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ABSTRACT

Atomic force microscopy can observe structures of liquids (solvents) on solid surfaces as oscillating force curves. The oscillation originates
from the solvation force, which is affected by the interaction between the probe, substrate, and solvents. To investigate the effects of the
interactions on the force curve, we calculated the force curves by integral equation theory with various probe and substrate conditions. The
probe solvophilicity affected the force curves more than the substrate solvophilicity in our calculation, and its reason is qualitatively explained
by the amount of the desolvated solvents. We evaluated the probes and parameters in terms of the qualitative estimation of the number density
distribution of the solvent on the wall. The negative of the force curve’s derivative with respect to the surface separation reflected the number
density distribution better than the force curve. This parameter is based on the method that is proposed previously by Amano et al. [Phys.
Chem. Chem. Phys. 18, 15534 (2016)]. The normalized frequency shift can also be used for the qualitative estimation of the number density
distribution if the cantilever amplitude is small. Solvophobic probes reflected the number density distribution better than the solvophilic
probes. Solvophilic probes resulted in larger oscillation amplitudes than solvophobic probes and are suitable for measurements with a high

S/N ratio.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0046600

INTRODUCTION

Liquids are isotropic in bulk but not at interfaces. Liquid
molecules often form layer structures at solid-liquid interfaces
where the number density distribution in the normal direction has
the shape of a damped oscillation. These layer structures are very
important, e.g., water molecules on biomembranes are crucial for
biomolecular functions at the membrane.' In addition, the behav-
iors of lubricant molecules are important to understand and con-
trol the friction at the boundary lubrication conditions.” Developing
experimental methods that enable us to observe the structure of
liquid molecules at the solid-liquid interface is important for the
understanding of these subjects.

Structures of liquid molecules at solid-liquid interfaces are
observed by x-ray and neutron reflectivity measurements,”~ surface
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force apparatus (SFA),” " and atomic force microscopy (AFM).

AFM does not require synchrotron facilities as reflectivity measure-
ments, and it can treat various types of substrates compared to SFA.
In AFM, the force between the probe and the substrate can be mea-
sured, and the force plotted against the probe-substrate distance is
called the “force curve.” The force curve reflects the solvation struc-
ture formed on the substrate, and it takes the shape of a damped
oscillation if there is a layer structure. Since the force induced by
the liquid structure confined between the probe and the substrate is
very small, FM-AFM"” (frequency modulated AFM) is used for the
observation of layer structure, which has high force and spatial res-
olutions. In FM-AFM, the tip is oscillated with a constant amplitude
and the frequency shift is recorded. The frequency shift is converted
to force through analytical expressions."” The oscillatory frequency
shift is also regarded as the proof of the layer structure. Oscillatory
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force curves and frequency shifts are observed with many liquids
such as water,' *'* " octamethylcyclotetrasiloxane,"‘1“ dodecanol,”’
and alkanes.”"

The force curve quantitatively reflects the number density dis-
tribution of the solvent molecules near the substrate (i.e., the solva-
tion structure), but the actual relationship is not clear. Principally,
the number density distribution is affected by the bulk number den-
sity, the solvent-solvent pair potential, and the substrate-solvent
pair potential. The force curve is also affected by them and further
by the probe-solvent pair potential and the probe-substrate pair
potential. There are some methods to convert the force curve to the
number density distribution.”

Solvent tip approximation (STA)"**’ treats the probe as a sol-
vent molecule. This approximation is derived from the assumption
that the force acting on the apex of the probe is meditated through
a single solvent molecule adsorbed on the apex. This method is very
simple, but the result does not reflect the probe character. Extensions
of STA are proposed, which include the effect of the detailed solva-
tion structure around the probe calculated from molecular dynamics
simulations.”**’ However, they focus on calculating the force curve
from the number density distribution, and it is difficult to calculate
the number density distribution from the force curve using those
methods.

Hemispherical probe approximation (HPA)*® treats the probe
tip as a hemisphere and assumes that the probe-solvent pair poten-
tial is a rigid potential. This method includes the effect of the probe
size, but the rigid potential assumption causes errors in the number
density distribution when the actual potential is far from the rigid
one. Hashimoto et al. developed a method that assumes that the
probe-particle and substrate-particle pair potentials are the same
but can be arbitrary.”” This condition is achievable when the par-
ticle is a colloidal particle, but it is hard to satisfy the assumption
when the particle is a solvent molecule. All the methods require that
the solvent molecule is spherical.

The quantitative calculation of the number density distribution
from the force curve is difficult because it is hard to know about the
character of the probe tip. However, it is possible to compare the rel-
ative change in the force curve when changing the conditions while
using the same probe. In this study, we investigate how the number
density distribution and the force curve change when changing the
solvent, substrate, and probe.

