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Fluorescence correlation spectroscopy in polymer
science
Dominik Wöll*ab
Fluorescence correlation spectroscopy (FCS) is a well-established technique for studying dynamic
processes and interactions with minimal invasion into the corresponding system. Even though FCS has
been mainly applied to biological systems, within the last 15 years an increasing number of studies in
material sciences have appeared, demonstrating its enormous potential also for this ﬁeld. Apart from
investigations on colloidal systems, polymer science has beneﬁted signiﬁcantly from this technique. This
review will summarize FCS studies on polymer systems and, in particular, focus on the diﬀusion of
diﬀerently sized molecular and macromolecular probes in polymer solutions, classical and responsive
polymer gels, polymer melts and glasses. It will be discussed how FCS can be used to determine
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translational and rotational diﬀusion in polymer solutions and at interfaces, scaling laws, micellization
and aggregation and, to some extent, polymer structure including heterogeneity. Thus, FCS should be
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considered a powerful complement to other methods for the investigation of polymer structure and
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dynamics.

Polymers have emerged as the most important materials of the
modern world. The reason for their success lies in the variety of
functions they can cover due to their tunable properties. A
faceted knowledge of how these properties are determined by
the structure and dynamics on diﬀerent length scales is still
amongst the scientists' dreams. The complexity of this relationship challenges all experimental and theoretical methods,
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and only combining their strengths will allow us to gain a
consistent picture of polymers from the nanoscopic to the
macroscopic scale.
Within the last 15 years, uorescence correlation spectroscopy (FCS) has signicantly contributed to the insights into
polymer systems, in particular to diﬀusion measurements. Even
though the rst paper on FCS by Magde, Webb and Elson was
already published in 1972,1 several developments were necessary to exploit the power it has reached today.2–7 One major step
in the evolution of FCS was its combination with confocal
microscopy which allows for enhanced spatial resolution and
sensitivity.8 Further important improvements concern the
quality of optical components, the sensitivity and time-resolution of detectors, and better labels and labelling strategies. The
advantages of FCS are (i) small sample consumption, (ii)
negligible dye concentration and thus perturbance of sample
properties, (iii) the possibility of in situ measurements, (iv) good
spatial resolution at the diﬀraction limit and (v) the possibility
to observe diﬀusion of diﬀerent species depending on their
uorescence labelling. The majority of FCS studies have been
conducted in biological systems. Transferring the concepts and
technical knowledge gained in these studies to polymer science,
however, is straight-forward.
In this review, I will report on FCS studies in polymer
systems and how this modern technique contributed to new
insights in polymer structure and dynamics. The review starts
with an introduction to uorescence correlation spectroscopy
covering theoretical and technical aspects of diﬀusion
measurements, their possibilities, limitations and pitfalls. In
the next section, I briey report on diﬀusion of polymer chains
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in pure solvents, followed by an extended section on diﬀusion of
molecular and macromolecular probes in polymer solutions,
gels, melts and glasses. In the end of that section, I will also
briey review how the diﬀusion of large nanoparticles can probe
microrheology in polymer systems and, furthermore, report on
FCS studies in responsive hydrogels and at solid–liquid interfaces, and demonstrate the power of this method to study
micellization and aggregation.
I will concentrate on synthetic polymers neglecting the
impressive results on biopolymers, such as dynamics9–13 and
hybridization14–16 of DNA, polysaccharides,17–21 protein binding
and dynamics,22–28 motor proteins,29,30 brin polymerization,31
enzyme kinetics,32 diﬀusion through meshes formed by semirigid biopolymers,33 and polymer–membrane interaction.34 It
will be also not further discussed how FCS can assist in analysing the photokinetics in conjugated polymers,35 or detect
molecular mobility at interfaces,36,37 nor will this review cover
FCS studies performed with nanoparticles.38–44 With respect to
the latter topic, I refer to the review on FCS studies in the
journal “Current Opinion in Colloid & Interface Science” by
Koynov et al.45

Fluorescence correlation spectroscopy
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Basics of uorescence correlation spectroscopy
In the following, the basic principles of FCS will be summarized. In a typical FCS experiment, as shown in Fig. 1, a collimated laser beam is focused by an objective lens into a
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diﬀraction limited confocal volume within the sample placed
on a glass coverslip. Part of the light emitted from this confocal
volume is collected by the same objective and separated from
excitation light using a dichroic mirror and an emission lter.
The emission light is focused onto a pinhole blocking most of
the light not originating from the confocal volume, thereby
improving the axial z-resolution as shown in Fig. 2. The confocal
volume typically amounts to ca. 0.1 femtolitre. The photons
passing through the pinhole are detected with an avalanche
photo diode (APD). Such APDs possess good quantum eﬃciencies and, with appropriate electronics, allow for the determination of the arrival times of single photons with an accuracy
in the picosecond range.
Typically, the arrival times are binned and an autocorrelation function G(s) calculated over the resulting time traces of
the intensity I(t) or its deviations dI(t) ¼ I(t)  hI(t)i from the
mean intensity:
GðsÞ ¼

hdIðtÞ$dIðt þ sÞi
hIðtÞi

2

¼

hIðtÞ$Iðt þ sÞi
hIðtÞi

2

1

(1)

The autocorrelation function contains information on all
processes which cause intensity uctuations within the
confocal volume. Such processes are translational and rotational diﬀusion or photophysical or photochemical transformations of the uorescent probes such as transitions to the
triplet state. Due to the large span in time scales of these
diﬀerent processes, the time axis of the autocorrelation function is oen represented in a logarithmic scale.
In the following paragraph, I will concentrate on translational diﬀusion. As the uorescent probe enters or leaves the
confocal volume, it causes uctuations which can be typically
observed as a drop in the autocorrelation in the millisecond to
second range. The autocorrelation is described by the following
function2
 2 !12
1

1
s
wxy s
1þ
GðsÞ ¼
1þ
wz sD
N
sD

(2)

where N is the number of independently diﬀusing dye molecules in the confocal volume, sD is the average diﬀusion time of
the probes through the confocal volume with the radial and the
axial diameter wxy and wz, respectively. Typical values are ca.
300 nm for wxy, and ca. 1.5 mm for wz. The square root term in

Fig. 1

Typical FCS setup as described in the text.
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Fig. 2 Eﬀect of the pinhole on the axial resolution of a confocal
microscope. Only light originating from the focal plane (red solid line,
orange area) can pass the pinhole without loss. Light from other planes
(green dotted line and blue dotted line) is mainly blocked.
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eqn (2) accounts for the ellipsoid shape of the confocal
volume.
The highest sensitivity for the determination of sD is realized
when in average approx. one independently diﬀusing probe
molecule is present in the confocal volume, i.e. at sub-nanomolar concentrations. For much higher concentrations, the
changes in intensity caused by probes entering and leaving the
confocal volume have to be detected against an intensity
background limiting the sensitivity of determining sD. As
obvious from eqn (2), a high value of N results in a low autocorrelation which oen cannot be tted appropriately. On the
other hand, if the probe concentration is too low, the events of a
probe diﬀusing through the confocal volume become rather
seldom. In this case, too, a t of eqn (2) to the noisy autocorrelation curves will fail if the time traces are not recorded for a
suﬃciently long period.
The diﬀusion coeﬃcient D can be calculated from the
diﬀusion time using Einstein's equation for the mean square
displacement in two dimensions (the third dimension is
accounted for by the square root expression in eqn (2)):
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D¼

wxy 2
4sD

(3)

The width wxy of the confocal volume can be determined
with a reference measurement. For aqueous systems, a common
and reliable reference is rhodamine 6G (Rh6G) in water with a
diﬀusion coeﬃcient of 4.14  1010 m2 s1.46 The referencing
for non-aqueous systems is challenging and will be discussed
later in this article. For statistically independent, freely
diﬀusing uorescent probes, the temporal evolution of the
mean square displacement hr2(s)i has been calculated from the
autocorrelation function G(s):9
!1 
1
1
2hr2 ðsÞi
2hr2 ðsÞi 2
1
þ
GðsÞ ¼
(4)
1þ
N
3wxy 2
3wz 2
The applicability of this formula has been disputed recently
and might not be given for all cases.47–49
Fitting the autocorrelation curve with only one diﬀusion
time is oen not suﬃcient. Apart from optical misalignment
which should be carefully ruled out, this can originate from size
distributions of the uorescent probes, introduced e.g. by a
polymerization process resulting in labelled polymer chains
with a non-negligible polydispersity, aggregation of dyes or
labelled particles, or diﬀusional heterogeneities on a length
scale relevant for FCS. All of these cases will cause bad ts of the
autocorrelation function with eqn (2). Thus, one can start to
introduce two or more (n) terms with the average number Ni of
molecules of the diﬀusing species i and its relative uorescence
yield ai to t the autocorrelation according to6,50,51
n
X

