Soft Matter

Accepted Manuscript

P P This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

Soft Matter

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

&Ro?%ﬁsﬁgm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY www.rsc.org/softmatter


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 8

Soft Matter ‘

CHEMISTRY

Journal Name

Cite this: DOI: 10.1039/XXXXXXXXXX

Received Date
Accepted Date

DOI: 10.1039/XXXXXXXXXX

www.rsc.org/journalname

Probing viscoelastic response of soft material sur-
faces at the nanoscale’

David B. Haviland**, Cornelius Anthony van Eysden®, Daniel Forchheimer?, Daniel
Platz##, Hailu B. Kassa  and Philippe Leclere?

We study the interaction between an AFM tip and a soft viscoelastic surface. Using a multifre-
quency method we measure the amplitude-dependence of the cantilever dynamic force quadra-
tures, which clearly show the effect of finite relaxation time of the viscoelastic surface. A model is
introduced which treats the tip and surface as a two-body dynamic problem with a nonlinear inter-
action depending on their separation. We find good agreement between simulations of this model
and experimental data on polymer blend samples for a variety of materials and measurement

conditions.

Understanding and controlling forces at the nanometer scale is a
scientific problem of importance to a wide variety of technolog-
ical applications of soft polymer materials 2. Advancement in
this field and the development of new nano-materials goes hand-
in-hand with ever more sensitive tools and more accurate meth-
ods of measuring surface forces. Recent progress in the field of
dynamic AFM regarding calibration®> and dynamic methods of
force measurement®-1° has set the stage for a critical examination
of the physical models commonly used in describing tip-surface
interaction. Meaningful interaction models are crucial to our un-
derstanding and interpretation, as they are the link between AFM
data and the image or map of a physical property of the material
surface.

The mapping of elastic moduli with AFM is usually performed
by measuring a dense grid of ’force curves At each grid point
(x,y) the cantilever deflection d is measured as the probe height
is swept toward and away from the surface (see fig. 1). If the can-
tilever static force constant kg, is calibrated, force is determined
from the measured deflection, F = kg d. Assuming quasi-static
force balance, this cantilever force is equal and opposite to the
tip-surface force. With an independent measurement of the probe
height & one can construct a force curve F(z), showing force as a
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function of the tip position in the laboratory frame, z = h+d. If
one can estimate the unperturbed or relaxed position of the sur-
face zy(x,y) the elastic modulus may be determined by fitting an
appropriate model of contact mechanics to this force curve.

Soft materials, like fluids, have the ability to flow and the tip-
surface forces can not be described by a purely elastic model. A
rheological description of tip-surface interaction should also in-
clude entropic forces when the tip penetrates the surface, capil-
lary forces associated with surface curvature, and viscous forces
that depend on the velocity of both the tip and the surface 1. Vis-
cous response has been probed by extending quasi-static AFM to
examine force curves at different loading rates (i.e. probe height
speed, 1) 1%12. However, this approach is beset with contradic-
tions: The force-deflection relation F = kyyd implies quasi-static
force balance, yet viscous force requires finite loading rate (i.e.
not static). If the measurement is not quasi-static, inertial and
viscous forces associated with the motion of the cantilever body
must also be properly accounted for.

Understanding viscoelastic response requires a proper analysis
of both the cantilever dynamics and the surface dynamics. From
the measured cantilever motion we can determine the force act-
ing on the tip. But the AFM does not resolve the motion of the sur-
face and this fact leads to an unappreciated ambiguity in material
property mapping with AFM, especially on soft materials. In this
paper we show how the independent motion of the tip and surface
lead to complex dynamics, which nevertheless can be understood
from the amplitude dependence of dynamic force quadratures.
We present a new type of dynamic interaction model, where the
tip-surface interaction is not expressed as a function of the tip
position in the lab frame (i.e. the force curve), but rather as a
function for the separation between the moving tip and moving
surface. Taking into account surface motion, we are able to model
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Fig. 1 A sketch (not to scale) demonstrating surface deformation when the tip is a) pulling on, b) contacting, and c) penetrating a soft surface.
Coordinates are defined in the intertial reference frame where the bulk of the sample is at rest: 4 - the quasi-static probe height, controlled by AFM
feedback, is the position of the tip when the cantilever force is zero; d(r) - the instantaneous deflection of the tip from the zero-cantilever-force position;
z{(t) = h+d(t) - the instantaneous position of the tip; zo(x,y) - the relaxed position of the surface, unperturbed by tip-surface interaction; zs(z) - the

