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Abstract: 

The ability to directly observe chemical reactions at the single-molecule and single-

particle level has enabled the discovery of behaviors otherwise obscured by the ensemble 

averaging in bulk measurements.1-19 However powerful, a common restriction of these 

studies to date has been the absolute requirement to surface tether or otherwise immobilize 

the chemical reagent/reaction of interest. This constraint arose from a fundamental 

limitation of conventional microscopy techniques, which could not track molecules or 

particles rapidly diffusing in three dimensions, as occurs in solution. However, much 

chemistry occurs in the solution phase, leaving single-particle/-molecule analysis of this 

critical area of science beyond the scope of available technology. Here we report the first 

solution-phase studies and measurements of any chemical reaction at single-particle/-

molecule level in freely diffusing solution.  During chemical reaction, freely diffusing polymer 
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particles (D ~ 10-12 m2/s) yielded single-particle 3D trajectories and real-time volumetric 

images that were analyzed to extract the growth rates of individual particles. These 

volumetric images show that the average growth rate is a poor representation of the true 

underlying variability in polymer-particle growth behavior. These data revealed statistically 

significant populations of faster- and slower-growing particles at different depths in the 

sample, showing emergent heterogeneity while particles are still in the solution phase. These 

results go against the prevailing premise that chemical processes freely diffusing in solution 

will exhibit uniform kinetics. These new understandings of mechanisms behind polymer 

growth variations bring about an exciting opportunity to control particle-size and plausibly 

molecular weight polydispersity by the rational design of conditions to dictate spatial growth 

gradients. We anticipate that these studies will launch a new field of solution-phase, 

nonensemble-averaged measurements of chemical reactions. 

 

 Solution-phase polymerization is vital for modern materials production. These diverse 

production processes include ring-opening metathesis polymerization (ROMP)20-22, homogeneous 

Ziegler–Natta polymerization23-25, and atom-transfer radical polymerization26,27. Traditional 

analytical techniques used to study polymerization in solution, such as NMR spectroscopy28,29, 

fluorescence correlation spectroscopy30-32, and dynamic light scattering33-35, provide ensemble 

averaged information on polymer growth rates, catalyst turnover efficiency, diffusion behavior, 

and conformational dynamics. These traditional measurement techniques, however, are incapable 

of measuring polymer behavior at the single-molecule and -particle level. In contrast, at the other 

end of the analytical regime, single-molecule/particle techniques can provide information on 

tethered or otherwise restricted polymer behaviors in real-time with high spatial resolution,17,19,36-

40 but to date cannot measure behavior in freely diffusing solution, leaving the solution behavior 
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of growing polymers at the single-particle level fully unknown.  Therefore, an analytical tradeoff 

has existed up to this point: measure in freely diffusing solution and only acquire ensemble data, 

or measure restricted-diffusion species and reveal single-particle/molecule data. This gap limits 

the mechanistic understanding of how dynamics in solution impact particle growth, restricting the 

ability to control and improve these vital catalytic polymerization processes. This analytical 

tradeoff has existed to date for measuring all chemical reaction processes—beyond simply the 

polymerization reaction described here. 

Ruthenium catalyzed ROMP of norbornene and its derivatives are synthetically and 

industrially important processes41 where immobilized single-molecule and -particle studies 

previously revealed otherwise hidden heterogeneity. Heterogeneous growth kinetics were 

observed between individual polymer aggregate particles precipitated onto glass.11,19 In another 

study, magnetic tweezers were used to elongate immobilized polymer chains, revealing non-

uniform wait-and-jump steps attributed to sudden conformational unfolding during polymer 

growth.17 Despite these advances, it remains intriguingly unknown if the growth kinetics of 

polymers in solution exhibit similar variations in behavior as do these immobilized polymers. Fast 

dynamics of solvated polymer strands in solution, for example, could lead to a time averaging of 

the local environments from the perspective of each particle in solution, resulting in uniform 

growth (Fig. 1a). Similarly, the variation in growth as previously characterized could have been 

caused by or inherent to the immobilization processes or measurement methods themselves (i.e., 