We use numerical calculations based on integral equation the-
ory,”” which provides force curves with short computation time.
Molecular dynamics (MD) simulation is widely used for calculat-
ing the distributions'” and force curves’’ ** from the pair poten-
tials. However, MD simulation needs long calculation time to cal-
culate the potentials of mean force. When the solvents are confined
between the probe and the substrate, it takes a longer time due to
the decrease in the diffusion coefficient. Integral equation theory
can calculate the potentials of mean force quickly with no statisti-
cal error, so it is suited for calculating at various conditions. Sol-
vation forces and AFM force curves are calculated using theoreti-
cal methods such as integral equation theory™ and classical density
functional theory.” Karanikas et al.” calculated the solvation forces
between two flat walls changing the attraction/repulsion between
the solvent-solvent and substrate—solvent. Amano et al.” calculated
the number density distributions on a molecular substrate, chang-
ing the strength of the attraction between the solvent-probe and
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substrate-probe. They also calculated the force curves and showed
the reconstructed number density distributions from the force
curves using STA. Our study works on the comparison of the probe
conditions in terms of the similarity of the number density distri-
bution and the force curve changes when changing the solvent and
substrate conditions. This evaluation will clarify what kind of probe
is suitable for experiments.

THEORY

In the present study, we use reference interaction site model
(RISM)” theory, which is one of the integral equation theories for
molecular liquids. In RISM theory, a molecule is treated as a set of
interaction sites. Each interaction site has spherical symmetry. The
vibration and the bending of the bonds are difficult to incorporate in
the calculation, so the molecule is treated as rigid. We note that the
flexible model and the rigid model of hard-dumbbells,” H,0,” and
CO," have very similar radial distribution functions.

Two equations are needed for the RISM calculation. The first
one is the RISM equation,

PaP}j’ay(k) = Z ZPmd’w(k)EW(k)(Py&’w(k) +Pvailvy(k))> (1)
u v

where h is the total correlation function, w is the intramolecular cor-
relation function, ¢ is the direct correlation function, and p is the
bulk number density of the molecule. X is the summation among
all sites. The tilde symbol X is the spherical symmetric Fourier
transform of a function X,

X(k) = 4?” /0-00 dr rX(r) sin(kr). (2)

Here, r is the intermolecular center-center distance between the sites
and k is the inverse intermolecular center—center distance between
the sites. The subscripts of the functions indicate the interaction
sites, for example, ;lay represents the Fourier transform of the total
correlation function between sites a and y. pq is the bulk number

density of the molecule, which contains site a. w can be written as

1 (a=7y)
Way (k) = W (a # 7y, a and y are in the same molecule)
0 (a0 # y, a and y are not in the same molecule),

3)

where Lgy is the intramolecular distance between site « and site y.
The second one is the closure equation. We use the Kovalenko-
Hirata closure (KH)"' in the present study,

By (1) = exp(—Putay(r) + hay(r) = cay(r)) = 1 (hay(r) <0) (4)
Y —Btay(r) + hay(r) — cay(r) (hay(r) > 0),
where 8 = 1/kgT is the inverse temperature, kg is the Boltzmann
constant, T is the absolute temperature, and u is the pair potential.
The advantage of the KH is that it does not produce negative density
distributions, and the calculation is less likely to diverge."’
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By using Eqgs. (1) and (4), we can obtain all is and cs from us, ws,
p> and T. The radial distribution function g can be calculated from h,

8ay(r) = hay(r) + 1. (5)

The potential of mean force w (the potential including the effect
of the other surrounding molecules) can be calculated from g,

= Pway(r) = In(gay (7). (6)

We treat the AFM probe and the substrate wall as spherical
solutes. When two types of solutes, wall (W) and probe (P), are
immersed in the solvent, the correlation functions between W, P,
and the solvent sites can be expressed as

hwa(k) = ewy (k) (@va(k) + phva(k)), 7)
hpa(k) = > epy (k) (@va (k) + phya(k)), (8)
hwe (k) = ewp (k) +p 3 ewy (k) (K), &)

where p with no subscript is the bulk number density of the solvents
and X is the summation among the sites of the solvents. The force
curve fwp can be calculated by

7dwwp(r) B ldln(gwp(r))
ar B dr ’

fwe(r) = (10)

We examine two parameters other than the force curve. The
first one is the potential of mean force. Kimura et al.”’ derived a
proportional relation between the force curve and the normalized
number density distribution by assuming that the probe-solvent
pair potential is a delta function,

dgws (TWP )
drwe

Sfwp(rwp) o< — (11)
where rwp is the distance between the wall and the probe. By
integrating and multiplying —1 on both sides, we obtain

wwp (rwp) o< gws(rwp) — 1 = hws(rwp), (12)

where wywp is the potential of mean force between the wall and the
probe (hereinafter called PMF). The term —1 appears from gws(co)
= 1. Hereinafter, we call this relation as delta probe approximation
(DPA).

