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Quantification of Functional Crosslinker Reaction Ki-
netics via Super-resolution Microscopy of Swollen
Microgels†

Apostolos A. Karanastasis,a‡ Gopal S. Kenath,a‡, Ravishankar Sundararamana and
Chaitanya K. Ullal∗a

Super resolution microscopy (SRM) brings the advantages of optical microscopy to the imaging of
nanostructured soft matter, and in colloidal microgels, promises to quantify variations of crosslink
densities at unprecedented length scales. However, the distribution of all crosslinks does not
coincide with that of dye-tagged crosslinks, and density quantification in SRM is not guaranteed
due to over/under-counting dye molecules. Here we demonstrate that SRM images of microgels
encode reaction rate constants of functional cross linkers, which hold the key to correlating these
distributions. Combined with evolution of microgel particle radii, the functional cross linker distri-
butions predict consumption versus time with high fidelity. Using a Bayesian regression approach,
we extract reaction rate constants for homo and cross propagation of the functional crosslinker,
which should be widely useful for predicting spatial variations in crosslink density of gels.

1 Introduction
Super-resolution microscopy (SRM),1,2 which refers to the abil-
ity of far-field fluorescence microscopy to resolve objects with
separations smaller than the diffraction limit by separating their
detection in time, is increasingly being applied to areas of soft
matter beyond that of the biological sciences.3 Early demonstra-
tions of the benefits of moving optical microscopy to the relevant
nanometer length scales for polymers and colloids included the
ability to provide 3D structural information,4 particularly in sol-
vent swollen environments that are otherwise challenging to im-
age in;5 reveal microstructure of multiple phases through multi-
color imaging;6 capture dynamic processes;7–9 and yield environ-
mental information such as pH10 and orientation and alignment
of chains11. Recently, there has been particular interest in the ap-
plication of SRM to thermoresponsive colloidal polymer gels, or
microgels, since imaging this material system leverages all of the
aforementioned advantages.12–15

More challenging to adopt has been the extraction of informa-
tion based on the quantification of molecular distributions, one
of the main goals of molecular analysis with SRM and an active

a Department of Materials Science and Engineering, Rensselaer Polytechnic Institute,
110 8th Street, Troy, New York 12180, USA; E-mail: ullalc@rpi.edu
† Electronic Supplementary Information (ESI) available: [Detailed list of materi-
als and reagents; molecular synthesis and characterization details; additional DLS
results; additional info and graphs on rate constant determination]. See DOI:
10.1039/cXsm00000x/
‡ These authors contributed equally to this work

area of research16. Errors in quantification arise primarily due to
variations in labeling efficiency, and under or over counting due
to variations in the photo-physical behavior of fluorophores.

Quantification of molecular distributions on the nano and mi-
cro scales is of fundamental scientific importance to gels, espe-
cially those synthesized by free radical polymerization, due to
the presence of spatial variations in crosslink density on these
length-scales. These heterogeneities are often markedly pro-
nounced in poly(n-isopropylacrylamide), or PNiPAm, gels and mi-
crogels copolymerized with N,N′-methylenebisacrylamide (BIS)
as the crosslinker. A notable advance has been the invention
of dye tagged crosslinkers and the super-resolution imaging of
gels and microgels containing trace quantities of these functional
crosslinkers.17,18 The utility of these molecules is exemplified by
the finding17 that the core regions of individual microgels need
not be spherically symmetric as they are known to be at the en-
semble level from scattering studies19. Instead, they can contain
within their already dense microgel cores, deca-nanosized regions
of higher crosslink density17 that are non-thermoresponsive20,21.

The continued promise of these new crosslinkers includes re-
vealing how crosslink distributions in the swollen state correlate
with properties - mechanical, transport and optical - under both
static and dynamic conditions. This potential will be maximized
if the spatial distributions of the functional crosslinkers can be
correlated with those of the monomers that are not imaged by
SRM, which in turn requires the establishment of reaction rate
constants of the new molecules, as described below.

