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Abstract
In this work, we present a combination of a continuous flow reactor with in situ monitoring of the monomer conversion in
a precipitation polymerization. The flow reactor is equipped with a preheating area for the synthesis of thermoresponsive
microgels, based on N-isopropylacrylamide (NIPAM). The reaction progress is monitored with in situ FTIR spectroscopy.
The monomer conversion at defined residence times is determined from absorbance spectra of the reaction solutions by
linear combination with reference spectra of the stock solution and the purified microgel. The reconstruction of the spectra
appears to be in good agreement with experimental data in the range of 1710 to 1530 cm−1, in which prominent absorption
bands are used as probes for the monomer and the polymer. With increasing residence time, we observed a decrease in
intensity of the ν(C=C) vibration, originating from the monomer, while the ν(C=O) vibration is shifted to higher frequencies
by polymerization. Differences between the determined inline conversion kinetics and offline growth kinetics, determined
by photon correlation spectroscopy (PCS), are discussed in terms of diffusion and point to a crucial role of mixing in
precipitation polymerizations.
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Introduction

In the past few years, the continuous synthesis of smart
microgels has attracted more and more attention, because
of the convenient up-scaling of production. Smart microgels
are polymer particles, typically swollen with a solvent,
which can respond to an external stimulus by a reversible
volume phase transition (VPT) [1–5]. The size of these
colloidal gels ranges from a few tens of nm to approximately
1 µm. The ability to respond to an external stimulus, such
as a change of temperature [6], pH value [7], pressure
[8], solvent [9], or ionic strength [10], makes microgels
interesting candidates for a broad range of applications. The
response typically results in a change of the particles size,
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which is of great interest in various fields, like controlled ca-
talysis [11, 12], biocatalysis [13, 14], sensor design [15–18],
drug delivery [19, 20], microreactors [21], smart membrane
fabrication [22, 23], surface coating [24, 25] and microflui-
dics [26–28]. The properties of microgels can be influenced
by copolymerization [29] or by architecture [30–33].

The best studied representative of thermoresponsive
microgels is based on N-isopropylacrylamide (NIPAM),
cross-linked with N,N′-methylenebis(acrylamide) (BIS).
Above a temperature of approximately 32 ◦C poly(N-
isopropylacrylamide) (PNIPAM) microgels show a VPT in
water by releasing solvent out of the polymer network,
usually within some milliseconds [8]. Batch syntheses of
PNIPAM-based microgels via precipitation polymerization
are well established. In such a synthesis, a free radical
polymerization must be performed above the volume phase
transition temperature (VPTT) of the polymer to form
microgel particles. To tailor the properties of microgels in
precipitation polymerizations, it is of major importance to
investigate the microgel formation in detail. Considering
in situ monitoring, three stages of the reaction progress are
of great interest (Fig. 1).

Prior to initiation of the reaction, only the monomer and
the cross-linker are present in the solution. After addition
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Fig. 1 The different stages in a precipitation polymerization can be
divided in three characteristic polymerization steps. The stock solution
(a) consists of dissolved monomer and cross-linker. The reaction starts
by addition of a radical initiator, leading to formation of oligomers and

collapsed precursor particles (b). The particles start to grow until they
reach their full size with few, unreacted monomer and small oligomers
left in the solution (c)

of a thermally unstable initiator, the precipitation poly-
merization is started and small oligomers and precursor
particles are formed. During the reaction progress, the parti-
cles start to grow by radical polymerization and aggregation
of oligomers in the particles. The final reaction solution con-
sists of fully grown particles, with few monomers and small
oligomers left [34]. In established batch syntheses the batch
is preheated to the required reaction temperature before the
reaction is initiated by addition of a radical initiator, often
predissolved in a small volume with respect to the total
volume [35–38].

The idea of a continuous production of thermoresponsive
microgels has gained popularity, due to the great poten-
tial concerning production scale-up, screening and in situ
monitoring [39]. Recent work shows that a continuous
flow synthesis is a suitable method to synthesize thermore-
sponsive microgels and points out that mixing is of great
importance for narrow particle size distributions [40]. In this
context, mixing inside continuous flow reactors is very chal-
lenging, as static mixers not only lead to fluid mixing, but
also tend to promote fouling, coalescence, or clogging when
polymer films form onto the surface. Therefore, many of
the continuous flow setups in literature are equipped with a
mixer right before the reactor to mix the initiator with the
monomer solution, before heating to the desired reaction
temperature in the reactor [41, 42].