The second parameter is the pressure between two flat walls.
This is based on HPA,”® which is a method to transform the force
curve to the number density distribution. HPA is expressed as

BP(rws + 3 - %)
P8Pcp

gws(rws) = +1, (13)

where rws is the center—center distance between the (spherical) wall
and solvent, P(I) is the pressure between two flat walls when the
surface separation is [, and gpp is the normalized contact number
density on the probe. The two flat walls correspond to the probe

and wall sphere. We note that the definition of [ is different from
that in Ref. 26, and we do not use the “patch method” in Ref. 26.
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It is hard to determine gpc, because the probe-solvent pair poten-
tial is not the hard wall potential in our calculation. If we ignore the
proportionality coefficients, "’

0s aw) (14)

gws(rws) — 1 = hws(rws) o P(rws 2 &

is obtained. The authors of Ref. 26 used an integral equation to cal-
culate P from fwp, but we use the Derjaguin approximation™ for
simplicity,

d
CTWPfWP(rWP) = —ZHRP(VWP - % - 07w)> (15)

where rwp is the center—center distance between the (spherical) wall
and probe and R is the “radius of the probe.” We note that the Der-
jaguin approximation becomes accurate when R is large enough than
the solvent radius. Combining Eqgs. (14) and (15), we obtain

hws(rws) o< P(rws + = - —

2 2 2 2

(16)

0s 0w 0s Op
x = wpl{Tws + — + —|.
di’ws

We calculate the PMF wwp (hereinafter called PMF), force
curve fwp, and pressure between two flat walls P (hereinafter called
pressure) and study which parameter is better for the qualitative
estimation of the number density distribution.

CALCULATION

The pair potential between the solvent sites uss is represented
by a 12-6 Lennard-Jones potential,

Mss(f)=4€ss((%)12*(i:)6)» (17)

where ess is the depth of the potential and os is the diameter of the
site. The solvophilic probe and wall are represented by a shifted 12-6
Lennard-Jones potential,

ow _ 05
[ee] (r< 2)

12 6
ust(r) = g ag ow ag
dews| | s ) ~lmms (3 -%<r)

o0 r<% -2

12 6
urps(r) = : 3 ‘ 19
wes(r) 4€WS((,,L?+LS) - (Fﬁ:ﬁ) ) (Uzl -5< r), 1
2 2 2 2

where ews and eps are the depths of the potential and ow and op
are the diameters of the wall and the probe, respectively. We call
the solvophilic wall and probe LW (Like Wall) and LP (Like Probe),
respectively. For the solvophobic probe and wall, we use a shifted
and truncated 12-6 Lennard-Jones potential,
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12
— [ [
u r)= W 05 - WS
pws(r) 4€WS((r¥+;) (r~%+%

0

[o.¢]

6
))+€ws (%—%Sr<%—

12
_ s o
upps (r) = 4€PS((,,LP:LS ) - (,,U,Piv,s
2 2 2 2

0

We call the solvophobic wall and probe DW (Dislike Wall)
and DP (Dislike Probe), respectively. Usually, a 9-3 Lennard-Jones
potential is used for dispersion force of aggregation of atoms, but we
chose 12-6 for simplicity. LW and LP will be more solvophilic if 9-3
is used because 9-3 decays slower than 12-6. However, the relative
values of the results should not significantly change. Figure 1 shows
the pair potentials used in the calculation. o' = 205 is defined as
the effective diameter, which is the position of the potential mini-
mum at the like potential. In this study, we focus on the effects of
the solvents. Thus, the pair potentials between the wall and probe
are set to a rigid potential.

We fix 05 = 5 A, ow = 150 A, and ess = ews = eps = kpT.
ow is large enough to compare the trends of force curves (see Fig.
S1). Three types of solvents, O (10), OO (20), and OOO (30), are
prepared, where O represents a site with diameter os. The distance
between the centers of the interaction sites is 5 A. The three sites of
30 are lined up in a row. The bulk number densities of 10, 20, and
30 are 10.00, 5.430, and 3.735 mol/], respectively. These values are
chosen to match the pressure of the solvents. Their volume fractions
calculated from the effective diameter agff are 56%, 60%, and 62%,
respectively.

The conditions we changed among the calculations are the sol-
vent type (10/20/30), wall type (LW/DW), probe type (LP/DP),

15 T

T
Like
1 Dislike

potential (kgT)
o

15 | | | | | | |
4 5 6 7 8 9 10 11 12

relative distance (A)

FIG. 1. Pair potential used in the calculation. The actual distance depends on the
radius of the elements.

o
~———
+
o
g
w
—_—
s
|
NY55
IN
<
N
NS
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(r<%-%)
% +2¢05) (20)

1
(‘M—5+2mssr),

- %+ 200) (21)

and probe diameter op. Figure 2 shows the solvent, probe, and wall
used in the calculation. The number before LP and DP represents
op/A. For example, a solvophobic probe with a diameter of op = 10 A
is called 10DP. ]

WeuseR =2 - % +25 gs instead of R = 0p/2 in Eq. (15) because
the forces induced on the probe are exerted from the sphere, which
is composed of the centers of the contacting solvent sites.””*" If
R =0p/2 is used, fwp becomes 0 at op = 0. However, there should be

non-zero force because the excluded volume remains at op = 0. %

- % 26 os is the distance at the potential minimum in Eq. (19) and
the 0 potential in Eq. (21).

