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Adsorption-induced scission of carbon-carbon
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Covalent carbon—carbon bonds are hard to break. Their strength
is evident in the hardness of diamonds"? and tensile strength of
polymeric fibres*™; on the single-molecule level, it manifests itself
in the need for forces of several nanonewtons to extend and
mechanically rupture one bond. Such forces have been generated
using extensional flow’"’, ultrasonic irradiation'’, receding menis-
cus'' and by directly stretching a single molecule with nano-
probes'> ¢, Here we show that simple adsorption of brush-like
macromolecules with long side chains on a substrate can induce
not only conformational deformations'’, but also spontaneous
rupture of covalent bonds in the macromolecular backbone. We
attribute this behaviour to the fact that the attractive interaction
between the side chains and the substrate is maximized by the
spreading of the side chains, which in turn induces tension along
the polymer backbone. Provided the side-chain densities and
substrate interaction are sufficiently high, the tension generated
will be strong enough to rupture covalent carbon—carbon bonds.
We expect similar adsorption-induced backbone scission to occur
for all macromolecules with highly branched architectures, such
as brushes and dendrimers. This behaviour needs to be considered
when designing surface-targeted macromolecules of this type—
either to avoid undesired degradation, or to ensure rupture at
predetermined macromolecular sites.

A series of brush-like macromolecules with the same number
average degree of polymerization of a poly(2-hydroxyethyl metha-
crylate) backbone, N, = 2,150 £ 100, and different degrees of
polymerization of poly(n-butyl acrylate) (pBA) side chains ranging
fromn = 12 £ 1ton = 140 = 12 were synthesized by atom transfer
radical polymerization (see ‘Polymer Characterization’ in the
Methods)'. Owing to the high grafting density, the side chains

Figure 1| Conformational response of pBA brush-like macromolecules to
adsorption on mica. The conformation of the macromolecules is visualized
by AFM, with the light threads in the height images shown in a and b
corresponding to the backbones. The areas between threads are covered by
side chains, which cannot be visualized at this scale. With increasing side-
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repel each other and thereby stretch the backbone into an extended
conformation. Placing these macromolecules on a surface enhances
the steric repulsion between the side chains, which results in both an
extension of the polymer backbone and an increase of the persistence
length.

The effect is illustrated in Fig. 1, which shows atomic force
microscopy (AFM) micrographs of monolayers of pBA brushes
with short (Fig. 1a) and long side chains (Fig. 1b). Measurements
on both types of molecules yielded a number average contour length
per monomeric unit of the backbone of /=L, /N, =0.23 = 0.02nm
(see ‘Atomic Force Microscopy’ in Methods), which is close to
Iy = 0.25nm, the length of the tetrahedral C-C-C section. This
means that even for short side chains (n = 12), the backbone is
already fully extended and adopts an all-frans conformation. As the
side chains become longer, we observe global straightening of the
backbone reflected in the increase of the persistence length (Fig. 1c¢).

Chain extension requires a substantial amount of force, which we
estimate using simple spreading arguments (Fig. 2). Just as in normal
liquids, the polymeric side chains spread to cover the higher-energy
substrate and thus stretch the macromolecule in all directions. Unlike
conventional liquids, however, the spreading of the side chains is
constrained by their connection to the backbone. To maximize the
number of side chains that adsorb to the substrate, the backbone
needs to extend; but even when it is fully elongated, about 50% of the
side chains are still not fully in contact with the substrate. In this
situation, the attraction of the side chains for the surface causes the
polymer backbone to extend beyond its physical limit. Here it is
important that the tension imposed by the surface attraction is
unevenly distributed over the covalent bonds of the molecular
skeleton.
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chain length, molecules change from a fairly flexible conformation for

n = 12 (shown in a) to a rod-like conformation for n = 130 (shown in b). ¢,
The persistence length [, of the adsorbed macromolecules was determined
from the statistical analysis of the backbone curvature. It is found to increase
with the side chain length as I, oc n*”.
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Spreading

Figure 2 | Schematic of the spreading of a brush-like macromolecule on an
attractive substrate. After adsorption, the macromolecule spreads to
increase the number of monomeric contacts with the substrate. The brush-
like architecture imposes constraints on the spreading process making it
anisotropic and leading to extension of the backbone. Along the brush axis,
the wetting-induced tensile force f = S - d is supported almost entirely by
the covalently linked backbone, where S is the spreading coefficient and d is
the brush width. In the direction perpendicular to the backbone, the force is
evenly distributed over many side chains, each bearing a f = §- § tensile
force, where 6 is the distance between the neighbouring side chains.

