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Microscopic sequences of synthetic polymers play crucial roles in the
polymer properties, but are generally unknown and inaccessible to

traditional measurements. Here we report real-time optical sequencing of
single synthetic copolymer chains under living polymerization conditions.
We achieve this by carrying out multi-colour imaging of polymer growth
by single catalysts at single-monomer resolution using CREATS (coupled
reaction approach toward super-resolutionimaging). CREATS makes a
reaction effectively fluorogenic, enabling single-molecule localization
microscopy of chemical reactions at higher reactant concentrations. Our
data demonstrate that the chain propagation kinetics of surface-grafted
polymerization contains temporal fluctuations with a defined memory
time (which can be attributed to neighbouring monomer interactions)
and chain-length dependence (due to surface electrostatic effects).
Furthermore, the microscopic sequences of individual copolymers reveal
their tendency to form block copolymers, and, more importantly,
quantify the size distribution of individual blocks for comparison with
theoretically random copolymers. Such sequencing capability paves the
way for single-chain-level structure-function correlation studies

of synthetic polymers.

Synthetic polymers are fundamental commoditiesin modern society>.
Many of them are copolymers, in which various monomers differingin
physicochemical properties provide the copolymer tailorable proper-
ties'™. The sequence of monomersin copolymers is one crucial factor
affecting their properties. Random, alternating, periodic, block and
gradient synthetic copolymers candiffer drastically intheir properties,
evenwithidentical monomer compositions and chain lengths®. In bio-
logical copolymers, such as proteins and nucleic acids, their sequences
can uniquely determine the structure/function or genetic informa-
tion, respectively. Consequently, sequence determinationis akey step
in understanding the structure-function relations of copolymers.

The sequences of proteins and nucleic acids can be determined at
the single-molecule level’ ', facilitated by the fact that they can be
obtained in pure forms, with identical copies, so experimental repli-
cations are possible, sequence consensus can be built, and sequence
standards can be known. For synthetic copolymers, advanced synthetic
approaches have made it possible to control their sequences* to encode
information" or tune their self-assembly behaviour™, for example. In
general, however, synthetic copolymers are highly heterogeneous,
withindividual chains differinginlength, composition and sequence,
and their structure-property relationships are only defined at the
bulk, averaged level. How the microscopic sequence of a synthetic
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copolymer determines its properties remains largely unknown. This
knowledge gap and the ubiquitous heterogeneity of synthetic poly-
mers callfor single-polymer sequencing methods that can resolve and
identify individual monomers, preferably in organic solvents where
most synthetic polymers are made. Bayley and colleagues have used
single-nanopore electrical measurements to track, in real time, the
polymerization of single poly(disulfide)s in water at single-monomer
resolution®", but the polymer is limited to approximately ten subunits
before the nanoporeis blocked. Using scanning tunnelling microscopy,
Guo and colleaguesimaged the polymerization of individual chains of
polyethylene of approximately ten subunits on solid surfaces, from
gaseous ethylene”. We have previously used magnetic tweezers to
track single polymer growth in real time in organic solvents, but the
resolution was just tens of monomers'.

Inthis Article we report the optical sequencing of single synthetic
copolymer chains, including in real time for chains with lengths of up
to~10° monomers under living polymerization conditions. We achieve
this by carrying out multi-colour imaging of polymer growth by single
catalysts, at single-monomer resolution and up to sub-micromolar
monomer concentrations, using CREATS (coupled reaction approach
toward super-resolution-imaging). By coupling a judiciously timed
photo-uncaging reaction with the polymerization reaction, CREATS
causes the polymerization reaction to be effectively fluorogenic, and
the produced fluorescence allows for detection of the inserted mono-
mer and for its single-molecule localization under high reactant con-
centrations and at a super-optical resolution of tens of nanometres.
We find that the chain propagation kinetics of the surface-grafted
polymerization shows temporal dynamics and chain-length depend-
encethatareattributable to neighbouring monomer interactions and
surface electrostatic effects, respectively, both of which are challeng-
ing to assess in bulk polymerization measurements. Moreover, the
microscopic sequences of individual copolymersreveal their tendency
toformblock copolymersinstead of random or alternating ones, and,
more importantly, quantify the distribution of individual block sizes,
whichisinaccessible frombulk measurements. Such sequencing capa-
bility should pave the way for future structure-function correlation
studies of synthetic polymers at the single-chain level.