The grid interval is 0.05 A. The number of grid points is
16384. We used the calculation software rism1ld, which we modi-
fied to input arbitrary potentials. The original rism1d is contained in
AmberTools18."

RESULT AND DISCUSSION

-

Figure 3 shows the normalized number density distribution
gws. Table I lists the conditions and the legends used in Fig. 3. gws’s
of edge O, center O, and total of them in 30 are labeled “-E,” “-C,”
and “-EC,” respectively. The distance (x-axis) is defined as r — %W
The first peaks on LW [Fig. 3(a)] are higher than those on DW for
the corresponding conditions [Fig. 3(b)] because of the attraction
between the wall and the solvent. As the number of sites in the sol-
vent increases from 10 to 20 and 30, the first peak decreases and
the second peak slightly decreases. The effects of the solvent type are

smaller than the effects of the wall type [Fig. 3(c)]. When the solvent

10 20 30
Solvent @ 8 Edge O
Center O
Edge O

5LP 10LP 15LP 5DP 10DP  15DP
LW DW

————

FIG. 2. lllustrations of the solvent, probe, and wall used in the calculation.

Probe

Wall
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distance (A)

type is 30, the first peak of center O corresponds to the 30 lying on
the wall. The first peak of edge O corresponds to the 30 lying, stand-
ing, or tilting. The ratios of the lying 3Os to the lying, standing, or
tilting 3Os at the first layer are 55% on LW and 52% on DW. The
ratios of the O sites in the lying 3Os to all the Os in the first layer
are 79% on LW and 77% on DW. The ratio of 30s, which are tilting,
should be small because the center O gws between the first layer and
the second layer is small.

Figure 4 compares the PMFs and force curves and pressures
with different solvent types (10/20/30), wall types (LW/DW), and
probe types (LP/DP). The surface separation (x-axis) is defined as

r— 2 — 2 Table II lists the conditions and the legends used in

TABLE 1. Conditions for the number density distributions in Fig. 3.

Name Solvent Wall Target solvent
10-LW 10 L

20-LW 20 L .
30-LW-E 30 L Edge O
30-LW-C 30 L Center O
30-LW-EC 30 L Edge O and center O
10-DW 10 D .

20-DW 20 D e
30-DW-E 30 D Edge O
30-DW-C 30 D Center O
30-DW-EC 30 D Edge O and center O

The Journal ARTICLE o _ _
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25 . ‘ 2.5 . ‘
10-LW —— 10-DW ——
f\ 20-LW —— 20-DW ——
2 ) (a) 30-LW-E ] 2r 30-DW-E 1
\ 30-LW-C f\ (b) 30-DW-C
15 \ 30-LW-EC i 151 : 30-DW-EC |
» - | » -
5 z 1
| \/\ <l AN /\/\/‘”
0.5 F < - 0.5 = .
0 1 | | 0 1 | |
0 5 10 15 20 0 5 10 15 20 FIG. 3. Normalized number density dis-
distance (A) distance (A) tribution of the solvents on the wall.
(@) Solvophilic wall, (b) solvophobic
wall, and (c) all conditions excluding
23 ' T oLw 30-LWE, 30LW-C, 30-DW-E, and
20-LW —— 30-DW-C.
2r () 30-LW-EC —— ]|
10-DW
156 20-DW i
o - 30-DW-EC ——
=
(@]
1k
0.5 -
0 | | |
0 5 10 15 20

Fig. 4. The jump around the surface separation distance of 1 A in
Fig. 4(e) originates from the KH closure. All the PMFs, force curves,
and pressures have the same oscillation length, and it is close to the
solvent site diameter os.

The major factor affecting the PMFs, force curves, and pres-
sures is the probe type. DP “dislikes” the solvents, so the PMF
decreases as it becomes close to the wall. LP “likes” the solvents (as
other solvents), so the PMF does not decrease as the PMF of DP. The
same effect goes with LW and DW, but the effect is small.

