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Proposal #: 62469CHII 
Agreement #: W911NF1310043 
Title: STIR: Single-molecule visualization of living polymerization; Area 7.3 Polymer 
Chemistry 
PI: Peng Chen, Department of Chemistry and Chemical Biology, Cornell University 

Final Report: Scientific Progress and Accomplishments (03/15/2013–12/14/2013) 
  We have proposed to use a magnetic tweezers (MT) approach to visualize real-time 
single-polymer growth to study polymerization catalysis.  Fig 1A illustrates our experimental 
design of using MT to monitor the length of the polymer in real time while it grows from a single 
catalyst molecule. We propose to tether the polymer between a glass surface and a magnetic 
particle, and its growth will be catalyzed by a single transition metal catalyst, which is part of the 
polymer tether and can be attached to either the particle or the glass slide side (Fig 1B). The 
magnets exert an upright, and variable, force on the magnetic particle to stretch the polymer. By 
monitoring the vertical (z) position of the particle in 
real time under catalysis, we can monitor the length 
extension rate, which reflects the polymerization 
kinetics at the catalyst. Moreover, by varying the 
applied force (via changing the magnet position), we 
can also probe how mechanical tension affects the 
catalytic kinetics of the polymerization. When the 
magnets are positioned far away, we can also reach 
zero force load for the polymerization reaction; here, 
the particle will undergo thermally driven, but tether-
constrained, Brownian motion, and its horizontal 
mean square displacement 〈∆x2〉 or 〈∆y2〉 is directly 
related to the length of the polymer1 and can thus be 
used to report the polymer growth as well. 

  This MT approach offers many features and 
advantages: (1) Polymerization kinetics can be determined directly from the rate of polymer end-
to-end extension, which is related to the polymer contour length using several theoretical models, 
such as the worm-like-chain model, freely jointed chain model, and freely rotating chain 
model2,3. (2) The wide-field imaging format in MT allows for high throughput measurements of 
many individual polymers growing in real time. (3) If different monomers are incorporated with 
distinct kinetics or distinct unit-length extension, microstructure sequencing of a single 
copolymer becomes possible. (4) By rotating the magnets, we can apply a torsional force, which 
allows for the differentiation of single-polymer or multi-polymer tethers between the particle and 
the surface.  
  Our initial model system is the ring-
opening metathesis polymerization (ROMP) 
catalyzed by the 2nd generation Grubbs catalyst 
(G2 catalyst, Fig 2A), for its well-known reaction 
mechanism, robustness of the catalyst, as well as 
availability of various monomers and catalyst 
derivatives4,5. For monomers, we propose to 

 
Fig 1. (A) Schematic of using MT to monitor real-time 
growth of a linear polymer tethered between a magnetic 
particle and a glass surface. (B) A zoom-in corresponding 
to the dashed box in (A). The catalyst (Cat) catalyzes the 
incorporation of monomers from the surrounding solution, 
leading to growth of the polymer tether. Note the catalyst 
can also be anchored to the glass slide side. Two different 
monomers are schematically shown here. 

 

 
Fig 2. (A) 2nd generation Grubbs catalyst (i.e., G2 catalyst). 
(B) Norbornene. 
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initially use norbornene as our model monomer for the polymerization (Fig 2B).  
  Based on the above experimental design and model catalyst and monomer, we have made 
the following progresses in the 9-month STIR funding period: 

1. Modification of the G2 catalyst for surface linkage to the magnetic particle (or glass 
slide) 
  We use polystyrene magnetic 
particles of 1-3 µm in diameter, as 
typically used in MT experiments6-9, 
with two types of surface functional 
groups: carboxylate or silanol. Both of 
these particles are available from 
Invitrogen (Dynabeads® MyOneTM). 
These magnetic particles have excellent 
size uniformity (<3% size dispersion). 
Their surface functional groups will 
allow for linkage to the G2 catalyst that 
will also be modified for linkage (see 
below).  
  We have designed two different 
schemes to link the G2 catalyst to the magnetic particle. The first scheme uses an ethoxysilane 
modified N-heterocyclic carbene (NHC) ligand of the G2 catalyst for linkage to silanol-coated 
particle (Fig 3A). This ligand modification scheme retains the coordination environment of the 
Ru center and thus its catalytic activity. We have followed established procedures (Scheme 1)10,11 
to make the modified NHC ligand and obtained the pure compound (compound f in Scheme 1, 

 
Fig 3. Surface linkage schemes for the G2 catalyst. (A) Silane linkage to the 
NHC ligand using a ligand modified, i.e., G2′, catalyst. (B) Linkage through 
direct carboxylate coordination to Ru. 
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NMR characterized). We have also exchanged the modified NHC onto the first generation 
Grubbs catalyst to generate the product G2′ (compound g in Scheme 1) and currently are 
working on its purification. 