the glass surface or the applied force) and thus not be present in solution.42 Indeed, these molecular 

ruthenium polymerization catalysts are referred to as "well-defined" due to their set ligand 

coordination spheres and uniform solution polymerization kinetics when measured by ensemble-

averaged analytical techniques.43,44 However, the degree to which growth is truly uniform in 
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solution remains unknown, potentially obscured by ensemble averaging, as are mechanisms that 

give rise to variance (Fig. 1a). The potential variations in—and concurrent mechanisms behind—

growth of polymers in solution are of great interest towards the production of monodispersed 

polymers, including of aggregates.45  

In a solution-phase chemical reaction, the reactants, products, and catalysts exhibit high-

speed diffusion and quickly travel long ranges in three dimensions. Therefore, an extremely 

sensitive and rapidly responding method is needed to capture chemical reactions in real time at 

these high speeds with minimal perturbation, as they occur in synthetically relevant conditions.  

We recently reported 3D single-molecule active real-time tracking (3D-SMART) 46,47 to study 

single fluorophores and viruses in biological systems. In contrast to biological systems, active 

chemical reaction systems (such as the polymer example cited above) present a higher challenge 

for active-feedback tracking for three reasons: 1) Single-particle compositions change during the 

measurement due to reaction progress, 2) Diffusive speeds of particles are up to 2-to-3-fold faster 

in low viscosity organic solvents (e.g., toluene, tetrahydrofuran, chloroform, low molecular weight 

hydrocarbons, and other common solvents for synthetic organic reaction systems) when compared 

to water,48,49 and 3) Photon-efficient localization and tracking are critical to minimize 

photobleaching so as to extend observation time as required for the timescales of most synthetic 

chemical processes. For these reasons, there has yet to be the demonstration of active-feedback 

tracking for any solution-phase chemical reaction. To overcome these challenges, we now develop 

a method to measure the chemical and physical growth dynamics of single-polymer particles in 

real-time by recording and analyzing their changing volumetric images as they grow during a 

chemical reaction via 3D-SMART active-feedback tracking. 
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First, real-time estimates of the polymer particle's position were obtained by scanning a 

focused laser spot over a small, predefined 3D pattern (1 µm x 1 µm x 2 µm XYZ) around the 

detection area using a 2D electro-optic deflector (EOD) and tunable acoustic gradient (TAG) lens50 

(scan rates = 50 kHz XY, 70 kHz Z). Real-time feedback was then applied using a piezoelectric 

stage to “lock on” to the particle and move the sample and counteract the tracked polymer particle's 

motion. In effect, the sample is moved to hold the freely diffusing polymer particle fixed within 

the focal volume of the microscope objective without applying any force or perturbation to the 

growing particle. This active feedback allows continuous, high-speed observation without surface 

tethering and without the need to physically trap the particle (Fig. 1c, Extended Data Fig. 1).  
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Fig. 1 | Active-feedback tracking of single polymer particle growth. a, Illustration of scientific 

question and gap in analytical techniques. b, Ruthenium-catalyzed ring-opening metathesis 

polymerization of norbornene (doped with fluorescently labeled norbornene). c, Schematic of 3D-

SMART. A single polynorbornene particle is captured by and centered within the 3D laser scanning 
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volume with real-time feedback. The fluorescence emission of the particle is recorded for further 

analysis. 

 

The ROMP reaction of norbornene (3) catalyzed by ruthenium complex 1 (Grubbs 2nd 

generation catalyst) was initiated in heptane (Fig. 1b).19 Catalyst, norbornene (5 mM), and boron 

dipyrromethene (BODIPY) label (2) (2 nM) were added in the ratio 1:50:2×10-6. The low doping 

of the fluorescent label and high concentrations of total monomer (mostly unlabeled norbornene) 

enabled access to synthetically relevant conditions while maintaining the sensitivity needed for 

single-particle tracking (See Extended Data Fig. 10). When a fluorescently labeled polymer 

particle (an aggregate containing many polymer strands and catalysts) diffused into the laser scan 

area, there was a burst in the measured intensity, triggering the start of the feedback loop with the 

piezoelectric stage. Fig. 2a, b shows a trajectory of a polynorbornene particle that diffused for 

