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Abstract: Single-molecule force spectroscopy is a powerful tool for the quantitative investigation
of the biophysics, polymer physics and mechanochemistry of individual polymer strands. One
limitation of this technique is that the attachment between the tip of the atomic force microscope
and the covalent or noncovalent analyte in a given pull is typically not strong enough to sustain
the force at which the event of interest occurs, which makes the experiments time-consuming and
inhibits throughput. Here we report a polyelectrolyte handle for single-molecule force
spectroscopy that offers a combination of high (several hundred pN) attachment forces, good
(~4%) success in obtaining a high-force (>200 pN) attachment, a non-fouling detachment process

that allows for repetition, and specific attachment locations along the polymer analyte.



Introduction

Since its invention in the 1980s,' the precision of the atomic force microscope (AFM) in
force measurement and surface/tip displacement have enabled AFM-based single-molecule force
spectroscopy (SMFS) to become a versatile technique for probing inter- and intramolecular
interactions,> exploring the dynamic conformations of biomolecules 5! and measuring single
chain mechanics ! In recent years, it has also been applied to the field of covalent
mechanochemistry,'>!7 where it has provided substantial insights.'3-28

An ideal SMFS experiment would meet the following criteria: 1) the analyte would attach
quickly to the AFM tip as the tip approaches the substrate; 2) the site of analyte attachment to the
AFM tip would be known in advance; 3) the attachment between analyte and tip would be strong
enough to sustain the force required to activate the transformation of interest; 4) rupture of the
attachment between AFM tip and the analyte would occur cleanly so that the experiment can be
repeated multiple times with a single tip. Criteria 3 and 4 require the attachment between the tip
and the polymer to be strong relative to the process of interest, but weak relative to bond scission
in the analyte as well as to detachment of the polymer from the surface.

When SMEFES experiments rely on “fishing” for non-specific attachments, the force between
the AFM tip and the polymer in a given pull is usually too weak to sustain the force required to
activate the analyte; thus it often takes hundreds or even thousands of “casts” to obtain a successful
pull. This challenge is particularly acute for covalent mechanochemistry, which requires forces on
the level of 100s of pN or even nN in order to activate covalent mechanophores on the SMFS time
scale.” The combination of main-chain epoxidized polymers and oxidized tips has proven useful

in some systems,>*2*3° but many potential analytes either do not possess a main-chain alkene for



epoxidation or are vulnerable to unwanted side reactions. We therefore sought complementary
strategies that might meet the criteria described above.

Our design is shown in Figure 1. To one end of a polymer analyte of interest a polyelectrolyte
block is appended, which we hypothesized might form a rapid attachment to an oppositely charged
AFM tip. Because electrostatic interactions are relatively long-ranged, the effective capture radius
for attachment upon approach might increase, although we note that larger capture radius has been
correlated with off-angle pulling that might require active control to mitigate.*'33 Furthermore, the
magnitude of the attachment force would depend on the number of charges and other experimental
conditions, such as counterions and solvents. This combination of potential properties led us to

investigate polyelectrolyte handles as a tool for SMFS.



To investigate the potential utility of this strategy, we chose the widely used polyelectrolyte
poly(2-dimethyaminoethyl methacrylate) (PDMAEMA).3* PDMAEMA has been synthesized
using different controlled/living radical polymerization methods, including reversible addition
fragmentation chain transfer polymerization (RAFT),* stable free radical polymerization
(SFRP),* and atom transfer radical polymerization (ATRP).>° RAFT is advantageous over other

polymerization methods in that the corresponding polymer is produced with a dithioester end
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Figure 1. (a) The polymer analyte to be studied (blue line) was incorporated to a polyelectrolyte
handle which contains positive charges (red line). The AFM tip was modified with a SAM of negative
charge. (b) When the surface is brought into proximity with the tip, the polyelectrolyte handle bonds
to the tip via an electrostatic interaction.

group, which can then be grafted to the gold surface directly.*’ This saves a step of end-group
functionalization for attaching the polymer to the surface. To test the performance of the handle

and to identify conditions that satisfy the criteria discussed above, a series of block copolymers,



each containing a polyelectrolyte handle and a neutral analyte region, were made via RAFT. The
polymers were grafted to a gold surface, and the resulting SMFS behavior of the system was

studied.