For NiPAm microgels, which are the focus of this paper, it is
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known that the spatial distribution of any given monomer residue
of microgels in their collapsed form is a direct function of the
consumption of the respective monomer during synthesis22–24.
These spatial distributions can be semi-quantitatively predicted
by a terminal copolymerization model that uses as input the ab-
solute kinetic reaction rate constants for homopropagation and
crosspropagation for each pair of monomers involved in the poly-
merization reaction.23 This model holds despite the limitation
of needing to assume homogeneous reaction conditions, whereas
the reaction occurs at temperatures at which practically all poly-
mer chains are collapsed, even as the diluted crosslinkers attach
to them. The success of this model notwithstanding, it is oner-
ous, even for regular monomers, to measure the large number
of kinetic constants, and a combination of literature values and
estimations based on the Price-Alfrey scheme are used instead25.
For new, custom synthesized molecules that are additionally ex-
pensive due to the cost of the dye molecules used and are only
otherwise required in trace quantities, the standard means of
measuring all the reaction rate constants required by the full ter-
minal copolymerization model is impractical. Nevertheless, the
kinetic parameters remain valuable, For example, combining ap-
proximations to the pseudo-kinetic rate constant approach with
consumption data has been used to ensure the formation of par-
ticles with homogeneous crosslink density distributions.24 Taken
together, these studies underscore the importance of establishing
the kinetic parameters for the new functional crosslink molecules,
ideally without requiring the synthesis of large quantities of these
relatively costly molecules.

Here, we demonstrate that it is possible to extract reliable
quantitative information from the average localization probabil-
ity density curves obtained by single molecule localization mi-
croscopy measurements of swollen PNiPAm microgels. Specif-
ically, we conduct Direct Stochastic Optical Reconstruction Mi-
croscopy (dSTORM)26,27 measurements of dye tagged crosslink
molecules to obtain relative two-dimensional localization proba-
bility density curves. Two classes of dyes are combined with acry-
lamide and methacrylamide variants of the crosslinker molecules.
Three dimensional localization probability curves are obtained
from the 2D curves while taking into account the exponential de-
cay of the excitation intensity profile. The 3D probability density
curves are combined with the volumetric evolution of the parti-
cles with time, obtained from dynamic light scattering data, to
predict the dye tagged monomer consumption as a function of
time. The predicted consumption profiles are found to be in good
agreement with consumption curves measured analytically using
UV-Vis spectroscopy. The consumption curves, along with con-
sumption curves for NiPAm and BIS, are fit to a terminal copoly-
merization model to extract reaction rate constants for homo-
propagation and crosspropagation for the functional crosslinker
with NiPAm and BIS. Specifically, we apply Bayesian regression
using a Markov chain technique28 to robustly quantify rate pa-
rameters and their uncertainties, thereby avoiding the difficulties
associated with parameter estimation from conventional high-
dimensional nonlinear fits29. These reaction rate parameters,
which are otherwise difficult to estimate due to the relative ex-
pense of the molecules, are expected to be useful for future ex-

periments, in particular those related to the study of spatial vari-
ations in crosslink density in gels.

2 Methods

2.1 Materials and Reagents

A detailed list of chemicals and reagents is provided in the ESI†.

2.2 Cross-linker synthesis and characterization

Details of the synthesis of all the cross-linkers reported in the pa-
per and their characterization is provided in the ESI†. We de-
note the methacrylamide and the acrylamide variants as BMA
and BA, respectively. The dye tagged crosslinkers are denoted
by crosslinker@dye.