Intuitively, the effect of the wall seems to be larger than the
probe because the surface of the wall is larger than that of the probe.
The reason can be qualitatively explained as follows (see Fig. 5).
The PMF is mainly determined by the first solvent layer on the
wall or the probe [see the red lines in Figs. 5(a) and 5(b)]. This is
because the pair potential is close to 0 in the second layer and the
further ones. When the wall and the probe contacts, the first layer
on the wall/probe is excluded by the probe/wall [see the green lines
in Figs. 5(c) and 5(d)]. The area of the excluded first layer on the
probe is larger than the area of the excluded first layer on the wall
[compare the length of the green lines of Figs. 5(c) and 5(d). The
relation in the line length is the same as that in the area]. The des-
olvated area around the probe is larger than the wall, even when
the probe size is larger than the solvent. Thus, the effect of the first
layer on the probe is larger than the effect of the first layer on the
wall. The type (solvophilic/solvophobic) of the probe and the wall
affects the number density of the first layer. Therefore, the effect of
the probe type is larger than that of the wall type. Since we use sim-
ple pair potentials, we cannot conclude immediately that the probe
solvophilicity affects the force curve more strongly than the substrate
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O T T T
-0.5
= =
m m
= = gt
© ©
'E 10-LW-5LP —— -E 10-LW-5DP
o 20-LW-5LP —— | o 15 20-LW-5DP —— ]|
° 30-LW-5LP ° 30-LW-5DP ——
Q 10-DW-5LP i a Ll (b) 10-DW-5DP i
20-DW-5LP 20-DW-5DP
30-DW-5LP —— 30-DW-5DP ——
1.5 | | | 25 | | |
0 5 10 15 20 0 5 10 15 20
surface separation (A) surface separation (A)
0.03 T T T 0.002 T T
0.02 - 0 =
-0.002 - : A
0.01 - : \ FIG. 4. PMFs, force curves, and pres-
> of = -0.004 - sures with different solvent, wall, and
S 001- c -0.006 - | probe types. The conditions are listed in
° > 00081 Table I [(a) and (b)] PMF between the
o) LW-5LP —— | o) / LW-
S 002 J ;8 tw gtg S 501 ;8 tw ggi 4 wall and probe. [(c) and (d)] Force curve
© -0.03 | W . o W between the wall and probe. [(e) and (f)]
hay v, (C) 30-LW-5LP — = -0.012 ¢ 30-LW-5DP ——— p :
-0.04 10-DW-5LP 4 0014 & ( d) 10-DW-5DP i Pressure betweeln'two flat walls. [(a), (c),
0.05 20-DW-5LP i 0' 016 20-DW-5DP | and (e)] Solvophilic probe. [(b), (d), and
’ 30-DW-5LP —— e 30-DW-5DP —— (f)] Solvophobic probe.
-0.06 : L L -0.018 L :
0 5 10 15 20 0 10 15 20
surface separation (A) surface separation (A)
0.1 T 0.035 T T
L 10-LW-5DP —— _|
0.03 20-LW-5DP ——
< 005 = 0.025 - 30-LW-5DP —— |
0.02 - 10-DW-5DP =
% % 0.015 - 20-DW-5DP -
= 0 = - 30-DW-5DP ——
° o 001
5 10-LW-5LPp —— 5 0.005
@ -0.05 20-LW-5LP —— | 7 0
[} 30-LW-5LP (O
S o4 10-DW-5LP s 00%
. -0.01
20-DW-5LP
30-DW-5LP —— -0.015
-0.15 L . . -0.02
0 5 10 15 20 0 10 15 20

surface separation (A)

solvophilicity in the actual experiments. However, the results suggest
that the probe type effect can be as large as the substrate type effect in
general.

Kaggwa et al."* measured force curves in water with hydrophilic
and hydrophobic probes and hydrophilic and hydrophobic sub-
strates. The hydrophilic probe and hydrophilic substrate were both
oxidized silicon, and the hydrophobic probe and hydrophobic sub-
strate were both hydrophobized by hexamethyldisilazane. Since the
hydrophilicity and the hydrophobicity of the probes and the sub-
strates are almost the same, the effect of the probe should be larger
than the substrate according to our calculation. On the contrary,
the force curves with the hydrophilic substrate showed oscillations,
whereas the force curves with the hydrophobic substrate showed
no oscillations. The probe type did not affect the existence of the

surface separation (A)

oscillation, which means that the substrate type effect is larger than
the probe type effect. The difference between our calculation and the
experiment might originate from the characteristics of water such
as the long-range electrostatic interactions and the anisotropy of
the hydrogen bond, both of which are not included in our calcu-
lation. Unfortunately, to our knowledge, the comparison of force
curves with solvophilic and solvophobic probes and substrates in
nonpolar liquids is not performed, but we expect that the experimen-
tal result will agree with our calculation. As a side note, oscillatory
frequency shifts are reported with other hydrophobic substrates in
water.” "

The effect of the solvent type is simple (Fig. 4). The PMFs
decrease as the number of spheres per molecule increases. As the
number of spheres per molecule increases, the restriction on the
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TABLE II. Conditions for the PMFs, force curves, and pressures in Fig. 4. The other
condition is op = 5 A.