Materials and methods

2-(dimethylamino) ethyl methacrylate (DMAEMA) and 2-ethoxyethyl methacrylate
(EOEMA) were purchased from Sigma Aldrich and purified through a basic aluminum oxide
column to remove the inhibitor before being used for polymerization. 4-Cyanopentanoic acid
dithiobenzoate (CPADB), 44’-azobis(4-cyanovaleric acid) (V501), methyl iodide,
tetrahydrofuran (THF, inhibitor free), triethylamine, methyl benzoate, diphenyl ether, 11-
mecaptoundecanoic acid, 1-undecanethiol, silver hexafluorophosphate, mesitylene and 1-butanol
were also purchased from Sigma Aldrich and used as received. Dichloromethane, hexane,
acetonitrile, acetone, ethanol and dimethylformamide (DMF) were purchased from VWR and used
as received. Each Au coated substrate was obtained by sputtering 10 nm of Ti and then 150 nm of
Au on a Si (111) wafer. Polymers were characterized using 'H-NMR and gel permission
chromatography (GPC). The GPC experiments were performed on an in-line two column system
(Agilent Technology PL Gel, 10® and 10* A) using THF with 3% triethylamine as the eluent.
Molecular weights were calculated using a Wyatt Dawn EOS multi-angle light scattering (MALS)
detector and a Wyatt Optilab DSP Interferometric Refractometer (RI). The refractive index
increment (dn/dc) values were determined by online calculation using injections of known
concentration and volume. The polymers were grafted to a Au surface and characterized with a
variable angle spectroscopic ellipsometer (J.A. Woollam, Inc.), X-ray photoelectron spectroscopy

(XPS), and water contact angle goniometer.



Details of polymer synthesis, characterization and surface modification are described in
Supporting Information (SI).

The AFM experiments were conducted in deionized water, DMF, 1-butanol, methyl
benzoate, diphenyl ether and mesitylene. All of the experiments were performed at room
temperature using a homemade AFM, constructed with a Digital Instruments scanning head
mounted on top of a piezoelectric positioner.*! Standard NPG probes whose tips were coated with
Au on SizN, were purchased from Bruker (Camarillo, CA). The cantilevers were V shaped (205
pum X 25 ym, nominal tip radius ~ 30 nm, nominal spring constant k ~ 0.06 N/m, frequency ~ 18
kHz). The spring constant of each cantilever was calibrated in air, using the MFP 3D system
(Asylum Research Group Inc., Santa Barbara, CA), by applying the thermal noise method, based
on the energy equipartition theorem as described previously.*> The Au coated tips were
functionalized with a SAM of carboxylate by immersing in 5 mM EtOH solution of 11-
mercaptoundecanoic acid and ionizing in 0.1 M K,CO; aqueous solution overnight (typically ~16
h). The cantilever was then mounted in a fluid cell and set up with the AFM head. The Au coated
substrate with functionalized polymer was placed on the piezoelectric stage of the AFM for
measurement. A series of approach/retract cycles were performed, and the data was collected by
dSPACE (dSPACE Inc., Wixom, MI) and analyzed using Matlab (The Math Works, Inc., Natick,
MA).

Results



Three different block copolymers Sa, Sb and Sc¢ (Scheme 1) were synthesized via RAFT. Sa
and Sb have different DMAEMA lengths and similar EOEMA lengths, whereas Sb and Sc have

the same length of DMAEMA and different lengths of EOEMA.

Scheme 1. Synthesis of block copolymers and control polymer.
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Au coated substrates were placed in 1 mg/mL dichloromethane solutions of polymers Sa-c¢
and 6 (Scheme 1) for 24 h and then rinsed with dichloromethane extensively to remove the
physically absorbed polymers. Ellipsometry (Table 1) shows that less of polymer 6 is attached to
Au surface compared to polymers Sa-c, which supports that polymers Sa-c are attached to Au

surface via the Au-S bonds (Figure 2).

Table 1. Ellipsometric thicknesses, grafting densities and static water contact angles of Au
surface after polymers grafted to the surface.

Au surface ellipsometric grafting water contact angle (°)
with polymer thickness (nm) density (nm2) Neutral + Mel + AgPF,
Sa 10.3 1.64 x 102 50 56 33
Sb 12.0 1.38 x 102 48 57 34




Sc 13.9 54 %103 49 59 36
6 0.3 6.6 x 10° - - -

The grafting density (o) of the surface-anchored polymers was calculated from the
ellipsometric thickness using the equation: 0 = hoN,/M,,* where h is the ellipsometric thickness,
N, is Avogadro’s number, M, is the number average molecular weight of the polymer and @ is the
density of the polymer, approximately 1 g/cm?.** The grafting density results are shown in Table
1.

