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Hydration Force in the Atomic Force Microscope: A Computational Study
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ABSTRACT Using a hard sphere model and numerical calculations, the effect of the hydration force between a conical tip
and a flat surface in the atomic force microscope (AFM) is examined. The numerical results show that the hydration force
remains oscillatory, even down to a tip apex of a single water molecule, but its lateral extent is limited to a size of a few water
molecules. In general, the contribution of the hydration force is relatively small, but, given the small imaging force (~0.1 nN)
typically used for biological specimens, a layer of water molecules is likely to remain “bound” to the specimen surface. This
water layer, between the tip and specimen, could act as a “lubricant” to reduce lateral force, and thus could be one of the
reasons for the remarkably high resolution achieved with contact-mode AFM. To disrupt this layer, and to have a true
tip-sample contact, a probe force of several nanonewtons would be required. The numerical results also show that the
ultimate apex of the tip will determine the magnitude of the hydration force, but that the averaged hydration pressure is
independent of the radius of curvature. This latter conclusion suggests that there should be no penalty for the use of sharper
tips if hydration force is the dominant interaction between the tip and the specimen, which might be realizable under certain
conditions. Furthermore, the calculated hydration energy near the specimen surface compares well with experimentally
determined values with an atomic force microscope, providing further support to the validity of these calculations.

INTRODUCTION

One of the most attractive features of the atomic forcesmall local deformations, provided that they are not very
microscope (AFM) is the ability to image biological struc- large in magnitude (Shao et al., 1996; Butt, 1991a,blléfu
tures in aqueous solution (Shao et al., 1996; Hansma arahd Engel, 1997). However, at short ranges, the hydration
Hoh, 1994; Engel et al., 1997; Bustamante et al., 1994). Iforce (or solvation force in fluids other than water) is known
fact, in the past several years, nanometer to subnanometgy be important (Israelachvili and Pashley, 1983; Israelach-
resolution has already been achieved with both solublgili, 1991; Cleveland et al., 1995; Grimson et al., 1980a,b;
proteins (Mou et al., 1996a,b; McMaster et al., 1996]JIBlu  O’Shea and Welland, 1992; Grawald and Helm, 1996;
and Engel, 1997) and membrane proteins (Yang et alpMeagher, 1992; O'Shea et al., 1994). It has been shown
1993a, b; Mou et al., 1995; Mler et al., 1995, 1996, 1997; wjith two parallel plates in water that the pressure can easily
Walz et al., 1996; Schabert et al., 1995; Czajkowsky et al.exceed 100 atmospheric pressures at a distance below 2 nm
1998) by the AFM in aqueous solutions. Despite thesq|sraelachvili and Pashley, 1983; Israelachvili, 1991). Such
experimental advances, many aspects of AFM imaging of, |arge pressure is due to the fact that solvent molecules tend
macromolecules are still poorly understood at present (Yang, order themselves at the solvent-solid interface, and a
et al., 1996; Shao et al., 1996; Engel et al.,, 1997), and thgyiqy |arge energy is required to interrupt this order (Is-

u!timate Iim?t of resolution ha§ not yet been GStab"S‘hEdraeIachviIi and Pashley, 1983; Israelachvili, 1991; Grimson
either experimentally or theoretically (Yang et al., 1996). Toet al., 1980a,b: O’Shea and Welland, 1992: O’Shea et al.,

have a reasonable understanding of the imaging process o4- Luedtke and Landman. 1992 Bhushan et al.. 1995-

oo he Ieaclor elueen e SCarning U o U'faelachvi and wiennersmn 1096 Gelb and Lynden-
y ell, 1993). Because of the finite size of the solvent mole-

this is not only complex, but is also strongly dependent on . . :
the nature of the surfaces (Butt, 1991a,b, 1992; Shao et aI(.:,UIeS’ the hydration force also tends to oscillate at a spatial

period comparable to the size of the solvent molecule for

1996). two rigid surfaces (Israelachvili and Pashley, 1983; Is-
From the imaging point of view, long-range interactions | % i 1991 Gri ¢ al. 1930ab: )(g'Sh ' d
are probably less important, because these forces are Iike{%e achvil, , onmson et al, a.b, ea an

to contribute only to a slowly varying background and to ellza.n;r,] 1932; O’S?e? et a.l.l, 199|4; hu_el_dtk((aj "wd andman,
distribute over a large area on the specimen, resulting i&gg ; Bhushan et al., 1995; Israelachvili and Wennenstro