  The second scheme involves converting the carboxylate functional groups on the 
magnetic particle into silver-carboxylates, which can then be attached to the Ru center of the G2 
catalyst via substitution of a chloride ligand (Fig 3B)12,13. The advantage of this scheme is its 
simplicity, but it modifies the Ru coordination environment, which can change the catalyst 
activity. 

  Once 
the catalyst is 
linked to the 
particle, it 
can be linked 
to a surface-
grafted 
norbornene group (Scheme 2), after which norbornene can be added to initiate the ROMP 
reaction for measurement.   

2. Set-up and testing of the MT instrument 
 We have built 
a MT on top of an 
Olympus IX71 
inverted microscope, 
following the design 
of Neuman et al.14 
(Fig 4). The major 
components of the 
setup include: two 
rectangular NdFeB 
magnets mounted on 
a rotatable base controlled by a motor via a timing belt, collimated LED illumination, xyz control 
of the magnet position in µm 
precision, xyz control of the 
sample position in nm 
precision via a piezo stage, a 
high magnification 
objective, and a camera 
capable of 200 Hz frame 
rate.  

  We have used this 
MT set up to measure force 
vs. extension curves of 
single immobilized double-
strand DNA of known length 

Scheme 2. Linking catalyst between a magnetic particle and a surface, and initiation of ROMP 
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Fig 4. (A) Schematic of the MT setup. (B) Photograph of our current MT setup.  

 

 

 
Fig 5. (A) Bright field transmission images of a 1 µm magnetic particle showing diffraction 
patterns at different z positions. Note the z position is relative; z = 0 µm is approximately 3 
µm above the focal plane of the microscope objective, i.e., ∆ ≈ 3 µm. (B) Force vs. extension 
curve of a double-strand DNA; solid line is a fit to the worm-like chain model (equation in 
inset), giving the persistence length P = 51 ± 7 nm and contour length L0 = 2398 ± 9 nm.  
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to test and calibrate our new instrument. Fig 5A shows the bright-field transmission images of a 
DNA-tethered 1-µm magnetic particle at different z positions, which are determined by 
analyzing the optical diffraction patterns15 coupled with calibration with known z positions. The 
x and y positions of the particle are determined by tracking the center of its image. The motions 
of the magnetic particle in the xy plane also report the vertical magnetic force (F) through the 
fluctuation-dissipation theorem: 𝐹 = 𝑘𝐵𝑇𝑇 〈∆𝑥2〉⁄ , where kB is the Boltzmann constant, T is 
temperature, l is the tether end-to-end extension distance, and 〈∆x2〉 is the transversal position 
variance of the particle16. The end-to-end distance l is obtained by measuring the z position of the 
particle relative to a marker particle stuck to the glass surface. The measured force-vs.-extension 
curve in Fig 5B behaves as expected14,15 and is well fitted with a worm-like chain model, which 
gives the DNA contour length (L0) and persistence length (P).  

3. Manipulation of polynorbornene molecules  
 We have also tried our MT setup to manipulate linear polynorbornene molecules grown on 
surfaces. In this preliminary experiment, we started with a norbornene-functionalized glass 
surface and reacted with the original G2 catalyst, which undergoes a ring opening metathesis and 
gets linked to the surface (Scheme 3a). We then flowed in norbornene to initiate ROMP to grow 
polynorbornene for ~1 hour (Scheme 3b)  all polymer experiments were carried out in dry 
and degassed toluene solvent. After washing out excess norbornene, we added the 1-µm 
magnetic particles whose surface was pre-functionalized with norbornene via silane chemistry. 
The norbornene on the particle surface gets inserted at the end of surface polynorbornene, and at 
the same time, links the particle to the surface polynorbornene (Scheme 3c).  

  Using 
these 
polynorbornene-
tethered 
magnetic 
particles on the 
surface, we used 
our MT setup to 
mechanically 
stretch the 
polymer. Fig 6A 
shows two force 
vs. extension 
curves from two 
tethered 
magnetic particles, which show very different extension lengths over the same applied force 
range. These different extension lengths reflect the heterogeneity in chain length among the 
surface polynorbornene molecules; this heterogeneity is ubiquitous in polymer synthesis, for 
which our MT-based measurements offer advantages in probing one polymer chain at a time. 
The force vs. extension of the shorter polynorbornene can be satisfactorily fitted by the worm-
like-chain model (WLC) (hollow red squares, Fig 6A), giving the persistence length P = 0.92 ± 
0.07 nm and contour length L0 = 912 ± 8 nm. This P is reasonable for a single polynorbornene 
chain in toluene (a good solvent for polynorbornene), considering the P of a single PEG chain in 