Results and discussion

CREATS forimaging polymerization

The use of single-molecule fluorescence toimage reactions, including
polymerizations, has two fundamental requirements': (1) the target
fluorescent species needs to be at ultralow concentrations (typically
<107’ M) so that individual fluorescent molecules can be spatially
separated beyond diffraction-limited resolution (~300 nm) and then
imaged; (2) the reactant (for example, the monomer) concentration
needs to be sufficiently high to have appreciable reaction kinetics.
To satisfy these two requirements, a well-known strategy is to use
fluorogenic reactions, in which nonfluorescent reactants can be
suppliedathighconcentrations,butthefluorescentproductsarefew” >,
Most polymerization reactions cannot be adapted to be fluorogenic,
however. Previous single-molecule fluorescence studies of polymeriza-
tions have used dye-labelled monomers at a concentration of 10 to
10° Mmixed with10to 102 M unlabelled monomers to satisfy these
two requirements®*°. However, under such conditions, merely 1 out
of >10® inserted monomers were detectable, making the complete
polymerizationinaccessible. Single-polymer growth at single-monomer
resolution is yet to be achieved via fluorescence imaging".

We have devised CREATS as a general strategy to render reac-
tions fluorogenic. Figure 1a illustrates CREATS using, as an example,
a surface-grafted chain-growth polymerization, a technique that is
important for surface modifications in organic electronics and tissue
engineering””®, Here, polymerization of monomers is not fluoro-
genic (Fig. 1a, top left), but another separate reaction is fluorogenic
(Fig.1a,bottom left). By linking the monomer and the pro-fluorescent

reactant, we have a coupled reaction, in which the fluorogenic compo-
nent reports the polymerization reaction (Fig. 1a, right).

We implemented CREATS to study the ring-opening metath-
esis polymerization (ROMP) catalysed by Grubbs’ second-
generation-catalyst (G2) (Fig. 1a, right and Supplementary Fig. 1a), a
widely used reaction for synthesizing polymers with tunable sizes, archi-
tectures and functions®. The fluorogenic reactionis a photo-uncaging
reaction (Fig. 1a, bottom left). The monomer norborneneis coupled to
apro-fluorescent side chain, comprising aBODIPY-based fluorophore
thatis quenched via photo-induced electron transfer by a caging group
(2,6-dinitrobenzyl)*°, whose photo-cleavage restores the fluorescence
(Fig. 1a,d-f). During polymerization in a microfluidic reactor, mono-
mersare supplied continuously to achieve steady-statekinetics (Fig. 1c).
Alaser (375 nm) first uncages the monomers that are inserted into
surface-grafted polymers (Fig. 1b, top). After adelay to allow uncaged
free monomersto diffuse out of the observation volume, promoted by
the solution flow, asecond laser is used toimage the inserted, immobi-
lized monomers and subsequently bleach them, before the uncaging-
imaging-bleachingcyclerepeats (Fig.1b, middle/bottom). All lasers are
intotal-internal-reflection geometry, where the evanescent field allows
forasmall observation volume and better background suppression at
higher monomer concentrations. The uncaging-imaging-bleaching
cycling rate is performed faster than the polymerization rate to cap-
ture each monomer during real-time polymerization imaging, where
each inserted monomer is imaged and localized at nanometre preci-
sion via single-molecule localization microscopy®* (Methods and
Supplementary Section1.1).

We synthesized three norbornene-based monomers (endo- and
exo-mixtures), each carrying a BODIPY-based pro-fluorescent side
chainwhose uncaged product emits green, yellow or red fluorescence
to be differentiable during copolymerization (Fig. 1d-g and Supple-
mentary Sections 1.3to0 1.6). These monomers can be photo-uncaged
efficiently (Fig. 1h—i). The green monomer has the highest fluores-
cence on-offratio of ~-100 (Fig. 1g), and the yellow and red monomers
have on-offratios of ~23 and -5.9 (the latter is too low for further use),
respectively (Supplementary Fig. 33). Neither of these monomers
contains functional groups that would interfere with G2-catalysed
ROMP*, as confirmed by bulk reaction measurements (Supplementary
Sections2.1.2and 2.1.4). The 12-atom-long spacer between norbornene
and the fluorophore is crucial for their ROMP, as a short three-atom
spacer deactivates the monomer, probably due to steric hindrance
(Supplementary Section 2.1.1).

We further labelled the G2 with the green-BODIPY fluorophore
(Supplementary Section1.7) and grafted it ontossilica-coated magnetic
marker particles (hundreds of nanometres in size and irregular in
shape) to be dispersed sparsely in the microfluidic reactor (Fig. 1c,j).
Thegraftingreactionalsoinitiates G2 for subsequent ROMP reactions
(thatis, the PCy; ligand of G2 dissociates and is washed away; Supple-
mentary Section 1.2). The magnetic particles facilitate the removal of
ungrafted catalystsin an air-free environment (Supplementary Section
1.1) and help locate the catalysts, which can be counted and localized
tonanometre precision via single-molecule fluorescence imaging.

