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ABSTRACT: Viscoelastic property measurements made at the solid−liquid interface are
key to characterizing materials for a variety of biological and industrial applications.
Further, nanostructured materials require nanoscale measurements. Here, material loss
tangents (tan δ) were extracted from confounding liquid effects in nanoscale contact
resonance force microscopy (CR-FM), an atomic force microscope based technique for
observing mechanical properties of surfaces. Obtaining reliable CR-FM viscoelastic
measurements in liquid is complicated by two effects. First, in liquid, spurious signals arise
during cantilever excitation. Second, it is challenging to separate changes to cantilever
behavior due to the sample from changes due to environmental damping and added mass effects. We overcame these challenges
by applying photothermal cantilever excitation in multiple resonance modes and a predictive model for the hydrodynamic effects.
We demonstrated quantitative, nanoscale viscoelastic CR-FM measurements of polymers at the solid−liquid interface. The
technique is demonstrated on a point-by-point basis on polymer samples and while imaging in contact mode on a fixed plant cell
wall. Values of tan δ for measurements made in water agreed with the values for measurements in air for some experimental
conditions on polystyrene and for all examined conditions on polypropylene.

■ INTRODUCTION

Reliably measuring viscoelasticity in liquid with nanometer
spatial resolution remains a difficult problem in the character-
ization of materials. The elastic and viscoelastic properties of
polymer surfaces can vary on nanometer length scales and can
change depending on interfaces with fluid. Thus, a number of
significant applications would benefit from improved nanoscale
quantitative elastic and viscoelastic measurements at the solid−
liquid interface, including biological samples, medical materials
and devices, and materials for fluid industrial processing. For
instance, processing steps for converting plant materials into
biofuels often take place in a liquid environment. By
understanding how different mutations affect cell wall
mechanical properties, feedstock plants could be developed
that are easier to handle and process.
Atomic force microscope (AFM)1 based methods have long

demonstrated their sensitivity to elastic and viscoelastic material
behavior of surfaces.2−6 More recent advances have involved
applying advanced probing protocols and models to extract
quantitative information.7−10 AFM mechanical property
measurements are based on the interaction of a sharp probe
with the sample surface. Typically, the probe has a radius of
curvature between 5 and 30 nm, resulting in a very small
interaction volume suitable for studying nanostructured
materials. This small interaction volume also means that the
stress field does not extend very far into the material, and AFM
probes mostly the surface and interface. The sharp probe is
mounted on a soft cantilever, and the deflection is measured

optically, allowing measurements to be made with high
sensitivity. A large number of AFM-based mechanical property
measurement techniques exist, each with advantages and
drawbacks.11 AFM can operate in a wide variety of environ-
ments, including in liquid. Operation in liquid can be used to
study the effects of solvation and the solid−liquid interface. It
also reduces unwanted interactions with hydration layers
typically present in ambient environments7 and increases
bandwidth.
Contact resonance force microscopy (CR-FM), a dynamic

AFM method, has emerged as a valuable technique for
quantitative nanoscale measurements of elasticity and viscoe-
lasticity.12,13 CR-FM has achieved success at measuring
viscoelastic properties of engineered14 and biological15,16

surfaces in air and is beginning to measure contact stiffness
and qualitatively observe damping at the solid−liquid inter-
face.17,18 In CR-FM, the resonance properties (resonance
frequencies ω and mechanical quality factors Q) of the
cantilever are measured when the tip is above and then in
contact with the surface. Upon contact with the surface, the free
resonance frequencies ωfree increase to the contact frequencies
ωcont, and the Q values shift from Qfree to Qcont. The elastic
modulus of the material is a function of the shift in ω, and the
loss modulus is a function of both the shift in ω and the change
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in Q. In contrast to subresonant techniques,4 by making
measurements on resonance, the signal is amplified. Operating
on resonance also gives access to a number of resonance modes
whose dynamic stiffness increases as a function of mode
number. Thus, the lower frequency resonance modes can more
sensitively measure compliant (low modulus) materials, and the
higher frequency modes can more sensitively measure stiff
(high modulus) materials.19,20 Like other AFM techniques, CR-
FM is capable of high resolution mapping. Unlike more popular
mechanical property measurement techniques based on
intermittent contact mode AFM,3 in CR-FM, the tip is in
continuous, dynamic contact with the surface. It has been
speculated that continuous contact produces more accurate
damping results than intermittent contact by avoiding adhesive
effects on the measured signal.21

