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Watching two conjugated polymer chains breaking
each other when colliding in solution

Yuxi Tian1, Marina V Kuzimenkova1, Mingyi Xie1, Matthias Meyer1, Per-Olof Larsson2

and Ivan G Scheblykin1

While collision theory successfully describes the kinetics of chemical reactions, very little is known about the processes at the

molecular level, especially if the reacting molecules are large. In this study, using single-molecule spectroscopy, we visually

observed that collision between two conjugated polymer (CP) molecules in solution leads to simultaneous rupture of both chains.

In addition to opening up the possibility of monitoring chemical processes in solution at the single-molecule level, these results

demonstrate that mechanical bending of two stiff conjugated backbones against each other (the effect of leverage) by Brownian

motion can weaken the chemical bond and markedly accelerate photochemical oxygen-induced chain scission by at least 20

times. The catalytic effect of the chain bending is also enhanced by a prolonged interaction between the chains owing to their

entanglement. These findings are important for the solution processing of CPs in their application in organic electronics, for

understanding the degradation mechanisms in CPs and for the development of new catalysts based on mechanical interactions

with target molecules.
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INTRODUCTION

Understanding the chemical reaction mechanism at the molecular
level is of great importance for designing new synthetic routes and
developing new materials. After hundreds of years of practical
chemistry, the mechanisms of many reactions have been qualitatively
understood from the viewpoint of the electric properties of the
reactants, such as the nucleophilicity and electrophilicity.1 Collision
theory was developed to describe the reaction kinetics at the beginning
of the past century.2 For the reaction to occur, the reactant molecules
must collide with each other with a proper orientation and sufficient
kinetic energy, as described by Evans and Polanyi3 in their transition
state theory. Although these approaches are based on mechanical
interactions, their applications are often possible only phenomenolo-
gically simply because there is no experimental data revealing the
mechanistic picture of the interactions between molecules of compli-
cated geometries. Does the collision here only provide the chance of
contact between the reactants or is a collision-induced mechanical
force also involved? Is there any marked change of the molecular
conformation that precedes the reaction?
Indeed, more than a hundred years ago, it was discovered that a

mechanical force can have a role in chemical reactions; this discovery
gave birth to the field of mechanochemistry.4,5 Excellent mechan-
ochemical studies have been performed on large biomolecules and
polymers, even at the single-molecule level.6–8 However, mechan-
ochemistry, as it is usually understood, requires the application of an
additional force onto the reactants via, for example, pressure and flow
gradients induced by ultrasound or special flow cells.

Is it possible that the mechanical force from the reactants
themselves (such as those generated by thermal diffusion) can also
have important roles? On the one hand, this possibility is evident as
the reactions are temperature dependent, and temperature means
kinetic energy. On the other hand, we do not understand the details of
how the mechanical forces created by collision lead to a particular
reaction. The details are especially important when reactions between
large molecules are considered because the complicated conformations
of large molecules, such as conjugated polymers (CPs), could be
largely involved in such interactions, affecting the mechanical forces.
Understanding the reaction mechanisms between CP chains is of great
importance for their applications in organic electronics because CPs
are widely used commercially as materials for displays, batteries,
organic solar cells, organic light-emitting diodes and even biosensors
because of their unique electrical and optical properties.9–11

Here, we report real-time visual observations by fluorescence
microscopy of collisions between two individual CP molecules in
solution leading to the simultaneous rupture of both polymer chains.
Our most striking observation is that the chains break apart when they
collide with each other simply because of their Brownian motion.
Unlike the typical conditions for mechanochemistry, we did not use
any externally induced shear forces, as discussed in section 4 in the
Supplementary Information. Based on the statistical analysis of many
collision events, we propose that mechanical force does have a crucial
role in the chain rupture of both polymer molecules and that the force
is generated by the crossing of two stiff, long chains undergoing
random thermal motion. The entanglement of the chains and the
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leverage effect that is possible because of the stiffness of the
π-conjugated backbone can generate a bending stress at the contact
point of the chains. The bending stress catalyzes the subsequent
photo-oxidation inducing chain rupture.
Our visual observations were performed using single-molecule

spectroscopy (SMS), which enables the observation of fluorescence
from individual molecules12,13 and thereby the identification of the
location of molecules in space and the monitoring of their dynamics
and fluorescence properties over time. Real-time tracking at the single-
molecule level has been used to reveal biologic processes.14–16