Name Solvent Wall Probe
10-LW-5LP 10 L L
20-LW-5LP 20 L L
30-LW-5LP 30 L L
10-LW-5DP 10 L D
20-LW-5DP 20 L D
30-LW-5DP 30 L D
10-DW-5LP 10 D L
20-DW-5LP 20 D L
30-DW-5LP 30 D L
10-DW-5DP 10 D D
20-DW-5DP 20 D D
30-DW-5DP 30 D D

configuration of the spheres increases. 20 and 30 have configura-
tion restrictions in addition compared to 10. The O sites in the sol-
vents become hard to take the optimal configuration on the wall and
the spheres, so the wall and the probe become solvophobic, and the
PMF decreases. The third peaks of the 30 PMFs, force curves, and
pressures are not especially high. Experimental AFM force curves in
alkanes™” also only show oscillations with the period of the alkane
thickness. Actually, nearly 50% of 3Os in the first layer are not lying
against the wall. This indicates that even if the PMF, force curve, or
pressure does not have features with the solvent length (such as a
relatively high peak with the interval of the solvent length), it does
not mean that most of the solvents are lying. In a surfactant solution,
a peak with the width of the surfactant layer thickness is observed.”

Wall (a

) (b)
‘ I | PIr be ‘ I ‘ :

(d)

FIG. 5. Schematics of the effect of the first layer of the solvent on the wall and the
probe. The black lines show the excluded volume. The red lines indicate the first
layer of the solvents. The green lines show the desolvated solvents as the wall-
probe contact. [(a) and (c)] The first layer solvents on the wall are desolvated by
the probe. [(b) and (d)] The first layer solvents around the probe are desolvated by
the wall.
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Thus, if almost all of the solvents are standing, it should show a force
curve with a feature at the solvent length.

The amplitudes of the PMFs, force curves, and pressures
decrease as changing LW to DW (Fig. 4). The amplitude of the
PMFs, force curves, and pressures decreases as the number of
spheres per molecule increases. These trends are the same as the
trend with gws (Fig. 3). These observations indicate that the PMFs,
force curves, and pressures can qualitatively show the trend of gws.

Figure 6 compares the PMFs, force curves, and pressures with
different probe sizes. Table III lists the conditions and the leg-
ends used in Fig. 6. The results of 20 and 30 are omitted because
the trend did not change from the results of 10 (see Fig. S2 for
their results). As the probe size increases, the PMFs and the force
curves decrease, and the oscillation amplitudes of the PMFs, force
curves, and pressures decrease. This trend is similar to the trend
when changing the probe type from LP to DP and indicates that the
probe becomes solvophobic as the probe size increases. In this study,
urps is a simple shifted L] potential, so this does not suggest that
solutes will become solvophobic when their radius becomes large in
general.

If the Derjaguin approximation were exact, the pressures with
the same conditions other than the probe size should have over-
lapped. However, the curves do not overlap, and they are not even
close to each other [Figs. 6(e) and 6(f)]. As the probe size increases,
the amplitude decreases in the PMFs and force curves, although it
should increase in the Derjaguin approximation. This results in large
amplitude differences in the pressures. In addition, the PMFs and the
force curves of 5LP oscillate around 0, but the PMFs and the force
curves of 10LP and 15LP have a decreasing trend. The Derjaguin
approximation only multiplies by a constant factor, so it cannot deal
with the decreasing trend. In conclusion, the Derjaguin approxima-
tion fails to calculate the absolute value of the pressures in these
conditions. We will show below that the relative values of the pres-
sure are likely to be accurate when comparing the pressures among
the same probes. At least, Figs. 4(e), 4(f), 6(e), and 6(f) should not
be used to discuss the absolute value of the pressure. The Derjaguin
approximation assumes that the pressure between the surface ele-
ment of the sphere and the surface element of the wall is determined
only by the distance between the two surface elements. Actually, the
pressure changes if the solvophilicity of the probe changes even if the
surface element distance is the same.

We compare the probe types and the probe sizes in terms of the
qualitative estimation of the number density distribution. The pre-
diction power of the PMF, force curve, and pressure as the parameter
for estimating of the number density distributions is also compared.
We focus on how the first peak height and the second peak height
change as the wall and the solvent change. If the PMF’s, force curve’s,
or pressure’s peak heights change in the same way as the number
density distribution’s peak heights change when the wall or the sol-
vent changes, the used probe is a good probe. The similarity of the
peak height change between the PMF, force curve, and pressure with
a certain probe and the number density distribution is evaluated by
the following process. The first peak heights of gws’s are Z-score
normalized among all solvent and wall types, which are denoted as
GF (ona., Where cond. is the type of the wall and the solvent (10-LW,
20-LW, 30-LW, 10-DW, 20-DW, or 30-DW). GS.u4.’s are cal-
culated from the second peaks. The same procedure is performed
among all p.t.’s, and FFf Dtn 4 8 are calculated from the first peaks and
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FS‘IC7 Dtn 4 s are calculated from the second peaks, where p.t. is the com- LSP" is calculated in the same way,

bination of the probe type and size (5LP, 5DP, 10LP, 10DP, 15LP,
or 15DP) and the parameter type (PMF, FC, or PS, where FC is
the force curve and PS is the pressure). To summarize, the options
of p.t. are 5LP-PMF, 5DP-PMF, 10LP-PMF, 10DP-PMF, 15LP-
PMF, 15DP-PMF, 5LP-FC, 5DP-FC, 10LP-FC, 10DP-FC, 15LP-FC,

LSt = Z ( ESP

cond.