A major obstacle to CR-FM in liquid has been excitation of
the cantilever without the spurious resonances introduced by
piezoelectric excitation.22 Particularly when the tip is in contact
with the surface, these spurious resonances completely
overwhelm the desired cantilever resonance. Direct cantilever
excitation by the photothermal method23,24 avoids these
spurious resonances.18 In this technique, in addition to the
typical deflection detection laser, a second laser is focused on
the cantilever to periodically heat the top of the cantilever,
causing it to bend, and driving cantilever oscillations.
A second major obstacle to quantitative CR-FM in liquid is

correctly accounting for the environmental damping and added
mass effects from the liquid. During a contact event, the
measured change in cantilever behavior depends on the
material as well as the environmental properties, which can
depend on the distance to the surface. In order to recover the
material properties, we must separate out the effects of the fluid
environment on the cantilever resonant behavior (Figure 1a).

Then, the fluid contribution to ωcont and Qcont can be estimated
and removed from the measured values, leaving ωcorrected and
Qsample due only to the interaction of the cantilever with the
sample. The contact properties are then determined using a
typical spring and dashpot Kelvin−Voigt element (Figure 1b).
Recently, our group reported a technique for extracting the
fluid background during CR-FM by measuring and reconstruct-
ing the hydrodynamic function;25,26 however, the method was
not applied to material property measurements in that work.
In this paper, we report the first nanoscale loss tangent (tan

δ) values in water that are shown to agree with those measured
in air. To achieve this result, we used photothermal cantilever
excitation (BlueDrive, Asylum Research) to obtain contact
resonance data in multiple cantilever resonance modes. We
demonstrated the method using two common polymers,
polystyrene (PS) and polypropylene (PP), whose mechanical
properties should be minimally affected by water due to their
low absorption of water (supplier specifications: relative mass
of water absorbed <0.4% over 24 h for PS and 0.03% at
equilibrium for PP). We report that the corrected values agree
well with the measurements made in air consistently for PP and
under specific experimental conditions for the less damped, and
more absorbent, PS. We then demonstrate the applicability of
the technique to biological applications by imaging fixed plant
cell walls.

■ EXPERIMENTAL SECTION
Data Acquisition during Point Measurements. To excite

cantilever resonances, during point measurements the photothermal
laser (Blue Drive, Cypher, Asylum Research) was modulated by 1 mW
in air and 2 mW in water. Best results for exciting and detecting
multiple resonance modes were observed when the excitation and
detection laser spots were very close to the base of the cantilever
(Supporting Information Figure 1), as expected from cantilever shape
during excitation.27 The cantilever was an aluminum-coated,
rectangular cantilever with a nominal spring constant of 2.8 N/m
(FMR, Nano World). The drive frequency was swept through the
resonance peaks at a rate of 5−40 kHz/s in air and 40−300 kHz/s in
water, depending on the width of the peak under examination, and
resonance peaks were acquired in 2 s. The frequency sweep width was
adjusted to the maximum frequency range that avoided distortion. For
PS and PP, data were acquired at multiple locations on each material,
alternating between materials after approximately every nine points on
a sample containing regions of PS and PP (see Supporting
Information: Sample Preparation). Point contact data were collected
at approximately 50 nN normal force, and the tip−sample interaction
was allowed to settle for 30 s before acquisition of each set of points.
For noncontact, near-surface data collection, the cantilever was
positioned near the surface by first touching the surface with the
cantilever and then retracting the cantilever by approximately 100−
200 nm. Because this distance is less than 2% of the height of the tip,
the distance between the cantilever and the surface is very similar for
the contact measurement and the near-surface measurement. Thus, the
hydrodynamics should be similar as well once we correct for frequency
and vibrational shape effects.

Data Acquisition during Imaging. For imaging, we again used
an aluminum-coated, rectangular cantilever with a nominal spring
constant of 2.8 N/m (FMR, Nano World). During imaging, the
photothermal laser was modulated by 6 mW, at two frequencies near
the resonance, separated by 25 kHz. The sample was scanned at 1 Hz,
with an applied force of approximately 50 nN. The raw amplitude and
phase data measured during DART tracking were analyzed with a
simple harmonic oscillator model in the AFM software to determine ω
and Q.13,28,29

Data Fitting for Point Measurements. Each resonance peak was
fitted to the sum of a damped harmonic oscillator and a linear baseline:

Figure 1. Conceptual drawing of the analysis used to calculate loss
tangent. (a) Schematic of the hydrodynamic correction process. The
fluid effects are separated from the material effects using a predictive
model, which is calibrated by measuring the fluid effect on the
cantilever when the cantilever is near the surface. (b) Schematic of the
beam model showing L, the total length of the cantilever; L1, the
distance to the tip; α, the contact stiffness; and β, the contact damping.
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where Amax is the resonance peak height, ω0 is the resonance
frequency, and A0 + mω is the baseline noise.
Estimation of Hydrodynamic Function. To recover the material

properties from a measurement made in a fluid, the hydrodynamic
effects must be estimated and removed. The hydrodynamic functions
Γreal (corresponding to mass loading) and Γimaginary (corresponding to
environmental damping) at ω0 near the surface are readily measured
(Γreal(ω0) and Γimaginary(ω0)). However, these function values are a
poor estimate for the environmental damping in contact since the
hydrodynamic functions are frequency dependent (Figure 2), and the

resonance frequency shifts upon contact. Therefore, we estimated the
hydrodynamic effect at ωcont by interpolating Γreal and Γimaginary
measured near the surface to the contact frequencies.25,26

To estimate the hydrodynamic function, we measured the cantilever
resonant properties at the first four modes near the surface. Values for
Γreal and Γimaginary (Figure 2, solid circles) were determined from
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where ωnear and Qnear are the resonance properties near the surface,
and the dimensionless parameter χ = (π/4)(ρfluidb

2/ρA), with ρ and
ρfluid the densities of the cantilever and the fluid, respectively, b the
width of the cantilever, and A its cross-sectional area. The real and

imaginary parts of the hydrodynamic function are plotted as a function
of unsteady Reynolds number Re
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where μfluid is the shear viscosity of the fluid.
We fit the near-surface hydrodynamic functions to a polynomial

expansion. By using an asymptotic expansion for the functional form of
the hydrodynamic function for a long slender beam,25,30 we can
determine the order of the first few terms and insert fitting coefficients
a, b, and c to fit the data near the surface, namely

Γ = + −a b Rer 1 1
1/2 (5)

and

Γ = + +− −a b Re c Rei 2 2
1/2

2
1 (6)

Application of Hydrodynamic Correction. By applying the
reconstructed hydrodynamic correction, we can determine the
equivalent in-air ωcont and Qcont and thus separate sample properties
from environmental effects. Application of the hydrodynamic function
is described in more detail elsewhere.25,26 After the real and imaginary
parts of the reconstructed hydrodynamic function Γr and Γi were
determined at the contact frequencies from eqs 5 and 6, the corrected
contact frequencies were calculated from
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and the damping from contact with the sample is then given by

= −
Q Q Q
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sample measured fluid (9)

where Qmeasured is the uncorrected quality factor obtained from fitting
the resonance peak in contact with the surface.

Calculation of Loss Tangent. Unlike the storage and loss moduli,
tan δ does not depend on the contact geometry, thus avoiding a major
source of uncertainty.15 The loss tangent tan δ was computed directly
from the equation25

δ λ β
α

ω
ω

= ⎜ ⎟⎛
⎝

⎞
⎠

L L
L

tan
( )2

1
2

free (10)

where α and β are the tip−surface contact stiffness and damping
coefficient, respectively, determined as described elsewhere, and ω is
ωcont for uncorrected results and ωcorrected for corrected data.13 These
parameters α and β depend on the free resonance frequency ωfree, the
contact resonance frequency ωcont or ωcorrected, and the sample
mechanical quality factor Qsample.

The parameters α and β also depend on the position of the tip L1/L
along the cantilever. Although L1/L could in principle be determined
optically, it is typically31 determined by examining a data set
containing contact resonance frequencies for multiple eigenmodes
during a single contact event. Contact stiffness should depend
minimally on frequency; thus, L1/L can be treated as an adjustable
parameter to give equal contact stiffness values for multiple
eigenmodes (Supporting Information Figure 2 and Table 1). Because
L1/L represents a geometric parameter, CR-FM results in air were
used for this step regardless of environment. Average values for the
crossing between modes 1 and 2 were used to calculate tan δ for mode
1, average values for the crossing between modes 2 and 3 were used to
calculate tan δ for mode 2, and average values for the crossing between
modes 3 and 4 were used calculate tan δ for modes 3 and 4.

