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SFM Characterization of Poly(isocyanodipeptide) Single Polymer Chains
in Controlled Environments: Effect of Tip Adhesion and Chain Swelling
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ABSTRACT: Isolated slightly hydrophilic chains of poly(isocyanodipeptides) (PICs) adsorbed on mica
were studied by intermittent contact mode—scanning force microscopy (IC—SFM) in an ambient
atmosphere controlled both with respect to the relative humidity (RH) and the presence of CHCl;s vapor.
SFM revealed that the average chain height increases up to more than an order of magnitude with
decreasing RH, leading to the highest value at RH = 0%. This is due to both a minimization of the capillary
forces between the SFM tip and the hydrophilic substrate surface and a collapse of the side chains in the
poor solvent. In a saturated CHCl; vapor atmosphere, the chain heights increase up to twice this value,
which is close to the polymer diameter measured by powder X-ray diffraction. This indicates that the
PIC chains are solvated by CHCl; molecules, causing the swelling of the single polymers. Achieving a
control over the thickness of the polymer chains is fundamental for their optimal observation by SFM.
Moreover, the understanding of the conformational properties of single macromolecules adsorbed on
surfaces under different environmental conditions is of importance for unraveling their physicochemical
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properties and their dynamics, including their reactivity.

Introduction

Intermittent contact mode—scanning force microscopy
(IC—SFM), known also as tapping mode SFM,! offers
direct access to the structural and mechanical properties
of single macromolecules?™ as well as to supramolecular
architectures® adsorbed on a surface. It is a valuable
method for the investigation of soft organic and biologi-
cal layers, since it applies very small lateral forces to
the sample surface.! However, the measurements of the
heights of the adsorbed molecules, which are typically
performed at the solid—air interface, are not easily
reproducible and the obtained values are far smaller
than the diameters of the investigated molecules them-
selves.367 This can even lead to such small chain’s
heights that these are hardly detectable by SFM. To
overcome this problem contrasting agents have been
added to the polymers,® altering in this way their
physicochemical properties. Besides, Van Noort et al.
introduced a model describing the relationship between
the height anomalies in IC—SFM at the solid—air
interface and the tip—sample adhesion caused by capil-
lary force.® This experimental finding prompted us to
find new routes to avoid height anomalies in IC—SFM
imaging of neat macromolecules adsorbed at surfaces
by removing the capillary force.

The capillary forces caused by tip—sample adhesion
have been systematically studied in contact mode
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SFM."10 The curvature at the contact between the SFM
tip and the sample causes the formation of a “water
neck”, namely the condensation of vapor from the
ambient atmosphere. Also surfaces exposed to air are
typically coated by a layer of water, whose thickness
depends on the relative humidity (RH) of the atmo-
sphere and on the physicochemical nature of the com-
ponents.!! It can result in a strong attractive capillary
force (1077—1078 N) that holds the tip in contact with
the surface.l9 To avoid capillary forces the ambient
relative humidity should be zero, although some previ-
ous work on the tip—mica system has demonstrated that
below RH = 10% the capillary forces do not further
decay.!? Thus, two experimental procedures to minimize
the effect of capillary forces can be followed: the first
is to flood a sealed measurement chamber with a dry
inert gas such as Ny, He or Ar; the second is to perform
measurements with both the tip and the sample im-
mersed in a liquid medium making use of a fluid cell.1®
Both have been undertaken for visualizing hydrophilic
macromolecules, such as double stranded (ds) DNA.13
It was found that the apparent height of ds-DNA
decreases with increasing ambient humidity, which was
ascribed to the capillarity forces.”1* Differently, at the
solid—liquid interface the height of DNA was 0.6 nm
higher than that of ds-DNA measured in ambient air.1®
If one wishes to apply the liquid medium approach to
macromolecules soluble in organic solvents, an aqueous
solution becomes impractical for molecular conformation
studies and an organic solvent is required for the SFM
experiment.