- GscondA)Z- (23)

cond.

15DP-FC, 5LP-PS, 5DP-PS, 10LP-PS, 10DP-PS, 15LP-PS, and
15DP-PS. The Euclidean distance LFF*" between FFf o; " and GFf otn i
is calculated by

LFp.t. _ Z (FFpi.

cond.

- GFcond.)2~ (22)

cond.

LEP" + LS" is the total probe score. The smaller the score is, the
closer the peak changes in the parameter and the number density
distribution peak changes are. In other words, the probe with a small
score is a good probe. Many PMFs do not have a peak as a maxi-
mum. We defined the position of the peak as the minimum of the
second derivative (proportional to the pressure) for PMFs except for
the PMFs from the 5LP probe. The peaks of 5LP use the usual PMF
maxima because they have clear maxima in the PMFs. The jumps in
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TABLE lll. Conditions for the PMFs, force curves, and pressures in Fig. 6. The other
condition is as follows: The solvent type is 10.

Name Probe size (op) Wall Probe
10-LW-5LP 5 L L
10-LW-10LP 10 L L
10-LW-15LP 15 L L
10-LW-5DP 5 L D
10-LW-10DP 10 L D
10-LW-15DP 15 L D
10-DW-5LP 5 D L
10-DW-10LP 10 D L
10-DW-15LP 15 D L
10-DW-5DP 5 D D
10-DW-10DP 10 D D
10-DW-15DP 15 D D

the pressures near the zero surface separation are not counted as the
first peaks. The PMFs, force curves, and pressures used for this com-
parison are shown in Fig. S3. GFony.’s for all conditions are listed in
Table S3. FFZ’};’ 4 sand FS’Z otn 4 s for all conditions are listed in Tables
S4 and S5, respectively.

Table IV lists the calculated scores. The order of the scores is
PMF > FC > PS, so pressure is the best parameter to estimate the
number density distribution. HPA claims that the pressure is pro-
portional to the total correlation function [Eq. (14)]. HPA assumes
that the probe-solvent pair potential is the hard wall potential and
the solvent is spherical. The proportionality coefficient is ignored in
our comparison, and this might be the reason that the scores of the
pressures were good even though the assumptions are not fulfilled.

TABLE IV. Comparison of the probe scores. -PMF indicates the PMF, -FC indicates
the force curve, and -PS indicates the pressure.

Probe type and PMF  First peak  Second peak  Total score
or FCor PS (p.t.) score (LFP"") score (LS*"") (LFP' +LS"")
5LP-PMF 0.60 1.77 2.37
5DP-PMF 1.51 1.68 3.18
10LP-PMF 1.25 1.82 3.07
10DP-PMF 1.78 1.76 3.54
15LP-PMF 1.43 1.83 3.26
15DP-PMF 1.84 1.84 3.68
5LP-FC 0.38 0.61 0.99
5DP-FC 0.31 1.07 1.38
10LP-FC 0.63 1.27 1.90
10DP-FC 0.37 1.18 1.55
15LP-FC 0.59 1.27 1.87
15DP-FC 0.37 1.16 1.53
5LP-PS 0.46 0.35 0.82
5DP-PS 0.21 0.41 0.62
10LP-PS 0.56 0.78 1.34
10DP-PS 0.40 0.80 1.20
15LP-PS 0.61 0.96 1.57
15DP-PS 0.49 0.97 1.45

ARTICLE scitation.org/journalljcp

We concluded that the Derjaguin approximation does not work
in our conditions from Fig. 6. We used the Derjaguin approximation
to obtain pressures, but the scores of the pressures were good. The
scores are calculated from the relative peak heights with the same
probe size. The peak heights between the different probe sizes are
not directly compared. The Derjaguin approximation fails to calcu-
late the actual pressure between two flat walls, but the relative peak
heights with the same probe size might be accurate.

The scores do not change even if the negative of the force
curve’s derivative (—ﬁ -fwe) is used instead of the pressures. Using
the negative of the force curve’s derivative will be the simplest
method to qualitatively estimate the number density distribution.
This method only requires the force curve, and no other parameters
are needed.

Sader and Jarvis showed that in the small cantilever amplitude
limit, the force curve becomes the integration of the frequency shift
normalized by the unperturbed frequency'’ in FM-AFM. By taking
the derivative, the normalized frequency shift is proportional to the
negative of the force curve’s derivative. Thus, if the cantilever ampli-
tude is small, the normalized frequency shift can also be used for the
qualitative estimation of the number density distribution.