1996; Gelb and Lynden-Bell, 1993). A large hydration force
could have important implications for AFM imaging, be-
Received for publication 18 December 1997 and in final form 29 April cquse to “probe“ the true surface of a macromolecule, the
1998. _ _ probe would have to break through the hydration “shell.”
Address reprint requests to Dr. Zhifeng Shao, Department of Moleculaigq -4 56 most hydrated biological molecules are very soft
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icine, P.O. Box 10011, Charlottesville, VA 22908-0011. Tel.: 804-982- (Urry, 1984, 1988; Barra et al., 1993; Linke et al., 1994;
0829; Fax: 804-982-1616; E-mail: zs9q@virginia.edu. Suda et al., 1995), the magnitude of the force required to
© 1998 by the Biophysical Society “break” the hydration shell could be critical. If the required
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could be deformed, resulting in a lower resolution. On thethat the hydration force is nearly completely dominated by

other hand, if the probe force is too small, the probe may nothe apex. The magnitude of the hydration force increases
come into contact with the “true” sample surface, and thdinearly with the radius of curvature at the apex, and for a

resolution would be lower. Therefore, it is both practically spherical apex, the hydration force scales nearly exactly
and conceptually important to have a good estimate of thevith the radius. Furthermore, the lateral extent of the hy-

magnitude of the hydration force at different tip shapes andiration force is proportional to the square root of the radius
sizes. Such knowledge will not only help us in the optimi- of the apex, indicating that the hydration effect is rather

zation of the imaging conditions, but may also be useful forlocalized.

the design of the “ultimate” AFM tip for high-resolution
imaging.

Although the hydration force between flat parallel or THEORY AND METHOD OF COMPUTATION
macroscopically curved surfaces has been extensively stugtydration force can be described by using a hard sphere
ied (Israelachvili and Pashley, 1983; Israelachvili, 1991;model (Grimson et al., 1980a,b), where the solvent mole-
Grimson et al., 1980a,b; Luedtke and Landman, 1992¢ules are approximated as a noncompressible solid spheres.
Bhushan et al., 1995), detailed studies in the context of amhis commonly used treatment drastically simplifies the
AFM tip and a flat surface (specimen) have been rathemodel as well as the calculations. In essence, this is a
limited (Butt, 1991b; Cleveland et al., 1995; Gelb andcontinuum model in which the density fluctuations are
Lynden-Bell, 1993; Koga and Zeng, 1997; O’Shea andcalculated with the given boundary conditions (Hansen and
Welland, 1992; O’Shea et al., 1994). Experimentally, theMcDonald, 1976; Grimson et al., 1980a,b). Although this
magnitude of the hydration force could only be inferredmodel could not include other effects such as solubilized
because of the presence of other longer range forces (Buibns and molecular deformations, or address dynamic as-
1991b), although the oscillatory behavior was recently depects of the hydration force, which can be important at
tected in the AFM (Cleveland, et al., 1995). However, atomic scales (Patrick and Lynden-Bell, 1997; Koga and
because of the lack of control over the shape of the AFM tipzeng, 1997), the inclusion of these effects is not essential,
in the experiments, it is difficult to establish a direct con- because the purpose of this study is only an estimation of
nection between the hydration force and the tip geometrythe hydration force.

For example, it is not clear how far the hydration force For a small density fluctuatiofp(r), the change in ther-
extends laterally and whether the surface beyond the vershodynamic potentiabQ(8p(r)) can be written as

end of the tip could contribute substantially to the hydration

force. From this point of view, a theoretical investigation of AQ[8p(r)]

these aspects of the hydration force can still contribute

significantly to our understanding of the imaging process in _ 1 2 _ o ) ,

the AEM. 2600 Sp°(r)dr — pg| 8p(r)c(r — r")8p(r’)dr dr
In this paper, using a hard sphere model with the Orn-

stein-Zernike direct correlation function (Hansen and Mc- 1)

