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A. Structures and CMC of Surfactant Molecules

We used three types of surfactant molecules as follows:
sodium dodecyl sulfate (SDS): CH;(CH,);;0S03 Na",
cetyltrimethylammonium bromide (CTAB): CH3(CH,)1sN*(Br )(CH3)s, and
dioctadecyldimethylammonium bromide (DODAB):  [CH3(CH,)7],N"(Br )(CH;)s,
whose molecular structures and physical properties are summarized in Fig. S1 and Table S1,
respectively.
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Fig. S1. (a—c) Molecular structures of SDS (a), CTAB (b), and DODAB (c).

Table S1. Molecular length, critical micelle concentrations (CMC), and Krafft temperature of

surfactant molecules.

Molecular Krafft temperature or
CMC (mM) .
length (nm) melting temperature
SDS 1.8 8.28" 288 K*
CTAB 2.1 0.89-0.97>* 293-298 K**
DODAB 2.3 10°° 316-318 K™*
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B. Analytical Formula for Energy Dissipation Corrections

In liquid FM-AFM, because the magnitude of the frequency shift (Af) signal is typically much
larger compared to those used in ultra-high vacuum FM-AFM, the coupling between Af and
dissipation signals should be considered for quantitative analyses. We previously established a
method for recovering the original signals’; however, this analysis requires the experimental
measurement of the transfer functions of the detector and excitation circuits, which is significantly
time-consuming. Therefore, we constructed an easy analytical formula for the recovery as below.
The general formula for the damping coefficient y, due to the tip—sample interactions is expressed
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where every subscript “0” refers to a variable measured under no tip—sample interaction,

y is the intrinsic damping coefficient of the cantilever,

X is the transfer function of the excitation system,

D is the transfer function of the detection system,

Ve is the excitation voltage for an automatic gain controller (AGC),
© is the self-excitation frequency, and

0 is the self-excitation phase.

When the oscillation amplitude is significantly smaller than the characteristic length of the variation
in the damping, the dissipation power Py, due to the tip—sample interactions can be approximately
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where Ay is the cantilever oscillation amplitude. Substituting equation (1) into the above equation

results in the following relation:
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Here, we replace y with
k
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to obtain the more practical form as follows:
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where
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is the frequency independent factor.'!
The transfer function of the cantilever (G)) is expressed asi> 3
Gy = g ()

1
of1-(0r00) [+i(/ o) &

where £k, is the spring constant of the cantilever (Fig. S2a). In our setup, the major source of the
frequency dependent components, which cause delays in the excitation and detection systems, were
the transfer functions of the photothermal excitation of the cantilever (Gpr) and the band-pass filter

(Gppr), respectively. Therefore, the following equations should be used to perform the practical

calculations:
%(0) =Gy (), (8)
D(®) = Gypr(), and 9)
0(®) =06, +0p; + 0. (10

Since the photothermal excitations are caused by the thermal vibrations with various
frequency/phase components, Gpr is empirically approximated using the Cole—Cole relaxation

. . 13
equation, which can be expressed as—
1
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where wpr is the cutoff frequency of the thermal conduction (typically 100 Hz) and « is the factor
of the delay (approximately 0.5). The latter approximation in this equation is valid in every situation
because the resonance frequencies of the cantilevers (@p) are much larger than wpr. The magnitude
and phase of this frequency response can be expressed as

> wpy

G (@) » (0/wy)" and (12)

0, = —a%, respectively. (13)

These results mean that the photothermal response behaves as a constant phase element. As shown
in Fig. S2b, the magnitude decreases with the increasing frequency, whereas the phase does not
significantly vary.