A combination with in situ monitoring of the reaction
progress is of great interest to study defined stages of the
microgel formation over a long period of time. So far, FTIR
spectroscopy has been used as a non-invasive method to
study the phase behavior in thermoresponsive acrylamides
on a molecular level by analyzing the vibrational modes
of the amide in D2O [43, 44] and H2O [45]. Furthermore,
the role of the polymer backbone [46] and the isopropyl
groups [47, 48] in microgels during phase transition was
studied with FTIR spectroscopy. In the context of inline
monitoring, prominent vibrations in acrylamides have been

used as probes for monomer conversion in batch syntheses,
using Raman spectroscopy [49]. Moreover, Virtanen et al.
[50] studied the microgel formation by in situ SANS in a
stopped-flow setup.

To the best of our knowledge, a combination of a con-
tinuous flow setup with in situ monitoring of a precipitation
polymerization by FTIR spectroscopy has not been estab-
lished yet. In this work, we present a continuous flow
synthesis of thermoresponsive microgels in a flow reactor
with preheating area and subsequent in situ monitoring of
the polymerization progress by inline FTIR spectroscopy.
We show that a combination of continuous flow syntheses
and in situ monitoring is a convenient approach for contin-
uous process control and screening of microgel syntheses.
The growth kinetics of the microgels are derived from the
hydrodynamic radii Rh, as obtained by PCS [51, 52]. The
monomer conversion is determined from FTIR spectra by
using characteristic vibrational modes of the monomer and
the polymer as probes. With our approach, we introduce a
new concept to study defined stages of microgel formation
over an arbitrary period of time.

Materials andmethods

Materials and solution preparation

N-isopropylacrylamide (NIPAM) (> 98%; TCI, Eschborn,
Germany) was recrystallized from n-hexane. N,N′-methy-
lenebis(acrylamide) (BIS) (99%; Sigma-Aldrich, St. Louis,
USA), ammonium persulfate (APS) (> 98%; Sigma-Al-
drich, St. Louis, USA) and deuterium oxide (D2O) (99.9%;
Deutero, Kastellaun, Germany) were used as received.
NIPAM (11.55 mmol, 79.4 mM) and BIS (0.58 mmol,
5.0 mol% to NIPAM) were dissolved in deuterium oxide
(145.5 mL) in a three-necked flask and purged with
nitrogen under stirring for 90 min. After purging, the
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stock solution was degassed under vacuum and stirring
for 30 min. APS (0.202 g, 0.89 mmol) was dissolved in
D2O (10.0mL) and purged with nitrogen for 45 min under
stirring. The concentrations were adjusted to the used flow
conditions. The reaction solution always had a final NIPAM
concentration of 77 mM.

Setup

Two low-pressure syringe pumps (neMESYS 290N, gear
box translation: 14:1, Cetoni GmbH, Korbussen, Germany),
equipped with two 10 mL glass syringes (Hamilton
Company, Reno, USA) were used to pump the mono-
mer solution into the reactor (Fig. 2). For a continuous
pumping procedure, the cross-flow option in the software
QMix Elements (version: 20191024, Cetoni, Korbussen,
Germany) was used. The duration of the cross-flow overlap
was set to 10 s. With a third low-pressure syringe pump
(neMESYS 290N, 29:1), equipped with a 10 mL glass
syringe (Hamilton Company, Reno, USA), the initiator
solution was injected. Further information about the used
flows is shown in Table 1.

The flow reactor was a hollowed out aluminum cylinder
(150 × 120 × 90 mm, wall thickness: 10 mm), covered
by a PVC box (170 × 140 × 110 mm, wall thickness:
10 mm) for thermal insulation. The reaction took place
in a tube with an inner diameter of 1.65 mm. The tube
consisted of an inner wall of 0.4 mm of poly(ethylene-2,5-
furanoate) (PEF) and an outer wall of 0.4 mm of polyvi-
nylidene fluoride (PVDF). As mentioned before, the stock
solution was continuously pumped into the reactor with
a cross-flow procedure. The reactor was connected with
a Haake P5 circulating bath with a Haake DC10 thermo
controller (Thermo Fisher Scientific Inc., Massachusetts,
USA) and heated up with water to 70 ◦C. While pumped
into the reactor, the stock solution was preheated in the