Donald, ;976; Grimson .et al., 1980a,b; Press et al., 1_9861Nhere[3 = (KT)"%, po is the bulk liquid densityp(r) is the
we consider the hydration force between a flat SpecimeRiensity distribution, andp(r) = p(r) — po. o(r) is the
surface and a conically shaped tip with a spherical apex thas, ’ 0

is close to the real AFM tip and is not subject t0 theyieqrais is over the entire space. For the hard sphere model,

limitations of a previous study, in which the tip was as- c(r) can be written as (Hansen and McDonald, 1976; Grim-
sumed to be a small sphere and an approximation had to ke, ot a1. 1980a)

used to model the solvation force (Gelb and Lynden-Bell,

1993). Unlike atomic simulations in which only a very small r 1 r\

tip could be examined (Patrick and Lynden-Bell, 1997), a ¢ = —6(0c — r)[’\l * 677’\2((7) 5 77’\1((7) ] @)
tip size closer to that inferred from experimental results can

be accommodated with this method, although the tempora¥here

rnstein-Zernike direct correlation function, and each of the

aspect of the hydration force could not be addressed, which n = m%py/6

has been described recently with a “single atom tip” on a

hydrophobic surface (Koga and Zeng, 1997). Based on the A=(1+ 2941 - n)?

numerical solutions, we show that, at low imaging forces, a

layer of water molecules is most likely to remain between A= =1+ 0/2H(1—- )

the tip and the specimen, perhaps providing the necessary 1 r=o

“lubrication” that could reduce the lateral friction during 0o —r) :{ 0r>c 3)

scanning, and explaining, in part, how contact mode imag-

ing has achieved high resolution (N&r et al. 1995, 1996; whereo is the molecular size (diameter). Under any given
Engel et al., 1997; Mou et al., 1995, 1996a,b; Czajkowskycondition,5p(r) can be found by makingQ(6p(r)) station-

et al., 1998; Yang et al., 1993a, b). Our results also shovary. Following the approach of Grimson et al. (1980a,b), the
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density distribution can be written as where

cr,r',z—72)

p(r) — Pofdr' p(r)c(r —r') =A (4)

2

= J dop c(\r2+r'2— 2’ cos¢p) + (z— Z)?) (10)

whereA = ¢°pg[1 — 0°p(0)], c(k) = J dr c(r)e ™ and 0

¢(0) = —4n[(1 + 0.25n)A, + 4.5mA,)/3. A is a constant

depending on the experimental conditions. The integratiofecause of the effect ad(o — r) in c(r), the integration

is over the entire liquid volume, because in the solid vol-range ofé is simply [bin, $mads instead of [0, 2r], where

ume, the density distribution will not change. The hydration

force at the tip- le di Z=z)+r2+r?-o
p-sample distan€ecan then be calculated as B = ‘Cosl( )‘

(Grimson et al., 1980a,b) max 2rr’

dAQ) Prmin = — Pmax (11)

=40 ©)

It should be noted that the voxel volumes a function of

To calculate the hydration forcAQ must be calculated for " Must be used in the calculation, if the same dimensions in

eachD value within the distance range of interest. both r and z directions are used for the lattice. With this
In the process of obtaining numerical solutions, the confeduction from three dimensions to two dimensions, an

tinuum space must be converted to a discrete lattice. For &ffective size of 50X 25 molecules can be reasonably

three-dimensional, uniformly partitioned lattice, Eq. 4 be-2ccommodated by a supercomputer, such as the Cray C90,
comes for a lattice size of 0.2& (200 X 100 lattice points). For

lattices greater than this size, the required computer memory
p(r) — >, pop(re(r; — r)T=A (6) becomes too large to be practical for computation facilities
i we have access to. Therefore, all of our calculations are
confined to a size smaller than &0< 250 (200 X 100

which can be rewritten in a more convenient form: lattice points), which is equivalent to 100,000—200,000
_ molecules in three dimensions, depending on the geometry
Z 185 = maoC(r — 1)) = A (7) " of the boundaries.
J

To validate our computational model, we first calculated
wherer is the volume of each voxel (a constant). The aboveih€ hydration force between two parallel surfaces, which has

equation can now be expressed in a matrix form: been studied previously (Grimson et al., 1980a,b). The
liquid bulk density was set to®p, = 0.6, which is the same
M;X = A (8) asthatused by Grimson et al. (1980a,b). The diameter of the
water moleculeg, for this density, is~2.6 A, which is in
where the midrange of the values used in other studies (Israelach-