2.3 Microgel synthesis

Microgels were synthesised as per a protocol described in the lit-
erature17. Briefly, for the 1:500 [crosslinker@dye]:[BIS] sam-
ples, 113 mg NiPAm (1 mmol), 3.05 mg BIS (0.02 mmol), 0.24
mg CTAB (0.66 umol), and 40 nmol of crosslinker@dye were
combined with H2O to make a final reaction volume of V f =
8.25ml in a 25 ml round bottom flask equipped with a septum
and an Ar gas inlet/outlet. The mixture was degassed for 40 min.
The flask was then placed in a water bath at 75◦C for 40 min, and
100 µl of a 10.7 mg/ml V-50 solution (3.95 µmol) was injected
to initiate the polymerization. Under a mild Ar stream, aliquots
( 100 µl) were drawn from the reaction in regular intervals (2.5,
5, 7.5, 10, 12.5, 15, 20, 30, 40 and 70 min) and were transferred
quickly (<5 sec) into ice-water cooled 1 dram vials containing
0.1 mg of hydroquinone (inhibitor). For the DLS measurements,
the aliquots were passed through a 1 µm glass fiber syringe fil-
ter (Pall Laboratory), sonicated for 1 min at room temperature
and diluted to concentrations sufficiently low for the prevention
of multiple scattering. The main reactor itself was quenched in
ice-water after 1.5 hours.
For the synthesis of 1:100 [crosslinker@Rh]:[BIS] samples, the
reactions were scaled up approximately 6.06x. Briefly, 684 mg
NiPAm, 18.3 mg BIS, 1.44 mg CTAB, 0.2 µmol of BA@Rh or
BMA@Rh and H2O were combined at a final reaction volume of
V f = 50 ml into a 100 ml three-neck round bottom flask equipped
with a septum, Ar gas inlet/outlet and degassed for 40 min. Af-
ter 40 min of equilibration at 70◦ C the reaction was initiated
with 500 µl of a 12.97 mg/ml V-50 solution. Under a mild Ar
stream, aliquots ( 2ml) were drawn from the reaction in regu-
lar intervals (2.5, 5, 7.5, 10, 12.5, 15, 20, 30, 40 and 70 min)
and were transferred quickly (<5 sec) into ice-water cooled 1
dram vials containing 1 mg of hydroquinone. 1.75 ml of these
aliquots were diluted 2x with H2O, placed in 4 ml ultracentrifu-
gation tubes and spun down at 35k RPM at 4◦C. The supernatants
were further diluted to concentrations appropriate for analytical
characterization with HPLC and UV-Vis spectroscopy. Dispersions
for DLS measurements of the precipitated aliquots were prepared
following the above reported procedure.
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2.4 dSTORM

2.4.1 Sample preparation.

Samples for super resolution imaging were prepared by casting
100 µl of 0.01% w/v microgel dispersions on polylysine coated
circular glass coverslips (Mattek, 35 mm Dish, No. 1.5 Coverslip,
14 mm Glass Diameter, Uncoated). Before imaging, microgels
were reconstituted in STORM buffer containing mercaptoethanol,
glucose oxidase and catalase for at least 30 min (all reagents pur-
chased from Sigma and buffer prepared according to Nikon N-
STORM Sample Preparation Protocol).

2.4.2 Image acquisition.

dSTORM images were acquired with a CFI Apo TIRF 100x ob-
jective (1.49 NA) on a Nikon Ti-E inverted microscope equipped
with a Nikon N-STORM system and a Hamamatsu sCMOS. The
setup was controlled by Nikon NIS-Elements AR software with
an N-STORM module. The dSTORM image was acquired using
a STORM filter cube (Nikon) and the sCMOS camera. A single
dSTORM experiment involved 60,000 cycles of continuous acqui-
sition, 10 ms per cycle. All images were acquired in oblique illu-
mination, applied using the TIRF illuminator of the microscope.

2.4.3 Image reconstruction.

dSTORM images were reconstructed using the imageJ plugin,
thunderSTORM30. Pre-processing filters were used to localize
molecules in each frame of a dSTORM experiment. A wavelet fil-
ter (B-spline order = 3, B-spline scale = 2.0) was used to filter
out noise and enhance features that corresponded to a localiza-
tion event. Threshold values for a localization event were set as a
multiple of the standard deviation of the intensity distribution in
each wavelet filtered frame and the ’local maximum’ method was
used to determine the approximate positions of each event. Sub-
pixel localization of molecules was achieved via a least squares fit
of an integrated Gaussian PSF to each event.

The ensemble localization data was filtered on the basis of val-
ues for sigma, intensities and uncertainties31. The uncertainty
limits were set to 30nm in the 1:500 cases and 80nm for the 1:100
cases. Higher uncertainties in the microgels with higher dye con-
centrations were a byproduct of the extensive bleaching required
to induce single molecule switching. The molecules surviving the
bleaching emitted fewer photons, which resulted in the higher
uncertainties (∆x ∝

1√
N

). The inbuilt cross-correlation algorithm
was used to correct for drift during the acquisition.

