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ABSTRACT Nanoscale dynamic heterogeneities in synthetic polymer solutions are detected

using super-resolution optical microscopy. To this end, we map concentration ﬂuctuations in
polystyrenetoluene solutions with spatial resolution below the diﬀraction limit, focusing on
critical ﬂuctuations near the polymer overlap concentration, c*. Two-photon super-resolution
microscopy was adapted to be applicable in an organic solvent, and a home-built STED-FCS
system with stimulated emission depletion (STED) was used to perform ﬂuorescence correlation
spectroscopy (FCS). The polystyrene serving as the tracer probe (670 kg mol1, radius of gyration
RG ≈ 35 nm, end-labeled with a bodipy derivative chromophore) was dissolved in toluene at room temperature (good solvent) and mixed with matrix
polystyrene (3,840 kg mol1, RG ≈ 97 nm, Mw/Mn = 1.04) whose concentration was varied from dilute to more than 10c*. Whereas for dilute solutions the
intensityintensity correlation function follows a single diﬀusion process, it splits starting at c* to imply an additional relaxation process provided that the
experimental focal area does not greatly exceed the polymer blob size. We identify the slower mode as self-diﬀusion and the increasingly rapid mode as
correlated segment ﬂuctuations that reﬂect the cooperative diﬀusion coeﬃcient, Dcoop. These real-space measurements ﬁnd quantitative agreement
between correlation lengths inferred from dynamic measurements and those from determining the limit below which diﬀusion coeﬃcients are
independent of spot size. This study is considered to illustrate the potential of importing into polymer science the techniques of super-resolution imaging.
KEYWORDS: super-resolution spectroscopy . polymer dynamics . semidilute polymer solutions

T

he progression of polymer segment
concentration (c), from dilute to semidilute to concentrated to melt, has
interesting predicted consequences for
concentration ﬂuctuations.13 We are interested here in the fact that as chains begin
to reach overlap concentrations, critical
ﬂuctuations of segments emerge over extended distances. Scaling theory allows
their length scale, the “blob” size, to be
predicted given some empirical inputs (the
radius of gyration, RG, and the overlap concentration, c*).4 This scenario implies two
orthogonal diﬀusive processes. Critical segmental ﬂuctuations, driven by excluded
volume repulsion, manifest themselves in
the osmotic compressibility of the solution
as chains are pushed together, and this
produces the cooperative diﬀusion coeﬃcient, Dcoop, but the scale of cooperativity
decreases as polymer concentration increases.2 Near the overlap concentration, it
is physically reasonable to expect the polymer solution to become a mosaic, some
spatial regions enjoying free translational
motion of chains that locally are in a dilute
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regime, other spatial regions with strong
concentration dependence as overlapping
chains experience slower, more restricted
mobility. As the polymer concentration increases chain entanglements begin to constrain the cooperative ﬂuctuations, limiting
correlated motion to increasingly smaller
pockets according to the scaling laws that
describe cooperative diﬀusion.2
More than 30 years ago, experimental
measures of segmental dynamics within
correlated regions, expressed as the cooperative diﬀusion coeﬃcient Dcoop, were obtained using dynamic light scattering.5
Relating this to the correlation length ξ
through the StokesEinstein relation Dcoop =
kBT/6πηsξcoor, the observation Dcoop ∼ c0.75
was found to agree with the prediction from
scaling theory, ξcorr ∼ RG(c/c*)0.75.1,2,5 Physically, one expects maximum eﬀect when
ξcorr ∼ RG at the overlap concentration, as
higher concentrations are accompanied by
local entanglement that progressively limit
correlated ﬂuctuations to smaller and
smaller length scales. However, because of
the intrinsic scale of segmental motion in
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Figure 1. Experimental setup. (a) Schematic depiction of the home-built time-gated STED-FCS used in this study. Two-photon
absorption in the sample is excited by a pulsed 800 nm laser. To produce subdiﬀraction spot size, the depletion beam from a
592 nm CW laser passes through a phase plate that gives it a doughnut shape, leaving only dye molecules in the zero-intensity
center capable of visible ﬂuorescence. Fluorescence ﬂuctuations for dye labeled nanoparticles with diﬀraction limited spot (b)
and a STED generated spot of roughly 60 nm (c). The duration of the ﬂuorescent bursts decrease signiﬁcantly as the spot size is
reduced, though the intensity of the ﬂuorescent bursts remains roughly the same. For the bodipy dye used in these
experiments, the point-spread function is plotted against ISTED (d). Notice that the smallest focal PSF, equivalent to the
smallest focal diameter, is ∼60 nm.