However, in spite of its great success in biologic studies, SMS usage
in chemistry remains rather scarce.17 The chief reason for this scarcity
may be a difference in traditions: while biologists are used to working
with individual objects that can be observed under a microscope, in
chemistry, one traditionally thinks in terms of concentrations.
SMS provides the opportunity to observe directly chemical reactions

that involve the changing fluorescence characteristics of chromo-
phores. Fluorescence blinking and bleaching of an individual

chromophore are examples of photo-induced electron-transfer
reactions.18–21 To observe the dynamics of the same single molecule
on the scale of seconds, the molecule must be immobilized on a
surface or embedded into a transparent polymer matrix. The chemical
reactions of single molecules have also been directly observed using
scanning probe microscopy,22 a technique that is limited to the
investigation of surfaces and molecules attached to surfaces. The need
for surface immobilization is obviously a great limitation of these
methods, as the majority of chemical reactions occur in the liquid
phase (solution or melt).
To better understand the mechanism of the chemical reactions at

the molecular level in solution, the ability to monitor single molecules
in solution would be of great benefit. Fluorescent single molecules can
indeed be studied in liquid solutions using fluorescence correlation
spectroscopy (FCS); however, FCS cannot be used to follow the same
molecule over time and can only provide statistics because every time
a different molecule crosses through the focal spot, a signal is
produced.23,24
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Figure 1 Diffusion and collision of poly(2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene) (MEH-PPV). (a) Sequential snapshots following two diffusing
MEH-PPV chains, which collide with each other and split into four fragments. The image contrast was enhanced; see Supplementary Figure S1 for the raw
data. (b) The probability of independent and collision-induced simultaneous rupture of two chains over the total visual collision events. (c) Experimental
setup: a toluene solution containing MEH-PPV and 1% polymethylmethacrylate (PMMA) was trapped in a 1- to 2-μm-thick layer between two glass coverslips.
(d) Chemical structure of MEH-PPV.
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Here, we aimed to visualize and follow the same single polymer
molecules in solution. Recently, the observation and spectroscopy of
individual CP chains in semiliquid environments have been demon-
strated using solvent vapor annealing or viscous solutions.25,26 In this
work, we went one step further and visually monitored individual
polymer chains in liquid toluene. Unlike all previous studies,27 we
concentrate not on the chain’s photophysics but on the reaction
between individual CP chains, which opens a new avenue for applying
SMS in chemistry because the reacting molecules can be directly
observed in solution owing to their bright fluorescence. We used wide-
field fluorescence microscopy for real-time observation of individual
poly(2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene) (MEH-
PPV) polymer chains with a high molecular weight (ca. 800 kDa,
2 μm long when stretched) in a very thin (1–2 μm) layer of solution
(Figure 1c).

MATERIALS AND METHODS

Sample preparation and experimental setup
A stock solution of MEH-PPV (0.1 mgml− 1) was prepared by dissolving a
suitable amount of MEH-PPV (Mn= 150–250 kDa; Sigma-Aldrich, St Louis,
MO, USA) in tetrahydrofuran. Gel-permeation chromatography was performed
with a Waters Styragel HR 5 column (7.8× 300mm) run at 0.5mlmin− 1

(tetrahydrofuran). MEH-PPV was collected as a fraction between 12 and 14
min, corresponding to a molecular weight of 2MDa relative to polystyrene (PS)
standards. The polydispersity index was 1.11. To assess the absolute molecular
weight of the MEH-PPV used, the fact that MEH-PPV is much stiffer than PS
needs to be considered. According to the literature,28 the molecular weight
relative to PS must be divided by a factor between 2 and 3, yielding an
estimated absolute molecular weight of 800 kDa. Such polymer chains are
~ 2 μm in length when stretched and contain ~ 3100 monomer units.
This fraction was then diluted to a concentration of ~ 10− 10 M using toluene