~12.5 s and eventually landed on the coverslip. The fluorescence intensity was primarily stable 

with a slow decrease (attributed to photobleaching) after being calibrated to account for different 

collection efficiency at varying depths within the sample (Fig. 2c, Extended Data Fig. 3). Analysis 

of 51 trajectories (D = (1.3 ± 0.1) × 10-12 m2s-1) showed that the polynorbornene particles tended 

to diffuse and descend in the solution and eventually land on the coverslip. These observations 

were important for two reasons: First, they confirmed the central premise that 3D-SMART could 

track polymer particles as they diffused in organic solvent in the solution phase. Second, they 

demonstrated that these particles eventually became precipitated particles, similar to those 

observed to exhibit individualistic growth kinetics in prior immobilized experiments,19 but now 

captured here at an earlier stage in the reaction. 

A simple way of estimating a diffusing particle's radial size is by calculating the mean 
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squared displacement (MSD) and applying the Stokes-Einstein relation.49 However, several 

challenges are associated with using MSD as a readout of a single polynorbornene particle's size 

and growth rate. Diffusion is a stochastic process, and even in the absence of any measurement 

noise, there is a significant variance associated with the extraction of an accurate particle radius 

from a diffusion coefficient.51,52 This intrinsic variance, plus the measurement noise associated 

with 3D localization, led to a sizable uncertainty where no statistically significant changes in the 

polynorbornene particle size could be extracted (Extended Data Fig. 4). An alternative approach 

would be to use the increase in fluorescence intensity as more fluorescent monomers are 

incorporated into the particle. However, the bleaching of BODIPY was non-negligible in these 

experiments and caused a gradual decrease in fluorescence intensity with time, making intensity 

an unreliable readout of polynorbornene growth (Fig. 2c).  

To overcome these challenges, we developed and implemented an alternative method for 

estimating the changing size of actively diffusing particles. For real-time feedback, the particle is 

constantly scanned over a 3D volume. Here we take advantage of this 3D scan and use the photon 

data acquired at each different laser spot to construct a full volumetric image of the tracked particle 

as it diffused (Fig. 2d). This 3D image generated from the laser scan of the moving particle was 

integrated along the axial direction to generate a 2D image. The projected image was fit to a 2D 

Gaussian distribution (Extended Data Fig. 5), the standard deviation (σ) of which was used as an 

estimate of the particle radius. Control experiments and calibrations were first run on uniform 

fluorescent microspheres of known size to correct for the particle radius as a function of depth 

within the sample (Extended Data Fig. 8). After this calibration, uniform fluorescent microspheres 

with a manufacturer-specified radius of 478 nm were tracked and exhibited a measured size of 494 

± 4 nm and an average radial growth rate of 0.01 ± 0.01 nm/s, indicating no observable growth 
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(Fig. 3d). Control experiments on larger microspheres (785 nm) similarly yielded accurate size 

and no observable growth (770 ± 7 nm; 0.03 ± 0.07 nm/s). These results suggested that the analysis 

method above successfully estimates the size and the growth rate of freely diffusing fluorescent 

particles. 

 

 

Fig. 2 | 3D trajectory of a growing and freely diffusing polynorbornene particle. a, 3D 

trajectory of a growing polymer particle that diffuses in heptane. b, Z position of the polymer 

particle as a function of time. The polymer particle lands ~12.5 s. c, Fluorescence intensity of the 

particle as a function of time. d, Reconstructed volumetric image of a tracked polymer particle and 

its integration to the XY-plane. 

Applying this technique to polynorbornene particles yielded markedly different results than 

the uniform microspheres. Most polymer particles exhibited an increasing radius, with a wide 

range of growth rates (Fig. 3a, b and Extended Data Fig. 8g-i). Radii of tracked particles ranged 

from 316 – 793 nm, with an average radial growth rate of 0.5 ± 0.1 nm/s (n = 51, Fig. 3c). This 

growth rate was significantly different (p < 0.0001) than that measured for non-growing control 
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microspheres (0.01 ± 0.01 nm/s). Therefore, it can be concluded that these polymer particles are 

growing as a function of time as they are tracked in solution. 