GðsÞ ¼

i¼1

 2 !12
1

s
wxy
s
1þ
Ni $ai $ 1 þ
wz sDi
sDi
!2
n
X
Ni $ai
2
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with each additional free parameter improving the t, oen
however without obtaining additional physical information.
Instead, if one molecular species diﬀuses in diﬀerent environments bearing diﬀerent diﬀusion coeﬃcients but a constant
uorescence yield, it oen makes more sense to obtain diﬀusion time distributions. This requires solving the ill-posed
problem of calculating the distribution P(sD) from the autocorrelation function2
 2 !12
1

ð
s
wxy s
1þ
GðsÞ ¼ PðsD Þ 1 þ
dsD
(6)
wz sD
sD
This challenge is also encountered in analysing dynamic light
scattering (DLS) correlation functions. Diﬀerent solutions have
been developed to gain diﬀusion time distributions. It can be
achieved by an Tikhonov regularization under constraint
conditions using an inverse Laplace transform known as CONTIN52–54 or by the method of histograms as described by Starchev
et al.38 A diﬀerent strategy uses a maximum entropy method to
provide a bias-free tting of the data with a quasi-continuous
distribution of a large number of diﬀusing components.55
Anomalous diﬀusion
An important issue for translational diﬀusion measurements is
the question whether translational diﬀusion is normal or not.
Deviations from normal diﬀusion can be caused by internal
chain motions11,13,56 of (bio-)polymers, by molecular crowding,20,56–61 or the restriction of diﬀusion to a certain “corral”
region.62 Diﬀerent approaches have been suggested to deal with
anomalous diﬀusion. One of the possibilities to describe
anomalous diﬀusion uses a power law scaling of time
ta.13,57–59,63,64 The scaling parameter a can depend on the time
scale investigated and thus allows for a distinction between
translational and chain diﬀusion.11 Another possibility consists
in using a multicomponent t as shown in eqn (5) assuming
diﬀusion through a spatially heterogeneous medium with a
certain number of diﬀerent diﬀusion coeﬃcients.57,59
Apart from the above mentioned analytical tools, a technical
approach to detect anomalous diﬀusion has been reported.
Sample-volume-controlled-(SVC-) FCS can directly detect
anomalous diﬀusion by changing the diameter of the collimated excitation laser beam.60,65,66 One of the challenges of this
approach is however the control over the optical parameters
such as distortions of the confocal volume.67
It should be emphasized at this point, that FCS correlation
curves can be oen tted equally well by an anomalous diﬀusion model and using two diﬀusion time constants according to
eqn (5). However, it has to be carefully analysed which of the two
models is more appropriate. Combining FCS results with
simulations,68 Vagias et al. for example showed that for the case
of attractive tracer-polymer interactions, only a two-component
diﬀusion process (eqn (5)) is a physically meaningful model.69
Rotational diﬀusion
In addition to translational diﬀusion, rotational diﬀusion of
uorescent probes can be observed for anisotropically emitting
RSC Adv., 2014, 4, 2447–2465 | 2449
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probes with a xed dipole moment such as single molecules70–73
or semiconductor nanorods.74 The theory to analyse rotational
diﬀusion from FCS measurements was developed by Ehrenberg/
Rigler75 and Aragon/Pecora.76,77 The drop in correlation due to
rotational motion appears around the rotational diﬀusion time
sR which is typically found in the ns to ms range, i.e. on much
shorter timescales compared to sD of translational motion. One
technical problem for measuring correlations on such short time
scales is that measurements with one APD possess a dead time in
the same temporal range and thus cannot detect two photon
arriving events that are temporarily closer than that period. In
order to obtain correlation values at times shorter than this dead
time, a Hanbury Brown and Twiss setup78 should be used which
splits the emission light and detects the photons on two independent detectors.79,80 Cross-correlation of the photon arrival
times on the two detectors enables full correlation uorescence
correlation spectroscopy (fcFCS) measurements from the time
range of picoseconds to the several minutes (see Fig. 3).

Published on 05 November 2013.

Technical and methodical developments
Several technical and methodical developments of FCS have
been reported which broaden the range and accuracy of FCS
measurements.
One important step was the introduction of dual-focus FCS
(2fFCS) by Enderlein and co-workers.81 In 2fFCS measurements,
the laser focus is switched between two positions. The distance
between both laser foci serves as an internal distance reference,
i.e. an intrinsic ruler. Thus reference measurements for relating
diﬀusion time and diﬀusion coeﬃcient become unnecessary.
The accuracy of the obtained diﬀusion coeﬃcients even allows
for a sensitive measurement of temperature on a micrometre
scale.82 2fFCS bears the huge advantage that, due to its
robustness against optical and photophysical artefacts, it allows
for the investigation of systems with inherently large optical
aberrations as they may occur in a variety of polymer systems.83
In particular, in single focus FCS, slight changes in the refractive index,84 coverslip thickness, laser beam geometry or optical
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saturation can cause severe distortions of the confocal
volume67,85 and, thus, can result in signicant errors and
misinterpretations, especially in cases requiring accurate
diﬀusion measurements. These problems are signicantly
reduced in 2fFCS. Another benet from 2fFCS is that it greatly
reduces the dependency of FCS results on the size and shape of
the excitation volume which due to optical saturation eﬀects
can vary signicantly with excitation intensity. However, when
rather large colloids or macromolecules are used as probes for
2fFCS, their size with respect to the excitation laser focus has to
be taken into account.86
Limiting the excitation volume allows for a higher spatial
resolution of FCS measurements or selective spatial restriction
e.g. to interfaces. Dynamic processes at liquid–solid interfaces
can be studied using total internal reection FCS (TIR-FCS).87–91
This technique exploits the possibility to restrict the axial
dimension of the excitation volume to a depth of ca. 100 nm
using the evanescent wave of a laser beam totally reected at the
solid–liquid interface. It allowed Koynov and co-workers to
measure single molecule and quantum dot diﬀusion coeﬃcients at water–glass interfaces.88 Another way to gain spatial
resolution beyond the diﬀraction limit of light is the combination of FCS and stimulated-emission-depletion (STED)
nanoscopy,92,93 where the excitation volume is minimized by an
intensive donut-shaped STED laser pulse which depopulates
basically all excited states except for a central volume of subdiﬀraction size.
Further powerful technical developments are FCS with twophoton excitation,40,94–97 spatial uorescence cross correlation
spectroscopy (FCCS) which can be used to investigate microows,98 dual-colour FCCS to correlate the uctuations from two
spectrally distinct uorophores in order to analyse kinetics or
association,15 pulsed interleaved excitation (PIE) FCS,73,99 uorescence triple correlation spectroscopy (F3CS),100 ltered FCS101
and multiparameter FCS102 to gain the maximum amount of
information from a single FCS experiment.
One technical development that should additionally be
emphasized for FCS measurements in polymer systems is the
extension of the available temperature range. Compared to
biological systems, a much broader range from cryogenic
temperatures up to several hundred degrees centigrade is
required to capture all the interesting transitions in polymers.
Fluorescence microscopy studies in the elevated temperature
range above ca. 80  C have been reported,103–105 and will extend
the breadth of FCS studies in polymer systems.

Limitations and pitfalls for FCS measurements in polymers

Fig. 3 Full correlation FCS cross-correlation function for a perylene
diimide derivative measured at 80% conversion of a free radical bulk
polymerization of styrene showing the drops in the correlation curve
due to rotational and translational diﬀusion and the rise in the nanosecond range due to antibunching. The latter is caused by the fact that
a single molecule, after emission of a photon, statistically requires
some time to be re-excited and emit another photon. (Adapted from
Dorfschmid et al.71)

2450 | RSC Adv., 2014, 4, 2447–2465

Despite their high versatility, FCS measurements also possess
some intrinsic limitations and pitfalls which should always be
kept in mind.
In particular, slight changes in the refractive index, coverslip
thickness, laser beam geometry, pinhole adjustment or optical
saturation can cause severe distortions of the confocal
volume67,85,106 and thus can result in signicant errors and
misinterpretations, especially in heterogeneous systems or at
interfaces with signicant refractive index change. The eﬀect of