A series of peptide based poly(isocyanides) has re-
cently been synthesized and their unique physicochem-
ical properties (including the mechanical ones), have
been reported. 316
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Figure 1. (a) Chemical formula of the poly(isocyanide) bearing L-alanyl-D-alanine methyl ester side groups. (b) Hydrogen-bonded
array formed between the sidearms. (¢) Molecular model of the L,D-PIAA 4; helix; the rod diameter 1.58 nm results from the
end-to-end distance of two opposite end groups in the sidearms (A—B).

Scheme 1. Side View of the Liquid Cell Using the “Water Cover” Method
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A poly(isocyanide) derivative bearing L-alanine-D-
alanine methyl ester side groups (L,D-PIAA) (see Figure
1la) was found to be ideal for the studies proposed above,
due to its solubility in organic solvents and its slightly
hydrophilic character.!” This polymer was recently
investigated by IC—SFM under ambient conditions.?
PIAAs were synthesized either with a Ni(ClO4)2:6H20
salt (Ni—PIAA) or trifluoroacetic acid (H"—PIAA) as a
catalyst.16:18 Although the H*—PIAAs exhibited much
longer contour lengths than the Ni—PIAAs, both types
of polymers equilibrated in 2D possessed the same
persistence length, viz. 76 & 6 nm.? This high rigidity
is due to the 4 helical backbone of the polymer and the
hydrogen bonding network formed between the pendant
alanine-groups (see Figure 1b). The average chain’s
thickness obtained from the SFM exploration at the
solid—air interface amounted to 0.30 & 0.06 nm.3 This
value is much lower than the 1.58 nm diameter of the
PIAA rod (that corresponds to the diagonal A—B of the
square-shaped cross-section in Figure 1c¢) as determined
by both powder X-ray diffraction,!® and also lower than
the edge length which amounts to v/2/2 x 1.58 nm =
1.12 nm, being the side of the square in the projection
of the polymer structure. Hence, the investigation of the

Cantilever

Mica with adsorbed polymer:

Locking screw

conformation of PIAA on the solid surface, and in
general of hydrophobic or slightly hydrophilic chains on
a hydrophilic surface, as a function of different mea-
surement conditions is of great interest.

Here we describe an IC—SFM exploratory study,
performed under different and controlled environmental
conditions, on the conformation of Ni-L,D-PIAA chains
adsorbed on a mica surface. The controlled environmen-
tal conditions included extremely low and high humid-
ity, organic solvent vapor and liquid solvent.

Experimental Procedures

Chloroform (CHCIs) is a very good solvent to dissolve Ni—
PIAA; moreover, due to its relatively high volatility at room
temperature, it can be easily used to saturate an environment
with its vapors. A solution (50 uL) of 1 mg/LL Ni—PIAA in
CHCI; was spin-coated onto a freshly cleaved muscovite mica
surface, employing a spinning rate of 50 rps for 30 s.

Topographical SFM images were recorded with a Molecular
Imaging PicoSPM scanning force microscope (MI—SFM)™
operating in intermittent contact mode. Nanosensors Point-
probe silicon cantilevers were used with a spring constant of
2.8 N/m. While the typical resonance frequency both in air and
in vapor environment was 71—85 kHz, in liquid CHCls it
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Figure 2. IC—SFM height images and their cross section analysis of isolated chains Ni—PIAA chains visualized at the solid—air
interface at (a) RH = 43.5%, (b) RH = 30.5%, and (c) RH = ~0% (d) Cross-sections traced along the black lines on image (a,

triangle symbol), (b, square symbol) and (¢, dot symbol).

amounted to 20—30 kHz. Results were reproduced using
RTESP Si probes (Digital Instruments).

A hermetically sealed environmental chamber installed on
the MI-SFM was employed to control the environment during
the measurements. A Testo hygrometer probe was inserted
into the chamber to monitor the RH in-situ with an accuracy
better than +£2%. To obtain extremely low ambient humidity,
the chamber was filled with dry helium gas. The gas was kept
flowing through the chamber for 1 h until the RH reached
0—2%, and then a gentle flow was also maintained during the
course of the measurements. To attain a controlled high
relative humidity in the environmental chamber, an aqueous
CaCl; solution was inserted in the chamber:**2° a low concen-
tration of such CaCly solution generates a high relative
humidity. The sample was placed above the solution and
maintained in such a fixed RH environment for 2 h to ensure
equilibration.