2.4.4 Localisation density calculation.

The ELKI32 implementation of the clustering algorithm, DB-
SCAN33, was used to segregate the data of each individual mi-
crogel from the ensemble localization data. A ‘net microgel’ was
constructed by superimposing the data of each microgel. The
localizations in the ‘net microgel’ were binned as per their dis-
tance from the center. Each bin was weighted by the area of the
bin, treated as the difference in areas of the inner and outer cir-
cles of the bin. To reconstruct the 3D distribution from the ob-
tained 2D storm data, the projection of a weighted 3D sigmoid
onto the ‘xy’, or focal plane, was fitted to the obtained dSTORM
data. The weight function used was an exponential function with

20.0 22.5 25.0 27.5 30.0 32.5 35.0 37.5 40.0
Temp (0C)
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BMA@NH2 
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Fig. 1 Hydrodynamic radii measured by dynamic light scattering versus
temperature for microgels containing trace quantities of methacrylamide
(BMA) and acrylamide (BA) variants of dye tagged crosslinkers, which
are designated by crosslinker@dye. Dyes shown are Alexa647 (ALX),
a cyanine dye; and Carboxytetramethylrhodamine (Rh), a Rhodamine
dye. The unreacted amine functional group in an untagged crosslinker is
designated by NH2.

a decay constant that corresponds to that of the excitation profile
of the evanescent wave along the ‘z’, or optical axis, in the tirf
setup34. The fit parameters obtained were then used to plot the
unweighted 3D function.

2.4.5 Bayesian regression.

The estimates of the rate constants and related parameters are
obtained via a Bayesian regression model28, in which the proba-
bility distributions of the unknown fit parameters given the data
(P(~θ ,σR|{ti j,Ci j})) are obtained from the following relationship
that holds under the assumption of a uniform prior distribution.

P(~θ ,σR|{ti j,Ci j}) ∝ P({ti j,Ci j}|~θ ,σR) (1)

Here, ~θ represents the set of fit parameters in the model,
and, as per the results and discussions section, takes one of
the following values {k33,Q3,e3,Rtotal}, {k33,Q3,e3,α,Rtotal}, or
{k13,k23,k31,k32,k33,Rtotal}; {ti j,Ci j} represents the experimental
consumption data where ‘i’ denotes the monomer and ‘j’ is the
data index for the corresponding monomer; and P({ti j,Ci j}|~θ ,σR)

is the probability distribution of the data given the parameters
and is assumed to be a Gaussian distribution of residuals with an
unknown variance (σR). The residual is obtained as the differ-
ence between the consumption data ({ti j,Ci j}) and the solution,
f (t,~θ), obtained from the terminal co-polymerization model for a
given set of parameters. P({ti j,Ci j}|~θ ,σR) is given by:

P({ti j,Ci j}|~θ ,σR) = ∏
i

1√
2πσR

[
exp
−(Ci j− f (ti j,~θ))

2

2σ2
R

]
(2)

The sampling of these distributions for the parameters is
achieved through the implementation of a Markov chain al-
gorithm. The algorithm invokes random walks in the multi-
dimensional parameter space in which a proposed step, from ~θn

to ~θn+1, is accepted if P({ti j,Ci j}|~θn+1,σR)≥ P({ti j,Ci j}|~θn,σR). If
the condition is not satisfied, the proposed step is accepted with

probability P({ti j ,Ci j}|~θn+1,σR)

P({ti j ,Ci j}|~θn,σR)
. The sampled distributions of the pa-
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Fig. 2 Extraction of 3D localization probability density profiles (blue trace)
from 2D STORM data (black circles), fit with a projected 3D profile after
correcting for the TIRF excitation profile (black curve) and comparison
with high resolution 3D data from the literature (blue triangles).

rameters are obtained from 15 random walks, each traversing
5000 steps. Final estimates of the parameters were obtained from
a maximum likelihood estimate that corresponded to the maxi-
mum in the normalized probability distribution function. Error
bounds are estimated from a 70 percent confidence interval esti-
mate obtained from the corresponding cumulative distribution.