The scores of PMF are worse than those of the force curve. In
DPA, the existence of the probe does not affect the number den-
sity distribution of the solvent around the probe. However, since
the probe size is the same or larger than the solvent sites, the probe
largely affects the number density distribution around the probe.
This difference can be considered as the reason of the large score.

STA’*% relates the PMF wwp and the normalized number
density distribution gws by

gws(r) = exp(=Bwwe(r)). (24)

STA is strict when the probe and the solvent are the same (gws
= gwp). In STA, the minima of PMF correspond to the number
density distribution maxima. We do not show the scores using STA
because the scores are very high. The PMF minima decrease as the
number of spheres per molecule increases (Fig. 4). Since the num-
ber density distribution maxima decrease as the number of spheres
per molecule increases, the PMF minima should increase in STA.
This shows that STA breaks down largely when the solvent types are
different from the probe.

As the probe size increases, the scores of the pressures become
worse. This indicates that the probe size should be close to the sol-
vent sphere size. The solvophobic probes have better scores than the
solvophilic probes. The solvophobic probes do not have attractions
with the solvents, and the probe-solvent pair potential is closer to
the hard wall potential than the solvophilic probe. The solvopho-
bic probe fulfills the assumption of HPA better than the solvophilic
probe. This makes the score of the solvophobic probe better than the
solvophilic probe.

The amplitudes of the PMFs, force curves, and pressures of LP
are larger than that of DP. As the probe size increases, the ampli-
tudes of the PMFs, force curves, and pressures decrease. Thus, using
a solvophilic and small probe should improve the signal to noise
(S/N) ratio in experiments.

Since the wavelengths of the graphs are roughly os, the posi-
tions of the maxima move % when the PMF is changed to the force
curve, and the force curve is changed to the pressure. The scores
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of the force curves are worse than the pressures, but the differ-
ences are not large. It is interesting that the force curves and the
pressures produce close results even the surface separation posi-
tions corresponding to the number density distribution distance are
different.

The first/second peak height ratios of the PMFs, force curves,
and pressures are largely different from the number density distri-
butions. The first/second peak height ratio of the 5LP force curve
is not so far from the number density distribution, but it is hard to
know what probe size in the actual experiment corresponds to the
5 A probe in this calculation. Therefore, the density ratio of the first
layer and the second layer should not be simply discussed from the
first and second peak heights.

CONCLUSION

We calculated the number density distributions, PMFs, force
curves, and pressures of AFM, changing the solvophilicity of the
probes, substrates, and solvent types. The peak heights of the num-
ber density distribution were higher on the solvophilic wall com-
pared to the solvophobic wall. As the solvent length increases, the
peak heights of the number density distribution decreased. Almost
half of the 30 solvents were lying at the substrate wall.

The oscillation lengths of the PMFs, force curves, and pressures
were determined by the solvent site diameter and independent of
the solvent length. The PMFs, force curves, and pressures of the 30
solvent did not have special features at the third peak even though
there were some solvents standing against the substrate wall.

The probe solvophilicity affected the PMFs, force curves, and
pressures more strongly than the wall solvophilicity. The reason for
this finding was explained by the amount of the desolvated solvents
when the probe and wall contact.

The Derjaguin approximation failed largely due to the
solvophilicity change in the probe when the probe size changed.
According to the Derjaguin approximation, it was expected that
the amplitudes of the PMFs and the force curves increase, but they
actually decreased. In our calculation, the probe became solvopho-
bic as the probe size increased. This trend is not a universal result
because it depends on the pair potential setting, but it suggests that
the change in the solvophilicity should be taken into account when
using the Derjaguin approximation.

Among the PMF, force curve, and pressure, the pressure
reflected the change in the number density distribution the best
while changing the solvent and the wall types. The pressure and the
total correlation function (normalized number density distribution
—1) are proportional under HPA and the Derjaguin approximation.
The Derjaguin approximation might be acceptable when comparing
the pressure among the results of the same probe sizes. For the qual-
itative estimation of the number density distribution, the negative
of the force curve’s derivative, which is proportional to the pres-
sure, is the best and simplest parameter. If the cantilever amplitude
is small enough, the normalized frequency shift can also be used for
the qualitative estimation of the number density distribution.

The solvophilic probes led to larger amplitudes in the force
curves than the solvophobic probes. This means that the usage of
a solvophilic probe will increase the S/N ratio in actual experiments.
The solvophobic probes reflected the change in the number density
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distributions better than the solvophilic probe because it fulfills the
assumption of HPA better.

SUPPLEMENTARY MATERIAL

The effect of the wall sphere diameter, the effect of the probe
sizes with 20 or 30 solvents, and the data of Z-score normalized
peak heights are described in the supplementary material.
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