The same setup was also used for the measurements under
CHCI; vapors. Two Petri-dishes filled with CHCl; were placed
in the chamber under the sample: in about 30 min time the
chamber was saturated with CHCl; vapor. The hygrometer
sensor and any other corrodible material were removed or
protected from getting in contact with the CHCI; vapor.

For imaging in a liquid environment, a liquid cell made of
Teflon was employed to resist the corrosion from CHCls
(Scheme 1). Water, having a lower vapor pressure, was
covering the CHCl; to prevent its evaporation. Nevertheless,
due to the favorable interfacial interactions between CHCls
and Teflon, if compared to those between water and Teflon, a
minor part of the CHCl; adjacent to the Teflon wall was not
covered by water; hence, CHCl; could evaporate, albeit very
slowly. This setup allowed SFM studies to be performed at
room temperature in a stable condition for at least 1 h.

The molecular height can be evaluated from the topographi-
cal profiles in the SFM images. To obtain precise and reliable
average data, a new procedure?! was developed, which allows
one to determine the cross sections between every 1—2 pixels
on the images recorded with a 512 x 512 pixels resolution. In

this way, on a chain with a contour length of 200 nm visualized
in a SFM image acquired with a size of 1500 x 1500 nm?, about
60 cross sections are sampled along the chain’s contour.

A large set of data were collected from different measure-
ments, and three different types of averages were deter-
mined: (i) “total average height”, which considers all the data
from all the measurements in one specific controlled environ-
mental condition; (ii) “measurement average height”, which
takes into account the data from all the images in one
measurement, e.g. the images recorded in different locations
of the same sample with the same tip, similar tapping force
and identical environmental condition; (iii) “maximum average
height”, which includes the data from one image, being the
highest contrast image obtained in a given controlled environ-
ment. We will present and discuss only the “measurement
average height” and “maximum average height” since the
“total average height” exhibited a relatively large standard
deviation (error bar). We have recorded 10—12 images per
measurement, and in each image there were about 10—15
polymer chains to be analyzed. We have collected a large
number of cross sections on each chain. The precise number
of them depends on the chain length and on the image scale
length, given that the cross sections were measured every 1—2
pixels.

Results

Height Evaluation at Different Relative Humid-
ity. Figure 2 shows the topographical SFM images of
isolated Ni—PIAA chains measured in air at different
relative humidities and the relative cross sections traced
on single chains. The “maximum average height” value
determined from about 600 data points on every image,
resulted in the following: 0.56 + 0.06 nm for RH =
43.5%, 0.71 + 0.09 nm for RH = 30.5%, and 0.84 + 0.11
nm for RH = 0%. A similar trend was observed following
the behavior of a given chain changing in situ the
environmental condition (see Supporting Information).



476 Zhuang et al.

11

H;O on mica: Beaglehole et al. ,;

Average Height (nm)
s o o
E-N [=:] [+-]

=
[

0 Y T Y T T Y T T v 1
0 10 20 30 40 50 60 V0O 80 90 400
Relative Humidity (%)

Figure 3. “Maximum average height” (dotted line, triangle
symbol) and “measurement average height” (solid line, square
symbol) of PIAA measured by IC—SFM vs the relative humid-
ity. The error bar was determined using different chains in
the same image. The dashed line shows the ellipsometrically
determined thickness of water on mica as a function of
humidity, according to Beaglehole and Christenson.!!

We performed our studies also under high humidity
environments; this was done by adding a defined
aqueous solution of CaCly into the environmental cham-
ber. We obtained a “measurement average height” of
0.44 + 0.05 nm at RH = 43% and 0.040 + 0.009 nm at
RH = 64%. Thus, the measured height decreased by
about 0.40 nm, i.e., 1 order of magnitude, with increas-
ing relative humidity. At RH = 98%, we were not able
to observe the molecules any more.