preheating area for at least 5 min to reach the reaction
temperature. Subsequently, the preheated solution reached
a T-junction with an inner diameter of 2 mm, where the
initiator solution was injected through a cannula with an
inner diameter of 0.400 mm. The reaction solution was
then transferred through the reaction zone with the desired
length (see Table 1). The received reaction solution was
directly pumped through a flow cell to perform in situ FTIR
experiments. Subsequently, the solution was quenched in a
77 mM aqueous solution of 4-methoxyphenol (99%; Sigma-
Aldrich, St. Louis, USA). The quenched microgels were
purified by four successive centrifugation, decantation and
redispersion steps in purified water (20000 rpm, 20 ◦C, 1 h,
70Ti; Beckman Coulter, Brea, USA).

Photon correlation spectroscopy

Temperature-dependent PCS measurements were per-
formed at a fixed angle of 45◦ to obtain swelling curves
of the purified microgels. A HeNe-laser (632.8 nm, 21 mW,
Thorlabs, Newton, USA) was used in combination with
a 6010 multiple tau digital autocorrelator (ALV, Langen,
Germany) and an SO-SIPD single photon detector (ALV,
Langen, Germany). The highly diluted sample was inserted
in a decalin bath and measured in a range of 10 to 60 ◦C
(C25P, Thermo Haake, Karlsruhe, Germany). The sam-
ple was equilibrated for 25 min at each temperature. The
hydrodynamic radius Rh can be calculated from the Stokes-
Einstein equation (Eq. 1).

DT = kBT

6πηRh

(1)

The Stokes-Einstein equation describes the translational dif-
fusion coefficient DT considering the Boltzmann constant
kB, the temperature T, the dynamic viscosity of the solvent
η and the hydrodynamic radius Rh. DT is described by the

Fig. 2 Continuous flow setup for in situ measurements in a FTIR spectrometer
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Table 1 Detailed conditions for the adjusted residence times tr inside
the reaction zone. The flow ratio between flowstock and flowAPS was
set to 97:3

tr lengthtube flowtotal flowstock flowAPS

(min) (cm) (mL h−1) (mL h−1) (μL h−1)

5 80 20.527 19.911 616

6 80 17.106 16.593 513

7 80 14.662 14.222 440

8 80 12.830 12.445 385

10 80 10.264 9.956 308

15 600 51.318 49.778 1540

30 600 25.659 24.889 770

45 600 17.106 16.593 513

60 600 12.830 12.445 385

ratio of the mean relaxation rate Γ̄ and the scattering vector
q (Eq. 2).

DT = Γ̄

q2
(2)

The scattering vector q is dependent on the wavelength λ,
the refractive index of the solvent n and the scattering angle
θ (Eq. 3).

q = |q| = 4πn

λ
sin

(
θ

2

)
(3)

The obtained data were analyzed with the CONTIN
program by Laplace inversion [53].

Static light scattering

In addition to the PCS measurements the sample of the
fully grown microgels (60 min) was measured by static
light scattering. The setup was equipped with a cw-Laser
(532.0 nm, Compass 315M-100 DPSS, Coherent Inc., Santa
Clara, USA), a multiple tau digital correlator (ALV-7004,
ALV-GmbH, Langen, Germany), a goniometer system
(ALV/CGS-3, ALV-GmbH, Langen, Germany) equipped
with a KP56KM1-501 step motor and a photon counting
module (SPCM CD 3296 H, Excelitas Technologies
Inc., Dumberry, Canada). The SLS measurements were
performed at 50 ◦C in a range between 30 and 140 ◦ with an
increment of 1 ◦. Every angle was measured five times for
30 s. Water and toluene were measured in the same way to
obtain a normalized scattering intensity Inorm,θ (Eq. 4).