A remarkable observation from the data above is that the average growth rate was a poor 

representation of the underlying variability in growth behavior. Although the growth data are best 

fit by a single normal distribution (Fig. 3c), the single-particle nature of the data allowed us to 

probe for heterogeneities that correlate with particle parameters. The particle growth rates showed 

no significant correlation with measured particle size (so number of strands or catalysts as the 

dominant factor can be ruled out), diffusive speed, or collection time (so "aging" of the solution 

can be ruled out) (Extended Data Fig. 7). 

However, one notable parameter that did show correlation with growth rate was depth 

within the sample (Fig. 3e, f). A change-point method revealed two populations when split at a 

distance of 9.3 µm from the surface (p < 0.01) (see Methods and Extended Data Fig. 7). The mean 

growth rate below 9.3 µm was 1.0 ± 0.2 nm/s, and the mean growth rate at 9.3 µm or more above 

the surface was 0.3 ± 0.1 nm/s. These data indicate that the growth rate heterogeneity arises from 

spatial heterogeneity within the system. We propose that this spatial heterogeneity is caused by a 

concentration gradient within the system (Fig 3g): As the reaction progresses, small aggregates 

form, which precipitate towards the coverslip. Smaller aggregates will be very sparsely labeled 

(due to the low doping density) and invisible to the tracking system. However, as the larger tracked 

particle descends, it experiences an ever-higher concentration of these smaller aggregates. This 

higher concentration leads to an increased growth rate via aggregation as the particle descends. 

Indeed, the presence of a concentration gradient of small non-tracked aggregates in this system 

was confirmed via solution-phase fluorescence intensity measurements (see Supplementary 

Information and Extended Data Fig. 9).  Comparison of measured solution radial growth rates with 



   
 

11 
 

polymer molecular weights as obtained by GPC (gel permeation chromatography) indicate that the 

average particle grows by a combination of physical aggregation and chemical monomer insertion 

(ca. 80:20, see Methods and Supplementary Information), consistent with this proposal. In this 

proposal, dependent on its position in the sample, each particle grows by a different and time-

variable ratio of physical aggregation-to-chemical elongation. Thus, the relative contributions of 

the two mechanisms leading to radial growth are individualistic to each particle and the average 

ratio is a poor descriptor of the true behavior.  
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Fig. 3 | Radial growth rates and observed growth heterogeneity from single particles. a, Radius 

change over time (ΔR = Rt – R0) of 51 polynorbornene particles as scattered dots and smoothed 

curve of ΔR. b, Representative radius of a polynorbornene particle as a function of time and linear 

fit of polymer particle growth. 2D images are taken from the beginning and end of the trajectory. 

Green circle illustrates the radius of the particle fitted from the 2D Gaussian. c, d Histogram of the 

radial growth rates and Gaussian fit of (c) polynorbornene particles and (d) uniform fluorescent 

beads. e, Radial growth rates of polynorbornene as a function of depth within the sample. f, Mean 

growth rates of the polynorbornene particles as a function of depth within the sample. g, Conceptual 

model of spatial heterogeneity leading to growth rate heterogeneity. 

 

Although polymerization occurred entirely in the solution phase in this study, where uniform 

growth behavior by well-defined molecular catalysts is reasonably expected,43,44 individual 

polymer particles nevertheless exhibited non-uniform, heterogeneous growth kinetics. The suite 

of conditions for emergence of this non-uniform polymerization behavior (e.g., reaction times, 

sample depths, particle sizes, catalyst–monomer ratios, reaction solvents) would not be readily 

predictable from first principles, and are not derivable from ensemble measurements. The impact 

of such heterogeneous growth at the single-particle level is increased particle size polydispersity, 

which impacts macroscale polymer properties.45,53 The characterization of these non-uniform 

kinetics and the identification of their plausible mechanistic origin may therefore be useful to guide 

future polymer and catalyst development in the diverse areas of solution-phase polymerization 

reactions. For example, selection of reaction times, vessel shapes, or initiation rates of catalysts to 

avoid concentration gradients may provide access to narrower particle-size or molecular weight 

polydispersity. As a substantial portion of all chemical reactions occur in the solution phase, these 

studies open realms for fast-tracking studies that generate non-ensemble averaged chemical 
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insights. 