instantaneous position of the surface at the tip location (x,y); and s(t) =z — zs

data measured on soft polymer surfaces and extract the viscous
and elastic constants of the surface.

Dynamic AFM typically drives the cantilever at a single fre-
quency where the response phase reveals the energy dissipation
experienced by the cantilever 14, but as we shall see below, this
dissipation is not directly related to the viscous damping param-
eter of a soft material surface. Beyond phase imaging, one can
measure a grid of response amplitude and phase versus the probe
height!°, or with additional feedback, amplitude and frequency
shift versus probe height1®, Viscoelasticity of a surface may also
lead to a change in the frequency dependent response of the can-
tilever 17:18  which is often probed near a contact resonance 1921,
or at two or more frequencies using different cantilever eigen-
modes 22724 A summary of various methods applied to soft ma-
terials is given in ref.2>. An underlying assumption behind many
of these methods is that tip-surface forces can be explained from
’rigid contact’, with a one-to-one correspondence between tip po-
sition and surface deformation.

Here we go beyond linear response and rigid interaction mod-
els to explain dynamic AFM data on soft polymer materials. We
analyze dynamic force quadratures !0, familiar to polymer scien-
tists from dynamic mechanical analysis2®. The force quadratures
reveal the oscillation amplitude dependence of the forces that are
in phase with the harmonic tip motion, and quadrature to the mo-
tion, or in phase with the tip velocity. Our analysis shows that sig-
nificant viscous response can be explained by soft material flow,
giving the surface its own dynamics. Our data is well described
by a simple model describing a cantilever eigenmode coupled to a
linear viscoelastic surface via a nonlinear tip-surface interaction.

Results and discussion

We describe in some detail measurements on a blend of two
common polymers, 30% Poly(styrene) (PS) and 70% Poly(e-
caprolactone) (PCL), drop cast from chloroform solution. Results
on other blends are given in the supplemental materiali. Details
of the sample preparation and measurement technique are given
in the Methods section. Figure 2 gives an overview of the sample.
The central round island is composed of a stiffer material (PS),
and it is raised some 750 nm above a surrounding sea of a softer
semi-crystalline layered material (PCL). On this PS island, there
are many small lakes of an even softer liquid-like material most
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(h—z0) +d(t) — ds(z) - the instantaneous tip-surface separation.

probably made of amorphous PCL. We determined the mechani-
cal properties of these features with very high spatial resolution
in a single scan of duration 8:45 minutes using Intermodulation
AFM (ImAFM)?27. ImAFM drives the cantilever at two frequencies
and analyzes the frequency mixing measured at each image pixel
(512x 512).

Figure 3 shows images of the response amplitude and phase at
the second drive frequency, one of the 32 image pairs measured
in a single scan of ImAFM. With the exception of the response
amplitude at the first drive frequency, which is constrained by the
AFM feedback used for surface tracking, the amplitude and phase
at the two drive frequencies and their 30 measured intermodula-
tion products are free to respond to the complex and highly non-
linear cantilever dynamics. This multifrequency response can be
directly transformed into the amplitude-dependent force quadra-
tures F7(A) and Fy(A), without any assumptions as to the nature
of the tip-surface interaction ' (see supplemental information’).
Figure 3a and 3b show the force quadrature curves at 4 pixels
marked with an x in the corresponding color on the images. Un-
like quasi-static force curves, the force quadratures do not rep-
resent the force at a particular tip position, F(z), but rather a
weighted integral of the tip-surface force over one single oscil-
lation cycle of amplitude A. Each point on the curves in fig. 3
gives the integrated force during a single cycle, as the tip at the
lower turning point of the oscillation gradually comes closer to
the surface with increasing A, and further from the surface with
decreasing A.