3 Results and discussion
PNiPAm microgels were synthesized at 75◦C with 2 mol% BIS
and 4 x 10−3mol% of the dye-tagged crosslinker. The functional
crosslinker has been previously reported17 as its methacrylamide
(BMA) variant. Here we also present and use the acrylamide (BA)
variant of the crosslinker. Figure 1 shows representative exam-
ples of the impact of attaching cyanine (Alexa647, denoted as
ALX) and rhodamine (Carboxytetramethylrhodamine, denoted as
Rh) dye molecules to BMA and BA crosslinker variants on micro-
gel radius and swelling ratio (see ESI† for additional examples).
The Cyanine dyes result in larger microgels than Rhodamines. By
comparison, for a given dye, the contrast between using BMA and
BA is small. This contrast is noteworthy since the change from
BMA to BA would be expected to play a greater role than the
dangling dye substituent, and we surmise that the cyanine dye
interferes with the process of chain growth, with a net impact
similar to varying surfactant and initiator amounts.

2D localization probability density profiles as a function of pro-
jected radius are obtained by performing dSTORM measurements
on the microgels. The 3D radial profile is reconstructed from the
2D profile using a modification of the procedure described in the
literature12; specifically, we find it necessary to weight the 3D
test functions by the tirf excitation profile prior to projecting onto
the 2D plane and fitting. This modified extraction of 3D profiles
is validated by the agreement with directly measured 3D profiles
for BMA@Alx crosslink molecules previously reported in the lit-
erature using W-4PiSMSN17 (see Figure 2).

To facilitate the comparison of predicted dye tagged crosslinker
consumption with values measured by independent analytical
techniques, the cheaper Carboxytetramethylrhodamine dye was
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Fig. 3 Radial relative localization probability density profiles for Rho-
damine tagged BMA and BA crosslinkers, plotted as green and red
traces, respectively.
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0.0
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0.0 1.0
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Fig. 4 Normalised volumetric evolution of microgels in the (a) swollen
state obtained from dynamic light scattering data (dark blue squares) and
(b) collapsed state estimated from consumption of NiPAm (green circles).
The solid traces are the corresponding tanh2 fits. Here, r and r0 are the
instantaneous and final particle radii, respectively. The inset shows that
the slope approaches zero at the origin.

used and some synthesis parameters changed. To slow the ki-
netics down, we shifted to a synthesis temperature of 70◦C. To
improve signal to noise we increased the functional crosslinker
concentration to 2 x 10−2mol%. Figure 3 shows the resultant
3D radial distribution curves, both of which are found to be sig-
moidal.

We first calculate C(rs), the fraction of dye tagged crosslinker
that remains unreacted when the average radius of the growing
microgel particles in the swollen state is rs. We assume that all
of the consumed dye tagged crosslinker is incorporated into the
microgel particles, and denote the final radius by R, and the radial
relative localization probability density function by ρ(rs). C(rs) is
then given by:

C(rs) = 1−
∫ rs

0 4πr2
s ρ(rs)drs∫ R

0 4πr2
s ρ(rs)drs

(3)

To convert C(rs) into consumption, we use the volumetric evo-
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lution of the swollen particles shown by the dark blue squares in
Figure 4, where the instantaneous volume is normalised by the fi-
nal volume. The form of the curve shows a rapid evolution and a
final saturation. This is consistent with the previous literature24,
which itself features a zero slope at the origin, and thus an incu-
bation period for very short times. To establish the form of our
data at such short times, where DLS measurements are less re-
liable, we turn to the established model for ensemble averaged
growth.23 As the NiPAm rich chains grow in the solution phase
at temperatures far above the volume phase transition tempera-
ture, they collapse and precipitate on the nucleated collapsed gel
particles, creating a link between consumption and radial posi-
tion within the ensemble average of the microgel particles as they
grow in the collapsed form. For microgels that consist primarily
of PNiPAm, 98% in our case, if we assume uniform polymer den-
sity in the collapsed state, the volume of the collapsed gel particle
normalised by its final volume, ( r(t)

r0
)3, is equal to the fraction of

NiPAm monomer consumed. Here, r and r0 are the instantaneous
and final particle radii, respectively. The volumetric evolution of
the collapsed particles calculated in this manner (green circles
in Figure 4) clearly shows an initial incubation period prior to
rapid evolution as represented by the slope approaching zero at
zero time; we fit the full curve to a tanh2 function (green trace).
Since the inner core of the microgel has higher crosslink density,
for shorter times we expect a proportionality between the volu-
metric evolution of particles in the collapsed and swollen states.
We thus fit the volumetric evolution of the swollen microgels to
a tanh2 function as well (blue trace). We note that the volumet-
ric evolution of the swollen and collapsed forms do not fall onto
a master tanh2 curve; the swollen and collapsed forms evolve at
different rates.