 

Methods 

Instrument and reagents 

Extended Data Fig. 1 displays the setup of 3D-SMART. Fig. 1b displays the ROMP reaction of 

norbornene catalyzed by Grubbs catalyst. Catalyst 1 (Grubbs catalyst, 2nd generation) and 

norbornene 3 were purchased from Sigma–Aldrich and were used as received. Spectrophotometric 

grade heptane (OmniSolv) was purchased from VWR and used as received. Fluorescently labeled 

norbornene (Imaging agent 2) was synthesized using the previously reported procedure19. 

Polystyrene microspheres (dragon green, mean radius: 478 nm) were purchased from Bangs 

Laboratories, Inc. Fluoresbrite carboxylate Yellow-Green (YG) 1.5-micron microspheres (mean 

radius: 785 nm) were purchased from Polysciences, Inc.  

Construction of reaction cells 

Extended Data Fig. 2 displays the reaction cell. Cloning cylinders (10 × 10 mm) were cleaned by 

sonication in the solution of Alconox detergent power in DI-water for 60 min and rinsed with DI-

water six times. To assemble the reaction cell, the cleaned cloning cylinders were attached to the 

coverslips (25 × 25 mm) by applying epoxy (LOCTITE, setting time is 5 min) outside the 

cylinders; then, the assembled cells were left to cure overnight or longer and were cleaned by 

sonication in the solution of Alconox detergent power in DI-water for 60 min and rinsed with DI-

water six times.  During experiments, the cloning cylinder was covered by another clean coverslip 

to minimize solvent evaporation. 
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Preparation of monomer solutions 

Fluorescent imaging agent 2 (1.1 mg, 2.4 μmol) was dissolved in 2 mL heptane, resulting in a 

concentration of 1.2 mM. This solution was diluted by 1000 by taking 1 μL and diluting into 1 mL 

heptane, giving a final concentration of 1.2 μM. Separately, norbornene 3 (6.0 mg, 64 μmol) was 

dissolved in 12.5 mL heptane. Then 21 μL of the 1.2 μM imaging agent solution was added to the 

norbornene solution to give a Final Monomer Solution containing both 5 mM norbornene and 2 

nM imaging agent.  

Tracking the growing polymer particles 

The laser was first focused on the upper surface of the coverslip in the reaction cell and then moved 

upward for 10 μm to ensure that the laser was focused inside the solution at the beginning of 

tracking. 0.3 mL of bulk solution was added. 1 mg of 2nd generation Grubbs catalyst 1 was 

dissolved in 200 μL toluene, and 5 μL of this catalyst solution was added to the Final Monomer 

Solution to start the polymerization reaction. The final concentrations of the three species are 5 

mM norbornene, 2 nM probe 2, and 100 μM catalyst 1. The tracking microscope was set ready for 

capturing any fluorescent particles in the solution. 

Gaussian fitting of the real-time image 

Photons collected by the APD can be used to reconstruct the 3D image (5×5×11 grids) of the 

particle being tracked by 3D-SMART (Extended Data Fig. 5). The 3D image was then integrated 

along the Z-axis to the XY-plane to give the 2D image for the particle size estimate. Finally, a 2D 

Gaussian distribution was used to fit the image (Extended Data Fig. 5): 𝑓(𝑥, 𝑦) =

𝐴exp(−(("#"!)
"

%&#
" + ('#'!)"

%&$"
)), where A is the amplitude, 𝑥(, 𝑦( is the center and 𝜎) , 𝜎* are the x and 
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y spread of the distribution. The polymer aggregates were assumed to be spheres, which makes 

𝜎) = 𝜎*. Thus, the function used for fitting would be: 𝑓(𝑥, 𝑦) = 𝐴exp(− ("#"!)"+('#'!)"

%&"
), 

where	𝜎 was the parameter for describing the radius R of the polymer aggregates. Photon data are 

segmented into windows of 1 sec and used to estimate the size of polynorbornene aggregates. 