(anhydrous, 99.8%). This solution was then further diluted by an additional
factor of 10 using the matrix solution (1% by weight of polymethylmethacrylate
(PMMA) in toluene, Mn= 996 kDa (Sigma-Aldrich), purified additionally by
precipitation). PMMA was used to increase the viscosity of the solution and
slow the diffusion of MEH-PPV, which enabled us to follow individual MEH-
PPV molecules in solution. PMMA also prevents the surface attachment of
MEH-PPV on glass surfaces. The final mixture solution was placed between

two coverslips, forming a cell with a sandwich structure (see Figure 1c). The
thickness of the final solution layer was 1–2 μm with a concentration of
~ 10− 11 M, corresponding to an optical density OD514 nm ≈6× 10− 4 in a 1 cm
cell. The samples were prepared in air, unless otherwise indicated.

Single-molecule movies
The samples were studied at ambient conditions using a home-built wide-field
fluorescence microscope. The 458-nm laser line from an Ar-ion CW laser was
used for excitation. The excitation laser power intensity was 10W cm− 2, unless
stated otherwise. The fluorescence was collected using an oil-immersion
objective lens (Olympus UPlanFLN ×60, N.A. 1.25) and imaged on a
charge-coupled device camera (ProEM:512B; Princeton Instrument, Trenton,
NJ, USA). The movies were taken with an exposure time of 50ms per frame.

RESULTS

We monitored the diffusion, collision and scission of MEH-PPV
polymer chains on the single-molecule level. Figure 1a shows the
diffusion and collision of two MEH-PPV polymer chains in a thin
solution layer. In this example, the collision led to the splitting of both
chains into two parts, that is, four fluorescent objects were generated
from two (see also Supplementary Movie 1). The total fluorescence
intensity of the polymer pieces after the collision remains approxi-
mately the same as the total intensity of the two polymer chains before
the collision, which indicates that the four pieces are fragments of the
two parent CP chains (see Supplementary Figure S2). The fact that we
were able to see all the pieces of the chains after the rupture
means that the splitting occurred close to the center of the chains,
similar to the rupture of polymers by ultrasound or flow gradient.4

As will be discussed below, the probability of simultaneous rupture of
two chains is at least 20 times larger if they collide than if no
interaction occurs.
The experimental setup had some limitations. Owing to the spatial

resolution determined by light diffraction and the fast motion of the
molecules, we could not be sure that the molecules indeed physically
collided, even though the molecules appeared at the same position in
the image. To avoid any confusion, we hereafter use the term ‘visual
collision’ to denote the overlapping of two molecules in the image and
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Figure 2 Splitting of a single polymer chain into fragments. (a) Snapshots illustrating self-splitting of a single poly(2-methoxy-5-(2-ethylhexyloxy)-1,4-
phenylenevinylene) (MEH-PPV) chain. The contrast was enhanced; see Supplementary Figure S3 for the raw data. (b) Histogram of the survival time of
individual polymer chains (the molecules that participated in visual collision were excluded for this analysis). The solid line represents a monoexponential fit
of the histogram.
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the term ‘physical collision’ for those molecules that actually physically
interacted with each other. Using a simple Monte Carlo simulation,
we confirmed that even with the smallest value (12 nm) for the
reported Kuhn lengths of MEH-PPV,29 we have a high probability of
physical collisions (see section 12 in Supplementary Information).
Note that the chains were not large enough for their shape to be
resolved in the image. However, owing to the movement of the
molecules during the exposure time (50ms), the chains appear as
randomly shaped spots.
We also observed some collisions resulting in three fluorescent

fragments. The collisions that generated four objects constitute
‘simultaneous ruptures’, and the collisions that generated three objects
were considered to be ‘one-chain ruptures’, which means that only
one of the chains split. We analyzed almost 200 visual-collision events
between two chains, of which 13% involved one-chain rupture (see
section 6 in Supplementary Information for discussion), 10% involved
the simultaneous rupture of both chains and 77% showed no effect at
all. These numbers will be discussed below. Note that we did not
observe any aggregation induced by collisions.
Chain rupture not only occurred when two chains visually collided.