As shown in Fig. 2, along the brush axis, a major fraction of the
wetting-induced tensile force is carried by the backbone; while in the
perpendicular direction, the tension is evenly distributed over many
side chains. The force at the backbone is estimated as f = S - d, where
S is the spreading coefficient and d is the width of adsorbed brush
macromolecules (Fig. 2). Here, we consider only the dominant
term in S: that is, the difference between the surface free energies
of substrate—gas, liquid—gas, and substrate-liquid—gas interfaces
(S=1s— v — 7vs)- Previous measurements for the substrates that
were used in this study found S=20mNm™! on graphite' and
water/alcohol mixtures'’. Therefore, a brush macromolecule with
short side chains (n = 12) and a width of d = 11 nm (ref. 20), is

Figure 3 | Adsorption-induced degradation of macromolecules. a, The
molecular degradation of brush-like macromolecules with long side chains
(n = 140) on mica was monitored using AFM height imaging after each
sample was exposed for different time periods (as indicated in the images) to
a water/propanol (99.8/0.2 wt/wt%) substrate. b, Schematics of an adsorbed
macromolecule (left) which undergoes spontaneous scission of the covalent
backbone (right). Side chains are shown in light grey, the backbone in dark
grey. ¢, The cumulative length per unit mass, measured within an area of
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capable of generating a force of approximately 220 pN on either of
these two substrates. This exceeds the typical range of tensile forces of
10-100 pN reported for stretching of individual polymer chains'.

According to these arguments, the force value is proportional to
the molecule’s width and also depends on the surface energy of
the substrate. We therefore synthesized pBA brushes with longer
side chains (n = 140) that would lead to a width of d = 130 nm
(refs 20, 22); this should result in a tensile force of about 2.6 nN and
allow us to challenge the carbon—carbon bonds in the backbone’. The
molecules were adsorbed on the surface of mica, graphite, silicon
wafers and a range of water/propanol mixtures. Whereas molecules
on solid substrates could be directly imaged by AFM, the liquid-
supported films were first transferred onto a solid substrate using
the Langmuir-Blodget technique and then scanned by AFM (see
Methods).

Figure 3a shows a series of AFM images obtained for different
incubation times on the water/propanol (99.8/0.2 wt/wt%) sub-
strate, which has a surface energy of yy=69 = ImNm™! and a
spreading parameter of S =21 = 2mNm ™!, where the experimental
errors are determined by the precision of the Wilhelmy plate method
(see ‘Langmuir-Blodget monolayers’ in the Methods). As the time
spent on the substrate increases, the molecules get progressively
shorter while their number density (number of molecules per unit
area) correspondingly increases; this suggests scission of the back-
bone (Fig. 3b). The cumulative length of molecules per unit mass

ZLi'ni

of the material was measured as A = <~ ~—, where 1, is the number
of molecules of length L; within a substrate area A and o is the
Langmuir—Blodget-controlled mass per unit area of the monolayer.
As shown in Fig. 3¢, the cumulative length remains approximately
constant for different exposure times, supporting the idea that chain
scission occurs. Similar observations were made on other substrates
(Supplementary Fig. 1). However, we focused on experiments using
liquid substrates because they allow gradual variation of the surface
energy simply by mixing two different liquids, and because they
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A = 25um?” at a constant mass density of ¢ = 0.08 pgcm ™2, was found to
stay at an approximately constant value of A = 9.6 + 0.5 pmfg '
throughout the scission process. d, The number average contour lengths
measured after different exposure times # (white circles) are fitted according
to A= LJ—LU + f—:o, using experimental values for L, and L, and a fitted
value for k of 2.3 X 10 s ' (solid line). The experimentally determined
polydispersity index PDI = L,,/L,, (black squares) shows good agreement

with the computer simulation results of Fig. 4 (dashed line).
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facilitate rapid equilibration of the monolayer structure. Both factors
ensure reproducibility of the kinetics study discussed below.