Inorm,θ = Isample,θ − IH2O,θ

Itoluene,θ
Rtoluene

(
nH2O

ntoluene

)2

(4)

In Eq. 4 Inorm,θ depends on the scattering intensity of the
sample Isample,θ , the solvent IH2O,θ and toluene Itoluene,θ , as

well as the Rayleigh ratio Rtoluene and the refractive indices
of water nH2O and toluene ntoluene. The scattering profile
was fitted with a model-dependent hard-sphere fit using
SASVIEW [54]. The model describes the scattered intensity
I(q) as a function of the volume fraction φ, the volume of
the scatterer V, the radius of the sphere r, the background b,
the scattering vector q and the scattering length difference
between scatterer and the solvent Δρ (Eq. 5).

I (q) = φ

V

(
3V (Δρ)(sin(qr) − qr cos(qr))

(qr)3

)2

+ b (5)

The radius of gyration Rg was determined by a Guinier
analysis. The data from SLS were fitted linearly up to
qRg < 1 in relation to the maximum q-value of the fitting
region (Eq. 6).

ln(Inorm(q)) = ln(Inorm(0)) − (Rgq)2

3
(6)

The radius of gyration Rg is defined by the slope of the
linear behavior in Eq. 6.

Atomic force microscopy

AFM measurements were used to investigate the structure
and size distribution of single adsorbed particles in the
dried state at room temperature. The measurements were
performed with a DI Nanoscope IIIa (Digital Instruments,
now Bruker, Karlsruhe, Germany) mounted on a Zeiss
Axiovert 135 inverted microscope (Carl Zeiss Microscopy
GmbH, Jena, Germany) in semi-contact mode using Budget
Sensors (Innovative Solution Bulgaria Ltd., Sofia, Bulgaria)
Al-Reflex Tap300Al-G cantilevers with a tip radius of
< 10 nm, a resonance frequency of about 300 kHz and
a spring constant of 40 N/m. For the sample preparation
a silicon wafer (Siegert Wafer GmbH, Aachen, Germany)
was cleaned with ethanol (HPLC grade) and subsequently
in a plasma cleaner (Zepto, Diener Electronics GmbH,
Ebhausen, Germany). Afterwards, the cleaned wafer was
spin-coated with 0.1 mL of a PEI-solution (0.25 wt%)
and then with a highly diluted microgel suspension. The
resulting images were analyzed with GWYDDION [55] and
Image J [56].

FTIR spectroscopy

In situ FTIR experiments were performed in a flow cell
(Omni-Cell, Specac Ltd., Orpington, UK) with CaF2-
windows (Korth Kristalle GmbH, Kiel, Germany). A PTFE
spacer with a slit was placed between the windows
(thickness: 0.1 mm, width: 2 mm, length: 4 cm). The
measurements were performed in a Tensor 27 spectrometer
with the software OPUS 7.5 (Bruker, Ettlingen, Germany).
The spectra were taken with at least 256 scans in a spectral

224 Colloid Polym Sci (2021) 299:221–232



region between 0 and 7900 cm−1 at a spectral resolution of
2 cm−1 and detected with a DTGS detector. A zero-filling
factor of four was used for the Fourier transformation.
The chamber of the spectrometer was continuously purged
with dried air (Parker Hannifin, model 75-62, Cleveland,
USA). A spectrum of D2O was recorded directly before
each experiment as a reference spectrum. The spectra
were corrected to compensate water vapor. The respective
difference absorbance spectra were generated by subtraction
of the solvent spectrum from the sample spectrum, and
were baseline-corrected with a polynomial rubber band
correction. The residence time between the reactor and the
flow cell was kept as short as possible, though the solutions
were investigated below the VPTT to avoid significant
influences of the temperature on the shape and the area of
the amide I vibration in the polymer (see SI: Fig. 1).

Calculations of spectra

Quantum chemical calculations of deuterated NIPAM and
PNIPAM were performed with Gaussian03W [57]. The
geometry optimization was performed with a density
functional theory approach. A basis set of 6-311G +(2d,p)
with a B3LYP functional was used. The calculated spectra
were scaled with a factor of 0.96 and broadened with
Lorentzians using a full width at half maximum of 14 cm−1.