This journal is © The Royal Society of Chemistry 2014
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refractive index mismatch for diﬀerent confocal microscopes
has been described.107 Depending on the polymer and solvent, it
can cause severe problems in polymer systems, the refractive
index of which can diﬀer signicantly from the value in water.
Thus, the confocal volume can be signicantly distorted, and in
this case calibration of the diﬀusion time with the typical
reference dyes such as Rh6G in water results in errors.108
Therefore, alternative calibration methods had to be found.
Zettl et al. used the known molecular weight dependence of the
diﬀusion of rhodamine B (RhB) labelled polymer chains of
diﬀerent lengths in very dilute solution to determine the size of
the confocal volume and thus to calibrate the diﬀusion coeﬃcient obtained by FCS.109,110 The observation volume can be also
calibrated using uorescently labelled silica nanoparticles111,112
or dye-labelled polystyrene (PS) of known molecular mass,113
with the diﬀusion coeﬃcient in dilute solution known from DLS
measurements. One convenient workaround to reduce the
errors concerning distortions of the confocal volume is to
measure at relatively small penetration depths of ca. 10 mm
which is still reasonably far in the solution to avoid biased
results due to inuences of the interface.
Another critical aspect is the spatial resolution of FCS which
has been recently discussed in some papers.47,48 For certain
cases, FCS is capable of resolving dynamics at the nanoscale, i.e.
far beyond the limits of optical resolution.48 In general,
however, the limits of its spatial accuracy have to be considered.47 Thus, for systems with heterogeneities on the nanometre
scale, one has to be aware that the obtained diﬀusion coeﬃcient
averages over these heterogeneities. The same is true for
temporal heterogeneities such as mesh size uctuations or fast
structural changes. Even though photon arrival times can be
determined with picosecond accuracy, the correlation analysis
performed aer the FCS measurements averages over the
measurement time. Therefore dynamics within such short
times remains obscured, unless an appropriate model is
explicitly implemented into the autocorrelation t function.
Furthermore, in order to obtain reliable diﬀusion coeﬃcients
for complex systems, it has been reported that the minimum lag
time, the maximum lag time and the averaging time are critical
parameters which have to be chosen appropriately.114
Apart from diﬀusional processes, decays in the autocorrelations curves can also occur as a result of photophysical and
photochemical processes. In particular, the contribution of
saturation eﬀects and triplet blinking have been investigated115,116 and the rates of intersystem crossing and triplet
decay as well as the excitation cross section of uorophores
could be determined.117 Therefore, the choice of appropriate
dyes is essential to obtain meaningful results. However, a good
dye should not only show suitable photophysics, but also serve
as a selective label to observe the diﬀusing species of interest.

Diﬀusion of polymer chains in pure
solvents
Depending on the interactions with the solvent, polymer chains
possess diﬀerent conformations with diﬀerent sizes which can

This journal is © The Royal Society of Chemistry 2014

RSC Advances

be elucidated using FCS. According to the Stokes–Einstein
equation
D¼

kT
6phrh

(7)

the hydrodynamic radius rh of the diﬀusing species can be
determined from the measured diﬀusion coeﬃcient D and the
known viscosity h of the solvent.
Using this approach in combination with diﬀusion-ordered
NMR experiments, eﬀects of size, functionality, and peptide
secondary structure on the diﬀusion coeﬃcient and hydrodynamic radius of poly-Z-L-lysine functionalized polyphenylene
cores were investigated.111 Furthermore, for p-conjugated
polymer solutions in toluene, Murthy et al. found a larger
diﬀusion coeﬃcient for high molecular weight polymer chains
(ca. 300 kDa) compared to low ones (ca. 50 kDa).118 This
unexpected result was explained by the compact globular
conformation of the high molecular weight chains in contrast
to the voluminous aggregates formed by the shorter polymer
chains.
Using the typical FCS analysis to determine the diﬀusion of
very long polymer chains can result in signicant errors if the
polymer size approaches the size of the confocal volume or even
exceeds it. A model only considering the centre of mass diﬀusion becomes inappropriate since also changes in chain
conformation, i.e. chain diﬀusion, contribute to the correlation
curve. For this case, Winkler determined an analytical expression for the FCS correlation function including translational
and rotational motion for rod-like polymers on the basis of a
Gaussian semiexible chain model.119

Diﬀusion in polymer solutions, gels,
melts and glasses
FCS is uniquely suited to explore polymer dynamics in solution.
For this purpose, a small amount of uorescently labelled
polymer chains or free dyes is added to the polymer solutions or
vice versa. One very interesting aspect of polymer solutions is
the concentration and molecular weight dependence of the
diﬀusion of dye-labelled polymer chains and molecular probes.
Principally, three diﬀerent polymer concentration regimes can
be distinguished: (i) dilute solutions in which diﬀusion is fully
governed by the hydrodynamic radius of the diﬀusing species,
(ii) semidilute solutions in which the polymer coils start to
overlap, (iii) concentrated solutions in which the chains
strongly interact with each other. The semidilute and the
concentrated solutions can be further divided into an unentangled and an entangled regime. In the latter, topological
constraints caused by entanglement dominate the dynamics.
The transition between the regimes depends primarily on
concentration and molecular weight of the polymer, as shown
in Fig. 4. At even higher polymer concentration, a transition to
the glassy state appears and polymer dynamics is controlled by
the available free volume. Depending on the intermolecular
interactions of polymer chains, their (partial) crystallization is
also a process which should be taken into account.
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Fig. 4 Regimes of polymer solutions in terms of concentration and

molecular weight for a polymer in a good solvent, e.g. polystyrene in
toluene. (Adapted from Graessley and Magda et al.120,121)

In the following, the contributions of FCS to elucidate
molecular dynamics in the various regimes will be discussed.

Published on 05 November 2013.

Diﬀusion of small molecular probes and nanoparticles in
polymer solutions and melts
The diﬀusion of single molecules and nanoparticles provides
important information about the local mechanical and viscoelastic properties of the polymer solutions, i.e. their nanorheology. In contrast to the macroviscosity “felt” by large
objects, the nanoviscosity refers to the diﬀusion or the drag of
small objects such as molecules or small nanoparticles. Hence,
viscosity is a strong function of the length scale at which it is
probed.122,123 The obvious question which arises from this
relation concerns the length scale at which nanoviscosity
switches to macroviscosity.
Holyst et al.124 addressed this issue by studying the diﬀusion
of diﬀerently sized probes ranging from RhB molecules (1.7 nm)
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up to silica spheres (114 nm) in polyethylene glycol (PEG)
solutions with a combination of FCS, capillary electrophoresis
and macroviscosity measurements (see Fig. 5). They found that
the large probes diﬀused as expected from the macroviscosity of
the solutions whereas the diﬀusion of the small probes was
clearly faster. They seemed to experience an up to 100 smaller
nanoviscosity. Such a behaviour was also observed by Michelman-Ribeiro et al.125 for the diﬀusion of 2 to 44 nm sized probes
in PVA solutions. The crossover from probing nanoviscosity to
probing macroviscosity was found at a length scale at which the
probe reached a size of approximately the radius of gyration of
the polyethylene glycol (PEG) polymer under investigation.124 It
could be shown that the dependency of viscosity h on the ratio
between an eﬀective probe size and the correlation length x of
the polymer follows a stretched exponential function. Probes
smaller than the radius of gyration Rg of the polymer, experience the nanoviscosity and the eﬀective probe size is the probe
radius R, whereas it equals the radius of gyration Rg for probe
molecules of larger size which feel the macroviscosity of the
polymer solution.124 Thus,
  a 
8
hnano
R
>
>
for R\Rg
¼
exp
b
>
< h
x
h
0
¼
  a 
h0 >
Rg
> hmacro
>
:
for R . Rg
¼ exp b
h0
x

where the ratio between radius of gyration and correlation
length x depends on the polymer concentration and the overlap
concentration according to
Rg  c 0:75
(9)
¼
x
c*
Using the relationship shown in eqn (8), all measured data of
viscosity versus probe size could be plotted on one master curve.
From the above considerations it becomes also clear that an
estimation of the translational diﬀusion coeﬃcient from the
Stokes–Einstein (SE) relation using the known polymer macroscopic viscosity is only reliable for probes larger than Rg and
fails for small diﬀusants.124,126
Since the dependency of viscosity on polymer concentration
shows a stretched exponential behaviour, this is also expected
for the diﬀusion coeﬃcient, i.e.
D¼

Fig. 5 Viscosity determined using diﬀusion measurements of diﬀerently sized probes in PEG 20 000 solution. Small probes experience
nanoviscosity whereas large probes follow the macroviscosity. The
crossover length scale between nano- and macroviscosity in PEG
20 000 is larger than 3.1 nm and smaller than 13 nm. (Adapted from
Holyst et al.124)
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(8)

  a 
kT
R
¼ D0 exp  b
6pRh
x

(10)

