization—is based upon the 

aqueous interfacial properties of either a plain or a func-

tionalized PDMS surface. To understand the interfacial 

forces that exist at PDMS surfaces, a method to reliably pre-

pare thin (6–10 nm), smooth (≈0.3 nm rms roughness), and 

covalently-grafted collapsed-brush PDMS fi lms on extended 

gold or mica substrates was developed previously. [ 14 ]  These 

PDMS fi lms serve as nano-thin templates to explore the 

interfacial forces at plain or functionalized silicone surfaces. 

When exposed to water, the hydrophobic surface of PDMS 

dewets, and water forms large contact angles on the sur-

face (advancing contact angle,  θ  A  = 113° ± 2°, and receding 

contact angle,  θ  R  = 103° ± 2°). Through measurements with 

the surface forces apparatus (SFA), the PDMS surface was 

found to display a negative surface charge in solution at 

pH > 3 (≈−100 ± 20 mV at pH 10 in 1 mM NaCl), a char-

acteristic of most hydrophobic surfaces. [ 15–18 ]  The interaction 

between the negatively charged PDMS surface and a nega-

tively charged mica surface at pH 10 results in a monotonic 

repulsion between the surfaces that is due to the repulsive 

osmotic pressure between the surface's overlapping electric 

double layers at large distances (>≈1 Debye screening length) 

and due to the steric hydration forces between the surfaces at 

small separation distances (<≈2 nm). 

 The negative charge on the PDMS surface can be prob-

lematic for certain applications. In a wet environment, attrac-

tive van der Waals forces are not strong enough to overcome 

the repulsive electrostatic and hydration forces that exist 

between a PDMS surface and another negatively charged 

surface (such as a mineral, metal, cotton, or keratin). In appli-

cations that require strong binding of a PDMS interface to 

a negatively charged surface in solution—say, securing a 

prosthetic silicone implant onto bone, or binding lubricating 

thin fi lms of silicone onto hair—PDMS surface functionali-

zation is required for robust adhesion. The hydrophobicity 

of the PDMS surface can be exploited by adsorbing amphi-

philic molecules onto the surface, leading to non-destructive 

physisorbed surface modifi cations that enhance the adhesive 

potential of PDMS. Amphiphilic polymers [ 19,20 ]  and poly-

electrolytes [ 21–23 ]  are frequently adsorbed onto hydrophobic 

surfaces to reduce friction or wear at hydrophobic polymer 

surfaces. Intrinsically unstructured proteins extracted from 

the adhesive plaques of marine mussels adsorb to hydro-

phobic surfaces via hydrophobic amino acid residues, and 

mediate adhesion to a hydrophilic mineral surface. [ 24–26 ]  Qua-

ternary ammonium polyelectrolytes function as biofunctional 

coatings when adsorbed onto PDMS and facilitate the attach-

ment and growth of bone marrow cells. [ 27 ]  However, the phy-

sisorption of polymeric surfactants has not been explicitly 

used to promote adhesion between hydrophobic and hydro-

philic surfaces. 

 The adsorption of adhesion-promoting amphiphiles or 

surfactants onto a hydrophobic surface is fundamentally 

interesting when considering the intermolecular forces that 

determine the equilibrium geometry of the surface aggre-

gates. In bulk solution above the critical micelle concentra-

tion (CMC), the self-assembly of ionic surfactants depends 

on a balance of forces between the hydrophobic attractions 

between surfactant tails, the electrostatic repulsion between 

surfactant head-groups, and geometric packing constraints. [ 28 ]  

Comparatively, ionic surfactants self-assemble at hydrophobic 

surfaces above a critical aggregation concentration (CAC, 

where CAC < CMC). The balance of forces that govern sur-

face assembly becomes more complex as additional param-

eters are introduced, namely the hydrophobic attraction 

between the surfactant tails and the surface, and the geometric 

constraints of the surface. Previous research has shown that 

short-chain aliphatic surfactants (cetyl trimethylammonium 

halides, sodium dodecyl sulfate, alkylpoly[ethylene oxide], 

C 12  zwitterionic surfactants) adsorb onto solid hydrophobic 

surfaces (crystalline graphite, methylated silica) and may 

form a variety of aggregate morphologies (monolayers, fl at 

discs, hemimicelles, hemicylinders) that are dependent upon 

surfactant geometry, headgroup type, the surfactant con-

centration, and the type of hydrophobic surface. [ 29–34 ]  Force 

measurements with the atomic force microscope (AFM) 

indicate that these adsorbed ionic layers give rise to time-

invariant and exponentially decaying double layer forces 

between an AFM probe and the surfactant-adsorbed sub-

strate. [ 31,35 ]  While there is undoubtedly a constant exchange 

of surfactant monomers between the surface aggregates and 

solution, the previous reports on these aggregates indicate 

that their shapes do not dynamically change or fl uctuate in a 

signifi cant way over the timescale of an AFM measurement 

(with typical AFM line scan rates of 0.1 to 1 µm s –1 ). The 

static nature and relatively simple geometries of these sur-

face aggregates perhaps are not surprising, as the majority of 

the studied surfactants adsorb from small spherical micelles 

in solution to form surface features that are similar in dimen-

sion to the size of their bulk micelles (≈2–5 nm). We hypoth-

esize that increasing the complexity of the system—including 

adding long polymer chains and multiple headgroups to the 

adsorbing surfactants, altering the structure of the bulk sur-

factant aggregates, and using grafted chains of soft polymers 

as the hydrophobic surface—may result in more complex 

morphologies and dynamic (time-dependent) behaviors at 

self-assembled surfaces. 

