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Nanoscale Friction Varied by
Isotopic Shifting of Surface
Vibrational Frequencies
Rachel J. Cannara,1* Matthew J. Brukman,2† Katherine Cimatu,3 Anirudha V. Sumant,2‡
Steven Baldelli,3 Robert W. Carpick2§
Friction converts kinetic energy at sliding interfaces into lattice vibrations, but the detailed
mechanisms of this process remain unresolved. Atomic force microscopy measurements reveal that
changing the mass of the terminating atoms on a surface, and thus their vibrational frequencies,
affects nanoscale friction substantially. We compared hydrogen- and deuterium-terminated
single-crystal diamond and silicon surfaces, and in all cases the hydrogenated surface exhibited
higher friction. This result implies that the lower natural frequency of chemisorbed deuterium
reduces the rate at which the tip’s kinetic energy is dissipated. This discovery is consistent with a
model describing energy transfer to adsorbates from a moving surface.
riction converts translational kinetic energy to vibrational energy. Hence, rubbing
two bodies together produces heat. This
process occurs even in the absence of wear. In
contact-mode atomic force microscopy (AFM),
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a nanoscale tip slides along a surface, but based
on theories of atomic dissipation, some of the
tip’s translational energy can be converted to
lattice vibrations or electronic carriers (1–4). It
would be technologically beneficial to control
how energy is lost through each of these channels by tuning phononic or electronic properties.
Recently, Park et al. increased nanoscale friction
electronically (5), whereas in the present work
we show that friction also depends on the vibrational properties of surfaces.
We altered surfaces by varying the mass, but
not the chemistry, of the chemisorbed terminating surface atom. Leaving the surface chemistry
unchanged avoids chemical effects due to
different interfacial forces. Based on a model
of phononic dissipation for friction (6), the surface monolayer acts as an energy-transfer
medium, absorbing kinetic energy from the tip
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at rates dependent on the adsorbates’ natural
vibration frequencies (Fig. 1). Because lighter
atoms vibrate faster, energy dissipation should
be more rapid, and therefore friction should
be greater than friction produced by heavier
species.
The systems most likely to exhibit observable
mass contrast are hydrogen (H)– and deuterium (D)–terminated surfaces, the most durable
and inert of which is diamond (7). H- and Dterminated silicon (Si) surfaces are less stable
(the surface oxidizes in air after 1 or 2 hours)
(8), but studying Si provides an additional test
and provides information on an important ma-

Tip motion,

H stretch

p+
n

D stretch
Fig. 1. A schematic of the frictional interface.
Vibrating adsorbates collide with and dissipate
kinetic energy from the moving tip at a rate
that depends on the adsorbate’s frequency and
thus its mass; that is, at different rates for H
than for D.
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terial for nanoscale devices and systems. Hterminated diamond also exhibits distinctive
electronic properties that depend on the
concentration of surface physisorbed contaminants. As described in the supporting online
material (9), the absorption of ambient hydrocarbons does indeed change friction for
diamond.
The vibrational frequency w of an adsorbed
atom is determined by its mass, the mass of the
substrate atom(s) to which it is bonded,
pﬃﬃﬃﬃﬃﬃﬃﬃand the
bond stiffness k. In particular, w ¼ k=m, where
m is the reduced mass of the bonded adsorbate. In
the limit of heavy substrate atoms, m is approximately the adsorbate’s mass, m. On diamond,
the ratio of the vibrational frequency of H (wH)
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
compared to D (wD) is wH =wD ¼ mD =mH =
1.363 (10, 11). On Si(111), the ratio is 1.389
(12–14).
Diamond(001) single-crystal surfaces were
terminated with H or D monolayers by means
of a hot-filament process (9). This procedure
formed well-ordered nearly saturated surfaces,
as demonstrated by sum frequency generation
(SFG) spectroscopy (Fig. 2A). Vibrational assignments were made on the basis of reported
values (15–19). Full coverage of H was achieved,
based on the position and intensity of the C-H
stretching peak measured at 2835 cm−1 on a
C(111) surface that was terminated simultaneously
with the C(001)-H surface. The peak at 2930 cm−1
is assigned to the H-terminated C(001)-(2×1)
reconstruction (20). On the deuterated sample, a