Such stretched exponential functions were observed in
several FCS studies. They were put forward by Phillies127 and
could be used for many observables in polymer solution such
as self-diﬀusion, viscosity, rotational diﬀusion, electrophoretic mobility, dielectric relaxation and sedimentation.
However, it should be kept in mind that there are also
diﬀerent approaches for scaling laws such as the free-volume
theory of Fujita,128 its more complex extension by Vrentas and
Duda,129 and the scaling model of Petit et al.130 All of these
models gave a reasonable t e.g. for the diﬀusion of small dye
molecules in octane swollen linear PDMS at diﬀerent degrees
of swelling.131
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The diﬀusion coeﬃcients of a perylene monoimide dye for
various concentrations of solutions of diﬀerent molecular
weight polystyrenes in acetophenone all fall onto the same
master curve which could be tted with a stretched exponential.132 From the perspective of the probes, the change in
molecular weight of the polymer between 110 and 450 kg mol1
does not seem to make a diﬀerence. Additionally, at low polymer concentrations, the diﬀusion of the small probes is also not
signicantly inuenced by the presence of polymer chains since
it can diﬀuse basically unhindered through the polymer
meshes. In another study, stretched exponential behaviour was
found for the diﬀusion coeﬃcient of 2.5 nm gold nanoparticles
in solutions of PS (Rg ¼ 18 nm) in toluene using uctuation
correlation spectroscopy. In contrast to FCS, the luminescence
of gold nanoparticles excited with multiphoton absorption was
observed.126 In these studies a concentration range between
6c* and 20c* was investigated. At high polymer concentrations, the authors found a subdiﬀusive behaviour of the nanoparticles, whereas a small molecular probe (coumarin 480
measured using FCS) exhibited normal diﬀusion behaviour.
Thus, the size of the probes with respect to the mesh size
determines whether the diﬀusion is normal or anomalous.
In polymer melts of various molecular weights, the diﬀusion
of molecular tracers was found to sense local segmental
dynamics depending on the glass transition temperature of the
polymer matrix, but not on its macroscopic viscosity.133,134 The
temperature dependence of the diﬀusion coeﬃcient followed a
Vogel–Fulcher–Tammann function with an activation energy
increasing with the tracer size and depending on the polymer.
In a PS/poly(methyl phenyl siloxane) blend, two polymer
components with a diﬀerence in glass transition temperature of
more than 113 K and an upper critical solution temperature, a
combination of FCS and laser scanning confocal microscopy
allowed for monitoring the dynamics of phase separation.135 It
was also shown, that in polymer blends, the topology of the
matrix polymer plays a pivotal role. A comparison between the
diﬀusion of terrylene diimide probes in the polymer melt of
linear and star-shaped 1,4-polyisoprenes gave diﬀerent
results.57 For the experiment with linear polymer chains, the
autocorrelation curves could be tted with one diﬀusion time,
thus indicating a system homogeneous on the length scale of
FCS, whereas the autocorrelation curves of the probe molecules
in the solutions of star polymers could be best described by
assuming two time constants. It was assumed that the fast time
constant corresponds to a tracer diﬀusion comparable to that in
the linear polymer. The slow time constant was related to
topological restrictions causing retention of the tracer. Therefore, FCS allows for the detection of heterogeneity on the nanoto micrometer length scale. This makes FCS a very powerful
technique to analyze polymer networks and crosslinking polymerization as described below.
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be distinguished from (non-covalent) chain interactions due to
entanglements in concentrated polymer solutions.131 Diﬀusion
in gels is a complex phenomenon aﬀected by several factors,
such as the mesh size of the gel, its microstructure, the degree
of swelling, the size of the diﬀusing species, and interactions
between diﬀusing species and gel.
Michelman-Ribeiro reported on the diﬀusion of 5-carboxytetramethylrhodamine (TAMRA) in poly(vinyl alcohol) (PVA)
solutions and gels prepared at various polymer concentrations
and crosslink densities.136 As shown in Fig. 6, they found that
below a certain threshold PVA concentration (in their case
approx. 3% w/v), the diﬀusion of the probe was independent of
the crosslinking density. At higher concentrations, the diﬀusion
of stronger crosslinked gels decreased more rapidly when
increasing the polymer concentration, as also conrmed in
other studies.131,137 The authors found a simple linear relation
between the diﬀerence of diﬀusion times [s(gel)  s(solution)]
of the probe in the gel and the non-crosslinked polymer solution and the elastic modulus of the same gel, indicating that
diﬀusion of the probe particles is strongly correlated with the
gel elasticity.
FCS studies on the diﬀusion in highly swellable synthetic
crosslinked PEG hydrogel matrices demonstrated the feasibility
of free volume theory to describe the dependency of solute
diﬀusivities on the solute size and the swelling ratio of the
gels.138 The probes used for these studies were Rh6G and three
proteins with hydrodynamic radii between 1 and 5 nm, and
therefore signicantly smaller than the mesh size of the polymer gels of ca. 14–19 nm.
Modesti et al. used FCS to study the diﬀusion of hydrophobic
dye molecules in octane-swollen poly(dimethyl siloxane) linear-

Scaled characteristic diﬀusion time of ﬂuorescent TAMRA
molecules in PVA solutions and gels at several crosslink densities as a
function of polymer concentration with linear ﬁts. The times are scaled
by the diﬀusion time of the probe in water. The vertical dashed line
indicates the approximate gelation threshold. (Adapted from Michelman-Ribeiro et al.136)

Fig. 6

Diﬀusion of small molecular probes and nanoparticles in
covalently crosslinked polymer gels
In this section, I will concentrate on diﬀusion measurements in
gels with permanent, covalent crosslinks. This situation has to
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chain solutions and end-linked model networks, which were at
an equilibrium degree of swelling, and compared the results
with pulsed-eld-gradient nuclear magnetic resonance (PFGNMR) data of octane diﬀusion.131 The small octane molecule did
not show crosslink-dependent behaviour whereas the larger dye
became more restricted with increasing crosslink-density. The
most reasonable description of their results was obtained by
assuming that the crosslink eﬀect is additive to the eﬀective
friction coeﬃcient of the probes, i.e. the friction coeﬃcient in
the network equals the eﬀective friction coeﬃcient for the probe
in the pure solvent plus a friction coeﬃcient caused by the
permanent crosslinks. Deviations from this picture, however,
were found for very high crosslink density and were rationalised
by more pronounced swelling heterogeneities, i.e. the solvent
preferably swells the more weakly crosslinked matrix and thus,
even at rather low degrees of swelling, opens up percolating
regions of lower polymer density in which the dye can diﬀuse
rather easily.
Apart from studies in readily synthesized polymer gels, FCS
was used to address photo-crosslinking of PS microbeads using
UV light.139 The authors found that swelling of the core of the
microbeads was the same with and without UV irradiation
indicating that no photo crosslinking appeared in the core.
Thus, they assumed that UV crosslinking eﬀects are limited to
the shell only, presumably due to inner lter eﬀects.

Diﬀusion plays an important role for polymerization processes.
In particular during bulk polymerizations, rate constants can
reach their diﬀusion limit already at the viscosities present at
moderate conversions. We followed the diﬀusion of diﬀerently
sized dyes during free radical bulk polymerizations using a
combination of FCS and wideeld uorescence microscopy. It
was found that the relative changes in diﬀusion coeﬃcients
scale diﬀerently depending on the size of the probing dye,71 in
disagreement with the Stokes–Einstein-equation (eqn (7)) where
all diﬀusion coeﬃcients normalized to their value in monomer
solution should lie on a master curve. Interestingly, a master
curve was obtained for the normalized rotational diﬀusion
coeﬃcients DR as measured using fcFCS, indicating that the
Stokes–Einstein–Debye equation
kT
8phrh 3

In the following, an overview of FCS studies on the diﬀusion of
uorescently labelled macromolecules in the polymer concentration regimes shown in Fig. 4 is given. Most studies
were performed on labelled PS chains in toluene solutions of
non-labelled PS of similar length. For highly dilute and noninteracting solutions, this allows for the determination of selfdiﬀusion coeﬃcients.
In the diluted regime, the diﬀusional dynamics is dominated
by the hydrodynamic radius of the diﬀusing probe. The diﬀusion coeﬃcient can be approximated by a linear dependence on
polymer concentration109 according to the Kirkwood–Riseman
theory:143
(12)

where D0 is the diﬀusion coeﬃcient at innite dilution and kf is
a proportionality factor. Both constants depend on the system
under investigation. If both parameters are known, they can be
used to determine the size of the confocal volume as described
earlier in this review.
The transition between dilute and semi-dilute solutions is
dened by the overlap concentration c* which is described
by110,144

(11)

is valid for all sizes of the dyes used. We attribute this sizedependent behaviour of the translational and rotational diﬀusion of the probes to the fact that only a small free volume is
needed for rotational motion of the dyes whereas to detect
translational motion, they have to move a signicant distance
through the meshes of the polymer. It makes also a signicant
diﬀerence if the meshes are physically or chemically crosslinked. Addition of crosslinker to the polymerization system
resulted in the appearance of two distinct diﬀusion coeﬃcients
at the gel point which were attributed to the appearance of
microgel regions.140 In microgel regions of higher polymer
density,141 the probes diﬀuse signicantly slower than in the
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nanoparticles in polymer solutions and glasses

D ¼ D0  kf$c

FCS to follow polymerization processes

DR ¼

other regions of lower polymer density. With on-going polymerization, the fraction of probes in the denser regions
continuously increased. Chemical crosslinking is not a necessary condition for the appearance of heterogeneity, i.e. diﬀerent
diﬀusion coeﬃcients. They were also observed in the gel eﬀect
region during the linear polymerization of methyl methacrylate,142 where this heterogeneity appears already at a rather low
conversion of 20% and thus might attribute signicantly to the
strong Trommsdorﬀ eﬀect observed in this system.