Height in Chloroform Environment. The maxi-
mum average height of 0.84 4+ 0.11 nm measured under
extremely low humidity conditions is still much smaller
than the polymer rod diameter determined by powder
X-ray diffraction, which amounts to about 1.58 nm. We
decided therefore to extend our studies to PIAA under
a good solvent condition, namely CHCls, by investigat-
ing the ultrathin film at the solid—CHCI;s vapor inter-
face.

Figure 4 displays SFM images and relative topo-
graphical profiles of PIAA in air and in a saturated
CHCI3 vapor. The data reveals an increase of the height
of the polymer chains by ca. a factor of 2 going from
ambient air to CHCl3 vapor. Under the latter condition
the “measurement average height” and “maximum
average height” amounted to 1.09 + 0.18 and 1.47 +
0.32 nm, respectively. The IC—SFM investigation of the
PIAA chains at the solid—liquid interface in a CHClg
solvent using the previously described “water cover”
method did not allow to visualize the strands adsorbed
at the surface, but it revealed only some moving traces.
Similarly, for a positively charged dendronized polymer
on mica,?? only a few chains adsorbed on the substrate
could be observed by SFM at the interface between the
solid surface and a solution in CHCIs. It indicates that
the competition between adsorption on mica and solva-
tion in CHCI; favored the latter. In this scenario, a few
positively charged dendronized polymers adsorb on the
polyelectrolyte mica surface due to relatively strong
ionic interactions. On the other hand, since the PIAA
molecules are more neutral, it can be expected that they
prefer to be dissolved in the supernatant solution in
CHCls.

Discussion

The height of the Ni—PIAA molecules under different
environments has been systematically investigated by
IC—SFM. Figure 5 shows the maximum average height
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and the measurement average height collected under
different environmental conditions.

Height Anomalies Caused by Adhesion. Previous
studies on the negatively charged ds-DNA assembled
on a hydrophilic ionic mica surface revealed the pres-
ence of capillary forces between the water layer ad-
sorbed on the surface and the SFM tip. This led to the
formation of a meniscus between the tip and the sample
surface, which played a paramount role in the thickness
determination of the ds-DNA molecule under different
humidities.”?3 Instead of the hydrophilic ds-DNA, we
employed IC—SFM on the hydrophobic PIAA molecule;
hence, here the capillary force on the sample should not
depend on the humidity.

The recently developed Van Noort model® seems to
be more suitable to explain our experiments. According
to this model, since the water wets preferentially the
mica rather than the slightly hydrophilic PIAA mol-
ecule, the tip oscillation amplitude on the PIAA is not
influenced by the thin water layer.?* Therefore, the
artifacts in the height caused by the adhesion between
the tip and the PIAA can be excluded. On the other
hand, it was shown that height measurements per-
formed with IC—SFM could have errors up to 10 nm if
the difference in adhesion force is sufficiently large.®
This is due to the distorted oscillation of the SFM
cantilever caused by the adhesion between the tip and
the mica surface during its swing. In this way, surfaces
with a large adhesion force are expected to appear
higher in topography. As known, under ambient condi-
tions the main contribution to the adhesion forces is the
capillary force caused by a water layer, which strongly
depends on its thickness.”

On the other hand, Beaglehole et al. reported on the
relationship between the RH and the thickness of the
adsorbed water layer on mica.!! Ellipsometric data (see
Figure 3) revealed that the water layer thickness grows
more or less linearly below ~45% RH, whereas an
exponential increase occurs at RH higher than 45%.
Thus, the model introduced by Van Noort can explain
well the reversed proportional relationship between the
measured molecule height and the thickness of water
on mica, as shown in Figure 3. By and large, at
extremely low humidity conditions the thickness of the
water layer on mica is minimized; consequently the
adhesion between the tip and surface is minimized. The
proper visualization of the mica background was the
basis for an artifact-free determination of the PIAA
heights. With the increasing water layer thickness up
to saturation, the apparent height of PIAA decreased
dramatically until the resolution got lost.