single peak at 2160 cm−1 was observed, corresponding to the C-D stretch. Analysis of the
CH region from 2750 to 3150 cm−1 showed no
features significantly above the background, demonstrating full coverage by D and a lack of contamination or residual H.
The friction force Ff was measured on diamond as a function of load in both dry nitrogen
and ultrahigh vacuum (UHV), alternating multiple
times between the H- and D-terminated samples
in each case. The same hydrocarbon (HC)–coated
tip was used for these experiments. The friction versus load data were fit to a continuum
model for the contact area A using the model
of interfacial friction Ff = toA, where to is the
interfacial shear strength (21), a model appropriate in the absence of wear and for loadindependent shear strengths. We fit the friction
data with a continuum mechanics model describing the dependence of A on load, assuming
a spherical, elastic, adhesive contact (22, 23).
This model eliminates the need to make any
assumptions about the spatial extent of adhesion
or the relation between pull-off forces and the
work of adhesion.
Caution should be used when applying continuum mechanics to nanoscale contacts, as indicated by recent molecular dynamics simulations
(24, 25). Whatever corrections were required,
our use of the same tip, substrate, and environment for all H versus D comparisons on diamond,
and separately on Si, allowed us to determine
unambiguously whether an isotopic substitution
effect occurred.

From the continuum mechanics fits, we extracted effective shear strengths (C̃) and work–
of-adhesion (g) values. C̃ is proportional to to
normalized by the appropriate power of the
elastic contact modulus (9, 26, 27), which eliminates any dependence on the unknown but
constant elastic properties of the tip. Absolute
shear strengths (to) were also estimated by
selecting reasonable values for the elastic constants of the tip (9), but the effective shear
strengths were sufficient for the analysis, because the same tip was always used to compare
H- and D-terminated pairs.
The results are summarized in Table 1. Representative plots of C̃ for the two terminations
and environments studied are shown in Fig. 2B.
These data are friction measurements divided by
their respective contact area fits at each load,
indicating the difference between C-H and C-D
beyond the residuals. Deviations at low loads arise
from fitting errors intrinsic to the small, steeply
changing contact area. The shear strengths (effective and absolute) were an average of 1.26 ± 0.05
and 1.26 ± 0.07 times greater for the H-terminated
surfaces for N2 and UHV, respectively.
Single-crystal Si(111) samples were terminated by H or D by means of an established
wet etch process (9), the quality of which was
verified by contact angle and x-ray photoelectron
spectroscopy measurements. Friction versus load
measurements on H- and D-terminated Si(111)
samples were obtained in dry N2 with the same
silicon nitride tip. Atomic mass contrast was
again observed (Fig. 3 and Table 1), with shear

Fig. 2. (A) SFG spectra for the C(001)-H (red) and -D (blue) surfaces. Both the C-H and
C-D regions are included for the deuterated surface to demonstrate the complete
replacement of H by D. (B) Average effective shear strength (dashed lines) measured in
N2 and UHV on C(001), and residuals from fits for C-H (solid red symbols) and C-D
(open blue symbols) measurements.
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strengths greater on the H-terminated surface
according to the ratio 1.30 ± 0.09.
The C(001)-H- and -D surfaces have nearly
indistinguishable work–of-adhesion values in
UHV, consistent with the expected lack of chemical contrast. The work–of-adhesion values are in
the range of pure van der Waals interactions
(28, 29), particularly for the UHV measurements,
and display an impressively small deviation
(<7%), which is only expected for well-prepared
surfaces in stable environments.
We claim that there is no inherent chemical
contrast between the H- and D-terminated surfaces. The small interaction effect from the
isotopic substitution of H with D, which can
have consequences for very-long-chain polymer
systems (30), is calculated to be infinitesimally
small here (31). The differences in adhesion that
we do observe between H- and D-terminated
samples (Table 1) do not vary systematically:
Adhesion is higher for H on C(001) in N2, lower
for H on Si(111) in N2, and nearly indistinguishable for C(001) in UHV. The larger
variations in N2 as compared with UHV are
probably due to varying degrees of contamination from ambient exposure. We also emphasize
that any influence on friction by the contact area
(induced by changes in adhesion) has been
removed by finding the effective shear strengths.
There are no existing theoretical treatments that
permit direct comparison with these experiments.