Fig. 7 Dependency of the probe diﬀusion time on the concentration
of PS solutions in toluene for diﬀerent molecular weights of the dissolved polymer. The inset shows a wider scaling on the vertical axis
(adapted from Zettl et al.,110 Copyright 2007 by The American Physical
Society).
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c* ¼ a3 N 13v ¼

1
a3 M 13v

Mw13v

(13)

with the length a of a single polymer segment, the degree of
polymerization N, the molecular weight M of a monomer unit, the
weight average molecular weight Mw and the Flory exponent n.
FCS measurement have veried that the concept of an overlap
concentration is very useful.110 Fig. 7 shows plots of the diﬀusion
times of PS chains of diﬀerent molecular mass versus their
concentration in toluene, a good solvent for PS. The diﬀusion
times of the dilute and the low concentration part of the semidilute regime can be linearly tted and the two ts intersect at the
overlap concentration c*. For increasing molecular mass, c* shis
to lower concentrations. Its dependency on molecular mass could
be tted well with eqn (13) which resulted in a Flory exponent of
0.59 in excellent agreement with the value of 0.588 predicted by
theory for a polymer in a good solvent.
Liu et al. investigated the motion of high molecular weight
PS chains (Mw ¼ 390 kg mol1) in toluene in a broad polymer
concentration range between 104 and 0.4 g mL1.113 In the
dilute regime (c < c* z 0.01 g mL1), they observed basically
only minor changes in the diﬀusion coeﬃcient with increasing
concentration, i.e. D  c0. In the unentangled semidilute regime
(c* z 0.01 g mL1 < c < cE z 0.02 g mL1) the polymer coils
overlap but do not entangle eﬀectively, resulting in a scaling of
D  c1/2 in agreement with theory.145 As soon as entanglements
start to dominate the diﬀusional behaviour at c > cE z
0.02 g mL1, the scaling changes to D  c7/4 as predicted by
basic scaling and reptation theory.144,146 In Fig. 8, a double-logarithmic plot of the diﬀusion coeﬃcients obtained using FCS
versus the polymer concentration is presented. The data could
be well tted with the above mentioned scalings for the
diﬀerent regimes. The transition between them, however, was
found to be rather smooth. Very similar scaling laws were
obtained for the diﬀusion of perylene–monoimide-labelled PS

Diﬀusion coeﬃcient of labelled PS (Mw ¼ 3.90  105 g mol1,
Mw/Mn < 1.10) in toluene solutions as a function of polymer concentration and its prediction according to reptation and scaling theory.
(Adapted with permission from Liu et al.113 Copyright 2005 American
Chemical Society.)
Fig. 8

This journal is © The Royal Society of Chemistry 2014

chains in unentangled and entangled semidilute solutions.132 In
semidilute solutions of low molecular weight, polymer chains
that do not entangle, and the polymer-bound dye shows similar
behaviour to free dyes sensing simply the increase in local
viscosity with a temperature dependence as described by an
Arrhenius behaviour.95 The obtained activation energies of
diﬀusion showed a signicant increase with increasing polymer
concentration and could be related to free volume theory.147
The diﬀusion of polymer chains is also molecular weight
dependent. For PS in the good solvent toluene, a scaling of D 
M3/5 and D  M2 for dilute and semidilute entangled solutions was determined, respectively.56 Cherdhirankorn et al.
investigated the diﬀusion of labelled PS chains in toluene
solutions of polystyrenes of diﬀerent molecular mass.132 They
found that higher molecular weights of the matrix polymer
result in slower diﬀusion of the macromolecular probes as long
as the molecular weight of the matrix does not exceed 5 times
the molecular weight of the probe. In the latter case, a doublelogarithmic plot of D normalized to the diﬀusion coeﬃcient in
innite dilute solution versus the polymer concentration
normalized to the overlap concentration of the diﬀusing uorescent labelled polymer species resulted in a master curve,
again with a slope of 0.5 in the unentangled semidilute and
1.75 in the entangled semidilute regime.
In addition to the self-diﬀusion coeﬃcient of polymer
chains, their collective diﬀusion and the interplay between
these two types of diﬀusion is of considerable interest and was
shown to have signicant impact, for example, on the production of nanobres.56 Collective diﬀusion can be studied by
dynamic light scattering, whereas for self-diﬀusion, PFG-NMR
and label techniques such as forced Rayleigh scattering or FCS
are applied. In a comparative study with DLS, Zettl et al. showed
that FCS allows for measurements of collective diﬀusion and
thus is a very powerful method to compare both types of
diﬀusion within exactly the same systems.56 In addition to selfdiﬀusion, they found a collective diﬀusion mode in the FCS

The function 1/G(s)  1 of 515 kg mol1 PS chains in
dilute solution (circles, c / 0) and in semidilute solution (triangles, c ¼
13 wt%). The dashed lines of slope s characterize self-diﬀusion.
Intramolecular motions and collective diﬀusion dominate in dilute and
semidilute entangled solution, respectively, for short times. (Adapted
from Zettl et al.56)

Fig. 9
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autocorrelation curves in semidilute solutions which scales
with Dc  Mw0 c3/4 and depends on the molecular weight of the
matrix polymer, but not on the molecular weight of the tracer
itself.148 In Fig. 9, a comparison between the FCS autocorrelation curves (presented as their reciprocal value minus 1) of a
very dilute and a semidilute PS solution is presented.56 At long
times of s > 1 ms for dilute and s > 200 ms for semidilute
solutions, an exponential dependence of the autocorrelation on
time is obtained. At shorter times, deviations are obvious. In the
case of dilute solutions, the slight change in slope in Fig. 9 can
be related to intramolecular motions within single polymer
chains. For semidilute solutions, rather large deviations appear
which are caused by collective diﬀusion of polymer chains. The
reason why such a collective mode can be observed by FCS,
using only a small fraction of labelled polymer chains, lies in
the long-range interaction of polymer chains through the
network of transient entanglements. A very appealing visual
explanation for this can be found in Zettl et al.56
Apart from the described diﬀusion studies on labelled PS
chains, translational diﬀusion of Alexa-labelled polymethacrylic
acid (PMAA) in aqueous solution was studied as a function of
polymer concentration, solution pH, and ionic strength.149 In
agreement with the PS solution results, increasing the polymer
concentration had little eﬀect on the polymer diﬀusion up to
the overlap concentration c*. Beyond c*, the diﬀusion coeﬃcients dropped signicantly with increasing polymer concentration. A change from pH 5 to pH 8 resulted in an increased
charge on the PMAA chains resulting in their twofold expansion. Enhanced ion concentrations of alkaline metal ions
caused a chain contraction. Both dependencies could be
detected using FCS diﬀusion measurements.
Further FCS studies were used to study electrostatic interaction of charged polymers. In this way, the complexation
between negatively charged rhodamine-labelled oligonucleotides and cationic polymers could be characterized.150 Furthermore, the diﬀusion of cationic Rh6G dye molecules in anionic
polystyrene sulfonate (PSS) polymers was investigated.151 The
autocorrelation curves had to be tted with two diﬀusion times
according to eqn (5) with n ¼ 2, reecting free probes and
probes bound to the PSS-chains due to electrostatic interactions. The fraction of bound probes could be decreased by
elevated salt levels indicating a dynamic exchange process
between the free and bound cationic dyes. In another study,
determination of the hydrodynamic radius of uorescent
labelled dextran could explain their solvent dependent uptake
into polyelectrolyte multilayer microcapsules.152
For highly concentrated polymer solutions, there is only a
limited number of techniques capable of following their slow
dynamics. Also FCS reaches its limits when probe motion
becomes so slow that the number of molecules moving into or
out of the confocal volume within the measurement time is too
small to allow for reliable statistics. Increasing the measurement time is oen not straight-forward since all uorescence
dyes have only a limited photostability. If a dye bleaches within
the confocal volume, it will fake a faster diﬀusional motion than
its real value. To approach these systems, wideeld uorescence
microscopy and subsequent single molecule tracking is a much
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better method and has been utilized to study the glass
transition.153
Yet, FCS studies have been performed in concentrated
solutions. Approaching the glass transition, subdiﬀusive
motion was found as an additional mode on an intermediate
time scale between the fast collective diﬀusion and the slow selfdiﬀusion.56 Casoli et al. performed FCS measurement in thin
spin-coated PDMS lm (of Tg  120  C) doped with a small
amount of Rh6G molecules.154 They concluded that due to
electrostatic interactions, the dyes are arranged at the glass/
polymer interface and intensity uctuations reected changes
of molecular conguration of the dye which are caused by
changes in the local mobility of the surrounding polymer
matrix. Even though bulk viscosity was changed by two orders of
magnitude, they only observed 4-fold changes in the FCS
correlation time, indicating that FCS measurements probe
the local viscosity which can diﬀer signicantly from
macroviscosity.
Diﬀusion of large nanoparticles in polymers
The size of the probe plays a pivotal role for the analysis of
polymer systems. As already discussed before, probe size with
respect to characteristic length scales of the investigated system
determines the dynamics to be measured. Using uorescent
spheres with diameters in the 100 nm range, allows for
measuring spatially resolved viscosity on the length scale of
micrometers. Hence this technique is oen referred to as
passive microrheology.155–157 In addition to its spatial resolution,
the big advantage of microrheology is that only tiny sample
volumes are required, a challenge for other rheometers. Diﬀusion of nanoparticles with sizes between 1 and 140 nm in
agarose gels have been analysed by Fatin-Rouge et al.63 They
estimated a critical hydrodynamic radius Rc for which trapped
particles still displayed local mobility and dened a reduced
size RA/Rc of the diﬀusing particle with radius RA. For RA/Rc
smaller than 0.4, slightly anomalous diﬀusion with a scaling
parameter a of 0.93 was observed indicating that the diﬀusion
of particles has to proceed through obstacles. For more strongly
reduced sizes, the connectivity of the pores decreases rapidly,
and the particles get trapped because percolating paths for
them become very rare. This is the case in which they can be
used for microrheology.