The MEH-PPV polymers also split independently without visual
collision, as observed in Figure 2a (see also Supplementary
Movie 2). Such self-splitting events occurred for almost all the
polymer chains, including subchains (pieces from the chain rupture).
The splitting continued until either the molecule diffused out of the
excitation area or all the pieces were too small to be observed.
We measured the survival time for each molecule exposed to the

excitation light by counting the number of frames from the molecule
entering the excitation area until the splitting occurred. The survival
time histogram for almost 200 molecules is shown in Figure 2b.
A monoexponential fit yields a lifetime of the polymer chain before
the self-splitting of 0.7 s under the particular conditions of the
experiment. This number will be needed below for statistical analysis
of the reactions between individual chains. Using this number and the
excitation power density, we can roughly estimate a quantum yield of
MEH-PPV photo-induced chain scission of 3× 10− 7 in air-saturated
toluene. This result means that for MEH-PPV molecules with Mn

of 800 kDa, the molecular weight can decrease by 50% within 2 h at
the room light conditions (see section 7 in Supplementary
Information for details).
As MEH-PPV solution exhibits good stability in the dark, enabling

storage of the long polymer chains in solution for days, we propose
that the splitting in the absence of collisions must be a photo-induced
chemical reaction. Faster splitting under elevated excitation power also
supports this hypothesis.
The CP photodegradation mechanism discussed in the literature

involves oxygen: a triplet excitation of the polymer is quenched by an
oxygen molecule, which enters a highly reactive singlet state.30–32

Then, this singlet oxygen molecule attacks the chemical bonds of
the polymer. The long lifetime of the triplet state of MEH-PPV
(~100 μs in deoxygenated solution33) provides enough time for such a
reaction to occur. To verify the role of oxygen in the MEH-PPV chain
rupture, we also performed an experiment under oxygen-free condi-
tions (see section 8 Supplementary Information for details). As
observed in Supplementary Movie 3, the self-splitting of the MEH-
PPV chains is significantly suppressed. Most of the molecules did not
split at all while remaining in the excitation area. Therefore, the chain
rupture is indeed a photochemical reaction involving oxygen.

DISCUSSION

We visually observed that collision events resulted in the simultaneous
rupture of both chains, generating four fragments. Could this
simultaneous rupture be because of two independent one-chain
rupture events that by coincidence occurred within one frame?
The answer is no. Considering that the lifetime of an independent
polymer chain is 0.7 s, which corresponds to a 7% chance of one-chain
rupture per frame (50ms), the chance of two molecules splitting
independently within one frame is only ~ 0.5% (see section
5 in Supplementary Information for calculation). This value is
20 times less than the rate of simultaneous rupture observed
experimentally (10± 2%; Figure 1b). Note here that this 20×
enhancement is an underestimation because (i) not all visual collisions
necessarily constitute physical collisions and (ii) the collision time may
be significantly shorter than our integration time of 50ms. Therefore,
we conclude that simultaneous chain rupture is caused by physical
collision. This conclusion leads to another conclusion: the physical
collision catalyzes the photochemical reaction of chain rupture under
the given experimental conditions. To the best of our knowledge, this
observation represents the first time that a collision process that
catalyzes chemical reactions was visually observed at the individual
molecule level.
One may have an initial suspicion that the splitting of the