However, Persson (6) has modeled phononic
friction for an adsorbate monolayer interacting
with a single moving surface. Friction arises
from inelastic collisions between vibrating adsorbates and the surface. Although this situation does not correspond directly to an AFM
measurement where confined atoms are chemisorbed to one surface and interact with the other
moving surface under load, we use the model to
predict the qualitative behavior. The AFM tip
takes the place of the moving surface, and the H
(D) atoms correspond to the adsorbates, which
are now chemisorbed to the diamond or Si substrate (as opposed to being otherwise unbonded in
the model) and are assumed to be uncoupled
from one another. In the theory, the friction force
from vibrational damping by one adsorbate is
Ffatom
;vib ¼ −mtip hu

ð1Þ

where mtip is the dynamical effective mass of
the tip, h is the damping constant of the
interaction, and u is the relative sliding velocity
between the tip and sample. The minus sign
(excluded henceforth) indicates that the friction
force opposes the direction of motion. The
number of adsorbates involved is proportional
to the adsorbate areal density s and the contact
area A. When any variation of h caused by nonuniform contact stresses is neglected, the total
vibrational contribution will be Ff,vib = mtiphusA.

Table 1. Results for measurements on diamond and Si: the work of adhesion (g), effective (C̃) and
estimated (to) shear strengths, and their ratio (tH/tD). The effective shear strength is calculated from
the Carpick-Ogletree-Salmeron (COS) transition fits (9, 23). Uncertainties correspond to the
standard error on the mean, neglecting systematic uncertainties.
Surface, tip
material,
environment

Adsorbate

g
(mJ/m2)

C̃
(nPa1/3)

to
(MPa)

tH/tD

C(001), HC-coated, N2

H
D

56 ± 2
41 ± 2

122 ± 2
97 ± 5

1010 ± 17
806 ± 38

1.26 ± 0.05

C(001), HC-coated, UHV

H
D

30 ± 2
25 ± 1

24 ± 1
19 ± 1

202 ± 11
161 ± 7

1.26 ± 0.07

Si(111), Si3N4-coated, N2

H
D

113 ± 7
169 ± 3

111 ± 7
86 ± 4

680 ± 40
530 ± 20

1.30 ± 0.09

Fig. 3. Average effective shear
strength (dashed lines) on Si(111)
and residuals from representative fits for the Si-H (solid red
symbols) and Si-D (open blue
symbols) measurements.
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For interfacial friction, the vibrational contribution to the shear strength will be
to;vib ¼ mtip hus

ð2Þ

The damping constant h is related to the density
r and the transverse sound velocity cT of the
moving surface by
h ≈ 3mw4/8prcT3

(3)

where m and w refer to the adsorbate’s mass and
vibrational frequency, respectively [equations 18
and 22 in (32)].
To illustrate the physics behind Eq. 3, consider an adsorbate vibrating with energy E and
colliding with the moving surface (the AFM
tip). During one vibration cycle, the adsorbate
transfers energy DE = (m/MS)E from the tip,
where MS is the mass of the portion of the tip
effectively involved in the collision (33). Thus,
the energy transfer rate may be expressed by
 
w
m
Ė ¼ − 2p
MS E. In the collision time t ≈ 2p/w,
a local displacement field forms in the tip within
a distance cT/w that corresponds to a volume
(cT/w)3. Thus, MS ≈ r(cT/w)3. The energy transfer rate is then
Ė ≈ −

mw4
E
2prc3T

ð4Þ

The solution to Eq. 4 is an exponential decay
with damping constant h ¼ ðmw4 Þ=ð2prc3T Þ,
similar to the more precisely derived quantity in
Eq. 2 (6). Because w º m–1/2, h, to, and Ff all
scale as m/m2 ≈ 1/m.
It is important to understand how damping
leads to friction at the tip/sample interface. Sliding friction is caused by the loss of tip momentum to surface atoms. Atoms excited by the
tip can transfer some of their energy back to the
tip and help it slip to the next position. This is
similar to the concept of reduced friction with
increasing temperature (34). [Sørensen et al.
(35) observed this effect of localized excitations
in molecular dynamics simulations.] When the
surface potential is symmetric, these excited surface atoms kick the tip in the forward and backward directions, equally promoting and opposing
the tip's motion. Cantilever twist adds a bias to
the otherwise symmetric potential and lowers
the energy well along the sliding direction (36).
Consequently, the momentum transferred back
to the tip by surface atoms is more effective in
the forward direction, and surface atoms can
help push the tip forward. The available energy
to do so is reduced by the energy lost from
surface atoms to the substrate (that is, damping).
Hence, although the rate of excitation vis-à-vis
the tip and surface may be governed by the
attempt frequencies of the surface atoms, the
damping constants represent the diminished
ability to transfer energy back to the tip. All of
our energy transfer arguments are supported by
molecular dynamics simulations, which have