Calibration of radius (R) vs. depth (Z) 

It was observed that tracked particles tended to exhibit a larger radius when closer to the surface. 

To calibrate this apparent change in radius with depth, the uniform fluorescent microspheres with 

a manufacturer-specified radius of 478 nm (Bangs Laboratories, Inc.) were tracked at different 

depths within the solution. 59 trajectories of these fluorescent microspheres show that there is still 

a slight difference of sizes between different microspheres, which is consistent with the 

manufacture datasheet: for example, for microspheres with a nominal radius of 500 nm, the 

specification range is from 475 – 525 nm. The scatter plot of the observed radius R vs. the Z 

positions of these microspheres is shown in Extended Data Fig. 8a (Each color corresponds to a 

single fluorescent microsphere).  

To find the calibration curve for this Z-R effect, we need to focus on microspheres of the same 

size, which required us to remove some microspheres from the data pool for fitting. Therefore, we 

applied the following strategy:  

1) Calculate the average radius and the average Z positions from each trajectory.  Remove data 

points that have negative average Z positions (indicative of sample motion during acquisition) 

and the ones with average Z > 25 μm (due to lack of samples collected beyond this depth).  

2) Fit the relationship between the average radius (R) and the average depth (Z) to a two-term 
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exponential.  

3) Remove microspheres that deviate from the fitted curve by >3 % from the data pool. This is 

to remove larger and smaller microspheres for more accurate calibration.  

4) Use the refined data points to generate the calibration curve, also described by a two-term 

exponential.  

Extended Data Fig. 6 shows the data processing steps above. With this strategy, the relationship 

between the depth Z and the observed radius R is given by:𝑅 = (495.5𝑒#(.((-%×/ +

6.991𝑒#(.-012×/), where 𝑅( = 𝑅(𝑍 = 0) = 502.5 nm is considered the actual radius of the 

microsphere observed at the surface of the coverslip. This relationship was then used for the 

calibration of the polynorbornene particle size. For a particle with an actual size of Rtheo and an 

observed radius Rexp at a depth of Z, these two numbers should follow the equation 

below:𝑅3"4/𝑅5637 = (495.5𝑒#(.((-%×/ + 6.991𝑒#(.-012×/)/𝑅( 

It is noticeable that the fluctuation of radius estimated this way is much less than that in the MSD 

analysis, which makes the results more convincing. The growth rate was calculated using the linear 

model for radius and time. The average growth rate of 51 polynorbornene aggregates was 0.5 ± 

0.1 nm/s. The same analysis on the fluorescent beads (R = 478 nm) with uniform size gave a 

growth rate of -0.01 ± 0.01 nm/s, suggesting that the growth rate observed for the polymer 

aggregates is significant enough to describe the actual growth. 

Radial growth rate vs. average depth (Z), diffusion coefficient (D), reaction time (tr), particle 

size (R0) and trajectory length (ttraj) 

Changepoint analysis was used to demonstrate the correlation between growth rates and the 
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average depth Z. For example, for Zsplit = 10 μm, average weighted growth rates were calculated 

for polynorbornene particles that have average Z positions below and above 10 μm, respectively. 

Here we define the weighted average growth 𝜇8 as below and all growths rate in the later text are 

referring to the weighted growth rate: 𝜇8 = ∑𝜇 × 𝑤𝑒𝑖𝑔ℎ𝑡97:; , 𝑤𝑒𝑖𝑔ℎ𝑡 = D -
<=
D, 𝑤𝑒𝑖𝑔ℎ𝑡97:; =

𝑤𝑒𝑖𝑔ℎ𝑡/∑𝑤𝑒𝑖𝑔ℎ𝑡, where 𝜇 is the radial growth rate of particles, SE is the standard error of 𝜇 

from the robust linear fitting of radius vs. time, and 𝑤𝑒𝑖𝑔ℎ𝑡97:; is the normalized weight of each 

𝜇. Adding the weight for calculation aims to reduce the effect of outliers since some of the 

polynorbornene particles show large growth rates due to large fluctuations in the measured size. 