Figure 3d shows the characteristic decay of the average molecular
length with increasing exposure time of the macromolecules to the
water/propanol substrate. To analyse the kinetics of the scission
process we assume that the bond scission occurs as a first-order
reaction: B = Bye ¥, where B is the total number of covalent bonds
in all backbones within a unit area of the substrate, By, is the initial
number of bonds at t = 0, and k is the rate constant. Because the
cumulative length is conserved, we can obtain the number average
contour length L from ;=—= 1~ +f*, where L, = 496 * 18 nm
is the initial contour length measured by AFM at =0 and
Lo =40 £ 3nm is the length of the shortest molecule observed
during the scission process (see ‘Atomic Force Microscopy’ in the
Methods). Fitting the experimental data to this equation using k as a
fitting parameter yielded k= 2.3 X 107 °s~'. That we did not
observe molecules shorter than 40 nm even at very long exposure
times is because the brush molecules with short backbones adopted
star-like morphologies. This ensures that the side chains have more
space to spread out and eases tension at the backbone. The reduction
of tension prevents further scission, so the above rate equations are
applied only at L = Le..

The scission process seems random, which suggests a uniform
distribution of tension along the backbone. We probe this assump-
tion by analysing the length distribution of the system throughout
the scission process. As shown in Fig. 3d, the polydispersity index,
PDI=L,,/L,, initially increases and then decays, where L, and L,
are the weight and number average lengths of adsorbed macro-
molecules, respectively. This is consistent with random cleavage of
backbone C-C bonds, which initially increases the length poly-
dispersity and then results in an almost monodisperse system as

2 N\
I

—

L
P
O_ —
X, X, L-x,L-x,
b 06

Weight fraction

0 500
Contour length (nm)

1,000

Figure 4 | Computer simulation of the scission process. a, The computer
model assumes a constant scission probability Palong most of the backbone;
at the ends, P decays linearly to zero from x, = 120 nm to x; = 40 nm. This
ensures the scission process stops at the experimentally observed

L = 40 nm. b, Length distributions obtained by computer simulation for
different time intervals f of the scission process (solid lines). The simulated
distributions show good agreement with the distributions (data points)
obtained by AFM on the same polymer/substrate system as used to obtain
the images shown in Fig. 3a. The distributions are presented as the weight
fraction of polymer chains of a certain number average contour length with a
resolution (bin size) of 50 nm. The initial distribution function exactly
corresponds to a realistic ensemble of 2,450 molecules acquired by AFM at
t = 0 with L, = 496 nm and PDI = 1.52.
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the macromolecules gradually convert into short brush molecules
that can no longer undergo scission. This behaviour can be simulated
using a simple model wherein the probability P of bond scission
occurring at any point along the backbone, except at the ends, is the
same (Fig. 4a). Solid lines in Fig. 4b depict length distributions
obtained at different durations of the computer-simulated scission
process compare favourably with the corresponding length distri-
butions measured by AFM (data points in Fig. 4b), giving good
agreement between the modelled and experimentally measured
polydispersity index. The simulated scission process eventually
stops when all molecules become shorter than 80 nm, that is, in the
range from x; = 40 nm and 2x, = 80 nm.

Experiments are also being conducted to verify the effects of the
substrate surface energy and the side-chain length on scission. As
might be expected, preliminary findings show that backbone scission
is very sensitive to small variations in both parameters. If surface
energy is decreased to below 60 mN m ™' by adding more propanol to
the water/propanol mixture used as substrate, molecules with
long side chains (# = 140) that readily break on a 99.8/0.2 wt/wt%
water/propanol surface (y =69mNm™ ') remain intact. Sharp
retardation of the scission process was also observed upon shortening
of the side chains: when using the same substrate (that is, a
99.8/0.2 wt/wt% water/propanol mixture) but pBA brush-like mol-
ecules with n = 130 (d = 120) instead of n = 140 does not lead to
any noticeable shortening within reasonable experimental times (for
example, days). However, we found that these molecules break on
graphite, which has a slightly higher surface energy and a spreading
parameter (Supplementary Fig. 1).

