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Stimuli-responsive polymers have become versatile materials
for the design and fabrication of smart functional devices,
such as adaptive microoptics, microfluidic chips, membranes,
and sensors.[1] Controlled reaction schemes allow the build-up
of surface-grafted polymer brush films with thicknesses down
to the sub-100 nm range.[2] This approach opens up an avenue
towards miniaturized device structures with unprecedented
functionalities.[3] To establish design rules and estimate device
performance, a detailed fundamental knowledge of the
switching kinetics of such ultrathin polymer films is of
utmost importance.[3, 4] It is worth noting that despite the
ultrathin nature of these films, most previous studies revealed
fairly long response times of several seconds or more.[4] High-
speed measurements, though, are challenging in many
respects and hence data on the intrinsic switching kinetics
still are largely missing.[3, 4] Herein we show a novel strobo-
scopic photothermal laser manipulation technique that allows
for real-time measurements of the intrinsic temperature-
dependent switching kinetics of poly(N-isopropylacrylamide)
(PNiPAAm) brushes at the water/substrate interface.

PNiPAAm is a classic thermoresponsive polymer that
exhibits a lower critical solution temperature (LCST) in
water. Below 32 8C the polymer is swollen, whereas the
material dehydrates and collapses above this temperature. In
their pioneering studies on macroscopic PNiPAAm gels,

Tanaka and co-workers related the response time t to the
diffusion coefficient D of the polymer network and the size d
of the gel: t = d2/D.[5] Because of the diffusion-limited process,
response times of polymer gels and films with dimensions in
the micro- and millimeter range are on a second to hours time
scale.[5,6] Much shorter response times generally are expected
for ultrathin polymer films. Considering sub-100 nm films, an
estimate with D = 3 � 10�7 cm2 s�1 from reference [5a] gives
values in the milli- or microsecond range. Thus, the inves-
tigation of the intrinsic switching kinetics of such coatings
requires excellent temporal resolution of the experimental
technique applied. In addition to fast detection methods,
rapid heating techniques are essential in order to instantly
establish a constant stimulus. Conventional techniques clearly
are limited in this respect. Further requirements arise because
of the soft and sensitive nature of the polymeric layer and the
necessity to probe structural changes at a hidden interface.
Overall, these constraints impeded the investigation of the
intrinsic switching kinetics of ultrathin PNiPAAm brushes till
date. In a recent study, a response time of several seconds has
been reported, which may be considered as an upper limit.[4d]

To cope with the aforementioned challenges, we set up an
all-optical micromanipulation/-characterization technique
(Figure 1a). Taking advantage of our experience in photo-
thermal laser processing,[7] a microfocused continuous wave
(cw) laser beam (l = 532 nm, d1=e2 ¼5 mm) is used for rapid
heating of the water/substrate interface.[8] Surface-oxidized
Si/Ti-coated glass plates were chosen as substrates. A surface-
grafted PNiPAAm brush layer is grown on top of the coated
glass plates by atom transfer radical polymerization following
standard procedures.[9] The particular design of the substrates
serves two functions. Firstly, the glass plates allow for
convenient back surface laser heating of the multilayered
coating. Secondly, interference effects at the water/polymer/
substrate-interface provide the basis for noninvasive, label-
free video monitoring of the photothermally induced switch-
ing of the polymeric coating by using an ordinary reflective
optical microscope with water immersion optics and a charge-
coupled device (CCD) camera.