If the tip-surface interaction can be expressed as a function of
the tip position and velocity alone Frg(z(¢),z(r)), we may inter-
pret F; as a conservative force (in phase with the cantilever mo-
tion) and Fy a dissipative force (quadrature to the motion, or
in phase with the velocity). However this interpretation is not
without ambiguity if the interaction depends on other degrees of
freedom 7?8, for example the case considered here where Frg de-
pends on the instantaneous separation between a moving tip and
independently moving surface.

Positive F; means that the cantilever experiences a dominantly
attractive force during the single oscillation cycle, and negative F;
a dominantly repulsive force. Similarly, negative F corresponds
to dissipated energy in the single oscillation cycle of cantilever
motion. Apparent in figs. 3a and 3b (especially green and yellow
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Fig. 2 A three-dimensional perspective of the AFM height data, rendered to scale, where the color codes for the oscillation amplitude A* at which the
conservative force quadrature F; reaches its maximum value for increasing amplitude.

curves) is the large dissipative force (negative Fy) in the domi-
nantly attractive regime of conservative force (positive Fy). This
observation reveals that before repulsive contact forces set in, at-
tractive forces cause deformation of the soft surface, and due to
material flow and viscosity, give rise to dissipation. Hysteresis is
also evident in Fj(A) and Fy(A); a result of the viscoelastic relax-
ation time of the surface being longer than the period of cantilever
oscillation.

Model and simulations

We can explain the various shapes and hysteresis of F;(A) and
Fyp(A) observed with this sample and other soft materials us-
ing a simple nonlinear model that includes surface displacement
dy = zs —zp as an independent dynamic variable (see fig.1). We
consider the surface as having a relaxed position z(x,y) (i.e the
samples ’true’ topography) which, due to material flow during in-
teraction with the tip, can adopt a new instantaneous position
zs(f;x.y). We model the cantilever and surface dynamics with the
system of equations (see supplemental information’),

md+nd-+kd = F(s,$) +Fy(t) (1)

nsds+ksds = 7ES(S7 S) (2)

The left-hand side of Eq. (1) is a good model for the cantilever
eigenmode, where all three parameters can be independently cal-
ibrated. Eq. (2) reduces the complex three-dimensional surface
forces to two parameters, a surface stiffness k; and surface viscos-
ity ns respectively. These linear models of the cantilever and sur-
face dynamics are coupled by a nonlinear interaction which is a
function of the tip-surface separation s=z—z;, = (h—2zp) + (d — ds)
and its velocity s, where negative s corresponds to the tip pene-
trating the surface.

This journal is © The Royal Society of Chemistry [year]

The nonlinear interaction force has two components,
Fis(s,8) = Feon(s) — [Mis]so (3)

For the conservative force Fyoq(s) we use the DMT model?? (see
Methods) to facilitate comparison with other AFM experiments.
However, our results thus far are not sensitive to the exact form
of Feon(s), only that it is characterized by a well-defined point of
contact (s = 0) with a short-range attraction for s > 0 (e.g. van
der Waals) and repulsion for s < 0 (e.g. local elastic stress). The
dissipative part of the interaction is described by the viscosity n;,
which acts only when the tip is penetrating the surface (s < 0).

We simulate the dynamics of the system by numerical integra-
tion of Egs. (1) and (2) and from the simulated data we calculate
the force quadratures. By adjusting the model parameters (see
Table 1) we are able to find remarkably good agreement between
the experiment and simulation at essentially any point on the sur-
face. Figures 3c-3h show the simulated results at 4 representative
points. The simulation allows us to examine the surface motion,
from which we can see that the hysteresis in F;(A) and Fp(A) is
the result of a finite relaxation time of the viscoelastic surface.