fluorescence spots could be the result of the dissociation of noncova-
lently bound MEH-PPV aggregates. It is known that such aggregates
exist in solutions,24,34 and we have also studied the chain aggregation
of MEH-PPV in detail, which will be published elsewhere. In this
study, to avoid aggregation, we collected a fraction from a gel-
permeation chromatography run, in which the injected MEH-PPV
sample exhibited a concentration that was orders of magnitude lower
than that normally used for gel-permeation chromatography fractio-
nation. The fraction was then further diluted to the single-molecule
level to reach ~ 10− 11 M, which corresponds to an optical density
OD514 nm ~ 6×10− 4 in a 1 cm cell. Under such conditions, we are
confident that the bright spots we observed in the solution are single
polymer chains. In addition, further evidences convinced us that the
splitting is chain rupture rather than disaggregation. First, we would
not expect a disaggregation process to be photo-induced because the
aggregation does not involve any excited electronic states. Second, the
collision of polymer chains should rather promote aggregation than
dissociation, which was never observed in any of the 200 studied
collisions cases. Finally, we observed that the splitting rate of MEH-
PPV depends on the concentration of oxygen, which should not occur
if the process is disaggregation.
It is surprising that a collision that results solely from Brownian

motion can affect the chain rupture. As far as the authors are aware,
such an effect has not been reported before. Indeed, the average energy
available from thermal motion is only kBT/2 (ca. 10

− 21 J at 300 K) per
degree of freedom. Clearly, this energy is too small to break the bond
between carbon atoms of CPs with binding energies of ~ 8×10− 19 J.35

However, a direct comparison of the energies is not fully correct
because if one follows the thermal fluctuations of a single polymer
chain over a very long time, there is a finite chance of observing a
fluctuation with much larger energy in a particular degree of freedom
than kBT. This idea is used for calculations of chain rupture because of
bond stretching in the modeling of thermally induced polymer
degradation.36 Below, we will see that it is not only the amount of
energy but also the way in which the energy is applied to the system
that is of great importance.
CPs are special polymers that are much stiffer than ordinary flexible

organic polymers, for example, polyethylene, PMMA and PS. This
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stiffness arises because the connection between carbon atoms in CPs is
not a single σ bond, as in flexible organic polymers, but the
combination of σ and π bonding that originates from the delocaliza-
tion of π electrons along the length of the polymer, which prevents the
rotation of the chain along the chemical bonds. The flexibility of a
polymer can be described by the length of its Kuhn segment; these
segments are considered to be freely joined with each other within a
whole polymer molecule. The Kuhn length of MEH-PPV was reported
to be 12–65 nm, which is more than an order of magnitude larger than
that for ordinary flexible polymers (1–2 nm), indicating that MEH-
PPV resists coiling owing to its stiffness.29 We shall explore below how
their stiffness can be important for the collision process between the
CPs by Brownian motion.
The ancient scientist Archimedes said: ‘Give me a lever and a place

to stand on, I will move the earth’. Thus, the problem of not having
enough force to break the bond by pulling two atoms apart can be
solved using the principle of leverage. Everyday experience (e.g.,
breaking tree branches) tells us that it is much easier to break a stiff
object by bending it than by stretching. Bending has also been
suggested as the mechanism of breaking of stiff carbon nanotubes
by ultrasound-induced pressure gradient.37 The bending should be
performed against as small an object as possible (e.g., a knee in the
case of tree branches) and, to minimize the force, with as much
leverage as possible. For colliding MEH-PPV chains, the ‘knee’ is the
contact point between the two chains, and the lever is the long stiff
chain itself. The chain interaction time (ms) is many orders of
magnitude larger than the characteristic time of thermally induced
molecular vibrations (ps). Therefore, statistically, Brownian fluctua-
tions could sometimes create a large torque at the contact point
(Figure 3). Bending a polymer chain enough to break it remains
unlikely; however, as mentioned above, many other factors are
involved in the chain rupture, including photoexcitation and oxygen.
Even a small bending stress on the stiff polymer chain would perturb
the π conjugation and increase the total energy, as illustrated by
Walsh’s rules for small molecules,38 and make the polymer more
susceptible to photo-oxidation and subsequent scission of the chains.
Moreover, the bending of the conjugated backbone could also increase
the intersystem crossing yield. A higher generation yield of triplet
excitations proportionally increases the chance of the reaction invol-
ving singlet oxygen. Note that this breaking mechanism is an exclusive
property of CPs or of polymers with stiff backbones in general,