The essential feature of the bond scission observed here is that it
occurs spontaneously upon adsorption onto a substrate. Linear and
weakly branched polymer chains are obviously not at risk of chemical
degradation upon surface adsorption; but all highly branched
macromolecules that physically cannot allow all their monomeric
units to interact with a substrate will be susceptible. In such cases, the
load imposed by the adsorption forces is unevenly distributed over
different structural elements of the molecular architecture according
to the branching topology. In the system we studied, tension is
concentrated along the backbone of molecular brushes and can be
enough to break covalent carbon—carbon bonds. In the case of
regular dendrimers, tension will focus at the covalent bonds near
the principal branching centre of the dendrimers and, if the adsorp-
tion forces are strong enough, can cause the dendrimers to break.
This essentially geometric effect is closely related to the observation
that dendrimer polymerization stops above a certain generation,
owing to the overcrowded molecular volume®. These steric con-
straints can be eased by increasing the length of the spacer between
branches in dendrimers, and between side chains in cylindrical
brushes.

However, these structural modifications that make the branched
structure looser also increase the ‘footprint’ of the adsorbed macro-
molecule, which in turn leads to a greater tensile force. Thus, with the
current pursuit of new macro- and supramolecular materials that are
specifically tailored for various surface applications, the surface-
induced scission of covalent bonds will need to be considered
carefully when designing complex molecular architectures. But in
addition to emphasizing the need for designing ‘stress-free’ macro-
molecules for some applications, the phenomenon described here
also opens up intriguing opportunities for deliberately designing
architectures that break at pre-defined sites.

METHODS

Polymer characterization. Average molecular weights and molecular weight
distribution of brush-like macromolecules were measured by gel permeation
chromatography (GPC) equipped with Waters microstyragel columns (pore
sizes 10°, 10* and 10° A) and three detection systems: a differential refractometer
(Waters Model 410), multi-angle laser light-scattering (MALLS) detector
(Wyatt, DAWN EOS), and a differential viscometer (WGE Dr. Bures, 1-1001).
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In addition, we used a newly developed approach based on a combination of
AFM and Langmuir-Blodget techniques*. This combination of methods
ensured relative experimental errors in determining the polymerization degrees
of the backbone and side chains below 5% and 10%, respectively.
Langmuir-Blodget monolayers. To study the kinetics of the scission process,
brush-like macromolecules with pBA side chains were adsorbed onto a surface of
a water/propanol (99.8/0.2 wt/wt%) substrate. Propanol was chosen for its low
surface energy and because its vapour pressure is nearly equivalent to that of
water. This was necessary for long incubation times so that any subphase
evaporation would lead to a minimal change in the surface energy. The
evaporation of the subphase was closely monitored and controlled in an
environmental chamber. For AFM analysis, the monolayer films were transferred
onto a mica substrate at a controlled transfer ratio of 0.98, using the Langmuir-
Blodget technique. The surface tension of the substrate and the corresponding
spreading parameter were measured by the Wilhelmy plate method.

Atomic force microscopy. Topographic images of individual molecules were
collected using an atomic force microscope (Veeco Metrology Group) in tapping
mode. We used silicon cantilevers (Mikromasch-USA) with a resonance
frequency of about 140 kHz and a spring constant of about 5N m. The radius
of the probe was less than 10 nm. The analysis of digital images was performed
using a custom software program (PEN) developed in-house and available from
S.S.S. The program identifies the molecular contour and is capable of determin-
ing the contour length, the end-to-end distance, and the curvature distribution,
all required for evaluation of the persistence length. For every sample, about ten
images of about 300 molecules, that is, a total of 3,000 molecules were measured
to ensure a relative standard error below 4% and an experimental error below
5% of the persistence length (Fig. 1), contour length, and polydispersity index
(Fig. 3) measurements.
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