After grafting polymers Sa-c¢ to the Au surface, methyl iodide was used to ionize the
polymer. Table 1 shows that the water contact angle slightly increases after the polymer is treated
with methyl iodide. The increased hydrophobicity might be caused by the disruption of hydrogen

bonding between the amine and water after quarternization.*



-

Figure 2. Surface treatments. a) Grafting polymer 5 to Au surface. b) lonizing the polymer by reacting
with methyl iodide. ¢) Counterion exchange by reacting with AgPFs.

Upon treating the ionized polymer surface with AgPF, a dramatic decrease in water contact
angle (Table 1) indicates ion exchange from I to PF¢. This trend is consistent with a previous
report on the influence of counterions on the wettability of polymer brush surfaces.*® XPS (Error!
Reference source not found.S8) is also consistent with the desired quarternization by methyl

iodide and subsequent counterion exchange.

The polymer grafted surface was brought into contact with, and retracted from, the AFM tip,

and the approach/retract cycles were repeated multiple times. From the approach/retract cycles, a



series of force curves were obtained. Figure 3 shows a representative example of a force-extension

curve with high detachment force that was obtained during the experiments. The force and length

at rupture (point of maximum force) were recorded as a function of various experimental

parameters.
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Figure 3. A representative force-separation curve persisting to high detachment force obtained in our

experiments. After a bridge forms between the AFM tip and the substrate, the polymer is stretched by
increasing the distance between tip and substrate. As the separation distance increases, the tensile force
on the bridge increases until rupture happened. The force at which rupture occurs is denoted as the rupture
force, and the distance denoted as the rupture length.

Grafting density was tuned to identify conditions that are dominated by single chain events.

The competing reagent 1-undecanethiol was added to the polymer solution to dilute the density of

10



grafted polymer on the Au surface. As the concentration of the competing reagent increases, the

grafting density decreases (Table 1). For example, as the grafting density of polymer Sb decreased
from 1.38 x 102 nm?to 1.0 x 10 nm~ t0 5.2 x 10~ nm~, the distribution of the rupture force shifts
steadily to lower forces. In contrast, when the grafting density decreases from 5.2 x 10 nm” to
2.1 x 10° nm”, the distribution of the rupture force stays nearly constant (Figure 4), suggesting

that 6 =52 x 10° nm” or less leads to a predominance of single molecule events. That conclusion

is supported by overlays of normalized force-extension curves (Figure S9). All experiments

reported below were performed at grafting densities of less than 5.2 x 10° nm™.
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The goal was to use electrostatic interactions to bind to tip, and since the polyelectrolyte is

in positive charge, so we expected that a negatively charged tip would generate larger forces. The

rupture force distributions obtained for polymer Sa (I' as counterion) with carboxylate modified
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Figure 4. Rupture force distributions for different grafting densities of polymer 5b: (a) 1.38 x 10 nm™ (b)
1.0 x 10 nm™ (¢) 5.2 x 10 nm™ (d) 2.1 x 10~ nm™. The distributions change from (a) to (b) to (c),
indicating that (a) and (b) have some multiple-molecule events. (c) and (d) have the same force distribution
implying that single-molecule events become predominant in (c) and (d). The force distributions exhibit a
peak at ~250-300 pN in all cases, but with more frequent events at higher forces in the systems with higher
grafting density.

tip and with bare Au tip were compared in Figure 5. The most probable rupture force obtained

with carboxylate modified tip is larger than that obtained with the bare Au tip, indicating that the

ionic attachment is stronger than the nonspecific force.

12



If electrostatic interactions are the major contributor to the polymer-tip interaction, the
strength of the attachment should depend on the molecular weight of the polyelectrolyte block.
Consistent with this expectation, the force distribution for polymer Sb (I' as the counterion) is
shifted to higher forces than that of polymer Sa (Figure 6). The same is not true for the analyte
region of the polymer. As shown in Figure 7, varying the M,, of the PEOEMA block grown from
the same PDMAEMA block results in effectively identical force distributions. The similarity in
the attachment strengths is consistent with a picture in which the attachment is dominated by
interactions between the AFM tip and the polyelectrolyte block.

Coarse-grained molecular dynamics simulations are also consistent with this picture. A
snapshot of a simulated polymer-tip interaction is shown in Figure 8 (simulation details are
provided in Supp. Info.). As seen in Figure 8, the polyelectrolyte handle completely adsorbs to
the tip, whereas the analyte does not, so that the extensional behavior is dominated by the analyte
and the association/dissociation from the tip is dominated by the handle. Simulations under
varying conditions suggest that the adsorption is a reasonably robust aspect of the design that is
not particularly sensitive to the analyte/handle specifics, Leonard-Jones interaction potential of the
polymer, dielectric constant of the solvent, and the charge density on the AFM tip (see Supporting

Information).
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Figure 5. The rupture force distributions of polymer 5a when using bare Au tip (black) and Au tip with

a SAM of carboxylate (red). The most probable rupture forces for carboxylate modified tip and bare Au
tip are ca. 230 pN and 150 pN, respectively.