Indentation and Tip Broadening Effect. SFM
resolution in the imaging of molecular samples is also
determined by several other factors, including the
applied damping force, tip geometry, scan speed, and
the frequency-dependent viscoelastic properties of the
samples. In our experiment we always chose moderate
scan rates (1.8—3 Hz), being in the range of scan speeds
for high-resolution imaging.?> Since our investigated
molecular system (PIAA) is an extremely stiff molecule,
the viscoelastic properties may be neglected.

However, the effects of the indentation due to the
applied damping force and to the tip geometry are not
negligible. The IC—SFM was operated with a set-point,
which typically results in a more than 200 nN peak force
(the maximum force occurring when tip is tapping the
surface).26 This is a rather large force that can produce
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Figure 4. IC—SFM height image of PIAA sample recorded (a) in ambient air, and (b) in a CHCl; saturated chamber. (¢) Cross-
section analysis on the traced lines: from part a, marked with solid line, square symbol, and from part b, with dashed line,
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Figure 5. Heights of PIAAs under different conditions as
measured by IC—SFM. The maximum average height (filled)
and measurement average height (squared) are depicted
together with their error bars. On the right the PIAA height
measured by powder X-ray diffraction (oblique) is shown. On
the top of each bar the ratio of the height measured by IC—
SFM and by PXRD is given.

an indentation into the sample. We always tried to
operate with the maximum set-point which allowed good
images to be obtained. On the other hand, according to
the Van Noort model, the increased damping results in
a larger deviation from a sinusoidal swing, thus leading
to a larger adhesion effect, negatively affecting the
reliability in the topographical imaging.?

Furthermore, the “tip broadening effect” occurring
while imaging could play a role in the height measure-
ment. The tip prior to being used is known to possess a
terminal radius smaller than 10 nm. Considering a
broadening taking place during imaging to a 20 nm
radius, the area under the tip becomes 4 times that of
the initial one. Because of this area increase, the
pressure (force per unit area of mica) is lower. Therefore,
a sharp tip indents more into the mica surface than a
broad tip.2” Nevertheless, since the diameter of our
molecule is only ca. 1 nm, the area on the molecule,
which supports the tapping force and disperses the
energy, is very small compared to the area on mica. This
small area leads to a high pressure and hence it can be
expected that the tip indentation on the PIAA molecule
is always deep using either a sharp or a broad tip. In a
different manner, on the mica surface the indentation
will be higher when the tip is sharp (initial states of
the imaging) and lower when the tip is broad. This
difference caused by the tip broadening effect influences
the height measurement and leads to lower molecular
height values when a broad tip is used. The indentation
and “tip broadening effect” cannot be avoided in most
cases. Therefore, they contribute to the overall error bar
in the average height determination.

Role of the Solvent. In the presence of CHCl3 an
average height of 93% of that obtained by X-ray diffrac-
tion was determined. This result is most likely due to
the swelling of the chains occurring in the presence of
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Figure 6. Schematic drawing of the cross-sectional views of PIAA rods (a) at the mica—good vapor interface, (b), at the mica—
good solvent liquid interface, (c), at the mica—poor solvent interface under the condition of ambient air, (d) at the mica—dry air
interface. Different possible conformations of the sidearms are shown. The red dots in parts a and b represent chloroform, and
the blue dots and rectangle in part c represent water vapor and liquid layer, respectively.

a good solvent that gets incorporated among the side-
arms. In an environment saturated with the CHCl;
vapor, due to a strong affinity, the CHCl3 molecules
occupy the volume between the sidearms or even the
surrounding space (see Figure 6a). This forces the
sidearms to adopt a stretched conformation leading to
a polymer height which is close to the polymer rod
diameter, the latter resulting from the end-to-end
distance between two symmetrically sidearms in the
ideal energy minimized model structure. Furthermore,
the investigation at the solid—liquid interface reveals
that, due to a more favorable interaction between CHCl;
and the polymer rather than between the substrate and
the polymer, the latter is desorbed from the mica surface
and fully solvated in CHCls. Since the molecule appears
to adopt conformation with stretched sidearms in the
presence of a saturated CHCls atmosphere, it is most
likely that at the solid—liquid interface the sidearms
are also stretched as shown in Figure 6b.