A two-tailed t-test was used to test the null hypothesis that these two populations of growth rates 

are the same. Results showed that the null hypothesis should be rejected (p = 0.0051) and suggested 

that these two populations of growth rate are from different distributions. Local minimum p-value 

was found when Zsplit = 9.3 μm (p = 0.0028). Zsplit at large and small distances from the coverslip 

were not considered to ensure that the number of data points is comparable for the two populations. 

This changepoint analysis suggests that the polynorbornene particles tend to grow faster when 

closer to the bottom surface, indicating heterogeneity along the Z direction. 

The same analysis was performed to test the correlation between the growth rates and the diffusion 

coefficient, reaction time, particles size, trajectory length (Extended Data Fig. 7b-e). Results 

suggested that the diffusion coefficient (D), the reaction time (tr), and the radius of the 

polynorbornene particles at the beginning of trajectories (R0) do not show a significant correlation 

with the growth rates of polynorbornene particles. However, the trajectory length was observed to 

be highly correlated to the growth rates. We propose that this effect is due to the previously 

identified correlation between the average Z position and polymer growth: It takes less time for 
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the polynorbornene particles closer to the surface to descend and land onto the coverslip. Thus, 

particles that start at positions close to the surface tend to be tracked for shorter periods of time. 

To eliminate the possibility of an artifact, we applied the same analysis to the tracking data of 

commercial fluorescent microspheres of known fixed radius to see if short trajectories intrinsically 

give faster growth rates. While most fluorescent microspheres were tracked for over 1 minute, we 

manually cut them into shorter segments ranging from 10 sec to 60 sec and applied changepoint 

analysis. The results show no apparent difference for the growth rates of microspheres with shorter 

trajectory lengths and longer trajectory lengths, which supports the previous assumption that short 

trajectory length does not intrinsically give a higher growth rate and instead that the observations 

in the polymerization sample correlate with the average particle Z position.  

Estimation of the composition of polymer particles 

The freely jointed chain model for polymers describes the relationship of the gyration radius 𝑅> 

and the poly degree n of a polymer chain54 and for polymers in non-solvent: 𝑅> = 𝑏𝑁-/@, 𝑁 = 9A
B

, 

where b is the Kuhn length or the length of a freely jointed unit for the polymer (1.42 nm for 

polynorbornene)17,36, N is the number of freely jointed units, l is the length of a monomer unit 

(0.62 nm for polynorbornene)17, and n is the number of monomers in the entire polymer.  

In the current work, we assume that each polynorbornene particle can be viewed as an extremely 

long single chain when estimating the number of monomers since the average chain length 

measure by the GPC experiments suggests that they are long enough that the head and the tail of 

each polymer chain are not restricted by each other anymore.  

With the observed average radius of polynorbornene aggregates Rg = 476 ± 16 nm and the average 
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growth rate as 0.5 ± 0.1 nm/s, the number of monomers in one aggregate can be calculated: 𝑛 =

(𝑅>/𝑏)@ × 𝑏 ÷ 𝑙 = (8.6 ± 0.9) × 10C, and the observed growth rate: LD9
D5
M
7BE3:F3D

= @G%"

AB"
LDG%
D5
M =

(2.7 ± 0.2) × 10H monomers/s. Based on the GPC experiments (see Supplementary Methods Gel 

permeation chromatography), the average chain length of polynorbornene in the whole system 

after 30 min of reaction is 606 ± 67 units, which suggests an average polymerization reaction rate 

of 0.34 ± 0.04 monomers/s and that the average total number of catalysts in each polynorbornene 

particle is: 𝑛IJ5 =
9
K(K

= (1.4 ± 0.1) × 10H. So, the theoretical average polymerization reaction 

rate for each polynorbornene particle is: LD9
D5
M
LMNOPQRSTUVSMW

= 𝑛IJ5 × 0.34 = (4.8 ± 0.7) × 100 

monomers/s. Comparing LD9
D5
M
LMNOPQRSTUVSMW

 to the observed growth rate LD9
D5
M
MXYQRZQ[

, it can be 

estimated that the polymerization reaction causes 18% of the radial growth, while the remaining 

82% results from aggregation. 