www.sciencemag.org

REPORTS
observed H atoms to act as an energy transfer
medium to the bulk, specifically for diamond
surfaces in sliding contact (37).
This damping model predicts FfH;vib =FfD;vib ≈
1:72 for diamond and FfH;vib =FfD;vib ≈ 1:86 for Si.
Other additive, mass-independent contributions
to friction beyond this phononic mechanism will
reduce the measured ratios from the theoretical
predictions, as observed (Table 1). The predicted
~8% difference in FfH;vib =FfD;vib for diamond versus Si is within our experimental uncertainty
and may also be counteracted by the increased
coupling of surface vibrational modes of deuterated Si(111) to bulk phonons (13) as compared
with hydrogenated Si(111) (12). On diamond,
surface modes overlap much less with bulk
phonons (11). Furthermore, relaxing the assumption that the adsorbates are uncoupled (that is,
considering coupled delocalized vibrations)
leads to a weaker predicted mass contrast
(32). It is likely, however, that surface defects,
which accentuate the effect of localized vibrations (9), are present and may even be the
dominating contribution to dissipation.
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A Predictably Selective Aliphatic
C–H Oxidation Reaction for
Complex Molecule Synthesis
Mark S. Chen and M. Christina White*
Realizing the extraordinary potential of unactivated sp3 C–H bond oxidation in organic synthesis
requires the discovery of catalysts that are both highly reactive and predictably selective. We report an
iron (Fe)–based small molecule catalyst that uses hydrogen peroxide (H2O2) to oxidize a broad range of
substrates. Predictable selectivity is achieved solely on the basis of the electronic and steric properties of
the C–H bonds, without the need for directing groups. Additionally, carboxylate directing groups may
be used to furnish five-membered ring lactone products. We demonstrate that these three modes of
selectivity enable the predictable oxidation of complex natural products and their derivatives at specific
C–H bonds with preparatively useful yields. This type of general and predictable reactivity stands to
enable aliphatic C–H oxidation as a method for streamlining complex molecule synthesis.
he 20th century witnessed tremendous
advances in synthetic methods and strategies that have enabled small molecule
targets of extraordinary complexity and biological importance to be synthesized in the laboratory (1). An important remaining challenge is to
achieve syntheses with heightened levels of
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efficiency. Because many biologically relevant
small molecules are oxidized hydrocarbons, reactions that incorporate oxidized functionality
selectively into organic frameworks are of particular interest in this regard. Three general reaction
classes have been developed for this purpose:
functional group interconversions, C–C bond–
forming reactions of preoxidized fragments, and
olefin oxidations. With these reactions, modern
synthetic planning often centers around the use
and maintenance of preexisting oxidized functionality. A powerful new class of reactions is
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emerging that introduce oxidized functionality
directly into aliphatic (sp3) C–H bonds. Oxidation reactions for isolated, unactivated sp3 C–H
bonds capable of operating with predictable selectivities on complex substrates hold special
promise for streamlining syntheses. Such reactions would provide a general way to install oxidized functionalities at a late stage, thereby
reducing unproductive chemical manipulations
associated with carrying them through a sequence (2, 3).
Despite important advances in the discovery
of catalytic methods for aliphatic C–H bond hydroxylations, aminations, and alkylations (4–6),
selective reactivity with complex substrates has
only been demonstrated for activated C–H bonds
(i.e., adjacent to a heteroatom or p system) (7–11)
or via the use of substrate directing groups (12–14).
High-yielding oxidations of isolated, unactivated
sp3 C–H bonds are rare, and predictable reactivity
has only been shown with simple hydrocarbon
substrates (10, 15–17). The paradoxical challenge in solving this problem lies in discovering a
catalyst that is both highly reactive and predictably selective for oxidizing these inert and ubiquitous C–H bonds. Moreover, to be useful in
complex molecule synthesis, this reactivity and
selectivity must be general for a broad range of
densely functionalized substrates. Nature’s design principles for creating such catalysts involve
the use of elaborate protein binding pockets that
inherently limit substrate generality. A different
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