Figure 2. Hydrodynamic function estimates used to analyze the PS
and PP data in this paper plotted against unsteady Reynolds number
(which is proportional to ω). Solid circles show the hydrodynamic
function measured at the first four free resonance frequencies, lines
represent the fits to eqs 5 and 6, and open circles are the calculated
values of the hydrodynamic function for the first four resonance
frequencies during one event when the tip was in contact with PP. (a)
Imaginary part of the hydrodynamic function in air. The real part was
not used because the effect is negligible. (b) Real part of the
hydrodynamic function in water. (c) Imaginary part of the
hydrodynamic function in water.
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■ RESULTS AND DISCUSSION

Photothermal excitation of the cantilever produced contact
resonance peaks that were free of spurious resonances and had
the expected Lorentzian shape for the first four flexural modes
in air and in water (Figure 3). The incident laser power of 10
mW was not observed to unduly affect the resonance
characteristics of the cantilever (Supporting Information Figure
3 and Table 2). Photothermal excitation thus provides the
ability to simultaneously measure multiple resonance modes in
contact in two very different environments. In contrast with
thermal excitation,26 these measurements can be made quickly,
minimizing artifacts due to drift and allowing imaging.
Qualitative examination of representative contact events

(Figure 3, lines) and all fitted Q values (Figure 3, circles)
demonstrates the decrease in material contrast when operating
in water. From bulk dynamic mechanical analysis (DMA)
measurements, PS is expected to exhibit a loss tangent which is
approximately a factor of 10 smaller than PP. This disparity in
material damping can be seen in the pronounced difference in
peak width between PS (Figure 3a−d, light blue) and PP
(Figure 3a−d, pink). The measured Q values are also clearly
different depending on material. In water, however, the peaks
on both materials appear highly damped (Figure 3e−h),
reducing the apparent differences between materials, and the Q

values measured on PS are more similar to those measured on
PP.
For both materials, corrected values of tan δ in air (Table 1)

are near the expected values of approximately 0.01 for PS12 and
0.1 for PP (DMA, data not shown). For data in air, tan δ was
calculated using ωfree in air, ωcorrected in air, and Qsample in air.
The Γreal is negligible in air,25 so only Γimaginary (Figure 2a) was
used.
Using an uncorrected value for the environmental damping

in water results in overestimated tan δ values. Furthermore, it
results in underestimated tan δ ratios between materials
(material contrast) by at least a factor of 2 (Table 1). The
largest absolute discrepancy and smallest relative contrast were
observed for mode 1. The damping response of the cantilever
in mode 1 is dominated by the fluid properties rather than
sample properties as expected from the rapidly increasing
hydrodynamic function when moving toward a lower frequency
(Figure 2b,c). Although the values do not agree with the air
values without correction, the expected rank order in tan δ was
preserved in modes 2−4. This demonstrates that under the
correct conditions qualitative rank measurements may be made
in liquids without hydrodynamic reconstruction, and contrast
can be enhanced by selecting higher resonant modes.
Using the reconstructed hydrodynamic function, tan δ

measured in water agreed significantly better with tan δ

Figure 3. Data collected using photothermally excited cantilever. Shown are frequency sweeps for a representative contact event (lines) and Q values
extracted from all contact events (circles). (a−d) In air, PS (light blue) and PP (pink) resonance peaks display a large contrast in Q between
materials. (e−h) In water, the fluid damping dominates, so that the differences between PS (blue) and PP (red) and the Q contrast are more subtle.

Table 1. Values for tan δ Measured in Air and in Water with and without the Hydrodynamic Correctiona

PP mode 1 mode 2 mode 3 mode 4

air, corrected 0.18 ± 0.03, N = 17 0.09 ± 0.02, N = 15 0.10 ± 0.01, N = 16 0.08 ± 0.01, N = 17
water, uncorrected 0.46 ± 0.08, N = 31 0.17 ± 0.01, N = 31 0.15 ± 0.02, N = 30 0.16 ± 0.02, N = 31
water, corrected 0.03 ± 0.01, N = 31 0.11 ± 0.01, N = 31 0.12 ± 0.02, N = 30 0.10 ± 0.01, N = 31
error reduction 1.9 4 2.5 4

PS mode 1 mode 2 mode 3 mode 4

air, corrected 0.035 ± 0.008, N = 28 0.020 ± 0.005, N = 16 0.017 ± 0.004, N = 20 0.018 ± 0.006, N = 29
water, uncorrected 0.44 ± 0.04, N = 19 0.088 ± 0.008, N = 19 0.064 ± 0.007, N = 19 0.08 ± 0.01, N = 19
water, corrected −0.02 ± 0.01, N = 19 0.03 ± 0.01, N = 19 0.038 ± 0.006, N = 19 0.04 ± 0.01, N = 19
error reduction 7.4 6.8 2.2 2.8