Results and discussion

Design of a flow reactor with preheating area

We developed a flow reactor that enables an in situ
investigation of the reaction progress during the continuous
flow synthesis of smart acrylamide-based microgels. To
prevent fouling, i.e., a deposition of microgel films on
the inside of the reactor, we chose a tubing made of
poly(ethylene-2,5-furanoate) (PEF) on the inside with a
polyvinylidene fluoride (PVDF) coating on the outside to
prevent the solution from an uptake of oxygen and therefore
an inhibition of the reaction. Since polymers, like PVDF,
have a much lower heat conductivity than steel [58, 59]
and to transfer the established protocol of batch syntheses
to a continuous setup, we equipped the flow reactor with
a preheating area to heat the stock solution up to the
required reaction temperature before initiation (Fig. 3).
For temperature control of both, the preheating area and
the reaction zone, the whole reactor was submerged in a
temperature-controlled water bath.

The preheated solution was pumped into a T-junc-
tion, where the dissolved initiator was added in a flow
ratio of 3:97, with respect to the monomer flow. The
final concentration of the resulting reaction solution was

comparable to common batch concentrations in literature
[60]. After initiation, the reaction solution was pumped
through the reaction zone. The residence time in the reaction
zone was adjusted by the total flow rate and the length of the
tubing. With flow rates ranging from 10.3 to 51.3 mL h−1

and tube lengths of 80 and 600 cm, residence times between
5 and 60 min were accessible (for more details, see Table 1).
For all flow conditions, the temperature inside the T-
junction reached approximately 70 ◦C, guaranteeing stable
reaction conditions (see SI: Fig. 2). To enable a high volume
throughput, the stock solution was continuously dispensed
by two syringe pumps, connected to a reservoir. Dispensing
and aspirating were performed alternately. In combination
with an autosampler (see SI: Fig. 3), continuous runs with
durations of > 10 h could be realized. The reservoir can
be refilled during the synthesis for experiments of arbitrary
length. In the experiments performed in this work, the total
duration was only limited by the volume of the syringe
with the initiator solution. However, the setup may also
be operated with a fourth syringe pump and a refillable
reservoir for the initiator, which makes it suitable for
essentially infinite operation.

To reduce pressure drops during a switch between two
syringes, the pumps were synchronized by a cross-flow
mode, to perform a smooth fade between the streams (see
SI: Fig. 4, 5). During preparation, the stock solution was
purged with nitrogen to remove oxygen and afterwards
degassed under vacuum with sonication to prevent gas
bubble formation, which would lead to discontinuous
flows and concentration variations in the flow cell. After
leaving the reaction zone, the suspension was pumped
through a flow cell, installed in an FTIR spectrometer for
inline investigations. Afterwards, the reaction solution was
quenched in a p-methoxyphenol solution, preserving the
particles at their current reaction state for offline analysis.
The time deviation caused by the additional duration from
the reactor to the spectrometer and subsequently to the
quenching solution was kept as short as possible and was
taken into account in the following evaluation.

Microgel characterization

To characterize the microgels produced in the flow
reactor after different residence times, we applied photon
correlation spectroscopy (PCS), atomic force microscopy
(AFM) and static light scattering (SLS).

In Fig. 4, the hydrodynamic radii of the purified micro-
gels Rh, obtained from PCS measurements show a char-
acteristic swelling behavior for PNIPAM/BIS microgels,
between 10 and 60 ◦C. All microgels with a residence time
between 5 and 60 min show a phase transition at approxi-
mately 33 ◦C, whereas the size ranges from 218 to 281 nm in
the swollen state at 10 ◦C and increases from 108 to 141 nm

225Colloid Polym Sci (2021) 299:221–232



Fig. 3 Scheme of the setup. The
NIPAM/BIS solution is pumped
through the reactor via syringe
pumps. The reaction is initiated
by continuous addition of APS
solution. The reaction progress
is monitored by in situ FTIR.
The reaction solution is
quenched in a p-methoxyphenol
solution, purified by
centrifugation and characterized
by photon correlation
spectroscopy (PCS)

in the collapsed state at 50 ◦C with further reaction progress.
The VPTT appears to be independent from the residence
time.

With PCS, a significant particle growth depending on
the residence time could be shown. In order to confirm the
particle shape of microgels and the growth of the particles,
the size distribution of the microgels was additionally
investigated by means of AFM at residence times of 5 min,
10 min and 60 min (Fig. 5). In addition to the AFM images
shown here, AFM images of a larger section (see SI: Fig. 6)
were used to extract height profiles and to determine the
particle size distribution of the microgels (Fig. 6) in order to
ensure better statistics.