In our setup, a commercial BPF module (NF: DT-208) was used, in which Ggpr has a 2nd-order
Sallen—Key BPF form and can be expressed as
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where Oppr and wgpr are the g-factor and the cut-off frequency of BPF, respectively. The magnitude

Gppr (a))= (14)

and phase of this frequency response can be expressed as
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respectively, as depicted in Fig. S2c.
Further, the analytical formula for the energy dissipation corrections is given by
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When @y does not deviate significantly from wgpr, this equation can be simplified to
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When Af'is small enough to be neglected (@ = ay), this can eventually be simplified to
Vese
Rip(a):a)O’ exc):E) _1 H (19)
exc_0

which is a form commonly used in FM-AFM experiments.*'*
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To verify these analyses, we fitted the experimentally acquired excitation spectrum on the
theoretical curves using these equations. In Fig. S2d, the amplitude of the cantilever excluding BPF
decreased as the excitation frequency increased. A comparison of the experimental and fitted curves
showed good agreement except in the frequency range higher than the first resonance peak because
of the existence of the second resonance peak. The amplitude characteristics including the BPF

transfer function in Fig. S2e also showed good agreement, which confirmed the accuracy of our

theoretical framework.
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Fig. S2. Experimental transfer functions of the cantilever (Nanosensors: PPP-NCHAuD) (a),
simulated curves of photothermal relaxation (b), and band-pass filter (BPF) (¢). Excitation spectra
of experimental and fitted curves without (d) and with (e) BPF. The vertical gray broken lines
indicate the first resonance frequency of the cantilever. The best fitted parameters were as follows:
o, wppr = 21x153 kHz, Q. = 8.7, wpr = 2nx115 Hz, a = 0.5, and Opgpr = 1.05. Deviations between

the experimental and fitted curves at high frequency ranges are due to the second resonance peak of

the cantilever.
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C. Consideration of Surfactant Micelle on Tip

In the main text, we described the formation of the micelles on the tip. Although previous studies
already demonstrated that the spherical or flat micelles on a silica substrate,*'* we also performed
an experiment in 1 mM CTAB on silica substrate to examine the morphology of the micelles. We
used a clean fused quartz surface (Matsunami Glass), on which the organic contaminations were
eliminated using a UV-ozone cleaner (Filgen: UV253) prior to the experiment. Figure S3a depicts a
topographic image of surfactant micelles formed on the surface, which showed a partially
aggregated flat micellar structure instead of the hemimicellar structures formed on graphite. Figure
S3b shows a vertical Af map image, which indicated that these micelles comprise a bilayer-like
structure. The visible layer structure comprises two or three layers, including the solvation layers on
the Si0,/Si tip and the sample surfaces. Figure S3¢ shows a possible schematic, where a bilayer-like
micelle was formed on the sample, whereas we assumed that spherical micelles were formed on the
tip surface.

Figures S3d and S3e show the laterally averaged Af and force curves, respectively. To break
through the micellar structure, Af should exceed approximately 1.5 kHz, which is equivalent to 0.8
nN. This is much larger than the magnitude required for breaking through the hemimicellar
structure on graphite, which indicates that the micellar structures on the fused quartz are in a more
packed and rigid state than those on graphite. Furthermore, this indicates that in the micelle
measurements on graphite, the disruption of the hemimicelles on the substrate is likely to occur
before those of the SiO,/Si tip surface.
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Fig. S3. (a) Constant Afimage, (b) vertical Af map in the approach direction, (€) schematic model,
and laterally averaged (d) Af and (e) converted force curves of a bilayer-like surfactant micelle

formed on a fused quartz surface obtained in a 1 mM CTAB solution.
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D. Estimation of Surface Charge Density of Micelles

In the main text, we revealed the existence of the compression force regime. We noticed that this
regime was also observed in our previous result acquired in a 34 mM SDS solution® (Fig. S4).
Previously, we estimated the surface charge density of the surfactant micelles under the assumption
of the ideal conditions, i.e., the absence of the compression regime and the tip micelles. If these
effects were taken into account, the value would be estimated larger.

For the calculation of electric double layer (EDL) force, the Poisson-Boltzmann (PB) must be
solved.?! Since this equation has a nonlinear form, a numerical calculation is required for the exact
treatment of any surface morphology. Conventionally, the Derjaguin approximation has been used
because of its simplicity;** however, this approximation is only valid when the surfaces form simple
morphologies. This theory was expanded to the surface element integration (SEI) method, which
can be easily applied to any uneven surface.” However, this method is based on a model that
electric fields are vertically distributed between the tip and sample (Fig. S5a); thus, the accurate
results cannot be obtained. For this reason, in our previous study, we constructed a theoretical
framework based on a single-layer potential,”® but this requires a linearized PB approximation,
which is only valid when the potentials are smaller than 25 mV at any position.