14



N 5a
0.30- I 5b

8

100 200 300 400 500 600 700 80D
rupture force (pN)

Figure 6. The rupture force distributions of polymer 5a (black) and 5b (red). The AFM pulling
experiments were conducted in methyl benzoate and carboxylate modified tip was used for pulling. The
counterion of the polyelectrolyte is iodide for both of the two systems. The most probable rupture force
of 5b is 340 pN while the most probable rupture force of 5a is 230 pN.
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Figure 7. The rupture force distributions of polymer Sb (black) and polymer 5c (red). The
AFM pulling experiments were conducted in methyl benzoate and the carboxylate modified
tip was used for pulling. The counterion of the polyelectrolyte was iodide for each system.
The force distributions of the two polymers are quite close, with force distributions peaking
at ~300 pN in both cases, indicating that the polyelectrolyte part made the main contribution
to the strength of the attachment.
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Figure 8. Coarse-grained models of the single-molecule force spectroscopy (SMFS) experiments. (a) The
squared planar surface of 30 nm per side represents the cross-section of the tip of an atomic force
microscope (AFM). (b) Monomers’ chemical formula with the coarse-grained scheme for DMAEMA (red)
and EOEMA (blue) blocks. The end bead of DMAEMA monomers has a positive charge. (c) Simulation
setup representing the SMFS experiment showing the charged block adsorbed on the AFM tip surface while
the uncharged block is extended. The green beads are the AFM tip counterions. The polymer counterions
are distributed in the simulation box and rarely come near the AFM tip.

17



0.25 mm from AFM
. B from GPC

0.20-

.16

.10~

probability

0.05-

0.00 -
0 200 400 600 800

length (nm)

Figure 9. The distribution of contour length of PEOEMA analyte region of polymer 5b derived from
molecular weight distribution that was obtained from GPC (red) and the distribution of rupture length of
polymer Sb from AFM pulls (black). The length distributions are quite similar, indicating that the analyte
is acting as the bridge between the AFM tip and the surface.

Interestingly, the independence of the contributions between polyelectrolyte and analyte
regions allows the analyte to be characterized. The rupture length distribution of Sb was compared
to the contour length distribution of the analyte (PEOEMA) block derived from molecular weight
distribution which was obtained from GPC-MALS (Figure 9). This analysis employs rupture
length as a proxy for contour length. The two terms are not equivalent, but the relative stretch of a
chain from 300 pN to 1000 pN is less than 10% (see, e.g. Figure 3). The majority of rupture forces

fall within a much smaller range than this, with rupture forces that are close to typical model-
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dependent values of contour length derived from extended freely jointed chain*’ or extended
worm-like chain models.*® The similar distributions indicate that during the pulling process, most
of the polyelectrolyte block is wrapped on the tip and the elastically active subchain between the

AFM tip and the surface is the analyte.

Another factor which could influence the magnitude of the electrostatic interaction is the
solvent. When using water for the AFM pulling experiment, we did not obtain any rupture force
higher than 200 pN, which is not surprising because hydration of the ions will dramatically
decrease the interaction between the carboxylate (AFM tip) and the ammonium (polyelectrolyte
handle). The strong interaction between water and ions is consistent with the high dielectric
constant of water (¢ = 78.5). When using DMF (¢ = 36.7), the rupture force distribution increased
significantly (Figure 10). It seemed that a decrease of the solvent dielectric constant and hydrogen
bonding could lead to a stronger attraction between carboxylate and ammonium. However, when
I-butanol (¢ = 17.8) and methyl benzoate (¢ = 7.5) are used, the rupture force does not increase.
In fact, the force distributions obtained in DMF, 1-butanol and methyl benzoate are quite similar
(Figure 9). The similarity in rupture force distribution among these solvents implies that the
association between carboxylate and ammonium does not change significantly. We note that the

polymers 3a and 3b are readily dissolved in all three of these solvents after quarternization.
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Figure 10. The rupture force distributions in DMF (black), 1-butanol (red) and methyl benzoate (blue).
Carboxylate modified tip was used for the pulling experiment and the counterion of the polyelectrolyte is
iodide. The most probable rupture forces of these three systems are quite close, ca. 330 pN.