Hysteresis is most pronounced over a very soft area, for exam-
ple fig. 3h. With increasing amplitude a critical point is reached
where short range attractive forces cause a sharp increase to a
positive Fy. The attractive interaction pulls up the soft surface
and it does not relax before the next oscillation cycle, resulting
in a time-average lifted position of the surface. Due to this lifting
of the surface, a lower amplitude is required for the tip to stop
interacting with the surface, thus giving hysteresis in F;(A) and
Fy(A).
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Fig. 3 The amplitude and phase image at the second drive frequency, one of the 32 image pairs recorded during the single scan with ImMAFM. a) and
b) show experimental F;(A) and Fy(A) curves at 4 pixels marked in the images with an x in the corresponding color. Curves are offset vertically for
clarity, where the dashed line indicates zero force. Red dots mark the amplitude A* where F; is maximum for increasing amplitude. ¢) and d) are
simulated F;(A) and Fy(A) curves using the moving surface model with parameters given in Table 1. e) - h) show the simulated motion of the cantilever
(corresponding color) and surface (magenta). The left inset shows the interaction force F;(s) experienced during the simulated oscillation beat (all left
insets have same scale vertical scale -5nN to +10nN). The right inset shows a zoom of the cantilever and surface oscillation in the contact region, at
the time marked by the vertical dashed line (all right insets have the same vertical scale spanning 10nm).

Color surface stiffness | surface damp- | interaction Reduced Modu- | Adhesion Force Working  dis-
| ing damping ‘ lus tance
ks [N/m] s [mg/s] 7; [mg/s] E* [MPa] Fagn [nN] h—zo[nm]
cyan 1.000 47 0.71 3500.0 6.0 28.0
green 0.100 28 0.13 40.0 2.0 18.0
yellow 0.050 .24 0.13 15.0 2.0 24.0

Table 1 The model parameter values used for the simulated cures in fig. 3. The DMT model contains two parameters which were fixed for the
simulation: the inter-atomic spacing ap =0.3 nm and the tip radius R =10nm. The cantilever eigenmode parameters were set to the values measured
during calibration: k=299 N/m , 0 =k/nwy =371, @y = \/k/m =27 x 313.57 kHz. The drive frequencies were set 1o values used in the experiment:
fi=313.34KkHz , f, =313.84 kHz . Both experimental and simulated F;(A) and F,(A) curves were derived from analysis of 30 intermodulation
products measured near resonance.
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Fig. 4 Maps of the apparent Work of adhesion, Energy Loss and Loss Tangent, as experienced by the oscillating cantilever at the maximum value of
F;(A) for increasing amplitude. These maps compensate for AFM feedback artifacts, but they are nevertheless based on cantilever dynamics at a
single oscillation amplitude. Comparison with simulations that include surface motion show that cantilever energy dissipation does not directly reveal

the surface damping coefficient.

Work of adhesion and energy dissipation
The simulations reveal the interplay between surface and can-
tilever dynamics which must be understood if we are to determine
surface properties from analysis of cantilever dynamics alone.
The situation is further complicated by the AFM feedback used
to track the surface, which changes the working distance to the
relaxed surface, h— zy, depending on the measured response. We
circumvent this latter problem using the amplitude dependence
of the force quadratures: We define A* at every image point as
the amplitude at which the conservative force reaches its maxi-
mum value Fjy.x for increasing A (red dots in figs. 3a and 3b).
Viewing the force quadrature as a work integral 1, we may de-
fine a conserved work of adhesion W,g, = A*Fymax experienced
by the cantilever when making and breaking contact with the
surface. Similarly, from the dissipative force quadrature at this
same amplitude A* we extract the dissipated energy in this cycle
Egis = A"Fgmax. Taking the ratio of the dissipated energy to con-
served work, we may also define a loss tangent. We take these
values for increasing amplitude as the surface should be mini-
mally effected by excessive penetration or indentation. Note that
the amplitude, A* varies considerably over the surface (see fig. 2).
Figure 4 shows a color-coded map of these experimental quan-
tities. It is interesting to note that the very soft island lakes re-
sult in large energy loss of the cantilever, yet they have a much
lower surface damping coefficient (yellow x). The large energy
loss is the result of large amplitude of surface motion, induced
by the adhesion force Fq, pulling on a very soft surface with low
stiffness k;. This example clearly demonstrates the difficulties in
directly mapping cantilever forces to surface properties. Because
the tip-surface interaction must depend on the tip-surface separa-
tion, knowledge of the surface motion is necessary if our goal is
to map the material properties ks and 7n;. A fundamental problem
with dynamic AFM on soft materials is that our measurement is