FCS studies in responsive hydrogels
Responsive hydrogels oﬀer many possibilities for designing
drug delivery systems, sensors, and synthetic tissue because
they can adapt diﬀerent structures depending on their environment, in particular temperature and solvent conditions. In
order to exploit their potential, a detailed knowledge of their
structure and dynamics at the nanoscopic and mesoscopic scale
is necessary. So far, the most prominent responsive polymer is
poly(N-isopropylacrylamide) (PNIPAM). Its most relevant
feature is a lower critical solution temperature (LCST) at around
32  C,158 a temperature close to optimal physiological conditions. Below this temperature PNIPAM solutions in water are in
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a swollen state. At the LCST a volume phase transition occurs
and the gel collapses and expels water. A multi-faceted knowledge about diﬀusion within these responsive hydrogels under
diﬀerent conditions is essential for the above mentioned
applications. Within the last years, several studies have shown
the potential of FCS for studying diﬀusion in PNIPAM.
Diﬀusion of small molecules and labelled PNIPAM chains in
PNIPAM hydrogels follows a stretched exponential dependency
of the diﬀusion coeﬃcient on polymer concentration, as already
described above for other polymer solutions.159 The PNIPAM
chains can be crosslinked by hectorite clay particles. The gelation mechanism of such PNIPAM-clay nanocomposite hydrogels
is of signicant interest and has been approached using FCS.160
If the thermoresponsive PNIPAM gels are anchored to a solid
substrate, their swelling behaviour is restricted to one dimension, an interesting system the FCS investigation of which is
straight-forward.137,159 Diﬀusion of Alexa 647 molecules and
green uorescent protein, respectively, both weakly interacting
with this hydrogel, was studied for diﬀerent crosslinking
densities, solvent quality and temperatures. The two diﬀerent
probes were used to determine heterogeneities on the length
scale of their sizes. At the large swelling ratios present at low
temperatures, the diﬀusion of the small molecular tracer scales
with the polymer volume fraction following a stretched exponential function, similar to the behaviour in non-attached gels,
and can be described with one diﬀusion coeﬃcient, indicating
that the system is homogeneous on this nanolength scale. For
the green uorescent protein, with a cylindrical shape of a
length of 4.2 nm and diameter of 2.4 nm,161 deviation from this
single Fickian diﬀusion can already be observed in this regime,
suggesting the presence of heterogeneity. In the transition
regime from the swollen to the collapsed state around the
volume phase transition temperature, two fractions of molecules with diﬀerent diﬀusion coeﬃcients were found. One
scales with the stretched exponential function as observed for
lower temperature, the other is faster and represents the
unhindered diﬀusion of molecules in the solvent. Aer the
collapse transition occurred at a swelling ratio of about 1.5, all
dye molecules were expelled from the collapsed hydrogel lms.
This situation becomes even more complex for nanocomposites with a thermoresponsive PNIPAM component.
Lehmann et al. investigated how temperature-sensitive swelling
inuences the coupling of PNIPAM microparticles to a
surrounding macroscopic poly(acrylamide) hydrogel.162 Using
scanning 2fFCS, they could quantify the diﬀusion of labelled
dextranes inside the microgel beads and in the surrounding
hydrogel matrix. The formation of interpenetrating networks
inside the embedded microgel beads depends on their crosslink
density. If the beads are weakly crosslinked, these composite
hydrogels form interpenetrating polymer networks. As a
consequence, swelling and deswelling of the beads is obstructed and the mobility of embedded uorescently labelled dextran
probes is reduced. For highly crosslinked beads, the hydrogel
matrix swells heterogeneously upon collapse of the embedded
beads, indicating the formation of pores near their surface.
Such behaviour allows for tailoring of pore structures, thus
enabling a control of the motion through these systems.
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Fig. 10 Dependency of the Flory scaling parameter on the mol fraction xEtOH of ethanol in water. The three dotted lines denote the
theoretical values of the static scaling index for a random coil (0.588),
an undisturbed coil (1/2), and a compact globule (1/3). On the right side
a schematic drawing of the shape of polymer chains in the diﬀerent
regimes is presented. (Adapted from Wang et al.166)

The layer-by-layer assembly of polyelectrolyte multilayers on
PNIPAM microgels was evidenced using dual-color cross-correlation pulsed interleaved excitation FCS.163 For this purpose, the
rst and the third cationic polymer were labelled with RhB and
uorescein isothiocyanate, respectively. Aer the layer-by-layerabsorption, the autocorrelation curves for both dyes and their
cross-correlation show very similar diﬀusion times strongly
suggesting that both labelled polyelectrolytes are attached to
the same microgel. In addition, temperature-dependent FCSmeasurements proved that the polyelectrolyte multilayer shell
remains bound to the nanogel during the volume phase
transition.164
Another not yet fully understood process in polymer science
is cononsolvency,165 i.e. the phenomenon that some responsive
polymers are swollen in two diﬀerent solvents, but not in certain
mixtures of them. Wang et al. used FCS to study the cononsolvency in PNIPAM,166 which is swollen in pure water or pure
ethanol, but for a mixture of 80% water and 20% ethanol,
exhibits a reduction in volume compared to the situation in the
pure solvents. For their purposes they used uorescently
labelled PNIPAM of diﬀerent degrees of polymerization and
diﬀerent water–ethanol compositions. They observed signicant changes in the scaling of the hydrodynamic radius rh
(obtained from the diﬀusion coeﬃcient, see eqn (7)) of PNIPAM.
According to the mean-eld approximation167 and the scaling
concept of polymers,144 the hydrodynamic radius scales as rh f
Nn with the degree of polymerization N and the Flory scaling
exponent n which depends on solvent conditions. The values in
pure ethanol and pure water are close to the predicted values for
athermal solvents, i.e. PNIPAM chains are random coils under
these conditions. In water ethanol mixtures, the solvent quality
for PNIPAM becomes signicantly lower, reaching a limit of
0.33 when the mole fraction xEtOH equals 0.09 and 0.25. Between
these values, no uniform uorescent signal could be detected in
solution due to the (reversible) formation of suspended
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aggregates. In summary, as shown in Fig. 10, the conformations
of PNIPAM at diﬀerent solvent mixtures could be elucidated
using FCS.
The aspects concerning diﬀusion in PNIPAM brushes and
micelle formation of thermoresponsive polymers, respectively,
will be discussed in the following two sections.

Published on 05 November 2013.