 In this work, we investigate the self-assembly phenom-

enon of a long-chain bolaform surfactant as it adsorbs onto a 

grafted PDMS brush fi lm. The bolaform surfactant (bolaquat-

PDMS or bq-PDMS,  Figure   1  A ) contains a linear PDMS 

mid-block domain and cationic α, ω-quarternary ammonium 

headgroups. As shown schematically in Figure  1 B, bq-PDMS 

forms vesicles in solution; both cryogenic transmission elec-

tron microscopy (TEM) images (Figure  1 C) and dynamic 

light scattering (DLS) confi rmed that the vesicles are 

spherical with an average diameter of ≈100 nm. In the fol-

lowing experiments, we adsorbed vesicles of bq-PDMS onto 

gold-grafted PDMS brush fi lms (Au-PDMS, Figure  1 D) to 

obtain a bq-PDMS functionalized interface. Using the SFA, 

we measured the normal interaction forces in aqueous solu-

tion between (i) a negatively-charged mica surface and an 

small 2015, 11, No. 17, 2058–2068
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adsorbed bq-PDMS fi lm and (ii) two symmetric bq-PDMS 

fi lms. The results show that bq-PDMS self-assembles into 

soft, fl uctuating nanostructures on the grafted-PDMS surface 

that give rise to dynamic polymer bridging forces between 

extended surfaces. Furthermore, a sparingly low concentra-

tion of bq-PDMS mediates exceptionally strong adhesion 

between mineral (mica) and polymer (PDMS) surfaces.   

  2.     Results and Discussion 

 The SFA was used in this work to examine the interaction 

forces primarily between a bq-PDMS functionalized surface 

and a mica surface. The SFA provides distinct advantages in 

accuracy, visualization, and versatility for 

measuring force-distance curves between 

extended soft matter surfaces and struc-

tures. [ 36 ]  The SFA utilizes a technique 

known as fringes of equal chromatic 

order (FECO), in which the wavelengths 

of light interference fringes are used to 

measure the absolute separation distance, 

 D , between two extended cross-cylinder 

surfaces with an accuracy of ≈1 Å. [ 37 ]  The 

radius of the macroscopic interacting sur-

faces,  R  ≈ 2 cm, is also measured by FECO. 

The interaction force between the two sur-

faces,  F , is measured by the defl ection of 

a double-cantilevered spring with a known 

spring constant,  k . When measuring forces 

between attractive or adhesive surfaces, 

mechanical instabilities occur when the 

slope of the interaction force between the 

two surfaces equals the spring constant 

(d F /d D  = k ), and the surfaces rapidly jump 

into an adhesive contact on approach, or 

jump out of adhesive contact as the sur-

faces are separated. The FECO provide a 

real-time virtual image of the interacting 

surfaces during the force measurement, 

through which the separation distance 

( D ), contact mechanics, adhesion, and 

deformations of the interacting surfaces 

can be determined. The SFA technique 

measures the absolute separation distance 

between the surfaces at all times, which 

allows for the accurate measurements of 

time-dependent forces (ranging from tran-

sient to long-equilibrating forces) that are 

frequently found in polymer or biological 

systems. 

 A typical force-distance curve plots 

the force scaled by radius ( F / R ) versus the 

surface separation distance ( D ). Typically 

the force,  F , is normalized by the radius, 

 R , to allow for comparison with separate 

experiments and techniques because inter-

action forces scale with  R . An advantage 

of the SFA—which is important especially 

for the interactions examined in this work—is the ability to 

explore a wide range of surface approach and separation 

rates,  v , which ranges from  v  ≈ 0.1 to 10 nm s –1 . Two meas-

urement techniques were used in the present study: (1) a 

“dynamic” technique and (2) a “quasi-static” technique. In a 

dynamic measurement, the surfaces are driven towards each 

other at a constant rate,  v  ≈ 2–10 nm s –1 , while measuring the 

force instantaneously at each separation distance in the force 

curve. In a quasi-static measurement, the equilibrium force 

between the surfaces is measured after the surfaces are equil-

ibrated for 30 seconds at a given separation distance. The 

surfaces are then moved to a new separation distance (step 

size ≈ 5 nm) and allowed to equilibrate again for 30 s before 

measuring the equilibrium force ( v  average  ≈ 0.2 nm s –1 ). The 

small 2015, 11, No. 17, 2058–2068

 Figure 1.     The long-chain bolaform surfactant and the grafted silicone surfaces used in this 
study. (A) The chemical structure of bolaquat-PDMS (bq-PDMS). (B) A schematic representation 
of bq-PDMS vesicles. (C) A representative cryo-TEM image of 1% v/v bq-PDMS dispersed in 
water. The bq-PDMS typically forms spherical single unilamellar vesicles from ≈50 nm up 
to ≈300 nm in diameter. Some small bq-PDMS aggregates (≈10–20 nm diameter) are also 
observed. (D) A schematic representation of the thin, covalently-grafted PDMS fi lms on gold 
that are used in this study.
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quasi-static technique provides the most accurate equilibrium 

force measurements and can detect forces that may take tens 

of seconds to equilibrate, such as polymer bridging forces. [ 38 ]  

In both dynamic and quasi-static SFA measurements, the 

approach and separation rates are so slow that hydrodynamic 

(viscous) forces between the surfaces are negligible, and the 

measured forces are incontrovertibly due to interaction of a 

bq-PDMS fi lm with a mica surface. The differences between 

quasi-static and dynamic measurements, and their implica-

tions on the physical interactions and structures of bq-PDMS, 

will be discussed in detail below. 

 To determine the interactions of the bq-PDMS fi lm with 

a mica surface, the bq-PDMS was initially adsorbed, via vesi-

cles, onto an Au-PDMS grafted layer. This bq-PDMS-coated 

surface was then mounted in the SFA opposite a clean mica 

surface for the force measurement while immersed in 1 mM 

NaCl, pH ≈ 10 solution. As discussed below, the interactions 

during both approach and separation of the bq-PDMS at the 

target mica surface are strongly attractive. The approach and 

separation curves are both very complex and appear to be 

governed by somewhat different physical mechanisms, so we 

fi rst discuss the approach in Section 2.1. 