The height images (Fig. 5 A–C) reveal that the size
of the particles increases with increasing residence time.
After 5 min, quite small particles with a low height are
obtained. After a residence time of 10 min, a significant

Fig. 4 Swelling curves of PNIPAM microgels at different residence
times in the flow reactor. The reaction solutions were quenched,
purified and then studied by PCS

increase in size can be observed, whereas the size difference
between 10 min and 60 min is rather small. This trend is
particularly evident when the corresponding phase images
of the microgels (Fig. 5 a–c) are considered. In addition to
the height images, the particles show a typical core-corona
structure in the phase image, becoming more distinct after
10 and 60 min [61]. The core-corona structure suggests a
cross-linker gradient, leading to a distinct fuzzy periphery
during the particle growth.

A quantification of the AFM images shows an increase
of the particle size. The height and the median of the
particle radius increase between 5 min (height: 10 nm,
median radius: 160 nm) and 10 min (height: 35 nm, median
radius: 225 nm), while the change from 10 to 60 min (height:
50 nm, median radius: 250 nm) is less significant. However,
the shape of the particle distribution implies a rather high
polydispersity (Fig. 6 a, b). An increased polydispersity in
comparison to batch conditions is a common observation
in continuous flow experiments, due to a lack of mixing
[40]. To quantify the polydispersity of the microgels in
their native state, we performed SLS experiments with the
purified microgels after a residence time of 60 min in the
collapsed state (Fig. 7).

First a model-independent analysis of the scattering data
was performed to gain insights into the structural properties
of the microgel particles. To get an idea of the general shape
of the microgels, the ratio of the radius of gyration and the
hydrodynamic radius (Rg/Rh) was investigated. Figure 7a
shows the Guinier analysis at 50 ◦C. The slope of the plot led
to a Rg of 109.7 nm and a Rg to Rh ratio of 0.778 and shows
that the microgels behave like hard spheres in the collapsed
state [62, 63].

Furthermore, a model-dependent adaption of the data
was performed. Figure 7b shows a plot of the normalized
scattering intensity Inorm(q) against the scattering vector q

at 50 ◦C between 0.008 and 0.03 nm−1. It is to mention
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Fig. 5 AFM images of PNIPAM microgels after a residence time of 5 min (A, a), 10 min (B, b) and 60 min (C, c). All measurements were
performed in the dried state at room temperature. The height images are marked with a capital letter and the corresponding phase images with a
lower case letter

that the form factor minimum could not be resolved,
which makes a hard-sphere analysis more challenging.
Nevertheless, we performed a fit of the obtained data using
the hard-sphere model. For the collapsed particles, a radius
of gyration of 110.0 nm was obtained with a PDI-value
of 1.23. An increased polydispersity is in accordance with
observations we made in the dry state using AFM. We
assume that the higher polydispersity in our experiments
occurs due to the absence of mixing. Therefore, the reaction
process is completely driven by diffusion, since turbulent
mixing only occurs at high Reynolds numbers, typically
under very high flow velocities [64]. A more monodisperse
size distribution can be obtained by using a mixing
element [65]. Despite the higher polydispersity compared
to classically synthesized microgels, we could show by

temperature-dependent PCS and AFM that at all studied
residence times, microgel particles with the characteristic
swelling behavior were obtained with the presented flow
reactor.

Kinetics of microgel formation

In addition to offline investigations of the microgel forma-
tion, we analyzed the conversion of the monomers in situ,
utilizing FTIR spectroscopy. Therefore, the flow reactor
was connected to a flow cell in a FTIR spectrometer. The
monomers and the initiator were dissolved in D2O to avoid
significant absorption of water between 1700 and 1600
cm−1, opening the spectroscopic window to investigate
prominent ν(C=O) and ν(C=C) vibrations of microgels and

Fig. 6 Averaged height of the
microgel particles obtained from
the AFM images (see SI: Fig. 6)
at the residence times of 5 min,
10 min and 60 min (a) and the
corresponding particle
distribution (b). The error bars
correspond to the standard
deviation