The behavior of the PIAA chains measured in the
presence of water liquid and vapor is different. Besides
the key role played by the height anomalies of the PTAA
chains adsorbed on mica caused by the adhesion of the
tip on a water coated mica, a significant role is also
played by the solvent—solute interaction. In the present
case of a poor solvent it is very likely that the PIAA
side chains adopt a collapsed conformation (Figure 6¢),
leading to small chain heights, as determined by SFM
analysis.

In contrast, the measurements in solvent-free envi-
ronment, i.e., at the solid-dry air interface, revealed

larger heights than in ambient air. In this case the
sidearms are still not extended but the effect of the
capillary force on mica and the collapse of side chains
in poor solvent are possibly minimized as shown in
Figure 6d. The scenario is quite complicated since it
involves a net force resulting from the mica adsorption
force, the hydrogen bonds between neighboring side
chains, and the repulsive force between side chain
arrays. Thus, it is not possible to fully explain the role
played by each of these effects.

An important contribution to the SFM measurements
could possibly come from the different mechanical
properties of the polymers under the various environ-
ments. This contribution should also be reflected in the
SFM determination of the chain heights as a result of
the force interactions between the two bodies. Further
studies are required to confirm this.

It should be noted that the model presented here is
not necessarily the only reason for the increase of the
height under CHCls vapor conditions. In fact other
uncontrolled contributions from tip indentation or tip—
mica adhesion effects might be changed in CHCl;3 vapor
environment and thus should be taken into account.
Moreover, it will be very interesting to extend these
kinds of studies on different substrates. In our case, we
have not been successful to perform the same experi-
ments on a hydrophobic surface as highly oriented
pyrolitic graphite (HOPG) due to the poor tendency of
these PIC chains to adsorb on graphite. Nevertheless
preliminary experiments on an alkylated dendronized
polymer revealed that the swelling of the chains occurs
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also on HOPG.28 It is very likely that on such a
hydrophobic substrate the effect of the humidity is less
pronounced.

Although the swelling behavior in chloroform vapor
at a first glance appears to be a simple process, it is
most likely to be characterized by a very complicated
mechanism. To cast light onto this issue, computer
simulations on the adsorption of the PIAA on mica in
the presence of chloroform will be undertaken in the
near future.

Concluding Remarks

IC—SFM offers direct access to the conformational
properties of neat single polymer chains adsorbed at
surfaces. The precise measurements of the polymer
chain heights can be influenced by several factors,
among them the adhesion between tip and substrate
plays a crucial role.

By using of an environmental chamber, we were able
to carry out an IC—SFM investigation on stiff, slightly
hydrophilic PIAA chains on mica in controlled ambients.
At different humidities, the SFM measurements gave
different average heights of the macromolecules. In the
medium and low humidity range, the measured appar-
ent height of PIAAs showed a nearly reversed propor-
tional linear relationship with the ambient humidity.
In the high humidity range, the apparent height abruptly
decreased until it completely vanished. This is well
described by both the effect of tip—mica adhesion
introduced in the Van Noort model and the collapsed
conformation adopted by the sidearms in the presence
of the poor solvent.

In the presence of a good solvent, IC—SFM revealed
a swelling of the chain due to the inclusion of solvent
molecules among the sidearms. This led to a chain
height corresponding to 93% of the value obtained by
X-ray crystallography, and the average result revealed
a nearly 2-fold increase of the height measured in
ambient air. This suggests that after minimizing the
influence from the humidity and the SFM tip, the
interaction of a single macromolecule with a solvent is
reflected in the height measurement. The controlled
introduction of organic solvent represents a new ap-
proach to study the conformation and dynamic swelling
behavior of single macromolecules or macromolecular
nanostructures by SFM. This opens new routes for the
nanoconstruction at surfaces.
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