M. = 8 — poclr; — 1)7 vili, 1991; Cantor and Schimmel, 1980; Koga and Zeng,
{ I )”( :po(r.)' ! 1997; Cleveland et al., 1995). To ensure the conservation of
i~ P solvent molecules, the system shown in Figa vas con-

which can be solved by the standard method (Press et apidered, where a hard disk with a radius ofsl@nd a
1986), and the problem of solving Eg. 4 now becomes ghickness of & is placed close to the bottom wall of a
problem of matrix inversion. chamber 16 X 150 (300 in diameter) in size, filled with
For an acceptable accuracy, the size of each voxel shoulater. As shown in Fig. b, the calculated pressure is nearly
be at least smaller than the volume of the solvent moleculddentical for different chamber sizes @5< 150, 150 X
Therefore, even for a calculation of 20 20 X 20 mole- 250, and 2% X 150), indicating that the effects from the
cules, a direct calculation in three dimensions will still side and the top of the chamber are negligible. Even in the
require a significant amount of computer memory. How-€Xtreme case of allowing no space between the edge of the
ever, because the AFM tip can be reasonably modeled by disk and the side wall (still maintaining a constant number
conical shape, the calculation can be simplified greatly byof water molecules), the difference in the calculated pres-
taking advantage of the rotational symmetry. In this caseSure is still very small. Therefore, in all following calcula-
the calculation becomes two dimensional, and Eq. 4 can bions, a distance of&is allowed between the edge of the

written as disk (or a tip) and the wall of the chamber in the radial
direction. These results are identical, as they should be, to
R z those obtained by Grimson et al. (1980a).
p(r,2) — pof r'dr’ f dz c(r,r',z—2Z)p(r',Z)=A To improve the efficiency of the calculation, the effect of
0 0 lattice size relative to the size of the solvent molecule was

(9) examined. As shown in Fig. 2, the density profiles for lattice
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is probably related to the “rough” surface of hard spheres
due to the coarse lattice spacing. Therefore, throughout this
study, a 0.26 lattice size is used in all calculations. The
maximum error in the density profile, as estimated from
these trial calculations, is less than 20% (standard devia-
tion). The error of the calculated hydration force should be
smaller, because the hydration force is calculated by inte-
grating the density changes over the entire volume, so that
most of the error in density profiles should be averaged out.
The calculated hydration force (per Anfor a flat disk
and a flat surface at a lattice size of 0628 shown in Fig.
3. The oscillatory behavior of the hydration force is identi-
cal to that obtained by Grimson et al. (1980a,b). However,
the peak value of the calculated hydration force is only 18%
of that derived from measurements of two macroscopically

N

15 ¢

Yy

<— 100 —>

VOITINIIIE NN

je— 156 ——3)

0.3 6 curved surfaces (Israelachvili and Pashley, 1983; Israelach-
{® 1 vili, 1991), but is consistent with other theoretical calcula-
< 027 [ 4 tions (Henderson and Lozada-Cassou, 1986; Grimson et al,
E 01 L, Z 1980a,b). This discrepancy is most likely due to the partic-
E . . g ular experimental method used to measure the hydration
g 007 _'0 8 force, in which an overestimate of the peak value is con-
2 01 - L sidered to be understood (Israelachvili, 1991). Therefore,
a ] ! these test calculations show that the method we adopted is
02 +—r—T1T—"—T—"—T1"—717—7+-4 a reasonable approximation and the computational method
0.75 1.00 1.25 1.50 1.75 2.00 used is valid. These results also provide a nhecessary control
D(o) for the calculation of the hydration force under the more

complex geometry of an AFM tip.
FIGURE 1 @) Schematic illustration of the model system used to vali-
date the numerical method.is the diameter of the solvent molecule. The
flat disk has a radius of X0and a thickness ofd The total number of RESULTS AND DISCUSSION
solvent molecules is conserved in the calculation (when the disk is moved
toward the specimen, i.e., the bottom wall of the chambds). The =~ The AFM tip is modeled as a conical body with a spherical

calculated hydration pressures for three different chamber $izekbo X apex. The conical angle is set at 35°, which is typical for
150, +, 250 X 150, O, 150 X 250. In these calculations, a lattice size of o5t commercial cantilevers (Albrecht et al., 1990). Be-
0.25r was used. The results are identical, demonstrating that the effect of . . . .
the side and the top of the chamber is negligible. cause the hydration forcg is a short—rapge interaction, the
effect of the base of the tip should be minimal (see below).
In all calculations, the upper boundary of the chamber is at
sizes 0.t and 0.12% are virtually identical, and even for least 1@ from the top of the tip. We should indicate that
the case of 0.25, the results are still reasonably close to this configuration, although much smaller than the physical
those of smaller lattice spacing. The slight shift of the curve

o
w

© o ©
QO = N
A TP P T

Density ( p6? )
o
1

-0.2

0.3 e

0 1 2 3 4 5 6

Pressure from the hydration force
for planar surfaces (NN/nm 2 )

z(0) D(o)