Therefore, in our previous study,”* we constructed the EDL fore between the spherical tip and
cylindrical DNA molecule based on linear superposition approximation (LSA),*' which considers
charge regulation because it always gives the solution between the two extreme cases [see the
Supporting Information of Ref. 24]. Since the hemicylindrical micelles has the same morphology as
the DNA molecule, the theoretical framework formulated in the previous study could directly be
applied to this study although the periodic cylindrical structures must be taken into account.

Based on the LSA framework while considering the tip micelles, we estimated the surface charge
density to be —0.12 C/m*, which did not significantly differ from the previous value of —0.11 C/m?.
This means that the influences of the tip micelles and the nonlinear solution instead of the linearize
PB approximation were cancelled out each other. The radiuses of the spherical micelle on the tip
and the cylindrical micelles on the sample were experimentally determined to be 3 and 2.4 nm,
respectively. The dissociation degree of the sodium ions from the SDS molecule was assumed to be
in the range of 0.27-0.37.%> By taking 2.4 molecules/nm” as the molecular density of SDS on
graphite, the ideal surface charge densities were assumed to be 0.10-0.14 C/m’. The experimental

value was included in the range of the theoretical values.
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Fig. S4. Averaged force profile reported in the previous study,?® and the explicit division of the

regimes. The dark purple and green broken lines indicate fitted linear and exponential curves,

respectively.
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Fig. S5. (a,b) The schematic models of the surface element integration (SEI) (@) and linear

superposition approximation (LSA) (b). The dash red arrows indicate the direction of the electric

fields caused by the electric double layers.



E. Frequency Shift Profiles
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Fig. S6. (a,b) Laterally averaged Af curves obtained in the hemimicellar (H) (a) and monolayer
(M) (b) regions. The red and blue curves represent the profiles in the approach and retraction

directions, respectively.
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F. Hydration measurement in pure water for Reference

For comparison with the results of the surfactant micelles, we here describe the results of water
hydration measurements. We and other groups have previously reported numerous hydration
measurements;>>" however, most of the study has discussed only the data in the approach direction
because the retraction data does not significantly differs from the approach data. Figure S7 shows
the result of the hydration measurement on a cleaved calcite (104) surface, which was acquired in
the same condition as that of our previous study.>” In Fig. S7a, a vertical 2D force map image
acquired during the approach exhibits the bright spots that reflect the hydration structure on the
surface. These arrangements of the hydration pattern well agree with the image acquired during the
retraction (Fig. S7b). In contrast, the simultaneously acquired dissipation (Py,) images did not
exhibit such a hydration pattern and only show a large increase near the surface (Fig. S7c,d). The
approach and retraction images also agree with each other.

We further extracted the averaged force and Py, curves in Fig. 7e,f. The force profiles indicate
the oscillatory behavior but show no significant hysteresis as expected from the 2D images. The
broken red arrows and numbers in Fig. S7e,f indicate the position where the peaks were observed.
By superposing them onto Fig. 7f, we confirmed that such hydration peaks did not appear in the Py,
curve. In the previous study,?® by applying a force more than 300 pN, we demonstrated that the Pip
image also exhibits the site-specific oscillatory characteristics which reflect the local augment of the
viscosity. These results however clearly indicate that, when the force is lower than 100 pN, the
water hydration force observed by FM-AFM is a purely conservative interaction. According to a
theoretical consideration,* since the hydration force originates from the statistical mechanics of a
liquid, it must be the conservative force unless the tip does not interact with the strongly adsorbed
innermost hydration layers. This conclusion indicates that the interaction force becomes
conservative in an equilibrium system as also seen in the micelle system in a liquid crystal phase

that showed significantly smaller Py, than that in a gel phase.
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Fig. S7. (a,b) Vertical force maps on calcite (104) in pure water in the approach (@) and retraction
(b) directions. (¢,d) Simultanecously acquired energy dissipation maps in the approach (¢) and
retraction (d) directions (f). (e,f) Laterally averaged profiles of force () and energy dissipation ().