  2.1.     Asymmetric Interactions Between bq-PDMS and Mica 
Surfaces During Approach 

 The interactions during approach of a bq-PDMS fi lm and 

mica exhibit a long-range attractive jump-in to contact 

that depends sensitively on the rate of approach of the 

two surfaces, as shown in  Figure   2  A . At room temperature 

( T  = 22 °C), when a bq-PDMS fi lm and mica are driven 

towards each other at a rate  v  ≈ 6 nm s –1  (dynamic), an attrac-

tive force is fi rst measured at  D  ≈ 33 nm, and is followed by a 

jump into adhesive contact to the contact distance,  D  0  = 10 nm 

(red points, Figure  2 A). When the surface approach is quasi-

static, the onset of attraction increases dramatically to 

 D  ≈ 49 nm, and the surfaces subsequently jump into con-

tact from a much greater distance (blue points, Figure  2 A). 

Raising the temperature, from room temperature to 

 T  = 28 °C, results in the onset of attraction increasing further, 

to  D  ≈ 58 nm (green points, Figure  2 A). For comparison, the 

interaction of a clean Au-PDMS surface (i.e., in the absence 

of bq-PDMS) with a mica surface is also shown (black points, 

Figure  2 A). As described previously, [ 14 ]  the interaction is fully 

repulsive (in 1 mM NaCl solution at pH ≈ 10). The maximum 

attractive electric double layer interaction between nega-

tively charged mica and a fully-charged cationic surface (as 

might be expected for an adsorbed monolayer of bq-PDMS) 

is also shown for comparison (dashed black line, Figure  2 A).  

 The measured attractive forces for both the room tem-

perature and elevated temperature quasi-static meas-

urements are much stronger and longer-ranged than the 

maximum electrostatic force, so a simple electrostatic 

double layer attraction between the cationic bq-PDMS and 

negatively-charged mica can be ruled out. The attraction is 

also longer-ranged than the fully extended length of the bq-

PDMS molecule (contour length,  L  C  ≈ 20 nm), indicating that 

a molecular extension event cannot explain the measured 

attraction. Molecular bridging can be further ruled out 

because there would be a large energy penalty for extending 

the hydrophobic central block of the bq-PDMS molecules 

into the aqueous solution, which would be necessary for a 

molecular bridging between bq-PDMS headgroups and mica. 

Quasi-static SFA measurements between a bq-PDMS fi lm 

and mica in 100 mM NaCl show a slightly shorter-ranged 

attraction and jump-in distance, but the interaction is still 

much stronger and longer-ranged than any expected electro-

static attraction between the oppositely charged interfaces 

(Supporting Information, Figure S1). 

 The rate dependence, temperature dependence, and ionic 

strength dependence of the bq-PDMS and mica SFA meas-

urements lead to the hypothesis that nanoscale, micelle-

like, and dynamically fl uctuating aggregates of bq-PDMS 

protrude from the bq-PDMS/Au-PDMS interface, leading 

to the observed capture and subsequent strong adhesion 

between the two interacting surfaces (shown schematically 

in Figure  2 B). These nanoscale aggregates likely behave 

similarly to grafted polymers or cylindrical micelles, with 

similar relaxation times and temperature effects, as they fl uc-

tuate near the PDMS surface due to constrained Brownian 

motion (Figure  2 B.i). At the surface, the aggregates diffuse 

within a given confi guration space and statistically explore 

all of their possible confi gurations. The onsets of the attrac-

tions in the measured force profi les correspond to rare events 

when an aggregate samples an extended confi guration and 

binds to the approaching mica surface with the quaternary 

ammonium headgroups (referred to as “capture” events). 

At a fi xed separation distance, the probability of a capture 

event increases with time. Accordingly, during a quasi-static 

approach (Figure  2 B.iii), the longer equilibration time (30 s) 

at each separation distance results in a capture event that 

occurs at a much larger separation distance than when the 

approach is performed dynamically (0.5 s between each 

measurement point, Figure  2 B.ii). The additional energy pro-

vided by increasing the temperature leads to an increase in 

the rate, size, and exploration space of the fl uctuating bq-

PDMS aggregates, leading to a greater onset of attraction at 

the elevated temperature (Figure  2 B.iv). Quaternary ammo-

nium groups are known to form a strong ionic bond with 

binding energy of ≈5–9 kT at mica surface sites in aqueous 

solution. [ 39,40 ]  The specifi c Coulombic bond between the qua-

ternary ammonium headgroups and the mica surface allows 

for the capture of the mica surface, while the hydrophobic 

interaction between the bq-PDMS surfactant chains and 

Au-PDMS chains leads to the ultimate collapse of the layer 

(Figure  2 B.v). 

 The dynamics of the surface aggregates as they explore 

space and bind to the mica can be analyzed in terms of mean-

fi eld theories, similar to the scaling theories originally devel-

oped for end-grafted polymer chains by de Gennes. [ 41 ]  As 

described by Wong  et al  for tethered ligand-receptor interac-

tions, [ 42 ]  in this case the analogous aggregates diffuse within 

a given confi guration space, exploring all possible confi gura-

tions, with the range of the attraction depending on the equi-

libration time at each separation distance. The typical time for 

an aggregate to sample a confi guration at an extended dis-

tance,  D  E , is known as the exploration time, τ R , and is given by 

small 2015, 11, No. 17, 2058–2068
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τ R ( D  E ) = τ 0 ·exp[ E  ext ( D  E )/ k  B  T ], where  E  ext ( D  E ) is an external 