Monomer-resolved single-polymer growth

With CREATS, we first studied the homopolymerization of monomer
A in n-hexane under a N,-protected environment (Methods). The
n-hexane has arefractive index that is sufficiently lower than that of
quartztoreadilyimplement total internal reflection fluorescence (TIRF)
microscopy (Methods). A single labelled G2 on a magnetic marker
particle was firstimaged, localized to nanometre precision, and then
photobleached (Fig.2a,b and Supplementary Section 2.3.6), in correla-
tion with scanning electron microscopy (SEM) of the marker particle
(Supplementary Fig. 35a). Upon flowing the monomer solution into
the reactor cell to achieve steady-state polymerization kinetics, we
performed uncaging-imaging cycles at 1 cycle per minute to sample
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Fig.1| CREATS for single-molecule super-resolution imaging of ROMP at
high monomer concentrations. a, Design of CREATS, illustrated by coupling
asurface-grafted chain-growth polymerization reaction (for example, ROMP
catalysed by G2) and a fluorogenic photo-uncaging reaction, enabling the overall
reaction to be effectively fluorogenic for single-molecule super-resolution
imaging. NHC, N-heterocyclic carbene. b, Laser and camera timing diagram for
repeated cycles of uncaging, imaging (two-colour) and bleaching the inserted
monomers during polymerization. ¢, Scheme of the experimental set-up for
imaging real-time polymerization reactions in operando via TIRF microscopy.
d-f, Structures of three caged monomers (monomer Aind; monomerBine;
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monomer Cinf) and the uncaging reaction scheme (shown ind). Fluorophores
are colour-coded by their emission colours. The caging group is shaded in grey.
g, Fluorescence spectra of monomer A, B and C after photo-uncaging; their
limited spectral overlap allows for concurrent detection of different monomers
through spectral separation. h, Fluorescence spectra of monomer A uncaging
under 375-nmirradiation (~30 mW cm™) over time in CHCl;, showing the
uncaging process. i, Fluorescence intensity at 518 nm versus time from h. The
lineis afit with saturation function y = abx/(1 + bx) + ¢, with fitting parameters
a=73+1,b=1.21+0.07 min"and c= 0 * 1. j, Scheme of green-BODIPY-labelled G2
after grafting onto a norbornene-functionalized magnetic particle.

the inserted monomers (Fig. 1b). The 375-nm uncaging laser was on
for10 s, giving a photo-uncaging efficiency of ~95% within two cycles
(Supplementary Section 2.3.2). After a30-s delay to allow uncaged free
monomersto diffuse away, the 488-nmimaginglaser was turned on for

10 s (much longer than the 2.2 + 0.3 s photobleaching lifetime of the
green fluorophore under such imaging conditions; Supplementary
Fig.34d-g), during which fluorescence images were captured con-
tinuously (100 ms per frame). A typical fluorescence intensity
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Fig.2|Super-resolution imaging of single-polymer growth at single-
monomer resolution. a, Fluorescence image of a fluorophore-labelled catalyst
onamagnetic marker particle. Purple line: structural contour of the marker
particle from SEM, expanded by the image pixel size of 267 nm (Supplementary
Fig.35a). The circles and asterisk show the locations of the catalyst from each
image and from the frame-averaged image, respectively. b, Background-
subtracted fluorescence intensity trajectory of the labelled catalyst froma,
showing a single photobleaching step (blue arrow), characteristic of single
molecules. ¢, A segment of the background-subtracted fluorescence intensity
trajectory during polymerization on the catalystinaat [A] = 0.1 M, showing
clear fluorescence-on bursts, where each burst reports anadded monomer
during polymerization. Vertical dashed lines mark the start of the 488-nm
imaging laser. The x axis is plotted as the image frame index instead of time
because the images were not taken at consistent time intervals due to our cyclic
uncaging, delay and imaging scheme (Fig. 1b). d, Histogram of 7 from the catalyst

inaat[A]=0.1uM. Theyaxisisinlogscale. Thesolid line is an exponential fit
witha time constant of (3.6 + 0.7) x 10*s. e, Locations of inserted monomers
during polymerization (each green dot represents one monomer), overlaid on
the catalyst location (blue asterisk) and the marker particle contour (purple
line) from a. Top and right: one-dimensional histograms of the monomer
locations; their spatial dispersion around the catalyst is -49 nm (full-width at
half-maximum of the Gaussian fit; Supplementary Fig. 25q). f,g, Same asin b, but
for two marker particles carrying two (f) and seven (g) catalysts, respectively.
Each arrow marks one photobleaching step, so the number of arrows indicates
the number of catalysts. h, Histogram of catalyst counts per marker particle. The
solid lineis a Gaussian fit centred at 3.0 + 0.1.1, As in e, but for the two catalysts
inf.j, Two-dimensional histogram of the monomer locations overlaid on the
catalyst positions and marker particle contour for the seven catalysts ing. Bin
size: 50 x 50 nm? The spatial dispersion of the monomers around each catalyst
positionis ~22-61 nminiandj (Supplementary Fig. 25r).