aResults are shown as (mean value ± standard deviation), with the number of data points N as shown. The error reduction for each case is given by
|(tan(δ)uncorrected − tan(δ)air)/(tan(δ)corrected − tan(δ)air)|.
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measured in air (Table 1). For corrected data in water, the tan δ
was calculated using ωfree in air, ωcorrected in water, and Qsample in
water. The reduction in error by the reconstructed hydro-
dynamic function |(tan(δ)uncorrected − tan(δ)air)/(tan(δ)corrected
− tan(δ)air)| ranged from a factor of 2 to a factor of 7
depending on mode and material.
In mode 1, the hydrodynamic reconstruction overcorrected

tan δ, leading to an unphysical negative value on PS. This is
likely due to increased error in estimating the hydrodynamic
function. At lower frequency, the hydrodynamic function is
more frequency dependent. Additionally, instrumental noise is
greater at low frequency, apparent from the tilted baseline in
the data (Figure 3e). Furthermore, the beam model used to
determine the stiffness of the spring and damping of the
dashpot is most accurate when the dynamic stiffness of the
chosen vibrational mode matches the stiffness of the surface.
Since dynamic stiffness increases with mode number, in this
case higher modes are better matched to the sample.
PS, having lower tan δ, is expected to be more sensitive to

uncertainty in measuring liquid damping. Indeed, tan δ for PS
measured in water agreed with the value measured in air only in
mode 2. The value of tan δ was overestimated in subsequent
modes, although the error was significantly reduced compared
to the uncorrected case. The hydrodynamic reconstruction
works less effectively at higher modes because it is based on a
two-dimensional model for the cantilever, which becomes less
valid for the higher resonance modes where axial flow of the
liquid becomes significant.32 In modes 2−4 on PP, tan δ
measured in water agreed with that measured in air to within
experimental error, showing the high accuracy of the method
when applied to more dissipative materials.
To demonstrate the technique during imaging of a biological

sample in water, we imaged a fixed sample of Arabidopsis
thaliana cell walls (see Supporting Information: Sample
Preparation). A comparison between hydrodynamic functions
measured near the plant cell walls to those measured near PS
shows near-perfect agreement (Supporting Information Figure
4), lending confidence in the ability of the technique to extend
from hydrophobic, low-swelling materials to biological samples.
Figure 4 shows a junction between three cells imaged using the
dual ac resonance tracking (DART) technique.13,28,29 Based on
the results from the PP and PS sample, mode 2 of the cantilever

was observed during scanning to acquire this image. The
corrected Q in Figure 4e displays an expanded range and
therefore improved contrast in Q compared to the raw Q in
Figure 4c. Horizontal artifacts can be seen in Figure 4b−e.
These are likely due to variations in tip−sample contact area, as
they are less apparent in the loss tangent (Figure 4f), which is
insensitive to contact area. Contrast in the loss tangent can be
seen between primary cell walls, secondary cell walls, and the
middle lamella. The calculated values for tan δ are similar to
those previously reported for cellulosic plant matter.33,34 These
data show the practicality of the technique for quantitative
viscoelastic imaging at the solid−liquid interface.

■ CONCLUSION

By more accurately estimating the fluid added mass and
damping, we have demonstrated surface tan δ measured with a
nanoscale probe in water in agreement with similar measure-
ments in air, to our knowledge for the first time. The technique
provides robust agreement on a higher loss materials (tan δ >
0.1) for all measured modes except mode 1. This reveals the
first criterion for accurate CR-FM loss tangent measurements in
liquid: choose a resonance mode that avoids the steepest part of
the hydrodynamic function. On a lower loss material (tan δ ≈
0.01) where environmental damping is more dominant, the
best agreement was found using mode 2. This avoids the pitfalls
of mode 1 mentioned above, while also avoiding the slight loss
in accuracy of the hydrodynamic function with increasing
frequency that occurs due to unaccounted-for three-dimen-
sional flow. Other key considerations include matching the
stiffness of the cantilever mode to the contact stiffness, the
positioning of the excitation and detection lasers, and the speed
of the frequency sweep (see Supporting Information:
Methods). Our result demonstrates that tan δ of surfaces in
water can be accurately measured. The method can also be
applied simultaneously with liquid contact-mode imaging to
produce spatially resolved viscoelastic maps. Overall, the
method allows characterization of materials in a variety of
critical biological and industrial applications where measure-
ments in air are not appropriate or available.

Figure 4. Loss tangent imaged in mode 2 on Arabidopsis thaliana plant cell walls in water. (a) Height image, smoothed by a 3 × 3 pixel median filter.
(b) Raw contact resonance frequency. (c) Raw contact resonance Q. (d) Contact resonance frequency after hydrodynamic correction. (e) Q after
hydrodynamic correction showing improvement in dynamic range over raw Q. (f) Loss tangent calculated from corrected values.
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