Scheme 3. Linking a magnetic particle to surface-grafted polynorbornene 
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water is 0.47 nm measured by MT 
(water is a good solvent for 
PEG)17. In contrast, the longer 
polynorbornene in Fig 6A (solid 
black circles) cannot be 
sufficiently fitted by the WLC 
model over the entire force-
extension curve; an attempted fit 
gives the apparent persistence 
length P = 1.40 ± 0.09 nm and 
contour length L0 = 5360 ± 100 
nm. The much larger apparent 
persistence length suggests that 
this polymer tether is much stiffer 
and thus this magnetic particle is possibly tethered by multiple polymer chains.  

  We further rotated the magnets to generate torsional force while the rotation axis was 
slightly off the vertical axis. At the applied vertical force of ~8 pN when the short and long 
polymer tethers are at ~530 nm and 3600 nm extensions, respectively (Fig 6A), this magnet 
rotation generates precession movements of the particles around their respective vertical axes. 
Fig 6B shows the x and y positions of the two polynorbornene-tethered particles from Fig 6A. 
The shorter-polynorbornene-tethered particle shows free precession movement with its x, y 
positions following a circular pattern with a diameter of ~250 nm (hollow red squares). In 
contrast, the longer-polynorbornene-tethered particle shows restricted precession movement 
where its x, y positions do not follow well a circular pattern (solid black circles). Furthermore, 
the radius of its restricted precession is smaller, ~120 nm, even though this tether is significantly 
longer. This restricted precession again suggests that this particle is likely tethered by multiple 
polynorbornene chains17.  

  These results demonstrate the feasibility of using our MT setup to mechanically 
manipulate polynorbornene-tethered magnetic particles and differentiate single vs. multiple 
polymer tethers. This type of force vs. extension curves will also provide the basis for analyzing 
the extension lengths of single polynorbornene chains to obtain their contour lengths, whose 
real-time changes will report the polymerization catalysis kinetics in situ. 

4. Real-time ROMP of norbornene under no force load 
  We have also tried following single-molecule ROMP of norbornene in real time under no 
force load, i.e., the magnets were positioned far away from the surface or using non-magnetic 
particle (reference Fig 1). In this preliminary experiment, we linked the magnetic particle to the 
surface-immobilized G2 catalyst via carboxylate coordination to Ru as in Fig 3B.  The catalyst 
was immobilized via reaction with norbornene-functionalized glass surface as in Scheme 3a. Fig 
7A shows the x-position versus time of a surface-tethered particle under ROMP reaction 
conditions (~ 1M norbornene in toluene). The constrained Brownian motion of the particle is 
clear from the oscillating x-positions, and the Brownian motion amplitude increases gradually, 
reflecting the growing length of the polymer tethered between the particle and the quartz surface. 
The corresponding cumulative mean square displacement, 〈∆x2〉, increases with time, as 
expected, again reflecting the underlying real-time polymer growth (Fig 7B). The y-position and 

 
Fig 6. Force manipulation of polynorbornene. (A) Force vs. extension curves of two 
polynorbornene tethered magnetic particles. Solid lines are fits to WLC model, 
giving persistence length P = 0.92 ± 0.07 nm and contour length L0 = 912 ± 8 nm 
(hollow red squares), and P = 1.40 ± 0.09 nm and L0 = 5360 ± 100 nm (solid black 
circles). (B) Overlaid x, y positions of the two particles from A, when the magnets 
were rotated slightly off axis, generating the precession movements of the particles 
around the vertical axis. The vertical force applied here is ~8 pN. 
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〈∆y2〉 behave similarly versus time. A note of caution here – we do not yet know for sure that in 
this case there are only one polymer and one catalyst tethered between the particle and the 
quartz surface. But this can be probed 
using the torsional manipulation as in Fig 
6B.  
  As a control, we also performed 
similar imaging experiments on the same 
type of particles that were adsorbed on 
norbornene functionalized quartz surface 
that does not contain the G2 catalysts. Fig 
7C shows the x-position trajectory of such 
a particle. This particle is essentially 
stationary, except for the measurement 
noise, in sharp contrast to that in Fig 7A; 
and no increase in the noise level was 
observed over a same period of time either. 
Correspondingly, the calculated 
cumulative mean square displacement, 
〈∆x2〉, stays essentially flat with time (Fig 
7D). The y-position trajectory and 〈∆y2〉 
behave similarly. These results support the 
feasibility of real-time visualization of ROMP using our approach. 
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