FIGURE 2 Density profiles calculated for three different lattice sizes, FIGURE 3 The calculated hydration force per unit area for a flat disk
0.1o (= 0/10, —), 0.12% (= o/8, -+ --), 0.25%0 (= d/4, ——-), for and a flat specimen surface at a step size of @.Zbhe well-known

a system 12 X 4o in size (parallel plates). Clearly, even fof4, the oscillatory behavior is reproduced, and the quasiperiodicity of the oscilla-
accuracy of the calculation is still acceptable. The small deviation from thetion is correlated to the size of the solvent molecule. This is identical to the
profiles of smaller lattices is its inability to accurately describe the spher-results obtained by Grimson et al. (1980a), demonstrating the validity of
ical shape of the hypothetical solvent molecules. See text for more detailthe numerical approach developed here.
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size of an actual AFM tip, is closer to the experimentalwith each being regarded as a planar surface. Interestingly,
conditions, in which the entire cantilever is submerged inat the tip-sample distance of just one layer of water mole-
solution. To evaluate the dependence of the hydration forceules, the hydration force is already in the subnanonewton
on the detailed geometry of the tip, we have consideredange for both shapes 1 and 2. Because a probe force of less
three similar configurations. In tip shape 1, the apex has ¢han 0.5 nN is often required to attain high-resolution im-
radius of curvature of 15(3.9 nm), whereas in shape 2, this ages of biological specimens (Shao et al., 1996; Engel et al.,
radius is reduced tods(1.3 nm), and in shape 3, an ideal tip 1997), this result seems to suggest that at least one layer of
is considered, where the apex is simply a single moleculsvater molecules might remain “bound” to the sample sur-
(1), which, although not practical, is helpful for our un- face during imaging, which could provide a “lubricating”
derstanding of the trend of the hydration force when theeffect. This is because the ordering of water molecules at the
apex of the tip is continuously reduced. Based on experisurface is dynamic in nature, which could reduce the lateral
mental results, the best high-resolution tips should have aforce imposed on the specimen by the scanning probe. This
apex in the range of 1-2 nm (Mou et al., 1996a;llgluet  may also partially explain why contact mode AFM imaging,
al., 1995), which is very close to the size of shape 2 (1.3vhen operated at very small forces, has produced remark-
nm). The calculated hydration forces for these three caseable high-resolution images of a number of biological spec-
are shown in Fig. 4. It is seen that all three tips have a verymens (Shao et al., 1996; Engel et al., 1997). The force
similar, oscillatory behavior, but the magnitude of the hy-required to have a true contact @t= 0 nm) between the
dration force varies by a factor ef27 between shape 3 and tip and the specimen appears to be too great to be practical
shape 1. For the sharpest tip, the hydration force is almodgbr biological imaging, where the deformation of the spec-
negligible, which is expected, because the conical shape @fmen becomes a more serious problem. It may be noted that,
the tip should easily allow the “trapped” water molecules tofor atomic resolution imaging of hard surfaces, such as
be displaced, without an expensive energy cost. The magnica, nanonewton probe forces were known to improve the
nitude of the hydration force in this case is actually close tamage quality (Czajkowsky, unpublished observation). Per-
that of a single atom, recently considered by Koga and Zengaps, in this case, the last water layer is penetrated and the
(1997). But, for more practical tips of nanometer size, thetrue surface structure is probed by the tip. Obviously, the
magnitude of the hydration force is no longer very smallsurface water layer could also impose a practical resolution
and, in fact, becomes measurable. This was not expectetimit of ~0.5 nm, which is actually quite close to the highest
because even for the largest tip considered (3.9 nm), oneesolution achieved to date with biological specimens (Cza-
might think that the conical surface of the tip should still jkowsky et al., 1998; Mler et al., 1995; Mou et al., 1995).
allow water molecules to leave easily. It is also a surprise to From Fig. 4, one should have noticed that the hydration
see the profound oscillatory behavior of the hydration forceforce peaks at tip-sample distances of integral multiples of
under these conditions, because one would expect that thihe molecular size. This suggests that the apex of the tip
oscillation should be averaged out, because the conical tiphould dominate the hydration force measurements. To ex-
surface crosses many water layers. Apparently, because amine this issue, we have compared the calculated hydration
the nonadditive nature of the hydration force, the conical tipforce for two tips. Each has a spherical apex of but they
cannot be treated as many flat rings at various distancediffer in shape: one has a 35° semiangle (shape 2), and the
other is cylindrical (Fig. 5a). As expected, the hydration
force is identical for the two tips (see Figby, demonstrat-