trajectory from a single catalyst shows on-off bursts of fluorescence
during polymerization, with fluorescence-on levels at the expected
intensity for individual monomer insertion events (Fig. 2c). The
fluorescence-ontime(z,,) also follows an exponential distribution and
averagesat2.2+0.1s,asexpected for single fluorophore photobleach-
ing (Supplementary Fig. 34d-g). Moreover, not every imaging cycle
detected amonomer (Fig. 2c), consistent with the stochastic nature
of single-molecule reaction kinetics***°. The time separation r from
one burst to the next is the microscopic monomer reaction time, and
(1), where () denotes averaging, is the turnover frequency (TOF) of
the catalyst. Furthermore, the distribution of 7, either from a single
catalyst (Fig. 2d) or compiled from many catalysts (Supplementary
Fig.35d), follows a single exponential, indicating that the underlying

polymerizationkinetics contains asingle rate-limiting step under our
reaction conditions.

The single-monomer resolution also allowed for nanometre-level
localization of the individual polymerized monomers. They cluster
around the catalyst position on the marker particle (Fig. 2e), further
supporting that they were polymerized on the same chain by a single
catalyst. At[A]=2nM, the TOF is (4 + 3) x 10~° s per catalyst, averaged
from many catalysts (Supplementary Fig. 35¢) (the error bar here
is the standard deviation among individual catalysts, reflecting the
dispersion). In contrast, control analyses on marker particles without
catalysts give an apparent rate of insignificant value (<2.5x107¢s™
per particle; Supplementary Fig. 35g). Fluorescence bursts are also
detected off the marker particles, which are attributable mostly to
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nonspecific adsorption of uncaged free monomers onto the surface (or
sometimes noise-induced false detections); the detection frequency
for these is negligible compared with the on-catalyst TOFs (Supple-
mentary Fig. 35h and Supplementary Section 2.4.6). Moreover, (T,,)
for the off-particle eventsis 1.0 + 0.1 s (Supplementary Fig. 35j), nota-
bly shorter than that for the on-catalyst events, which is expected for
nonspecifically adsorbed monomers, which can undergo desorp-
tion in addition to photobleaching. Additional control experiments
using optical imaging, SEM imaging and deactivated G2 catalyst fur-
ther support that polymers can indeed grow on the G2-decorated
marker particles and the detected monomers on these particles are
not due to monomer aggregation or physisorption (Supplementary
Section2.2).

Most marker particles contain multiple catalysts (Fig. 2h). The
number of catalysts and their locations can be determined from
catalyst-label fluorescence photobleaching steps and correspond-
ing imaging localizations (Fig. 2f-g; Supplementary Section 1.8 pro-
vides details about the catalyst localization analysis). On such marker
particles, the positions of polymerized monomers display discrete
nanosized clusters, each around a single catalyst (Fig. 2i,j). Such
super-resolved multi-catalyst cases demonstrate the power of imag-
ing single-polymer growth at single-monomer resolution.

Growthkinetics and dynamics

Imaging single-catalyst polymerization in real time at single-monomer
resolution immediately enabled us to determine the single-chain
polymerization kinetics. Using CREATS, we titrated [A] to 0.1 uM
(orders of magnitude higher than used in previous single-molecule
fluorescence studies of polymerization reactions®*), growing indi-
vidual polymers to up to >10? subunits, with dispersion # =1.36
(Supplementary Fig. 35f and Supplementary Section 2.4.4). The TOF
is linear with respect to [A] at both the single-catalyst/polymer level
andonaverage (Fig.3a), asexpected for first-order kinetics with respect
to the monomer for ROMP at nanomolar to micromolar monomer
concentrations'®”, where monomer binding is rate-limiting in the
chain-propagation kinetics (that is, step k, in Supplementary Fig. 1a).
The overall second-order rate constant kﬁ of individual polymers
(including the first order with respect to the catalyst concentration)
follows an approximately log-normal distribution, averaging at
(6+1) x10°M™*s!(Fig. 3¢), reflecting the well-known kinetic dispersion
of synthetic polymers, and here quantified at the single-polymer level.
Similar first-order kinetics with respect tothe monomer concentration
isalsoobserved formonomerB, withits kfaveragingat (7 +2) x10°M™'s™
(Fig. 3b,d) and possessing comparable reactivity to A. Both kﬁ and
kﬁ are also consistent with the values deduced from analyses of chain
propagationkinetics from bulk homopolymerization of monomers A
and B (Supplementary Section 2.1).