potential, τ 0  is the intrinsic relaxation rate of a single poly-

meric aggregate,  k  B  is Boltzmann’s constant and  T  is the tem-

perature. The intrinsic relaxation rate of a single aggregate 

is known as the Zimm time, [ 43 ]  τ 0  ≈ η R  F  3 / k  B  T , where η is the 

viscosity of water, and  R  F  is the effective Flory radius of the 

polymer aggregate. The external potential can be approxi-

mated as a parabolic potential,  E  ext ( D  E ) =  D  E  2  k B T /2 R  F  2 , 

small 2015, 11, No. 17, 2058–2068

 Figure 2.     The interactions of a mica surface approaching a fi lm of adsorbed bq-PDMS. (A) Comparative SFA force-distance measurements of the 
interaction between mica and an adsorbed bq-PDMS fi lm, performed either dynamically (red circles, approach speed of  v  ≈ 6 nm s –1 ) or quasi-
statically (30 second equilibration periods were allowed after each approach step of ≈5 nm). Quasi-static measurements are shown for  T  = 22 °C 
(blue circles) and  T  = 28 °C (green circles). The solid colored lines (red, blue, green) show the probable interaction potentials for each measurement, 
and these curves continue as dashed colored lines in the unstable regions after the points where the surfaces abruptly jump into adhesive contact. 
The black dashed curve indicates the theoretical maximum attractive electrostatic double-layer force between a mica surface and a fully ionized 
cationic surface. The monotonically repulsive PDMS/mica interaction in the absence of adsorbed bq-PDMS is shown for reference (black squares). 
(B) Schematic representations of the hypothesized interacting structures. The images are intended as visual aids and are not drawn to scale. 
(i) The mica surface approaches the bq-PDMS fi lm. The bq-PDMS ‘micelle-like’ aggregates contact the mica surface at a smaller separation distance 
when the approach is performed dynamically (ii) than if the approach is performed quasi-statically (iii). As the temperature is increased (iv), the 
bq-PDMS aggregates contact the mica surface at an even greater separation distance. In schematics (ii), (iii), and (iv), the blue dashed line indicates 
the outline of the bq-PDMS aggregates at an initial time  t  1  and the green shaded region indicates the position of the aggregates when they contact 
(capture) the incoming mica surface at time  t  2  ( t  2  >  t  1 ). (v) The mica surface jumps into a strong adhesive contact with the underlying PDMS layer.
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where  D  E  >  R  F . Taking τ R  to be the sampling period between 

measurement points (τ R  D  = 0.5 s for dynamic measurements 

and τ R  Q  = 30 s for quasi-static measurements) and  D  E  to be 

the difference between the measured onset of attraction and 

the Au-PDMS fi lm thickness ( D  E  =  D  A  –  D  0 ), the Flory radius 

of the aggregate protrusions is estimated as 4.0 nm <  R  F  < 

6.1 nm. This polymer-like behavior suggests that even longer-

ranged attractive forces would be observed if the equilibra-

tion time is increased beyond 30 seconds; however, to observe 

a meaningful increase in the onset of attraction beyond the 

30 second waiting time case, the waiting time must increase 

to experimentally-impractical intervals (on the order of 

10 minutes), due to the exponential function of the explora-

tion time. The timescale over which these aggregates fl uctuate 

resembles the range for the “slow” characteristic relaxa-

tion times of whole micelles in solution, generally called τ 2.  

In surfactant micellar solutions, τ 2  corresponds to the time-

scale of the micellization-dissolution process—or the micelle 

stability—and it generally falls in the range of hundreds of 

microseconds to tens of seconds for short aliphatic surfactants 

(in contrast to the much shorter lifetimes of the individual 

surfactant molecules in the micelles). [ 44,45 ]  This rough analysis 

demonstrates that the ‘fl uctuating micelle’ hypothesis is a 

viable possibility. After the capture event and collapse of the 

layer, the bq-PDMS headgroups are strongly attached to the 

mica, and a very strong adhesion is measured upon separating 

the surfaces, as discussed in the following section.  

  2.2.     Asymmetric Interactions Between bq-PDMS and Mica 
Surfaces During Separation 

 The separation of bq-PDMS/mica surfaces leads to a very 

large adhesion force and exhibits highly rate-dependent 

interactions, similar to the approach interactions shown 

above.  Figure   3  A  shows a comparison between a dynamic 

small 2015, 11, No. 17, 2058–2068

 Figure 3.     The adhesive interactions of a mica surface separating from a fi lm of adsorbed bq-PDMS. (A) Dynamic (red circles) and quasi-static (blue 
circles/squares) force-distance measurements for the separation of a mica surface from the PDMS/bq-PDMS interface. At certain times during the 
quasi-static separation (marked with blue squares) the surfaces were allowed to fully equilibrate while under constant tensile load. In this particular 
quasi-static separation, constant force bridging between the surfaces is fi rst observed at a tensile load of ≈−250 mN/m, as bq-PDMS molecules 
are pulled out from the grafted PDMS fi lm. (B) A schematic representation of the interaction potential during the quasi-static separation of the 
surfaces. (i) Coulombic (headgroup-mica) interactions strongly bind the mica surface to the bq-PDMS fi lm, while the polymer mid-block of the 
bq-PDMS strongly anchor into the grafted PDMS fi lm by hydrophobic interactions. (ii) When given suffi cient relaxation times under high tensile load, 
bq-PDMS molecules around the contact area perimeter are pulled out from the PDMS fi lm, transferring to the mica surface. (iii) Bridging adhesion 
continues until the bq-PDMS molecules at the apex of the surface are pulled out from the PDMS fi lm at D Bridge  = D *  Bridge , a mica-PDMS separation 
distance near the fully extended length of bq-PDMS.
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separation (red points), and a quasi-static separation (blue 

points). In a dynamic separation, a tensile load is applied to 

the surfaces at a constant rate ( Ḟ/R  ≈ 8.5 mN m −1  s −1 ); in a 

quasi-static separation, the tensile load is applied in incre-

ments ( F/R  ≈ 5–15 mN m −1 ) and the system is allowed to 

equilibrate for 30 s after each increase in tensile load (average 

 Ḟ/R  ≈ 0.3 mN m −1  s −1 ). Additionally, under certain tensile 

loads during the quasi-static run, the surfaces were allowed 

to fully equilibrate for longer time periods (≈10–50 minutes), 

indicated by the blue squares during the quasi-static separa-

tion run (see Supporting Information). These two different 

modes of separating the surfaces allow for observation of 

differences in the rate-dependent polymer chain behavior 

between the surfaces as they are separated. The dynamic sep-

aration exhibits an extremely strong adhesion energy of  E  ad  = 

−240 mJ m −2 . This adhesion is dramatically smaller,  E  ad  = 

−72 mJ m −2 , when the separation is performed quasi-statically. 