13/22



G. Estimation Method of Elastic Modulus

Young's modulus £ (i.e., elastic modulus) is a measure of the stiffness of linear elastic solid

materials, which is derived from Hooke's law and its general formula can be expressed as
E=Z, (20)
€

where ¢ and ¢ are the compressive or tensile stress and strain, respectively. In the main text, we
estimated £ of the micelles using the elastic force exerted between the hemicylindrical micelles or
monolayer on the sample and the spherical micelles on the tip. The Hertz contact stress theory can
be effectively used for estimating the force values that characterize the contact between various
simple geometric materials (Fig. S8).

Based on this theory, the force exerted on a solid elastic sphere that is in contact with an

semi-infinite plane, Fypnpia (Fig. S8(a)), can be expressed as>

-1
1-o’ -0
F;ph_pla(d) :%[ - sphere + E plancJ RslliﬁeredS/Z’ (21)

sphere plane

where ogphere (Oplane) and Ephere (Eplane) are the Poisson ratio and £ of the sphere (plane), respectively.

Rphere 1s the radius of the sphere and d is the indentation depth, which is defined as
d=z,-z, (22)

where z and z are the tip—sample distance and onset distance of the elastic force, respectively. The
experimental results shown in Fig. 5 were measured below the Krafft temperature; thus the
monolayer or bilayer structure would be formed on the tip. To perform an analytical calculation, we
approximated the tip as a uniform rigid sphere. Considering that ¢ = 0.5 for surfactant molecular
assemblies, the force exerted on a tip with a curvature radius of Ry, in contact with the monolayer,
Flip-mono» can be expressed as

Fo e (@) =23 B R, (23)

where Epnono 1S the Young’s modulus of the monolayer. The effective Young’s modulus of a thin

.. : . 34,35
film on a rigid support becomes increased several times.”

Since the thin monolayer is formed on
a rigid graphite substrate, the bottom effect has to be considered as follows

%mﬁw=§E RUK o (d)d ™, (24)

mono ™ “tip

Here, the correction factor of the bottom effect (Kgec) is expressed by

Ky (d)=1.133a + 14970 +1.4690° +0.755a.*, and (25)
R 26
o=
2 (26)
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where / is the monolayer or micelle thickness.
We next consider the force exerted on a solid elastic sphere in contact with a cylinder, Fyphcyl,

which can be expressed as a function of Fy pia and given by>
F;ph—cyl (d) = KcylF;ph-pla (d)’ (27)

where K is a factor obtained by a numerical calculation as a function of the ratio between Rgphere
and the radius of the cylinder (Rcylinger). In this case, by taking 10 nm for Ryphere and 2 nm for Reytinder,
K. was determined to be 0.681. This equation indicates that Fpn pla and Fgpn ey represent the
equivalent form except for their factors. The force exerted on a tip in contact with the
hemicylindrical micelle, Fii,cyi (Fig. S8(b)), can approximately be expressed as

Py (@) =5 By REK e (™, e8)

tip ~ eyl

where Ecy is E of the hemimicelle. For the calculation, by considering the template monolayer
beneath the hemimicelles and the monolayer on the tip, we assumed that # of the monolayer and
hemicylindrical micelles are 4 and 6 nm, respectively. For fitting, we first fitted the EDL force to
the exponential regime of the experimental results and linearly extrapolated the slope to the contact
regime. We then fitted the above equations to the linear regime of the experimental results (Fig.
S8(c,d)) and obtained 2.6 and 3.4 MPa for the monolayer and hemicylindrical micelles, respectively.
The same order of Young’s modulus means that apparently steep increase of the contact force on

the monolayer simply originates from the thickness and shape of the molecular assembly.
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Fig. S8. (a,b) Schematics of the Hertz contact models used for the estimation of Young's modulus

of the cylindrical micelle (@) and planer monolayer (b). (¢,d) Experimental force curve shown in
Fig. 6b,c (red line) and fitted theoretical curve (green broken line) using Hertz equations.
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H. Experiments Excluding Micelles on the Tip