The surface-grafted polymerization described here also enables
us to examine surface effects in the polymerization kinetics, which is
challenging to study at the bulk level due to kinetic dispersion. Strik-
ingly, at each monomer concentration, the single-catalyst TOF shows a
clear dependence onthe polymerization degree (thatis, chainlength),
initiallyincreases and eventually saturates to arate thatis substantially
larger (Fig. 3e). (Note that at the same polymerization degree or upon
extrapolating to zero or infinite polymerization degree, first-order
kinetics with respect to the monomer still holds; Supplementary
Fig.36c-g.) L, the polymerization degree where the TOF is halfway
towards saturation, is ~270 monomers, corresponding to anend-to-end
distance of -15-23 nm (Supplementary Section 2.5.2); this distance
is comparable to the ~30 nm Bjerrum length in n-hexane (Supple-
mentary Section 2.5.5), at which electrostatic interactions between
point charges are comparable to the thermal energy®®. Similar behav-
iourswere observed for monomer B polymerization (Supplementary
Fig. 38b,c). Therefore, this polymerization-degree-dependent
polymerization kinetics possibly stems from the influence of surface

electrostatics, aubiquitous surface property that could broadly affect
surface-grafted polymerizations.

The single-monomer-resolution polymerization trajectories also
allow for analysing the autocorrelation function of the microscopic
reaction time 7 versus the monomer index to evaluate time-dependent
dynamics™. At[A] = 0.1 uM, this autocorrelation, averaged over many
polymersto be statistically significant, shows a clear exponential decay
withatime constantof 2 + 1turnovers, abehaviour thatisindiscernible
for randomized 7 sequences (Fig. 3f). Such autocorrelation reflects a
temporal memory effectin polymer growth (thatis, dynamicdisorder
in kinetics®®), where an earlier faster monomer incorporation tends
to be followed by two faster incorporations. Moreover, at lower [A]
where monomer bindingto the catalyst is even more rate-limiting, the
autocorrelation amplitude becomes indiscernible (Supplementary
Fig. 37), suggesting that this memory effect originates more from
monomer insertion than from monomer binding in the catalytic
cycle (thatis, k;, versus k; step, Supplementary Fig.1a). Such temporal
dynamics, observed also for monomer B (Supplementary Fig.38d) and
inaccessible frombulk polymerization studies, suggests that underly-
ing dynamic processes (for example, intra-chain neighbouring mono-
mer interactions) could modulate polymerizationkinetics on surfaces
orinsolution (Supplementary Section 2.6.2).

Single copolymer sequencing

Having imaged single-catalyst polymerization at single-monomer
resolution with monomer A or B, we proceeded to sequence single
polymers during copolymerization. We used 488- and 532-nm lasers
to excite the uncaged A and B simultaneously for two-colour imaging
(Fig.1band Methods). Atamolarratio of A:B = 1:1with atotalmonomer
concentration of 0.1 uM, the polymerized A and B monomers cluster
together at the same catalyst (Fig. 4a), consistent with their copoly-
merization. In the corresponding single-catalyst copolymerization
fluorescence trajectories (Fig. 4b), the colour of inserted monomers
immediately reports the copolymer sequence. We sequenced many
tens of copolymers (Fig. 4c), and their lengths follow an approximately
log-normal distribution, up to ~-10° subunits long (Fig. 4d). The average
monomer compositionis1:1 (Fig. 4e), as expected fromthe comparable
ROMP reactivity of Aand B.

No other methods exist to sequence such synthetic copolymers
individually, a long-standing unmet need in the field*. Therefore, to
further test our method, we varied the ratio and total concentration
of the two monomers. The average compositions of the sequenced
copolymers directly follow the ratios of the monomers (Fig. 4e), and
the single-catalyst TOF also scales linearly with the total monomer
concentration (Fig. 4f). Both results support our sequencing fidelity.
Additional control experiments using the two-colour imaging pro-
tocol further support our sequencing fidelity (Supplementary Sec-
tion 3.1): (1) under homopolymerization of monomer A or B, only the
corresponding monomer is detected, but not the other; (2) switching
thereactant supply from one monomerto the otherinthe middle of a
homopolymerizationreactionis accompanied by aconcurrent change
inthe detected monomer; (3) during copolymerization, replacing the
green monomer A by its inactive analogue, which has a short linker,
abolishes signal detectionin the green channel. We further performed
statistical analyses considering possible errors from missed detection,
mis-identification and mis-ordering, and the overall fidelity of detect-
ingeachmonomer inthe sequencing was estimated tobe ~90%, which
could be further improved in the future using more photostable and
brighter fluorophores*® (Supplementary Section 3.2).