Interestingly, when the surfaces are allowed to equilibrate 

under a strong tensile load, the surfaces slowly creep apart, 

observed as an increase in separation distance while the 

applied force remains constant (labeled as “constant force 

bridging”, Figure  3 A). At a tensile load of E = −55 mJ m −2 , the 

surfaces extend from  D  = 7 nm to  D  = 10 nm. Increasing the 

tensile load to  E  = −62 mJ m −2  causes the surfaces to extend 

further from  D  = 10 nm to  D  = 11 nm. Increasing the tensile 

load to  E  = −68 mJ m −2  leads to extension from  D  = 11 nm to 

 D  = 12 nm. Ultimately, when the negative tensile load reaches 

the measured adhesion energy,  E  ad  = −72 mJ m −2 , the surfaces 

bridge dramatically before the jump-out, from  D  = 12 nm to 

 D  = 22 nm. The average quasi-static adhesion energy meas-

ured over multiple experiments is  E  avg  = −77 ± 8 mJ m −2 . The 

extension of the force curve before the jump-out indicates 

that the polymer chains of the bq-PDMS molecules relax and 

untangle from the Au-PDMS chains that are attached to the 

anchoring gold surface.  

 The characteristic “L” shape of the force curve during a 

quasi-static separation has been previously observed for sep-

arating tethered ligand-receptor bonds, [ 42 ]  peeling polymers 

from a hydrophobic interface, [ 46 ]  and specifi c interactions of 

tethered polymers with a target surface. [ 46,47 ]  This kind of 

force-distance profi le is observed when the specifi c endgroup-

target surface attraction is stronger than the anchoring inter-

action. [ 42 ]  In the present case, within the contact area between 

the bq-PDMS and mica surfaces, the bq-PDMS headgroups 

attach strongly and specifi cally to the mica surface, while 

the polymer mid-blocks anchor into the grafted Au-PDMS 

layer through hydrophobic interactions (Figure  3 B.i). When 

the two surfaces are slowly separated from molecular con-

tact, the bq-PDMS polymer chains are provided enough 

time to slowly rearrange, untangle, and extend out from the 

grafted Au-PDMS layer (Figure  3 B.ii). Due to the surface 

curvature, bq-PDMS molecules around the perimeter of the 

given contact area are the fi rst molecules to fully extend and 

are plucked from the Au-PDMS surface, breaking contact 

between the hydrophobic segments of the bq-PDMS and Au-

PDMS chains. Bq-PDMS molecules around the contact area 

perimeter are continually extended and removed from the 

Au-PDMS surface, causing the contact area to shrink, until 

eventually only the chains at the apex bridge between the 

two surfaces (Figure  3 B.iii). The bridging molecules at the 

apex extend all the way to  D  *  Bridge  = 15 nm—nearly the fully 

extended length of the bq-PDMS molecules,  L  C  ≈ 20 nm. For 

two curved surfaces, the force-law for the molecular pullout 

is independent of  D , [ 42 ]  and the force is therefore constant as 

 D  increases from  D  0  to  D  *  Bridge , at which point the rupture 

occurs. After the last bridging bq-PDMS molecule is plucked 

from the Au-PDMS, the two surfaces rapidly jump apart. 

 The strength of the specifi c Coulombic attraction between 

the bq-PDMS headgroup and the mica surface is stronger 

than the equilibrium hydrophobic interaction between the 

bq-PDMS and Au-PDMS chains, so bq-PDMS molecules are 

pulled out of the Au-PDMS fi lm and transferred onto the 

mica surface. Material transfer of bq-PDMS onto the mica 

surface was confi rmed by FECO and by a repeated force 

run at the same contact position, as shown in the Supporting 

Information (Figure S.2). The measured adhesion is thus 

effectively due to separation of the two PDMS interfaces 

(bq-PDMS and Au-PDMS), and the average adhesion energy 

 E  avg  = −77 ± 8 mJ m −2  approaches the thermodynamically 

expected adhesion between two hydrophobic PDMS fi lms or 

surfaces,  E  0  = −2 γ  i  = −88 mJ m −2 , where  γ  i  = 44 mJ m −2  is the 

PDMS-water interfacial tension.  E  avg  is slightly less than  E  0  

due to the presence of cationic headgroups and excess sur-

factants near the hydrophobic failure interface. While the 

adhesion energy between extended hydrophobic surfaces 

decreases with moderate increases in temperature, [ 48 ]  no sig-

nifi cant change in the adhesion energy was measured over 

the small range of temperatures used in this study (22–26 °C). 

 Particularly noteworthy is the large difference in the 

adhesion values due to quasi-static and dynamic separations: 

 E  ad  = −72 mJ m −2   vs E  ad  = −240 mJ m −2 , respectively. In the 

quasi-static case, the polymer chains re-arrange and reach 

preferred low-energy confi gurations, allowing the bq-PDMS 

molecules to be progressively pulled out of the Au-PDMS 

through a low-energy pathway. Thus, slow and quasi-static 

separations provide the lower bound and equilibrium adhe-

sion energy between soft polymer surfaces. In contrast, during 

dynamic separations, the polymers do not have time to relax 

and rearrange, and the detachment or ‘pull-off’ between the 

bq-PDMS and Au-PDMS chains occurs simultaneously over 

the entire contact region, leading to energy dissipation in the 

entangled polymer fi lm and much larger measured adhesion 

(see also Bell’s theory on bond lifetimes). [ 49 ]  To gain further 

physical insights into the proposed fl uctuating aggregates and 

bridging forces, we also measured the forces between two bq-

PDMS coated surfaces, to compare with the asymmetric bq-

PDMS/mica interactions.  