To further test the influence of the solvent polarity, diphenyl ether (¢ = 3.9) and mesitylene
(e = 2.4) were used for the experiments. No forces higher than 200 pN were obtained. This weak
attachment is likely caused by the poor solubility of the polyelectrolyte in these solvents. During
the AFM experiments, therefore, it is reasonable to expect that the PEOEMA block is well solvated

whereas the quarternized PDMAEMA likely collapses and penetrates into the PEOEMA block to
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minimize the contact with the solvents.3#5° Such conformational rearrangement would reduce
the availability of the PDMAEMA-tip interactions that drive rupture force.

To test the influence of counterions on the strength of the attachment, we used AgPF; to
exchange the counterion from iodide to hexafluorophosphate. Figure 11 show that the average
rupture force increased as the counterion changed from iodide into hexafluorophosphate. This
trend is consistent with our assumption that using weakly coordinating counterion can decrease
the “screening effect”* of the counterion on the polyelectrolyte and thus improve the association
between the polyelectrolyte handle and the carboxylate modified tip. Unfortunately, simulations
of the exact conformation of the handle on the tip and the nature of the dissociation process itself
are sufficiently complex that we are not able to gain additional insights. Simulating “live” pulls is
more difficult than simulating attachment conformation, because of the relatively long timescales
of the experiments compared to the timescales in molecular simulations. Nonetheless, the
simulations indicate (qualititatively) that dissociation is sensitive to the effective local dielectric
constant at the AFM surface; see Supporting Information for details. It seems reasonable, although

we are not able to test it here, that tip geometry would also have an impact.
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Figure 11. The rupture force distributions of polymer Sb when iodide (black) and
hexafluorophosphate (red) serve as counterions. Force distributions peak at ~300 pN in both cases.
The AFM pulling experiments were conducted in methyl benzoate, and the carboxylate modified
tip was used for pulling. When using hexafluorophosphate as counterion, the rupture force
increased.

We also investigated the influence of the distance between the AFM tip and the surface when
the AFM tip is waiting for the polymer to attach (Lo) on the performance of the handle. A series
of experiments were performed on polymer Sb at different L, when using the carboxylate modified
AFM tips. Figure 12 shows the results of these experiments. As expected, it was found that when
the waiting distance L, increases, the probability of obtaining high rupture force decreases.
Separations on the order of 10 nm can influence the interaction of the AFM tip and the

polyelectrolyte dramatically. Here the radius of gyration of the polyelectrolyte is ca. 40 nm®' and
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the contour length is ca. 200 nm, suggesting that the radius of gyration is a more important length

scale in affecting the interaction of the polyelectrolyte and the charged tip.
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Figure 12. The probability of obtaining pulls in which rupture force higher than 100 pN (black) and
higher than 200 pN (red) at different Lo. Ly is the distance between the AFM tip and surface when the
AFM tip waits the polymer to attach. The experiments were conducted in methyl benzoate.

Conclusion

We evaluate the utility of the polyelectrolyte handle strategy for single-molecule force
spectroscopy “fishing” experiments®? according to the four criteria we initially envisioned: 1) quick
and efficient; 2) targeted; 3) strong; 4) reversibly detached. In the experiments reported here, the

residence/waiting time for polymer-tip attachment was set to 5 seconds, which allows us to repeat

23



the approach/retract cycles thousands of times in a day. Under these conditions, the polyelectrolyte
handle facilitated hundreds of successful pulls (with rupture forces of several hundred pN, such as
the one shown in Figure 3), satisfying the efficient attachment criterion. Trends in both strength
and length of bridging events with the size of the analyte and handle regions are consistent with
an adsorption that is targeted to the handle with good specificity. Depending on the handle, the
forces involved can be on the order of several hundred pN. Similar forces have been observed for
nonspecific adsorption,” but here the adsorption is achieved without contact and with specific
control of the position of attachment. The achieved force range is useful for some,'32!3 but
certainly not all, substrates in covalent polymer mechanochemistry, our current area of interest.
Regarding reversibility, polymer capture can be repeated multiple times with a single AFM tip,
indicating that the ionic interaction is reversible under force. We therefore expect that the
polyelectrolyte handle approach will prove useful for selected applications in covalent polymer

mechanochemistry.
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polyelectrolyte

repeated and handle
reversible
binding to
charged probe tip
neutral
analyte

A polyelectrolyte block provides reversible and repeatable binding to the tip of atomic force
microscope that allows the force-extension behavior of a neutral analyte block to be characterized.
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