Data Availability 

Trajectories of growing polymer particles collected with the 3D-SMART microscope are available 

upon request. 

Code Availability 

MATLAB codes for analyzing particle growth trajectories can be found at: 

https://github.com/welsherlab/polymertracking 
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Extended data figures and tables 

 
Extended Data Fig. 1 3D-SMART setup. The 2D-EOD (EOD1 & EOD2) and the TAG lens (TAG) 
deflect the laser along the XY-plane over a 5×5 knight's tour pattern and Z directions, respectively. 
Collected photons are split onto an avalanche photodiode (APD, 90%) and a monitor camera 
(sCMOS,10%). Photon arrival times are used to determine the position of the particle in real-time, 
which is sent to a 3D piezo stage to counteract the particle's motion and effectively lock it in the focal 
volume of the objective lens 
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Extended Data Fig. 2 Reaction cell. a, Reaction cell. b, Reaction cell covered by a clean 
coverslip. 
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Extended Data Fig. 3 Calibration of fluorescence intensity. a, An example of calibrated intensity 
(red) vs. detected intensity (blue) as functions of time. b, Z position of the aggregate as a function 
of time. 
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Extended Data Fig. 4 Mean square displacement (MSD) analysis. a, 𝑀𝑆𝐷 as a function of lag 
time 𝜏 when the polymer diffuses in solution. b, 𝑀𝑆𝐷 as a function of lag time 𝜏 after the polymer 
landed on the coverslip. c, Three examples of the radius of polynorbornene aggregates calculated 
from MSD. d, Radial growth rates of polynorbornene particles. e, Radius of polynorbornene 
particles at the beginning of each trajectory. 
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Extended Data Fig. 5 Reconstructed image of a polymer aggregate and the fitted 2D Gaussian 
distribution (shown in a larger area than the 2D image for a clearer illustration).  
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Extended Data Fig. 6 Calibration of radius vs. depth. a, Radius of 59 fluorescent microspheres 
as functions of the Z positions (Each color corresponds to one fluorescent microsphere). b, Average 
radius of each fluorescent microsphere as functions of the average Z positions throughout the 
whole trajectory (Z<0 μm and Z>25 μm are removed for fitting). c, Average radius and Z positions 
of fluorescent microspheres. d, Two-terms exponential fit of the radius R vs. Z positions of the 
refined 41 fluorescent microspheres. e, Calibrated radius of 59 microspheres as functions of time. 
f, Histogram of the growth rates of 59 microspheres. 
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Extended Data Fig. 7 Correlation of radial growth rates with different parameters. a, Scatter 
plot pf radial growth rates vs. average Z position of polynorbornene particles. b, Scatter plot of 
radial growth rates vs. diffusion coefficient of polynorbornene particles. c, Scatter plot of radial 
growth rates vs. reaction time when tracking start. d, Scatter plot of radial growth rates vs. 
polynorbornene particle sizes at the beginning. e, Scatter plot of radial growth rates vs. trajectory 
length (F) Average growths rate of polynorbornene particles vs. trajectory length. g, Average 
growths rate of fluorescent microspheres vs. trajectory length. 
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Extended Data Fig. 8 Uniform fluorescent beads vs. growing polymer particles. a, Radius of 
Polystyrene microspheres (dragon green, mean radius: 478 nm) as functions of time. b, Histogram 
of the growth rate of Polystyrene microspheres. c, Histogram of starting radius Polystyrene 
microspheres. d, Radius of Fluoresbrite carboxylate YG 1.5-micron microspheres (mean radius: 
785 nm) as functions of time. e, Histogram of the growth rate of Fluoresbrite carboxylate YG 1.5-
micron microspheres. f, Histogram of starting radius of Fluoresbrite carboxylate YG 1.5-micron 
microspheres. g, Radius of polynorbornene particles as functions of time. h, Histogram of the 
growth rate of polynorbornene particles. i, Histogram of starting radius of polynorbornene 
particles. 
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Extended Data Fig. 9 Background fluorescence intensity of solution.  
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Extended Data Fig. 10 Example 3D trajectories of growing polynorbornene particles. 