  2.3.     Symmetric Interaction Between bq-PDMS Interfaces 

 A thin PDMS fi lm can also be supported on mica surfaces, 

using similar click chemistry with an amine-terminated silane 

monolayer on the mica surface (rather than the amine-ter-

minated thiol monolayer used on gold). [ 48 ]  A symmetric 

experiment between bq-PDMS layers was performed, in 

which a bq-PDMS layer supported on Au-PDMS interacts 

with a similar bq-PDMS layer supported on mica-PDMS. 

small 2015, 11, No. 17, 2058–2068
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 Figure    4   shows a comparison of the asymmetric interaction 

of bq-PDMS and mica surfaces with the symmetric interac-

tion of two bq-PDMS interfaces. The same data discussed 

above for the asymmetric quasi-static separation (Figure  3 A, 

blue points) and its corresponding approach measurement 

are shown also in Figure  4  for comparison to the symmetric 

experiment. The symmetric experiment (Figure  4 , green 

points) exhibits several qualitative similarities to the asym-

metric experiment: during the approach, a very long-ranged 

attraction is observed, and during separation, the character-

istic “L” shaped polymer-bridging force-distance profi le is 

observed (fi lled green points). However, important differ-

ences between the symmetric and asymmetric experiments 

are detected, which can help explain and confi rm the pro-

posed mechanisms discussed above.  

 The major difference between the symmetric and asym-

metric experiments is the range of interaction, for both the 

approach and separation force-distance curves. During the 

approach in the asymmetric experiment, the attractive force 

onsets near  D  = 49 nm and jumps-in to a contact distance 

of  D  0  = 10 nm, with an approximate range of interaction of 

39 nm. The range of interaction increases for the symmetric 

system, with an attractive force onset near  D  = 105 nm, even-

tually jumping-in to a contact distance of  D  = 28 nm, cor-

responding to a range of interaction of about 77 nm. The 

range of interaction has therefore doubled for the symmetric 

small 2015, 11, No. 17, 2058–2068

 Figure 4.     The forces between two symmetric bq-PDMS fi lms. (A) Quasi-static force-distance measurements for the approach and separation 
of two symmetric bq-PDMS fi lms (green circles/squares). Near the adhesive minimum, the system was allowed to equilibrate under a constant 
tensile load, and bridging adhesion was observed over 20 minutes (closed green squares). The asymmetric interaction between mica and one 
adsorbed bq-PDMS fi lm on approach and separation is shown as blue circles/squares (same data as the quasi-static measurements shown in 
Figure  4 , for comparison). (B) A schematic representation of the hypothesized interaction potential on approach of two symmetric bq-PDMS fi lms. 
(i) The undulating bq-PDMS fi lms approach one another. (ii) At large separation distances, the bq-PDMS aggregates coalesce and bridge the two 
surfaces. (iii) The coalesced bridge collapses, pulling the surfaces into a strong adhesive contact. Some bq-PDMS is confi ned between the grafted 
PDMS fi lms.
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interaction compared to the asymmetric one. This is con-

sistent with the protruding aggregates model, now adsorbed 

on both surfaces as shown in Figure  4 B, approaching each 

other (Figure  4 B.i), then encountering each other and coa-

lescing (Figure  4 B.ii), leading to the observed longer-ranged 

attraction. The large increase in the range of attraction further 

suggests that the protrusions are intrinsically dynamic and 

fl uctuating structures; the nanostructures are not “activated” 

by the approach of another negatively charged surface, such 

as mica. No repulsive force was measured between the sym-

metric surfaces during a quasi-static approach, indicating that 

the attractive hydrophobic force between critically extended 

bq-PDMS aggregates overwhelms any repulsive electrostatic 

force between the similarly charged aggregates. A simple 

energy balance between the electrostatic, van der Waals, and 

hydrophobic pair potentials between two model nano-aggre-

gates ( R  ≈ 4 nm) indicates that these aggregates will coalesce 

even at moderate-to-high surface charge densities. 

 Interestingly, the attractive force leads to collapse of the 

protruding aggregates, although a signifi cant amount of bq-

PDMS appears to be trapped in the gap between the surfaces, 

as indicated by the hard-wall distance for the asymmetric ( D  

= 8 nm)  vs  symmetric ( D  = 28 nm) cases (Figure 4B.iii). A 

naïve expectation would be that the hard-wall distance should 

double in this case; however, the hard-wall distance has 

increased by 3.5 times for the symmetric experiment. In the 

case of bq-PDMS approaching a bare mica surface, the bq-

PDMS headgroups can spread on the mica surface, leading to 

a full collapse of the bq-PDMS layer. For two bq-PDMS sur-

faces, both surfaces already are fully saturated (if not over-

saturated) with bq-PDMS and therefore cannot spread, and a 

signifi cant amount is trapped between the surfaces, leading to 

the larger than expected hard-wall distance for the symmetric 

case. This result also suggests that the protruding aggregates 

are possibly formed due to an excess of bq-PDMS material at 

the PDMS thin fi lm surface. Micron-sized lipid “worms” have 

previously been found to dynamically form and protrude at 

overpacked phospholipid bilayer-covered interfaces by fl uo-

rescence imaging, [ 50 ]  however the proposed bq-PDMS nano-

structures are too small to image with fl uorescence, and too 

dynamic and soft to image with atomic force microscopy [ 51,52 ]  

(AFM images produced only smeared-out and feature-

less images of the bq-PDMS surface, Figure S3, Supporting 

Information). 