227Colloid Polym Sci (2021) 299:221–232



Fig. 7 SLS of microgels
obtained after 60 min in the flow
reactor at 50 ◦C, normalized
with toluene. a: Linear fit of the
Guinier region of the scattering
curve up to a maximum value of
qRg < 1. b: The scattering curve
of the collapsed microgels was
fitted with a hard-sphere model

a b

monomers. A flow cell containing two CaF2-windows sep-
arated by a PTFE spacer with a thickness of 0.1 mm and a
slit with a width of 2 mm was installed in the spectrometer.
A spectrum of D2O was recorded directly before the experi-
ment to compensate solvent absorbance. For reconstruction
of the experimental spectra by linear combination, reference
spectra of the stock solution and the purified microgel with
a residence time of 60 min were recorded. The correspond-
ing reference solutions were obtained by adding a fixed
concentration of NaSCN (154 mM in D2O) as a chemical
standard to the freeze-dried stock solution (concentration:
97 mM with respect to the initial amount of NIPAM) to ver-
ify a constant path length between the reference spectra. The
reference solution of the purified microgel was prepared
likewise. NaSCN was only used as a chemical standard
in reference spectra of the stock solution and the purified
microgel, since additives could cause an influence on the
reaction by a change in the ionic strength, solvency effects,
or quenching. The recorded reference spectra show signif-
icant differences in vibrational modes between the stock
solution and the purified polymer (Fig. 8a).

Between 1700 and 1350 cm−1 prominent absorption
bands are visible for NIPAM and PNIPAM. The bands can
be assigned with density functional theory (DFT) (see SI:
Fig. 8). For the monomer, characteristic bands of ν(C=C)

at 1653 cm−1 and ν(C=O) at 1595 cm−1 can be observed.
The respective amide I vibration of the polymer is shifted
to higher frequencies at 1626 cm−1. The bending vibration
of amide II is found at 1477 cm−1, while this vibration
overlaps with CH3 bending vibrations in this region [46].
δs(CH3) and δs(CH2) vibrations from NIPAM are detected
at 1392 and 1372 cm−1, as well as δ(C–H) deformation of
the polymer. This observation is in accordance to literature
[46]. The vanishing of C=C double bonds is a typical probe
for monitoring the progress in precipitation polymerizations
[49]. In Fig. 8b an in situ FTIR spectrum of the solution with
a residence time of 5 min inside of the reactor is shown. The
spectrum consists of characteristic vibrational bands of the
stock solution, as well as overlapping contributions by the
polymer. A linear combination (dashed line) of spectra from
the stock solution (black) and the purified polymer (red) is
in good accordance to the experimental data (purple, solid
line).

With increasing residence time, the amide I vibration of
the polymer at 1626 cm−1 increases, whereas the intensity
of the prominent monomer vibrations at 1653 and 1595 cm−1

vanishes (Fig. 9). After 60 min, no significant contribution
by the stock solution is observable. For all residence times,
the reconstruction is in good accordance to the experimental
data. To quantify the conversion Eq. 7 was used, containing

a

Fig. 8 a: Reference spectra of the stock solution and the purified
microgel in D2O (97 mM with respect to the initial amount of NIPAM).
NaSCN was used as a chemical standard to verify a constant path
length (also see SI: Fig. 7). b: In situ FTIR spectrum of the reac-
tion solution with a residence time of 5 min inside the reactor (purple,

solid line) and corresponding linear combination (dashed line). The
reference spectrum of the stock solution (black) and the purified
polymer (red) are scaled according to their contribution to the linear
combination
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Fig. 9 In situ FTIR spectra of the reaction solutions after residence
times between 5 and 60 min inside the reactor and corresponding linear
combinations (dashed lines) from the reference spectra of the stock
solution and the purified polymer (for raw and corrected spectra see
SI: Fig. 9, 10)

the determined linear combination coefficients for the stock
solution as and the purified polymer ap.

X = ap

as + ap

(7)

The relative conversion increases rapidly within the first
minutes after initiation (Fig. 10, red). Five minutes after
leaving the reactor, 21% of the stock solution is converted.
After 15 min, over 80% and after 60 min, 98% of the monomer
reacted to polymer. High conversions at 70 ◦C within the
first 15 min can also be seen under batch conditions [51].

In addition to the conversion, the volume of the collapsed
microgels at different residence times is shown in Fig. 10.
It can be seen that the volume increases rapidly within the

Fig. 10 Relative monomer conversion calculated from linear combi-
nations of in situ FTIR experiments (red) and corresponding particle
volume Vh,50◦C of the microgels in the collapsed state at 50◦C (black)
against the residence time tr with a single exponential approach (Eq. 7)

the first 15 min. After about 30 min no significant increase
in the particle size is observed. The data points in Fig. 10
are described with Eq. 8, where Xmax is the maximum
conversion, t the time, t0 the offset from the origin and k the
rate constant.