Figure 5 shows the predicted consumption curves for the
BA@Rh and BMA@Rh crosslinkers. The predictions are con-
trasted to consumption rates measured by UV-Vis absorbance of
aliquots taken from the respective reaction mixtures at regular in-
tervals. We ascribe the compelling accuracy of the predictions to
multiple morphological factors. We use relative densities within
structures that are not extended and complex. The microgel par-
ticles themselves are well isolated and easily distinguishable from
the background. The density profiles are repetitive and contained
within geometrically stereotypical spherical structures, which fa-
cilitates averaging. Finally, we prefunctionalize the fluorophores
prior to synthesis. Taken together, these factors serve to mitigate
the potentially deleterious effects of labelling inefficiency, and
variations in the photophysics of the fluorophores such as pho-
tobleaching and multiple blinking. Interestingly, in a recent re-
view, Baddeley and Bewersdorf35 have commented that the bulk
of the most biologically relevant localization microscopy results
have come from morphologies with similar characteristics.

To exemplify the utility of quantitatively predicting consump-
tion curves for the dye tagged crosslinkers, we calculate the rate
constants of homo and cross-propagation of BMA@Rh with Ni-
PAm and BIS. Since low-concentration solution polymerization
kinetics captures the consumption curves of all three monomers,
we measure the consumption curves of NiPAm and BIS us-
ing high performance liquid chromatography (HPLC). Using lit-

0 5 10 15 20 25 30 35 40
time (min)

0.0

0.2

0.4

0.6

0.8

1.0

C/
C 0

 (t
)

SuperRes BA@Rh
SuperRes BMA@Rh
UV VIS BA@Rh
UV VIS BMA@Rh

Fig. 5 Comparison of consumption rates predicted from dSTORM data
for BMA@Rh (green trace) and BA@Rh (red trace) with rates from UV-
Vis measurements of the supernatant in the reactor (open circles).

erature values for the rate constants that do not involve the
new compound25, we apply an established explicit terminal co-
polymerization model23 to fit the consumption curves and extract
the five desired rate constants. Briefly, this model performs the
monomer mass balance given below:

d[Ni]

dt
=−(∑

j
κ jiφ j)[Ni][Rtotal ] (4)

where the subscript i = 1,2,3 refers to NiPAm, BIS and
dye tagged crosslinker, respectively; κ ji is the rate constant
of monomer i propagating with radical j; φ j is the radical
fraction of component j at any given time, and Rtotal is the total
concentration of radicals in the system, which is assumed to be
constant as per the steady state approximation. The summation
term can be interpreted to be the pseudo-kinetic rate constant for
any given monomer.

While calculating the five unknown rate constants, we assume
that their values are constrained by the Price-Alfrey scheme36.
Briefly, the Price-Alfrey scheme is an empirical method that asso-

NIPAM:

      HPLC Data

      Steady State Model

      Transient Model

BIS:

      HPLC Data

      Steady State Model

      Transient Model

BMA@Rh:

      HPLC Data

      Steady State Model

      Transient Model

Fig. 6 Fits to consumption data (open circles) for NiPAm (red), BIS (blue)
and BMA@Rh (green) using a steady state terminal copolymerization
model (dashed lines) and a modified transient model (solid lines) in which
the total radical concentration is assumed to have a tanh functional form
with time. Both models are constrained to be consistent with the Price-
Alfrey scheme. The inset shows that the transient model better captures
early time behavior.

Journal Name, [year], [vol.], 1–7 | 5

Page 5 of 8 Soft Matter

S
of
tM

at
te
r
A
cc
ep
te
d
M
an
us
cr
ip
t

Pu
bl

is
he

d 
on

 2
8 

O
ct

ob
er

 2
01

9.
 D

ow
nl

oa
de

d 
by

 R
en

ss
el

ae
r P

ol
yt

ec
hn

ic
 In

st
itu

te
 o

n 
10

/2
8/

20
19

 9
:2

4:
28

 P
M

. 