because flexible polymers such as PMMA, PS and polyethylene do not
have any appreciable resistance for bending, and therefore, bending
cannot disturb their chemical bonds.
How can we explain the simultaneous rupture of both chains? One

possible explanation is that when the chains are bent, the stress
remains at the second chain for some time even after the first chain is
already broken. The residual bending stress relaxes with the chain-
relaxation time (~1ms), which is long enough to ensure the chain
rupture (see section 11 in Supplementary Information for the
estimation). An alternative possibility is that when the first chain
breaks, the radicals formed after the bond scission34 immediately
attack the second chain, thus inducing its splitting.
We must admit that we cannot directly prove the bending

hypothesis discussed above; however, as described below, there is no
probable alternative explanation.
We begin our logic from the experimental fact that physical

interaction between chains markedly accelerates the chain rupture.
Because the only difference between two free chains and two colliding
chains is the presence of a contact point, the splitting reaction must
occur at the contact point. The lifetime of the ‘contact state’ must be
on the order of the chain relaxation time, which is in the millisecond
time range for long polymers (see section 11 in Supplementary
Information for the estimation).
Having a contact point presumes mechanical force; otherwise, there

would be no contact. Therefore, the question is not whether
mechanical interaction is present or not but instead concerns the
interaction type (bending or stretching) and whether this interaction is
crucial or not for the chain rupture.
Let us assume that the mechanical stress is not important and that

the reaction solely occurs because two conjugated segments are
brought into close contact. This mechanism appears to be highly
unlikely because MEH-PPV can exist as a pristine film or as chain
aggregates, which are chemically stable materials. In such materials,
every monomer unit of the conjugated backbone is located near other
monomer units. Therefore, the chances for chains breaking under
such conditions would be thousands of times higher than for two
chains only having one contact point. In brief, if this mechanism
occurred, MEH-PPV would rapidly break apart into monomers when
maintained in a solid state.
The mechanical force can lead to stretching or bending. Stretching

forces are always present even in individual chains simply because of

Figure 3 Schematic depiction of the collision process of two poly(2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene) (MEH-PPV) chains. Collisions induce
the simultaneous rupture of both chains because of a photochemical reaction catalyzed by the high tension at the contact point induced by a leverage effect.
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thermal fluctuations. There is no reason to expect a marked increase
of the stretching force when two molecules become entangled.
Therefore, we exclude stretching as a major contributor. Unlike
stretching, bending stress is much more probable for colliding chains
than for solitary chains. While bending stress is inherent to colliding
entangled chains, solitary chains cannot experience the same stress
simply because crossing of their chain segments is unlikely because of
the self-avoidance principle.39 Although the probability is lower, we
cannot exclude the possibility of self-splitting due to the similar
mechanical interaction between different segments of the same chain.
In summary, having eliminated all viable alternative interpretations,

we conclude that collision-induced bending is the most probable
explanation of the observed effects.

CONCLUSIONS

The types of chemical reactions that can be investigated at the single-
molecule level are still in the discovery phase.17 Most chemical
reactions studied by SMS so far were reactions on glass surfaces or on
catalysts.40,41 We demonstrate that SMS can be used to study reactions
in the solution phase, which opens up a new dimension of chemical
processes for investigation. The real-time imaging of single molecules
in free solution can be used for monitoring in situ chemical reactions
involving macromolecules, biomolecules and nanoparticles.
The goal of single-molecule chemistry is to provide a clear

mechanistic view of chemical processes by eliminating ensemble
averaging, which is essential for their understanding. Our observation
is an educative illustration on the single-molecule level of the classical
activated-complex theory of chemical reactions proposed by Eyring
and Polanyi in 1935.3,42 Two molecules collide and form bent
photoexcited states (an activated complex) that react further with
oxygen. The suggested mechanism based on molecular stiffness and
the leverage effect is important for the applications of these materials
in organic electronics and for understanding their degradation
mechanisms and may also open up new avenues for solution catalysis,
for example, the use of specially designed ‘molecular knives’ (e.g.,
small pieces of graphene).
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