= 3 ing that the very end of the tip is far more important than the
i detailed shape of the tip body. A comparison of the hydra-
s 2?7 tion force for shape 3 (Fig. 4) and that of a single atom
P (Koga and Zeng, 1997) also supports this conclusion.
5 14 Therefore, as far as the hydration force is concerned, one
3 need only consider the very apex of the tip, which is
2 0- consistent with the short-range nature of the hydration force.
% This result clearly shows that if small asperities are present
3 on the otherwise smooth surface of the tip, these asperities
- -1 — T T T T T ; ; ; ;
00 05 10 15 20 25 will be the primary contributor to the hydration force.

D( o) To date, an important experimental assessment of the
hydration effect by AFM is that of Cleveland et al. (1995),
FIGURE 4 The calculated hydration force for the three AFM tip shapesin Which the hydration _force bEtween a tip and CrysFal
described in the text.ifse) Details for the region some distance away Surfaces (calcite or barite) was examined by a statistical
from the surface. The solid line with squares, the dotted line with crossesanalysis of the cantilever fluctuations. Although the hydra-

and the dashed line with circles indicate the hydration force for tip shapeﬁOn force could not be measured directly with this tech-
1, 2, and 3, respectively. Even for these small tips, the oscillatory behavior

is still profound, and the peak positions still correspond to the size of the 'dU€: the energy reqUIred to move the tip between the
water molecule, although they are slightly shifted when compared with thaflydration layers was obtained, which was on the order of
of flat surfaces. The three curves scale precisely. 5 X 10 2! J, only slightly above the thermal energy >4
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L | 1.56-19
I< 200 I .
() A 1.06-19 -

5.0e-20

(9]
Q
Energy (J)

0.0e+0 1

400

-5.0e-20 — T T T T T 1

D(oc)

e—=0 —3] |,
o
o
o
[6)]
o
(4]
N
o
N
[$)]

_\1 L FIGURE 6 The corresponding hydration energy calculated from the hydra-
tion force curves shown in Fig. 4. The solid line with squares, the dotted

line with crosses, and the dashed line with circles indicate the hydration

energies of tip shapes 1, 2, and 3, respectively. It is seen that the magnitude

g 02 (b) for shape 2 aD = 1o is very close to that determined by experiments

o : (Cleveland et al., 1995). See text for more discussion.

s 011

P ]

S o.0- tip; this is the tip cross-sectional area cut by a plane from the

] 4 i surface at a distance af). We found that the estimated

S 01 “hydration pressure” (hydration force divided by the effec-

% | tive tip size) on the tip is almost the same for all three tips

3 02 . — used in Fig. 4 (Fig. 7). This is an interesting finding,

T 05 1.0 15 2.0 25 because, as far as the hydration force is concerned, the
D(0) penalty for a very sharp tip may not be significant, i.e., the

hydration pressure does not increase. As already indicated
FIGURE 5 A comparison of two tips with the same spherical afex( previously (Shao et al., 1996; Yang et al., 1996), it is the tip
50), one with a conical shape and the other with a straight cyliglee  pressure that must be reduced, rather than the total force. If

hydration force for these two tips is identical. The solid line with squares : :
<< .
is the hydration force for tip shape 2, used in Fig. 4 (conical body), and thq?- R it can be approximated asmRo. Because the

dashed line with pluses is that of the cylindrical tip. Therefore the hydration hydration pressure” is a qonstant fqr all tips W!th a sphgr-
force is completely dominated by the apex of the tip. Thus a small asperityCal apex, the total hydration force increases linearly with
on a large, smooth tip surface should exhibit a hydration force as if the tigthe radius of the curvaturd, of the tip apex, because for
were a long needle the size of the asperity. the same solventy is always the same. We should point out
that the pressure between two planar surfaces at comparable