Because of the microscopic size of the heated area, the
temperature of both sample and water essentially remains
unchanged even after prolonged measurements over several
hours.[8a] During laser irradiation, a stationary temperature
profile is established on a microsecond timescale.[7] Once the
laser is switched off, the heated surface area rapidly cools to
room temperature.[7,8a] This procedure allows for stroboscopic
measurements by periodic photothermal laser manipulation
(Figure 1b). The temporal resolution in this operation mode
is determined by the shutter time of the camera, which is set
to 0.1 ms.
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All following experiments are carried out with PNiPAAm
brush layers with a collapsed film thickness of 65 nm at a
grafting density of approximately 5 � 1013 cm�2.[9] Figure 2a
shows an optical micrograph of such an ultrathin PNiPAAm
film upon back surface laser irradiation at long times
equivalent to cw exposure. Under these conditions, the
polymer film conforms to the laser-induced stationary tem-
perature profile. Overall, three regions can be distinguished;
the bright sharp spot in the center of the micrograph in
Figure 2a reflects the size of the focal laser beam, in which
high temperatures are reached and a water vapor bubble is
formed. In the adjacent inner areas, photothermally induced

deswelling of the polymer film takes place. Because of
reflectance changes at the water/polymer/substrate interface,
these areas are dark gray, whereas the surrounding outer
areas with the swollen polymer film appear lighter. For
comparison, Figure 2b shows an intensity profile across the
micrograph together with the corresponding temperature
profile from calibration experiments. In consistency with a
stationary structure, the boundary of the collapsed polymer
spot coincides with the radial positions where the LCST of
PNiPAAm is reached. Hence, the observed CCD camera

Figure 1. a) Schematic of the micromanipulation/-characterization
principle showing, from bottom to top, the focused laser beam for
photothermal manipulation, the multilayered sample with the PNi-
PAAm brush layer on top, the surface temperature profile at the water/
substrate interface during laser irradiation, and the water immersion
objective of the optical microscope for characterization. b) Strobo-
scopic effect exploited in the kinetic measurements. The CCD camera
is operated at a frame rate of 25 fps equivalent to an acquisition
period of 40 ms; the shutter time is set to 0.1 ms. Periodic laser
manipulation is carried out at a period of 39.9 ms with on and off
times set to 20 ms and 19.9 ms, respectively. As depicted, at these
settings, in each frame a distinct time interval during laser heating and
cooling is captured. A complete sequence of consecutive snapshots is
acquired in 15.96 s, which is equivalent to an apparent slow motion
factor of 400.

Figure 2. a) Optical micrograph of a PNiPAAm layer upon back surface
laser heating taken at the end of a 20 ms laser pulse. The incident
laser power is set to 3.1 mW. b) Comparison of an averaged radial
profile of intensity I (full line) across the micrograph in (a) and the
corresponding radial profile of temperature T (dashed line). The
temperature data points (open circles) reflect melting radii as mea-
sured in experiments with thin films of long-chain carboxylic acids with
distinct melting points between 29 8C and 92 8C. The analytical solution
of the underlying heat conduction equation is fitted with these data. In
the gray-shaded area, temperatures above the LCST are reached.
c) Results from model calculations of the averaged spectral reflectance
R at the water/polymer/Si interface at distinct swelling ratios S
between 1 and 3 (square symbols); for comparison a linear fit is
shown (full line).
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intensity is considered as a relative measure of the swelling
ratio S of the polymer brush layer. Complementary optical
thin film calculations indeed show that the average reflec-
tance R in the spectral range of the incident light used for
illumination, 400–700 nm, follows a weakly pronounced
sigmoidal curve in the experimental range between S = 1
(fully collapsed) and S = 3 (fully swollen);[9a] as displayed in
Figure 2c. For comparison, a linear fit is shown.

Stroboscopic experiments allow for real-time monitoring
of the deswelling and swelling processes (Figure 3). For
analysis, the temporal variation of the scaled intensity I(t) at

distinct radial positions r is considered (Figure 3c). The data
closely follow first-order kinetics for deswelling and swelling:

IðtÞ ¼ I1 expð�t=tDÞ, ð1Þ

IðtÞ ¼ I1ð1�expð�t=tSÞÞ: ð2Þ

Solid lines represent fits on the basis of Equation (1) and
Equation (2) leading to response times tD and tS for
deswelling and swelling, respectively. Note that respective
heat diffusion times are more than one order of magnitude
smaller, that is, upon irradiation, a stationary temperature
profile is established on a much shorter time scale.[7, 8a] Hence,
these data at distinct radial positions in Figure 3 c reflect the

temperature-dependent deswelling kinetics of the polymer
film (Figure 4a). In addition, the intensity levels I1 at long
irradiation times are proportional to the corresponding
stationary swelling ratio S (Figure 4b). Once the laser is
switched off, in turn, the heated surface area rapidly cools
down.[7, 8a] Thus, irrespective of the radial position, the data in
Figure 3c correspond to the swelling kinetics at room temper-
ature and within the error of the measurements all fits give
about the same value for the transition rate (Figure 4a) and

Figure 3. a) Time sequences of micrographs taken during deswelling
of a PNiPAAm layer upon back surface laser heating at a laser power
of 3.1 mW. b) Corresponding time sequences of micrographs taken
during swelling of the polymer layer once the laser is turned off.
c) Intensity variations I at distinct radial positions r between 11 mm
(red data points, bottom curve) and 30.5 mm (purple data points, top
curve) during deswelling (falling curves, left) and swelling (rising
curves, right) of a PNiPAAm layer as displayed in (a) and (b).
Intensities are scaled between zero (collapsed layer) and one (swollen
layer); the lines are fits on the basis of Equation (1) and Equation (2).

Figure 4. a) Temperature dependence of the switching rates t�1.
b) Temperature dependent variation of the intensity levels I1 at long
irradiation times corresponding to the relative stationary swelling ratio
S. Dark gray and light gray symbols refer to measurements in water
and 0.5m aqueous solutions of NaCl, respectively. Full and open
symbols depict deswelling and swelling data, respectively. Symbols of
different shape show data from experiments at a laser power of
2.0 mW (squares), 3.1 mW (circles), and 5.3 mW (triangles). Black
arrows indicate changes upon the addition of NaCl. Vertical lines in
(b) represent respective positions of the LCST in water and in NaCl
solution. Error bars depict statistical uncertainties of the experiments;
statistical uncertainties of the switching rate and the intensity at long
irradiation times refer to the curve fit errors and the statistical spread
of the fit results, respectively, whichever is larger. Statistical uncertain-
ties of the temperature arise because of the limited digital resolution
of the micrographs. Error bars that are smaller than the symbol sizes
are not shown.
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the stationary swelling ratio (Figure 4b).
For comparison, Figure 4 shows results from complemen-

tary measurements in a dilute NaCl solution under otherwise
identical conditions. These results reveal an asymmetric
dependence of the switching processes on the ionic strength,
that is, upon addition of NaCl, deswelling rates increase
whereas swelling rates become smaller; these findings nicely
complement previous thermodynamic studies.[10] Most nota-
bly, however, these data unambiguously show that the
measurements are not limited by the thermal equilibration
process at the water/substrate interface, but indeed reflect the
intrinsic switching kinetics of the polymer brush film. In
particular NaCl only marginally alters the thermal properties
of water at low concentrations, if at all. Moreover, any change
of the thermal properties would not explain the opposing
effect on the deswelling and swelling rates.

In conclusion, a novel all-optical micromanipulation/
characterization technique for real-time parallel measure-
ments of temperature-dependent kinetic processes at solid/
liquid interfaces is presented. The results discussed herein
provide unprecedented insight into the complex kinetic
processes that rule the switching behavior of ultrathin sur-
face-grafted PNiPAAm brushes when their transition from
one to another thermodynamically stable state is triggered by
an instant external stimulus. In consistency with what is
expected from studies that focus on macroscopic gels, intrinsic
response times range from the microsecond to the millisecond
time scale, thus demonstrating the prospects of ultrathin
surface-grafted polymer films for fabrication of nanosized
polymeric actuators and sensors with unmatched responsiv-
ities. Further studies will help to unveil the dependence of the
intrinsic switching kinetics of ultrathin thermoresponsive
polymer films on their chemical structure/architecture and
external parameters. In addition, studies on folding and
unfolding of surface-bound protein layers are tempting.
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