The single-catalyst copolymerization fluorescence trajectories
alsoresolve four different microscopic monomer reaction times—rt,,,
T,s Tgs and 75, —wWhich depend on theidentity of the incorporated mono-
mer and the preceding one in the growing chain (Fig. 4b). All follow
single-exponential distributions as expected, but with clearly different
decay constants (Fig. 4g). The corresponding four rate constants differ
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Fig.3|Single-catalyst polymerization kinetics and dynamics at single-
monomer resolution. a,b, Single-catalyst TOF versus monomer concentration
[A] (a) and [B] (b). Grey dots and lines represent individual catalysts. Red
squares indicate the average of 174 (a) and 49 (b) catalysts. Red lines are linear fits
showing first-order kinetics with respect to monomer concentrations.

c,d, Histograms of single-catalyst rate constants for monomers A (c) and B (d)
froma,b. Lines are log-normal fits centred at 5.8 x 10*and 6.7 x 10> with standard
deviations of 4.2 x 10*and 3.9 x 10° M s, respectively. e, Single-catalyst TOF
versus the polymerization degrees for monomer A. Lines are global fits with a
saturation functiony=ax/(x+L,,) + cwithshared L, (=270 + 50 monomers),
whichis the polymerization degree where the TOF is halfway towards saturation.

f, Green circles represent the autocorrelation function of microscopic

reaction time t, C(m) = (At(0)At(m))/(AT?) (ref. 36), where mis the index of
monomer A (0.1 pM) insertions in the single-catalyst polymerization trajectory,
At(m) =1(m) - (1), and ( ) denotes averaging. C,(m) here is weight-averaged based
on the trajectory lengths from 14 catalysts showing >20 turnovers of A. The green
line is an exponential fit, with amplitude of 0.25 + 0.03 and time constant of 2 + 1.
Black squares represent C,(m) from randomized rsequences. Nis174 ina,fand
49inb.Errorbarsrepresents.d.ina,bande,ands.e.m.inf, withthe meanatthe
centrein all plots. The sample size of data pointsin e varies (see Supplementary
Fig. 36 for details).

accordingly (Fig. 4h), indicating that a preceding monomer affects
the polymerization kinetics of the next, consistent with our earlier
observation of atemporal memory effect in polymerization dynamics
(Fig. 3f). The two reactivity ratios, r, (= kya/kag) and r, (= kgp/kgs), can
qualitatively predict the copolymer sequence patterns, which can
usually be estimated from bulk measurements (Supplementary Section
2.8.1)**2, Both ratios here are >1 (r;=1.7 and r, = 1.5), consistent with
those extracted frombulk copolymerization kinetics (Supplementary
Section 2.1.7) and reflecting a tendency to chain propagation of the
same monomer during copolymerization to form blocks. We there-
fore examined the microscopic sequence patterns in the individual
1:1 copolymers, which we measured over an extended reaction time
(>48 h) to obtain long copolymer chains. Compared with the simulated
random copolymers, which also have continuous block segments
whose size distribution follows x/2* scaling (Supplementary Section
2.8.2), the experimentally observed A (or B) blocks show clearly higher
occurrences for larger blocks (Fig. 4i), quantifying the qualitative
prediction from the reactivity ratios.

We further analysed the conditional probabilities of the sequence
fragments (Supplementary Section 2.8.3), that is, the probability of
the last monomer given the previous sequence in the fragment. For
single-subunit fragments, the overall probability for either A or B is
0.5, as expected for 1:1 copolymers (Fig. 4j). For XX fragments (X=A

or B), the conditional probability is significantly higher than 0.5 for
simulated random copolymers (Fig. 4j). More importantly, this higher
conditional probability is more pronounced for XXX fragments and
then plateaus towards longer blocks—it reaches ~90% of the plateau
at approximately four-monomer blocks, quantifying the tendency
of forming longer blocks in these copolymers. Moreover, the condi-
tional probabilities for alternating fragments like XY and XYXY are
significantly lower than those for random copolymers (Fig. 4j). Taken
together (Supplementary Section 2.8.4), these copolymers tend to
formhomo-blocks that are approximately four monomerslonger than
those in completely random copolymers.

Conclusions

We have developed CREATS for imaging single-catalyst polymerization
at single-monomer resolution, in real time and at high reactant con-
centrations. Besides ROMP, CREATS is applicable to any chain-growth
polymerizations, including living anionic polymerization, living cati-
onic polymerization, living free radical polymerization, and living
chain-growth polycondensations, in which the monomers could also
bevariedinstructure and size (Supplementary Section 4.2), and here
it enabled us to quantify the effects of surface-grafting on polymeri-
zation kinetics and uncover the temporal dynamics of single-chain
growth. The knowledge derived here has the potential to impact the
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Fig. 4| Single copolymer sequencing. a, Locations of individual polymerized
monomer A (green dots) and B (yellow dots) around a single labelled G2 (blue
asterisk) at A:B =1:1. The purple line is the expanded contour of the magnetic
marker particle fromits SEM image (Supplementary Fig. 41 presents more
examples). b, Asegment of the background-subtracted two-colour fluorescence
intensity trajectory on the catalyst in a, showing the sequence of the grown
copolymer. The vertical dashed lines show the start of the 488- and 532-nm
imaging lasers. ¢, Sequences of six example copolymers at A:B =1:1. Green and
yellow blocks denote blocks of three or more A and B subunits, respectively, and
the other sequence patterns are in grey. Copolymer 1is from a and b. More
sequences are provided in Supplementary Table 2. d, Length distribution of 60
sequenced copolymers. e, Grey lines show the ratio of the A/B subunits in the
individual sequenced copolymers versus the supplied A/B monomer
concentration ratio. Red open squares show the averaged results. The red line is
the diagonal. f, Single-catalyst TOF versus total monomer concentrations for