 The separation curve for two bq-PDMS surfaces also 

exhibits a larger range of interaction compared to the bq-

PDMS/mica separation curve. The bridging distance increases 

from  D  *  Bridge  = 15 nm for the asymmetric case to  D  *  Bridge  = 40 nm 

for pulling apart two bq-PDMS surfaces. The dramatic 

increase in the polymer bridging distance indicates that bq-

PDMS molecules, perhaps some in the form of bq-PDMS 

aggregates, extend between the two surfaces and lead to the 

measured bridging force. Only a single step-wise bridging 

event occurs for the symmetric separation in Figure  4 A, 

as only one extended equilibration time was permitted 

past the bridging threshold load in this particular experi-

ment. The average adhesion energy between two bq-PDMS 

coated surfaces  E  avg  = −79 ± 9 mJ m −2  is slightly less than the 

expected thermodynamic adhesion for two PDMS interfaces, 

 E  0  = −88 mJ m −2 , similar to the adhesion between bq-PDMS 

and mica, further confi rming that the strong adhesion (in 

both the asymmetric and symmetric cases) arises from the 

energy of cohesion between PDMS surfaces.   

  3.     Conclusions 

 We have shown that long-chain bolaform surfactants self-

assemble at hydrophobic interfaces and form more compli-

cated and dynamic morphologies than previously reported 

for short-chain aliphatic surfactants. Short-chain aliphatic 

surfactants are known to adsorb to solid hydrophobic sur-

faces, form small structures (monolayers, hemicylinders, hem-

imicelles) similar in dimension to their bulk micelle size, and 

give rise to primarily electrostatic double layer forces when 

interacting with another surface in solution. By adsorbing a 

long-chain bolaform surfactant (bq-PDMS) onto a hydro-

phobic polymer brush fi lm—drastically increasing the com-

plexity of the system—we have found that dynamically 

fl uctuating nanoscale surfactant aggregates form on the sur-

face and persist for many hours. These bq-PDMS aggregates 

behave analogously to grafted polymer chains, as they fl uc-

tuate and explore their full confi guration space. In measure-

ments with the SFA, these aggregates induce an attractive 

force with an approaching mica surface as the aggregates 

contact the mica surface and the cationic surfactant head-

groups bind to mica. The range of this attractive force (and 

the range of the abrupt jump in to adhesive contact) depends 

signifi cantly on the rate of approach; decreasing the approach 

speed allows the aggregates to sample larger extended con-

fi gurations, re-organize, and contact the mica surface at larger 

separation distances. The range of the attractive force and 

jump-in also increases with increasing temperature. When 

two similar surfaces of adsorbed bq-PDMS fi lm approach in 

solution, the surface aggregates on opposite surfaces coalesce 

and give rise to a long-ranged bridging force. 

 These particular surface structures presumably exist only 

for specifi c combinations of surfactant geometries and sur-

face types. Small changes to the surfactant molecule—such 

as changing the backbone composition, the backbone length, 

or the headgroup charge (changing the surfactant “packing 

factor”)—or small changes to the surface structure—such as 

changing the surface hydrophobicity, degree of cross-linking, 

or polymer brush length—are all expected to affect the 

adsorbed surfactant structures and colloidal forces in com-

plex ways. We are currently investigating this phenomenon 

with follow-up work. 

 The results presented in this study suggest that careful 

consideration should always be given to the rates at which 

measurements are performed at soft polymer interfaces. By 

varying the rate and method by which we separate a mica 

surface from the adsorbed bq-PDMS fi lms, we fi nd large dif-

ferences in the separation mechanism and in the measured 

adhesion energy. When the separation is performed quickly, 

the polymer chains are not allowed enough time to relax 

and untangle, and consequently a massive—mostly dissipa-

tive—adhesion energy is measured. However, when the sepa-

ration is performed slowly with suffi cient waiting times, the 
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mica-bound bq-PDMS surfactants untangle and are pulled 

out from the underlying polymer layer, which manifests as 

slowly equilibrating molecular bridging force that extends 

nearly to the stretched length of the bq-PDMS molecules. 

This slow pull-out effect produces an adhesive energy that 

approaches the equilibrium adhesion energy between PDMS 

surfaces. These rate- and time-dependent effects should 

also arise when soft polymer surfaces, polymer-coated col-

loidal particles, or emulsions are sheared, mixed, or agitated, 

as these movements also involve two surfaces or particles 

approaching, and then separating, in a suspending liquid. 

 These cationic long-chain surfactants mediate remark-

ably strong adhesion between a polymer and a mineral sur-

face, with adhesive forces that are signifi cantly greater than 

those observed between hydrophobic and hydrophilic sur-

faces bridged by adhesive proteins. [ 24–26 ]  The adhesive mech-

anisms displayed by these surfactants lend themselves well 

to applications such as binding lubricating fi lms to anionic 

surfaces or securing polymer devices onto mineral or oxide 

fi lms. The polymer mid-blocks of the surfactants entangle 

within a non- or partially-crosslinked polymer surface; the 

entangled polymer interface can dissipate energy during 

unloading or shearing events, leading to exceptionally large 

non-equilibrium adhesion energies. During separation of the 

mica and bq-PDMS surfaces, the specifi c Coulombic interac-

tions between the quaternary ammonium surfactant head-

groups and the mica surface are strong enough to shift the 

interface of failure to the hydrophobic PDMS-PDMS inter-

face between the surfactant tails and the grafted polymer 

layer. This constitutes an important strategy for the design 

of robust adhesives in wet environments: whenever possible, 

shift the failure interface between the surfaces to a cohe-

sive hydrophobic interface, as this results in an equilibrium 

adhesive energy that approaches a thermodynamic value of 

 E  ad  = −2γ ≈ −2(50 mJ m −2 ) ≈ −100 mJ m −2 .  