Diﬀusion at solid–liquid interfaces
Diﬀusion of polymer chains at interfaces is rather complex and
measurements as well as theoretical considerations are challenging. Several FCS studies were conducted at solid–liquid
interfaces.
The Granick group studied the diﬀusion of end-labelled
polyethylene glycol (PEG) chains adsorbed onto a hydrophobic
self-assembled monolayer of octadecyltriethoxysilane coated
onto a fused silica coverslip aer two-photon excitation.96,168 In
this system, the polymer chains adsorb to the surface, thus
exhibiting a at ‘pancake’ conformation. Using PEG of diﬀerent
molecular weights (between 2 and 31 kg mol1), it was found
that the diﬀusion coeﬃcient scales with the number of chain
segments according to a strikingly strong power-law scaling
with an exponent of 3/2. Furthermore, it was investigated how
surface diﬀusion is inuenced by surface coverage.169,170 At low
surface coverages, an increase of the translational diﬀusion
coeﬃcient with increasing surface concentration was observed
and attributed to a decrease of adsorption sites per molecule as
chains switch from pancake to loop-train-tail conformation. At
surface concentrations larger than the overlap concentration,
the diﬀusion slowed down by one order of magnitude, due to
crowding and entanglement with neighbouring chains.
Two studies dealt with translational diﬀusion within pH
sensitive polymer brushes. Pan et al. investigated the diﬀusion
in poly(acrylic acid) (PAA) chains graed on PET surfaces.171 The
comparison of diﬀusion coeﬃcients of labelled polymers and a
free uorescent probe allowed them to separate the eﬀects of
viscosity and relative molecular mass of the polymer. The
dependency of diﬀusion on pH and ionic strength were analysed. Both factors inuence the degree of swelling of the PAA
layer. The diﬀusion of single positively charged Rh6G molecules
in negatively charged supported sodium poly(styrene sulfonate)
brushes at diﬀerent pH values was investigated by Reznik
et al.172 They combined diﬀusion measurements using FCS with
anisotropy measurements to analyse the rotational motion.
Based on their results they suggest dynamic association of
Rh6G molecules with the polymer brush, resulting in low energy
nonspecic binding. Changing the pH can result in eﬀective
switching of ion transport rates since it aﬀects the association
and dissociation kinetics to the polymer.
Apart from pH, when a thermoresponsive polymer is used for
coating, surfaces can be also sensitive to temperature. Wang
et al. studied lateral diﬀusion of uorescently labelled polyelectrolyte poly(2-vinylpyridine) (P2VP) on the surface of thermoresponsive
poly(N-isopropylacrylamide)
(PNIPAM)
brushes.112 At the low pH used for the measurements, the P2VP
chains were fully charged and thus exhibited an extended coil
conformation. Gradually increasing the temperature resulted in
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an increase in the diﬀusion coeﬃcient of the P2VP probes as
expected from the concomitant decrease of viscosity. However,
at the volume phase transition temperature the diﬀusion coefcient started to decrease again. This behaviour was attributed
to the collapse of the PNIPAM chain conformation changing the
hairy to a closely packed layer.
Even though the above mentioned studies were conducted
with normal FCS settings, it should be kept in mind that TIRFCS which has been described in the section “technical developments” can increase the sensitivity of FCS measurements at
solid–liquid interfaces.88,89

Studying micellization and aggregation
In analogy with studies on the dynamic properties of phospholipids173 or low molecular weight amphiphiles,174 micellization and aggregation of polymers can be also studied using
FCS. In a rst study, Nörenberg et al. investigated the formation
of mixed polymer–surfactant micelles.175 Most FCS studies,
however, were performed on the micellization and aggregation
behaviour of amphiphilic block copolymers which is expected
to diﬀer from common surfactants as the solvophobic and
solvophilic parts of the molecule are much larger. Variation of
the polymer concentration, quality of the solvent and the
lengths of both blocks, results in a manifold of possibilities of
forming diﬀerent architectures such as spheres, disks, rods,
vesicles, or ocs.176
Compared to other methods, FCS is especially powerful to
detect a very low critical micelle concentration174,176–179 (CMC)
and a very low critical aggregation concentration176–178 (CAC) as
they oen appear in block copolymers solutions. The sensitivity
of FCS surpasses other uorescence spectroscopy methods such
as evaluating the ratio between two absorption bands of pyrene
to detect the local polarity of its surrounding and, thus, the
appearance of incorporation into micelles. The latter method
only yields an upper estimate of the CMC.179
For concentrations below the CMC, the FCS curves can be
tted with one correlation time reecting the presence of free
uorescence probes in solution. As soon as micelles or aggregates start to form and implement the probes into their structures, their motion becomes signicantly slower and at least
two correlation times, one reecting the free probes and the
other one related to the probes bound to micelles/aggregates,
have to be used for tting the autocorrelation curves. It could be
nicely demonstrated by Bonné et al. that two correlation times
appeared at the CMC and how the fraction of the slowly moving
probe gradually increased with increasing polymer concentration, whereas the two correlation times remained constant178
(see Fig. 11 and text below).
Apart from the determination of the CMC, the average size of
micelles and aggregates176–179 can be studied using FCS. The
obtained correlation time can be used to calculate the translational diﬀusion coeﬃcient of the uorescent probe attached
to the micelle using a reference of known diﬀusion coeﬃcient.
As already mentioned above, a common and reliable
reference is Rh6G in water with a diﬀusion coeﬃcient of 4.14 
1010 m2 s1.46 From the diﬀusion coeﬃcient, the
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Fig. 11 (Apparent) hydrodynamic radii rh as determined by FCS on P

Published on 05 November 2013.

[(NOx)10(MOx)32] with diﬀerent tracers. Squares: solutions containing
only labelled copolymers; triangles: solutions containing both ﬂuorescence-labelled and non-labelled copolymers; circles: solutions
containing non-labelled polymers and Rh6G (adapted from Bonné
et al.178)

hydrodynamic radius of the micelles/aggregates can be determined using the Stokes–Einstein-equation (see eqn (7)). The
determination of the micelle/aggregate size, however, can be
strongly biased by the behaviour of the uorescent probe, if the
probe does not bind suﬃciently to the micelles/aggregates. This
has to be taken into account, in particular when free uorescent
probes are used which can reversibly bind to the micelles/
aggregates. In many cases, it has been observed that the
correlation time related to the micelles/aggregates becomes
longer with increasing monomer concentrations and does not
reach a constant value up to concentrations far above CMC
(for some copolymers up to two decades). Only at higher
concentrations a plateau value was obtained.174,176 Thus, the
apparent diﬀusion coeﬃcient of the micelles seems to decrease
and the hydrodynamic radius to increase, i.e. micelles seem to
grow with increasing monomer concentrations. Such a dependence may be interpreted by the fact that the micellization of
amphiphilic block copolymers with a liquid-like hydrophobic
block
is
kinetically
controlled
rather
than
thermodynamically.179
A comparison with dynamic light scattering and with
experiments of covalently uorescence-labelled copolymers,
however, did not reveal such an increase in hydrodynamic
micelle radii.178 The apparent increase of the radius was rather
explained by the attachment of dyes to the micelles/aggregates.
Binding of free dyes to micelles/aggregates is an equilibrium
process and even though the chosen dyes are poorly watersoluble, and thus will be bound most of the time to the micelle/
aggregate, there are also periods of free diﬀusion. These periods
become shorter for higher micelle concentrations. Thus, even
though the size of the micelles stays constant, the average time
it takes a uorescent probe to diﬀuse through the confocal
volume becomes longer and the (time-averaged) diﬀusion
coeﬃcient smaller. Thus, the hydrodynamic radius seems to
grow with increasing polymer concentration, and the
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magnitude of this eﬀect will depend on the equilibrium
constant of binding of the dye to the micelle. As a consequence,
despite the fact that the addition of a small amount of a low
molar mass dye to the polymer solutions is a straight-forward
way of studying the aggregation of amphiphilic copolymers by
FCS, great care has to be taken that the dyes show signicant
binding to the micelles. Otherwise, a wrong dependence of the
hydrodynamic radii on polymer concentration will be observed,
i.e. a too small radius will be obtained at low polymer
concentration.
A less simple, but on the other hand more reliable alternative
to circumvent these problems is to use probes covalently
attached to the copolymers. A comparison between free and
polymer-bound probes was performed by Bonné et al.178 Fig. 11
shows this comparison between the FCS results in polyoxazoline block copolymers in aqueous solution. From the CMC up to
high polymer concentrations, the hydrodynamic radii of the
micelles obtained using partially labelled copolymers are
constant and equal to the ones of labelled unimers measured at
low concentrations. In contrast, the radius calculated using free
Rh6G as a probe show a gradual increase from the CMC at
approx. 105 M until 103 M before they reach the same value
obtained with the covalently labelled system.
As already mentioned, a suitable system to study micelle
formation with a free probe should have a high binding
constant to the micelle. Furthermore, it is favourable if the nonbound dye shows lower or ideally no uorescence compared to
the micelle-bound dye. Octadecyl rhodamine B (ORB) has been
reported as a system fullling both of the above mentioned
properties. Therefore it is very suitable to probe the micellization of PS-poly(methyl acrylate) (PMA) block-copolymers.180 The
amphiphilic ORB binds strongly to the core–shell interface of
the PS-PMA micelles with its nonpolar aliphatic tail buried in,
and partially adsorbed to the PS core. Furthermore, the uorescence from the water-dissolved dyes is self-quenched and
does not signicantly contribute to the monitored FCS uctuations. In this PS-PMA-system, Humpolı́čková et al.180 also
investigated the eﬀect of diﬀerent ORB concentrations. If the
concentration of the uorescent probe is lower than the
concentration of the micelles, individual ORB molecules bind to
diﬀerent micelles and will not be self-quenched. The observed
uorescence of these probes is however lower than expected.
The decreased intensity was attributed to hydrophobic impurities which are present in the micelle and quench the uorescence. For a given amphiphile concentration the number of
uorescent micelles in the focal volume increases with
increasing uorescent probe concentration until it reaches a
saturation limit. At this limit, each micelle is labelled. Further
increase of the dye concentration results in a higher number of
dye molecules per particle which increases the amplitude of
uctuations caused by the appearance and disappearance
of multiple-tagged micelles. The autocorrelation function and
the particle number, however, are not aﬀected.
Several studies on micellization and aggregation using FCS
were performed with polyoxazolines which are an interesting
class of polymers since they are biocompatible and non-toxic,
and immuno-response has not been reported.181 The advantage
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of this polymer class is that the polarity of each monomer unit
can be ne-tuned by a suitable choice of the pendant
2-substituent. 2-Methyl- and 2-ethyl-2-oxazolines are hydrophilic, whereas side groups longer than propyl result in significant hydrophobicity. Thus, poly(2-alkyl-2-oxazoline) oﬀers a
manifold of possibilities to tune micellization and aggregation
and thus allow for an adjustment of the properties related with
these parameters. They also exhibit a volume phase transition
with a lower critical solution temperature (LCST), comparable to
PNIPAM, and their phase transition temperature can be easily
tuned. Increasing the amount of hydrophilic 2-oxazoline
monomer units increases the lower critical solution temperature (LCST), whereas hydrophobic units decrease the LCST. The
polyoxazolines were covalently labelled with a tetramethylrhodamine isothiocyanate uorophore and their micellization behaviour studied.177 The position of the label, i.e. whether
it was attached to the end of the hydrophobic poly(2-n-nonyl-2oxazoline) block or the hydrophilic poly(2-methyl-2-oxazoline)
block, was shown to have no inuence on the FCS results on
micellization.178
Apart from studying micellization of polyoxazolines, their
thermo-responsive aggregation behaviour around the cloud
point was investigated using FCS with varying temperature from
r.t. up to ca. 50  C.182 For this purpose, diﬀerent combinations of
iso-propyl- (iPrOx) and n-propyl- (nPrOx) and n-nonyl- (NOx)
substituted polyoxazolines were synthesized. From a combination with turbidimetry and small-angle neutron scattering
measurements, the model shown in Fig. 12 and explained in the
following was derived. The thermoresponsive P(iPrOx) and
P(nPrOx) homopolymers exhibit a behaviour similar to the one
encountered with other thermo-responsive homopolymers,
such as PNIPAM.183 For both homopolymers, the cloud point
depends signicantly on concentration and on the degree of
polymerization. With increasing concentration and increasing
degree of polymerization, the cloud point decreases. Both
homopolymers were dissolved as unimers at room temperature.