25 catalysts. Red open squares show averaged results. The red lineis a linear fit.
g, Distributions of four different microscopic monomer reaction times r during
copolymerizationat[A] = [B] = 0.05 pM. Solid lines show exponential fits, whose

decay constants give rates ry,, r'ag, g and rys of 0.00039 + 0.00001,

0.00023 +0.00001,0.00028 + 0.00001and 0.00042 + 0.00002s™,
respectively. h, Rate constants of the four chain-propagation reactions, giving
reactivity ratios r; = kyy/kns = 1.7 and r, = kgp/ ks = 1.5.1, Distribution of the
observed total number of A or Bmonomers in different block sizesin comparison
with that of the simulated random copolymers at A:B = 1:1 (Supplementary
Section 2.8.2). Theblacklineis a fit with y = Cx/2*, where Cis a constant. The last
binrepresents blocks of 15and larger. j, Conditional probability P of sequence
fragments extracted from the data of 1:1 copolymers and from simulations of
random copolymers (averaged from 1,000 sets) of the same A:B ratio
(Supplementary Section2.8.3). X, Y = A or B; XX =AA or BB; and soon. The blue
lineis a saturation fit, based on f(x) = “(x_l) +0.5,s0thatf(1) =0.5is
guaranteed;a=0.43+0.0landb=1.6 + £ 0. f where bis the value at which the
conditional probability is halfway towards saturation. Nis25ineand f,1,000
(simulations) iniandj, and 60 (experimental) inj. Error bars represent s.d.

ine, fandi, 95% fitting confidence in h, and s.e.m. inj, with the mean at the centre
inall plots.

field of polymer synthesis by helping the design and optimization of
surface-grafting polymerization conditions (for example, by unravel-
ling the intricate connection between polymer length and reaction
kinetics) and of copolymerization reaction conditions (for example,
by leveraginginsights gained from the resulting copolymer sequence
pattern). Furthermore, the microscopicsequences of individual copoly-
mer chains revealed by CREATS not only map the sequence patterns
of synthetic copolymers, but also enable future structure-function
correlation studies at the single-chain level, for example in coupling
to magnetic tweezers measurements on single-chain mechanics' or
as structural inputs for molecular dynamics simulations of polymer
chains®,

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
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Methods

Synthesis and characterization of monomers and labelled
catalyst

All reagents and solvents (ACS grade) were purchased through
Sigma-Aldrich, Fisher Scientific or Alfa Aesar and used without
purification. All solvents were used without drying unless otherwise
indicated. The solvents n-hexane and toluene involved in single-
molecule imaging were dried and stored under a nitrogen atmos-
phere after purchase, then further photobleached before use. Details
are provided in Supplementary Section 1.1.

The caged monomers and the labelled Grubbs second-generation
catalyst were synthesized in house and structurally characterized by
'HNMR, *C NMR and/or MS. Detailed synthesis procedures and the
characterizations of compounds are provided in Supplementary Sec-
tions 1.6 and 1.7. The photo-uncaging properties of the caged mono-
mers and the photobleaching properties of the uncaged monomers
were characterized at both the ensemble and single-molecule level, as
described in Supplementary Section 2.3.2-2.3.4. The labelled Grubbs
second-generation catalyst was subsequently grafted ontosilica-coated
magnetic particles (SS0201Super Mag SilicaBeads, Ocean NanoTech),
asdescribedin Supplementary Section1.7. Due to the air-sensitivity of
G2inliquid, wehandleditinaglovebox to preventits deactivation. Once
G2 wasimmobilized onto the magnetic particles, we performed wash-
ing and separation stepsinaglovebox, in which the magnetic property
of the particles allowed for pouring out the liquid phase while using
amagnet to hold the particles, facilitating handling in the glovebox.