As discussed in the main text, in the surfactant experiments using SDS and CTAB solutions, the
micelles are formed on the tip as well as the sample surfaces, which results in the elastic
compression force. Moreover, the polarities of the surface potentials on the tip and sample are the
same due to the similarly charged micellar surfaces, which always causes the repulsive electric
double layer force (osmotic pressure) between the tip and sample regardless of the combination of
the tip/sample materials. Meanwhile, dioctadecyldimethylammonium bromide (DODAB) has a
significantly low CMC (0.05 mM) compared to the other surfactant molecules and take a gel phase
at room temperature (Table S1). The topography of graphite surface showed the formation of
surfactant micelles with a partially exposed template monolayer surface (Fig. S9a). Depending on
the region, hemimicelles also appeared in Fig. S9b, and the distance between cylinders was
approximately 5.1 nm (Fig. S9c), which is slightly greater than that of SDS.

The remarkably low solubility would realize the experimental condition with a bare tip, which
can also be realized in the experiment using a lipid membrane, although the micellar structure is not
hemicylindrical. We performed a force map measurement to verify this assumption. A
cross-sectional image of hemimicelles (Fig. S10a,b) showed an entirely dark contrast (i.e., attractive
force), which differs significantly from the contrast features observed in the other surfactant
micelles. From the averaged profiles shown in Fig. S10c, an attractive exponential EDL force was
obviously observed. In aqueous solutions, the bare SiO,/Si tip and DODAB micellar surfaces are
oppositely charged, i.e., negative and positive, respectively, which caused the attractive EDL force.
Furthermore, the compression regime was barely observed, and the EDL force regime was seamless
transitioned to the disruption regime. These two features indicated that the micelles were not

formed on the tip apex (Fig. S10d).
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Fig. S9. (a—c) Constant Af topographies of surfactant micelles formed on a graphite surface
obtained in a DODAB solution, which exhibit partial (a) and full (b,c) coverages.
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Fig. S10. (a—d) Vertical Af maps in the approach (@) and retraction (b) directions, laterally
averaged force profiles (€), and possible schematic model of the experiment (d).
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. Estimation of Viscosity

The hydrodynamic damping coefficient ysphpla On @ sphere of radius Rphere that approaches a flat

surface in a fluid of viscosity # at a distance z, can be given by*>*’

ysph—pla (Z) = 6nnRsphereA” (29)
where

n(n+1)
o (2n —l)(2n +3)
2 =2 inh ay. and (30)
3 po 2sinh (2n+1)a +(2n+1)sinh 2a
X p—
4sinh* (n+1/2)a —(2n+ 1)2 sinh’® a
Z+R
o =cosh™ | ——2e |, (31)
sphere
When z is sufficiently smaller than Rgphere (~10 nm), this equation can be simplified to
61 R,
Vaphopla () ¥ ——_ (32)

Substituing above equation in equation (2), we can derive an explicit form of the dissipation power
(Pyip) as a function of z and #, which can be given by

,3nnR,’

Pip(2) = (@04 ) — . (33)

This equation is valid only when the entire spherical tip is immersed in a viscous fluid; however, in
the surfactant experiments, only the apex of the tip enters in the viscous micelle fluid. Therefore, we
considered a background offset for treating the surface portion that is not immersed in the surfactant
fluid as follows

2

2 3nnRtip + P

0

Prip (z)= (a)vo) (34)

zZ+z,
where zo and Py are fitting parameters for the offset for the tip—sample distance and Py, respectively.
We fitted the experimental Py, curves in the disruption regime (Fig. 6d,e) using this equation as
shown in Fig. S11. The well fitted zyp was 0.7 nm for both regions, and those of Py were 16 and 0 fW
for the hemimicellar and monolayer regions, respectively. Both estimated viscosities were almost
the same (i.e., 0.3—0.4 Pa-s), which was similar to that of lipid bilayers (0.2 Pas).
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Fig. S11. (a,b) Laterally averaged Py, curves obtained in the hemimicellar (H) (a) and monolayer
(M) (b) regions, which are the results shown in Fig. 6d,e in the approach direction. The green

broken curves represent fitted theoretical results.
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