  4.     Experimental Section 

  Grafted PDMS Film Preparation : The full details of the Au-
PDMS and mica-PDMS fi lm preparation are described in our pre-
vious work. [ 14 ]  To prepare Au-PDMS fi lms for SFA measurements, 
cylindrical disks (area ≈ 1 cm 2 ) of molecularly smooth gold are 
produced through a mica-templating technique. These clean 
gold surfaces are immersed in a 1 mM solution of 11-amino-
1-undecanethiol hydrochloride (Sigma-Aldrich) for 2 hours and 
then rinsed with ethanol, forming an amine-functionalized self-
assembled monolayer (SAM). The SAM surfaces are submerged 
and heated in neat monoglycidyl ether-terminated polydimethylsi-
loxane (MW = 5,000 g mol −1 , Sigma-Aldrich) at 130 °C for 1 hour. A 
click-chemistry reaction proceeds between the PDMS epoxide ring 
and the SAM amine group, to produce a covalently grafted PDMS 
fi lm. Non-grafted PDMS is removed from the surface with cycles of 
rinsing and sonicating in toluene and ethanol. 

 In the symmetric experiment between two bq-PDMS surfaces, 
one mica-PDMS surface and one Au-PDMS surface were used 
instead of two Au-PDMS surfaces, because an insuffi cient amount 
of light transmits between two Au-PDMS surfaces and FECO is not 
observed. To prepare a mica-PDMS fi lm, [ 51 ]  a clean mica surface is 

treated with ozone for 20 minutes to activate the surface hydroxyl 
groups. The mica surface is amine-functionalized through immer-
sion in a 1 vol% solution of (3-trimethoxysilylpropyl)diethylenetri-
amine (DETAS, Gelest Inc., Morrisville, PA) in methyl ethyl ketone 
(MEK, Sigma-Aldrich) for 2 hours. Next the surface is rinsed with 
ethanol, dried, immersed in monoglycidyl ether-terminated polydi-
methylsiloxane and then placed into a vacuum oven at 80 °C for 
60 hours. The remaining preparation steps are exactly the same on 
mica-PDMS as they are on Au-PDMS. 

  Bq-PDMS Vesicle Preparation and Adsorption : Bq-PDMS 
(formally, α,ω-[diethylmethyl{isopropoxypropanol}ammonium 
chloride]-polydimethylsiloxane, MW = 4238 g mol −1 ) was provided 
by the Proctor & Gamble Company (Cincinnati, Ohio). Bq-PDMS 
was mixed in hexylene glycol (≈ 6.4*10 −7  moles bq-PDMS/L hex-
ylene glycol) to form stable bq-PDMS vesicles. Au- or mica-PDMS 
surfaces were immersed in a small vial (≈2 mL) fi lled with the 
bq-PDMS/hexylene glycol mixture, and bq-PDMS vesicles were 
allowed to adsorb onto the surface for 1.5 h. Varying the adsorp-
tion time from 1–3.5 h did not alter the measured forces. Following 
the adsorption step, the reservoir of bq-PDMS/hexylene glycol sur-
rounding the surface was replaced with a 1 mM NaCl pH ≈ 10 solu-
tion through a solvent exchange procedure. The small vial (2 mL), 
containing the surface and bq-PDMS/hexylene glycol solution, was 
submerged in a larger vial (≈30 mL) of 1 mM NaCl pH ≈ 10 solution 
and was gently mixed for 1 minute. The small vial—containing a 
bq-PDMS/hexylene glycol mixture diluted 15x with aqueous solu-
tion—was then removed from the larger vial. This dilution proce-
dure was performed 10 times (using a fresh 1 mM NaCl solution 
during each dilution) to ensure that only negligible amounts of 
non-adsorbed bq-PDMS and hexylene glycol could exist in the 
reservoir surrounding the target surface. The bq-PDMS surface, 
resting in the small vial, was then transferred under solution into 
the SFA for force measurements. During the adsorption, dilution, 
and transfer process, the bq-PDMS surface was kept continually 
under solution; if the bq-PDMS surfaces were exposed to air at 
any point in the preparation, the subsequent force measurements 
would return non-reproducible results, and the long-ranged attrac-
tive forces to mica (attributed to the bq-PDMS nanostructures) 
were not observed. This result is not surprising, as exposure to air 
collapses the self-assembled bq-PDMS aggregates, and most likely 
washes a signifi cant portion of bq-PDMS from the Au-PDMS sur-
face with the receding air-water interface. 

  SFA : SFA measurements were performed with an SFA 2000 
(manufactured by SurForce LLC., Santa Barbara, California). The 
SFA results presented here are representative of force measure-
ments performed over more than 10 separate experimental set-
ups. Prior to all SFA experiments, the SFA system was allowed 
to fully equilibrate at a given temperature, until no thermal or 
mechanical drift was observed. 

  Cryo-TEM : Cryo-TEM images were performed with a Tecnai TEM 
at Proctor & Gamble’s facilities in Cincinnati, Ohio. Bq-PDMS/
hexylene glycol vesicle mixtures (6.4 x 10 −7  moles bq-PDMS/L 
hexylene glycol) were dispersed in water at a 1% v/v ratio. The 
introduction of the bq-PDMS vesicles into water did not alter the 
vesicle size, as confi rmed with DLS. The samples were prepared 
for analysis by placing ≈2 µl of sample onto a lacey carbon grid, 
blotting away the excess and plunging the specimen rapidly into 
liquid ethane using a controlled environment vitrifi cation system. 
The frozen samples were stored under liquid nitrogen until being 
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loaded into a Gatan model 626 cryo-stage. The specimens were 
then loaded into the TEM and imaged at 120 KV in low dose mode.  
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 Supporting Information is available from the Wiley Online Library 
or from the author.  
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