Analytical thin-layer chromatography (TLC) was performed on
glass plates coated withssilica (60, F,5,, EMD Chemicals). Visualization
was performed with a 254-nm ultraviolet lamp. Column chromatog-
raphy was carried out with silica gel (60-200 um, 60A) from Acros
Organics. The 'H and *C NMR spectra were recorded at room tem-
perature onaVarianInova400 system (400 MHz) or aBruker Advance
500 (500 MHz) in CDCl, solution, and chemical shifts were referenced
with the residual proton (7.26 ppm) or carbon (77.16 ppm) signal of the
deuterated solvent. High-resolution MS analyses were performed on
a Thermo Scientific Exactive Orbitrap MS system equipped with an
electrospray ionization source (ESI-HRMS) or with anlon Sense DART
ionsource (DART-HRMS). A Zeiss Gemini 500 scanning electron micro-
scope operated at 4 keV at CCMR was used to capture SEM images.

Solvent photobleaching

The organic solvents (for example, n-hexane and toluene) used for
imaging experiments wereirradiated under blue light-emitting diodes
(Blue LED Tape Light, 24 V, FLX-00136, PLT Solutions) for atleast 24 h
to photobleach potential fluorescence impurities*** (Supplementary
Fig.1e). Thistreatment lowers the backgroundin fluorescenceimaging.

Single-molecule fluorescence imaging experiments and data
analysis

All single-molecule fluorescence microscopy experiments were car-
ried out on ahome-built prism-type wide-field microscope (Olympus
IX71) in TIRF geometry. A flow reactor cell (100 pm (height) x 3-5cm
(Iength) x 1 cm (width)), formed by sandwiching a quartz slide (Tech-
nical Glass, drop cast with fluorescent nanodiamonds (NV, ADAMAS
NANO) for drift correction and dried), with epoxy glue with minimal
double-sided tape for spacing, and aborosilicate coverslip (Gold Seal),
was used for in operando imaging.

The catalysts on marker particles wereintroduced into the flow cell
in toluene, washed with n-hexane, and then imaged/photobleached.
Monomer Aand/or Bat1nMto 0.1 pMinn-hexane under N, protection
(a positive pressure of N, was maintained by a balloon filled with N,
connected to the monomer solution reservoir) was supplied stead-
ily at -2 pl min™ to probe the real-time polymerization kinetics. The
refractive index of n-hexane*¢is 1.375, suitable for TIRF imaging witha
quartzprismand quartzslide, as the refractive index of quartz*©is 1.458.

Depending on the amount of data needed for statistical significance,
one round of successful imaging experiments typically takes three
to five days due to the relatively low polymerization rates under the
measured monomer concentrations. The reaction solvent n-hexane
provides several technically advantageous features: it has arefractive
index of 1.37, sufficiently lower than quartz’s refractive index of 1.54
for ready implementation of TIRF microscopy; it is not too volatile
for maintaining a stable monomer concentration in a long imaging
experiment; it does not bind to the Ru centre of the G2 catalysts; and
itiscompatible with the epoxy glue that was used to seal the flow cell.

A continuous-wave circularly polarized laser beam was
focused onto the sample (~60 x 100 pm?) in the flow cell to directly
photo-uncage the monomers (10.0 mW at 375 nm) or toimage and pho-
tobleach the uncaged monomers (-33.0 mW at 488 nm for monomer
A or12.9 mW at 532 nm for monomer B). The timing for the uncaging
and imaging lasers is shown in Fig. 1b. The fluorescence emitted by
the product was collected by a x60 NA 1.2 water-immersion objec-
tive (UPLSAPO60XW, Olympus), filtered (in single-colour imaging:
ET525/50 m, Chromafor 488-nmillumination or HQ580m60, Chroma
for 532-nmillumination), and detected by a back-illuminated ANDOR
iXon electron-multiplying charge-coupled device (EMCCD) camera
(DU897D-CSO-#BV) operated at aframe time of 100-ms. Both488-nm
and 532-nm lasers were used in two-colour imaging experiments
(Supplementary Fig. 1c), and the emitted light passed through a Pho-
tometrics DV2 two-channel imaging system (Supplementary Fig. 1d),
which contained anotch filter (ZET532TopNotch) and adichroicbeam-
splitter (FF560-FDi01) that split the light into two channels, with one
filter (ET525/50m or HQ580m60) in each channel. The two channels
were imaged on the two halves of the EMCCD camera.

Information on single-molecule polymerization was extracted
using ahome-written MATLAB program from the fluorescenceimages
in the movies, i1QPALM’ (image-based quantitative photo-activated
localization microscopy***®), and other codes (Supplementary Soft-
ware 1). The initial results were further analysed based on the SEM
images of the marker particles. More details are provided in Supple-
mentary Section1.8.

Data availability

All data are available in the main text or the Supplementary Informa-
tion. Raw data supporting the findings of this study are available upon
reasonable request. Source data are provided with this paper.

Code availability
MATLAB codes areincluded in Supplementary Software 1.
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