X = Xmax − Xmax exp(−(t − to)k) (8)

With the single exponential approach, we assume that the
rather small amount of cross-linker does not significantly
influence the kinetics of the conversion and the particle
growth. The particle volume is fitted with the same equation,
whereby Xmax is replaced by the maximum of the hydrody-
namic volume Vh,max. The results are shown in Table 2.

A linear dependency between the monomer conversion
and a volume increase in the collapsed state was already
shown by Wu et al. [51], when all reacted polymer ends
up in the microgel particles. In contrast to that, the values
of the kinetics in Table 2 show a deviation between the
rate constants of the conversion (kX = 0.12 min−1) and the
particle growth (kV = 0.24 min−1). It has to be mentioned
that the effective concentration of polymerized NIPAM in
the reference solution of the purified polymer might be
overestimated, since the purification process could have
changed the substance composition, compared to the initial
amount. A gravimetric analysis shows that the influence
on the conversion kinetics due to a loss of NIPAM is not
significant, compared to deviations between the particle
growth and the conversion (see SI: Fig. 11). The deviation
between the conversion and the particle growth kinetics
might occur due to reacted monomer not being built into
microgel particles, but as a part of oligomers. The absolute
values of the rate constants and the total conversion strongly
depend on the respective reaction conditions and can be
influenced by the monomer properties [66], the addition
of accelerators [50], or by surfactants [40]. Furthermore,
the progress implies an offset from the origin, indicating
the existence of an induction period which could not be
accessed here. The offset and the deviation between the
rate constants most likely originates from a lack of mixing,
leading to laminar flows and a diffusion-driven reaction

Table 2 Fitting parameters from a single exponential approach (8) of
the kinetic data in Fig. 10

Xmax Vh,max t0 k

(%) (106 nm3) (min) (min−1)

rel. conv. 98.2 ± 0.1 3.4 ± 0.3 0.12 ± 0.01

Vh,50◦C 11.6 ± 0.2 2.7 ± 0.4 0.24 ± 0.03

The parameters are described by the maximum conversion Xmax, the
volume in the fully grown, collapsed state Vh,max, the offset with
respect to the origin t0 and the rate constant k
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process. Under these circumstances, the slower conversion
kinetics might originate from a certain amount of time the
initiator radicals need to diffuse through the solution. This
might lead to further monomer conversion over time, in
which the formed oligomers are not built in the microgels.
The in situ experiments reveal that mixing not only plays a
crucial role in the context of polydispersity [40], but might
also have an important influence on the incorporation of
monomers and oligomers in microgel particles and will be
of great interest in future experiments.

Conclusion

In this work, we established a continuous flow reactor with
a preheating area for continuous synthesis of thermorespon-
sive microgels with simultaneous monitoring of the reaction
progress. FTIR spectroscopy was used as it represents a
non-invasive method to study the monomer conversion in
an acrylamide-based precipitation polymerization, over an
arbitrary period of time. Characteristic vibrations of the
monomer and the polymer were used as probes to study
the progress on a molecular level. Investigations revealed
that the experimental spectra can be described by a linear
combination of reference spectra obtained from the stock
solution and the polymer between 1710 and 1530 cm−1. As
the rate constants of the conversion and the growth kinet-
ics differ from each other, the experiments imply a crucial
role of mixing not only in the context of polydispersity,
but also in terms of particle growth. The implementation
of mixing devices will be an important aspect in upcom-
ing experiments to decrease polydispersity and to optimize
microgel formation. The setup allowed to realize reaction
times between 5 and 60 min which was used to determine
the particle growth rate of 0.24 min−1. From the FTIR data
we obtained a rate of 0.12 min−1. The results show that
mixing not only has a major influence on polydispersity
in continuous flow setups but also seems to influence the
incorporation of oligomers in the microgels. Furthermore,
continuous flow setups with essentially unlimited reservoirs
in combination with x-ray or neutron scattering experiments
can open the gate for automatic screening of reaction param-
eters in microgel syntheses and long term studies of early
stages in the reaction progress.
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