This journal is © The Royal Society of Chemistry [year]

blind to surface motion. However, through examination of the full
amplitude dependence of both dynamic force quadratures and ap-
plication of this new type of ‘two-body’ interaction model, we are
able to intuit the surface motion.

Conclusion

Dynamic force quadratures reveal the viscoelastic response of the
material surface to the point-like load presented by the AFM tip.
Measuring the full amplitude dependence of the force quadra-
tures at each pixel allows for removal of artifacts due to the
AFM feedback changing the working distance, and it allows us
to gain understanding about the surface dynamics. We showed
how nanometer scale variations and hysteretic behavior of force
quadrature curves can be explained with a new type of interaction
model that accounts for movement of the soft surface. With this
model we are able to explain measurements on a variety of poly-
mer blends and extract the local viscous and elastic parameters of
the heterogeneous surface. The moving-surface model presented
here represents a new approach to AFM analysis with the possi-
bility of high resolution mapping of the true surface stiffness and
viscosity. Rendering such maps from the multifreqeuncy dynamic
AFM data at each pixel will require the application of numerical
optimization methods®° coupled to nonlinear differential solvers.

Methods

Polystyrene (PS) (Mw =18 000 g/mol) was bought from Sigma-
Aldrich. The semi-crystalline Poly(e-caprolactone) (PCL) (Mn=
2000 g/mol) CAPA™ 2200 was purchased from Perstorp. The
PS and PCL were dissolved separately in chloroform (10 mg/ml})
and a thin film (ca.10 pm) was prepared on a glass substrate from
the blend of 30% PS and 70% PCL (in volume) by drop casting,
followed by a solvent annealing overnight.

The AFM was a Multimode from Digital Instruments running
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on a Nanoscope Illa controller and version 5 software. Essential
to the work present here however was the Intermodulation AFM
extension system from Intermodulation Products AB, which can
be connected to any host AFM. This system uses a special mul-
tifrequency lockin amplifier to excite the cantilever at two fre-
quencies, and monitor the photo-detectors response at many in-
termodulation products (mixing products) of the two drives. The
multifrequency response was analyzed with the quantitative anal-
ysis software package from Intermodulation Products AB, which
performs the thermal noise calibration of the cantilever (NCHV
from Bruker) and the force quadrature analysis. Scanning is con-
trolled by the host AFM which is set to contact mode with the
multifrequency lockin supplying the error signal voltage for scan-
ning feedback. Amplitude and phase images at 32 frequencies (64
images in one scan) are collected and displayed in the Intermod-
ulation Products software, which follows the scan by responding
to end-of-line and end-of-file trigger signals from the host AFM.

Simulations were made by numerical integration with CVODE,
part of the SUNDIALS suite of nonlinear solvers3!. Discrete event
detection was used to ensure that the integrator properly treated
the discontinuity in the interaction at s = 0. For the conservative
part of the interaction we used the DMT model %,

—Fadn ﬁ s>0

Feon(s) = 4
o —Fun+ 3E*V-RS 5<0

where the reduced modulus E* is the geometric mean of that for
tip and surface, F,q, is the adhesion force, R the tip radius (as-
sumed spherical), gy is the inter-atomic spacing, and s = z — z; is
the separation between the tip and surface.
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Intermodulation Atomic Force microscopy is used to quantitatively determine
both viscous and elastic parameters of a soft material interface. To understand
the measured force quadratures at each image pixel, a dynamic model of the tip
surface interaction is introduced, taking in to account not only the dynamics of
the AFM cantilever, but also the dynamics of the viscoelastic surface.