10721 J, at room temperature (Cleveland et al., 1995), Withd|stances is much greater than the results shown in Fig. 7,

1.5-3 A between the peak positions. The calculated hydra-
tion force in the present study can be easily converted to that

@ 4
of energy by taking an integration from infinity (see Fig. 6). E“‘ 0.10 4

The energy difference betweewr And 1.% for shape 2 is 5 E '

~12 X 102 J. This is within 2 times the experimental SE ]

value, which is a surprise, considering the crude model used %‘g 0.05 1

in this study and the lack of control of the experimental 2 s

conditions. Even though the nominal size of the tip used in £ é 0.00

the experiment was nearly 60 nm, as indicated by the =8

authors (Cleveland et al., 1995), it is almost certain that the > £ .0.05 +———r—"+—1—r—1r1—
measured hydration effect was due to a small asperity of g 5 00 05 10 15 20 25

nanometer size on the blunt tip, because the rest of the tip
should not contribute significantly to the hydration force, as
already discussed above,‘ Such a.tlp geome.try yvas ‘?‘lrea(ri—'YGURE 7 If an “effective contact area” is defined as the area inter-
suggested to be responsible for high-resolution imaging b¥ected by the surface at-from the specimen when the end of the tip is in
a number of investigators (Shao et al., 1996; Yang et al.touch with the specimen, the “hydration pressure” is found to be the same
1996; Engel et al., 1997; Radmacher et al., 1992). for all three tip shapes used in Fig. 4 (solid line with squares, dotted line
We may further define an effective tip size as the areé"’ith crosses, and dashed line with circles for tip shapes 1, 2, and 3,
. . espectively). Therefore, a smaller tip will not increase the contact pressure
epclosed by a smgle water Iayer When the'tlp I.S In contac the hydration force dominates the interaction in imaging. It is noted that
with the sample surface. The effective tip size can b&ne pressure calculated here is much smaller than that of two parallel plates
estimated asr(2Ro — ¢°) (Ris the radius of the apex of the of the same size.
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indicating that one cannot simply scale down the resultdydration force is completely dominated by the apex of the
from planar surfaces to estimate the hydration force of othetip. A simple empirical formula is proposed for the estima-
geometrical shapes. If these results could be generalizetlpn of the hydration force for a given tip with a spherical
perhaps one may conclude that the characteristic pressureapex, and the lateral spread of the hydration force on the
determined solely by the geometric shape of the apexspecimen surface is comparable to the “effective contact
Simply increasing the dimensions in proportion will not area,” which decreases with the square root of the tip radius.
alter this characteristic pressure. For the spherical apeXhe magnitude of the hydration force for a practical tip size,
considered in this study, one can easily establish an empir~1 nm, seems to suggest that at least one layer of water
ical formula for the estimation of the hydration force, which should remain largely “bound,” which may provide a “lu-
should depend on the distance between the tip and thericating” effect during imaging, a possible explanation for
specimen. At & (one layer of water remaining), the hydra- the high-resolution images obtained with contact-mode
tion force may be estimated as AFM. In practical terms, the hydration force imposes only a
minor effect in AFM imaging in solution, and can be largely
F(nN)~0.082XR(nm  R>o (12)  nheglected for routine experiments. However, for most del-

Here we have assumed tiRtthe radius of curvature at the [Cate Specimens or very high-resolution imaging, its effect

apex, is greater than the size of the water molecule. Othef'@y become significant. Thus very sharp asperities on a
wise, a small correction will be required: blunt tip surface should be beneficial to the reduction of the

magnitude of the hydration force and, at the same time,
F (nN) = 0.082X [R(nm) — o (nm)/2] ~ (13)  provide the necessary conditions for high-resolution imaging.

Another important issue that needs to be addressed is the

lateral extent of the hydration force on the specimen surfacerhe authors thank Ms. Christian Roberts, Dr. Carlos Orozco, and Mr.

which is directly relevant to the achievable lateral resolutionSteven Majewski for their assistance in computing. The authors also thank

for AEM imaging, when under certain conditions, the hy- Dr. A. P. Somlyo for his encouragement and the use of facilities in his
. - L . . laboratory, and Dr. H.-J. Butt and Mr. D. M. Czajkowsky for helpful

dration force is the dominating interaction. As discussed b
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