Review

At the cloud point (above 40  C for P(iPrOx) and 24–38  C for
P(nPrOx)) the polymer chains collapsed and formed large
aggregates (Fig. 12a). Aggregation was fully reversible for
P(iPrOx) whereas the aggregates of P(nPrOx) could not be fully
dissolved upon cooling. The latter fact was tentatively attributed
to crystallization of the n-propyl side-chains occurring above the
cloud point. The aggregation of the copolymers with a PiPrOx
and a PnPrOx block was dominated by the behaviour of PnPrOx,
the block with the lower cloud point. At this point, aggregates
formed directly (Fig. 12b), in contrast to the expectation that
micelles appear at temperatures between the cloud points of
both polymers.
Apart from the homopolymers and the block copolymers, the
authors also studied gradient copolymers, in which, on average,
2 or 4 out of 50 iso-propyl side groups were replaced by the very
hydrophobic n-nonyl side group. These gradient copolymers
displayed a complex aggregation behaviour resulting from the
interplay between intra- and intermolecular association mediated by the hydrophobic nPrOx side chains. Already below the
cloud point, aggregates are formed due to the strong interaction
of the strongly hydrophobic n-nonyl side groups (Fig. 12c and
d). This eﬀect was more pronounced for the gradient copolymers with a higher number of n-nonyl side groups. The
hydrophobic interaction of these groups also shis the collapse
resulting in large aggregates to a few Kelvin above the cloud
point. These aggregates, however could not be detected with
FCS, because sedimentation occurred due to their large size.
The size of unimers and aggregates of random amphiphilic
copolymers was determined using a combination of FCS and
electron paramagnetic resonance spectroscopy (EPR).184 The
percentage of hydrophobic monomers in the polymers was
found to determine their shape and also their capability to bind
the drug domperidone. Only if the content of apolar monomers
is suﬃciently high to form hydrophobic microdomains, the
model drug can be solubilized, thus increasing the radius of the
aggregates as determined by FCS. FCS is not only restricted to
assembly studies of block copolymers and homopolymers, but
also more complex aggregation systems can be analysed. As an
example, Štepánek et al. investigated the solution behaviour
and self-assembly of a heteroarm star copolymer consisting of
ca. 20 short PS and 20 long P2VP arms.185

Comparison of FCS with DLS and
quasielastic neutron scattering (QENS)

Temperature-dependent aggregation behaviour of (a) P(iPrOx)
homopolymers, (b) P(iPrOx25-b-nPrOx25) diblock copolymers, (c) P
[iPrOx48NOx2]grad, and (d) P[iPrOx46NOx4]grad gradient copolymers.
The diﬀerent colours indicate the monomer type. CP stands for cloud
point, IR for the intermediate regime. (Adapted from Salzinger et al.182)
Fig. 12
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Apart from FCS, dynamic light scattering (DLS, also known as
photon correlation spectroscopy) is an oen used method to
investigate the dynamics of particles, micelles and aggregates.
Thus, the question arises how these two techniques compare to
each other. FCS requires tiny amounts of uorescence probes
reporting on their dynamics. The amount of probes is approx.
3–4 magnitudes lower than the one required for DLS. Therefore,
the amount of those probes which are bound to micelles and
aggregates is also typically not very high. This bears the big
advantage that simultaneous detection of free dye, micelles and
large aggregates is straight-forward. In contrast to that, the
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scattered intensity detected in DLS is proportional to the
particle mass and concentration.185 Thus, small aggregates are
diﬃcult to detect in the presence of large aggregates.177 FCS is
also more sensitive to measure the hydrodynamic radius of
nanoparticles.41 Another important diﬀerence arises when
probing polydisperse particles, micelles or aggregates. The
value measured with FCS is a number-averaged molar mass
(Mn) whereas the weight-averaged molar mass (Mw) is obtained
during DLS measurements.180
Another very useful and well-established technique to study
the dynamics of polymer systems is quasielastic neutron scattering (QENS) which can access diﬀusional processes at subnanometer length and picosecond time scales, i.e. with clearly
higher accuracy than optical techniques, without the need of
labelling.186 However, due to the low cross-section of QENS
which is ca. 109 times smaller than the absorption cross-section
of a good uorophore (ca. 1028 m2 versus ca. 1019 m2), it
requires long measuring times of hours and averaging of a large
ensemble of molecules to obtain a suﬃcient statistics, and thus
imaging diﬀerent sample areas would be very time-consuming
and expensive. In addition, due to the limited availability of
neutron sources, QENS will be never considered as a technique
which can as routinely be used as FCS. However, I see a huge
potential of combining the diﬀerent techniques to gain the
maximum insight into polymer structure and dynamics.

fcFCS
LCST
Mw
Mn
NOx
ORB
P2VP
PDMS
PEG
PFG-NMR
PMA
PMAA
PNIPAM
i
PrOx
n
PrOx
PS
PVA
QENS
Rh6G
RhB
TIR-FCS

Conclusions

The author thanks the Zukunskolleg of the University of
Konstanz for nancial and administrative support.

This review intended to present the studies performed to
investigate structure and dynamics in polymer systems using
uorescence correlation spectroscopy. It outlined the capabilities and strengths, but also the pitfalls for FCS measurements
in polymer science, illustrated by numerous references. In
particular, it was focused on diﬀusion of diﬀerently sized
molecular and macromolecular probes in polymer solutions,
classical and responsive polymer gels, polymer melts, glasses,
and micellization and aggregation systems. The observation of
diﬀusional processes in these systems with the temporal and
spatial resolution of FCS enables access to plenty of structural
and dynamical parameters. This knowledge is essential for
experimental and theoretical polymer scientists in order to gain
a better understanding of how the structure and dynamics on
the nano- to micrometre scale determine the macroscopic
properties of polymers. As a nal conclusion, I want to
emphasize that FCS must be considered a powerful technique
complementing other methods in polymer science.
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