View Article Online
DOI: 10.1039/C9SM01618J

https://doi.org/10.1039/C9SM01618J


Table 1 Rate constants for BMA@Rh calculated using a terminal copolymerization model implementing the Price-Alfrey scheme. All rate constant
units are in [L mol−1 s−1]. Parameters are reported as Mean [+Upper Error Bound, -Lower Error Bound]

Parameter Price Alfey Price Alfrey
(constant Rtotal) (time varying Rtotal)

k33 9.0 [+37,−0.1] 4.8 [+2.6,−0.7]
Q3 3.2 [+0.15,−0.50] 2.1 [+0.4,−0.15]
e3 2.1 [+0.5,−0.15] 1.63 [+0.2,−0.45]
k13 7.90×105 [+8.5×104,−9.0×104] 9.02×105 [+1.0×105,−9.0×104]

k23 1.21×105 [+1.7×104,−1.1×104] 1.56×105 [+1.9×104,−1.5×104]
k31 3.0 [+39,−1.0] 0.8 [+0.4,−0.4]
k32 5.0 [+43,−0.2] 1.1 [+1.2,−0.3]
k33 9.0 [+37,−0.1] 4.8 [+2.6,−0.7]
rmse 0.031 0.026

ciates individual monomers with two constants, Q and e, that
can then used to estimate reactivity ratios for free radical co-
polymerization. Since the Q and e parameters for NiPAm and BIS
are known from the literature25, the task of evaluating the five
rate constants reduces to evaluating three parameters, Q3,e3 and
k33 (See ESI† for equations relating the rate constants to the three
parameters). The parameters Q3,e3 and k33 were determined
via a Bayesian regression approach28 which simultaneously min-
imized the residuals of the fits to the experimental consumption
data of all three monomer species (see ESI† for plots). Since this
approach provides the probability distributions of fit parameters
which turn out to be highly asymmetric in certain cases, we re-
port the maximum likelihood estimate, and the error bounds are
calculated using confidence intervals for the parameters. The cal-
culated parameters and the root mean square error (rmse) from
the fits to the relative concentration consumption data are listed
in Table 1. The fits (dashed lines) and consumption data (open
circles) are shown in Figure 6.

Next, we consider the early time behavior of the consump-
tion data, shown in the inset of Figure 6. The terminal co-
polymerization model assumes a constant value for Rtotal , and
this model is unable to fully capture the early time behavior of
the consumption data due to the presence of the fast-reacting
BMA@Rh monomer. We therefore consider a modified transient
model in which the Rtotal term from Equation 4 is multiplied by
a tanh(α t) factor. As before, the parameters are determined via
the Bayesian regression model (see Table ESI† for plots). The re-
sultant rate constants and rmse errors for the best fit parameters
are summarized in Table 1, while the fits to the consumption data
(solid lines) are shown in Figure 6. The modified transient model
works better in describing the data, as demonstrated by the re-
duction in estimated errors of the rate constant parameters, as
well as a reduction in the root mean squared error values of the
fits to the consumption data. We ascribe this improvement to the
use of the tanh(α t) factor, since it is known that the total radical
concentration evolves with such a functional form37.

Finally, we considered the possibility that the Price-Alfrey
model does not hold for BMA@Rh. However, we found that al-
though the use of five independent kinetic rate constants results
in a marginal improvement in the rmse value, which is expected
for an increase in number of free parameters, several of the de-
termined rate constants themselves became ill-defined, with large

70 percent confidence intervals relative to the respective means,
and we did not consider this possibility further.

4 Conclusions
In summary, we have demonstrated that the morphology of col-
loidal microgels is uniquely suited to allow for the extraction
of quantitative information from single molecule localization mi-
croscopy. Averaged and normalised localization probability den-
sity curves can be combined with volume evolution data to accu-
rately predict consumption of dye tagged monomer as a function
of time. These curves, when combined with consumption data
of the other monomers, can in turn be used to extract kinetic
rate constants for homopropagation and crosspropagation. These
constants, which are otherwise difficult to measure due to practi-
cal cost considerations, are expected to be useful in morphologi-
cal studies of colloidal and bulk gels, in particular the impact on
properties of spatial variations in crosslink density.
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