synthetic polymers being below the diﬀraction limit,
there has been no real-space conﬁrmation of this.
The rapidly advancing ﬁeld of super-resolution
imaging6,7 oﬀers an experimental approach to test
these and related matters in the ﬁeld of polymer
science. Here, we use STED (stimulated emission
depletion), as it is considered to lend itself especially
well to studying time-dependent changes. To date,
dynamic studies using STED focused on biological
systems.8,9 We explore its utility to address problems
in materials science, speciﬁcally (in this study) to study
the segmental motion of polymer chains whose size
falls below the conventional diﬀraction limit.1013 We
couple it to ﬂuorescence correlation spectroscopy
(FCS) of mono end-labeled ﬂuorescent polymer chains.
The focused two-photon beam creates an illuminated
spot with a beam waist that we vary from at most
300 μm while the small number of ﬂuorophores contained within a given volume (at most 310) ﬂuctuates
as polymers diﬀuse in and out. The ﬁt to the autocorrelation function determines the diﬀusion of the
ﬂuorescing species such that the diﬀusing dye reports
on diﬀusion of the polymer chains. The combination,
STED-FCS, is particularly attractive because spatial
resolutions upward of 10 times less than the diﬀraction
limit can be obtained without sacriﬁcing the temporal
resolution that is standard for FCS, making it attractive
for dynamic studies on the nanoscale.
RESULTS AND DISCUSSION
Figure 1a shows a schematic diagram of the STEDFCS experimental setup. A confocal geometry is used
to excite a diﬀraction limited spot of ﬂuorophores. To
implement the STED phenomenon, a second beam,
tuned to the emission wavelength, is aligned to be
collinear with the excitation beam. By passing the depletion beam through a vortex phase mask the beam
acquires a “doughnut” shape, with a high intensity ring
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of light and a zero intensity center. The depletion beam
stimulates emission from molecules within the high
intensity ring and, due to the phase matching condition, causes the stimulated emission to be emitted in
the same direction as the depletion beam, leaving it
undetected. Dyes in the zero-intensity region of the
depletion beam are left to spontaneously ﬂuoresce,
and the size of this region is not spatially limited by
diﬀraction.
While one might be tempted to worry that the
relatively small excitation volume reduces signal-tonoise of the signal, this is not so because FCS measures
ﬂuctuations rather than background. An example is
shown in Figure 1b,c, representative graphs of ﬂuctuation counts plotted against time. Comparing these for a
diﬀraction-limited FCS spot, and a smaller spot of size
60 nm, this raw data shows no cost in signal-to-noise,
though ﬂuctuations are naturally fewer in the latter
case. Furthermore, because the depletion eﬃciency is
proportional to the STED beam power, the spot size
(dxy) can be systematically varied.6 For example, a plot
of the point spread function (nm) against intensity of
the STED excitation (Figure 1d) shows how the former
can be varied from the diﬀraction limit of ∼345 nm
down to progressively lower values. The smallest size in
the present study was 60 nm, though spot sizes as low
as 20 nm using molecular dyes have been reported.14
Coupling this excitation scheme with the established
technique of FCS allows diﬀusive dynamics on the
nanoscale to be accessed.15 The Experimental Section
describes techniques that were developed, in the
course of this study, to apply STED-FCS to study polymers in organic solution.
This experiment was designed such that the radius
of gyration of the host polymer exceeded the STED dxy,
and thus, internal motion would be observed. Figure 2a
shows a cartoon describing a semidilute polymer solution at the overlap concentration; while translational
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Figure 2. (a) Cartoon showing a semidilute polymer solution at the overlap concentration with close-packed circles
representing what polymer physics jargon refers to as the “blobs” of polymer segments. The spot sizes, or beam waists,
used in the experiments are shown in blue, with the scaling between the correlation length and the spot size being roughly
correct. Within the blobs, the segmental dynamics (c) are correlated and described by a cooperative diﬀusion coeﬃcient,
Dcoop. It is distinct from the translational motion of the polymer chains through the environment (b), quantiﬁed by the selfdiﬀusion coeﬃcient, Dself.

motion of the polymer chains is described by a diﬀerent diﬀusion coeﬃcient, that of the chain's center of
mass (Figure 2b), it is diﬀerent at smaller scale. Within
what the ﬁeld of polymer physics refers to as “blobs”,
the segmental dynamics (Figure 2c) are described by a
cooperative diﬀusion coeﬃcient. To analyze the FCS
data, ﬁrst the intensityintensity autocorrelation function was calculated and the G(τ = 0) value was normalized to unity, as is standard for this technique, giving
the autocorrelation function, G(τ), as a function of
logarithmic time lag, τ. Note that as the principle of
an FCS measurement is to analyze rate of ﬂuctuation,
signal-to-noise in this experiment improves with decreasing spot size. Moreover, the orthogonality of
diﬀusion in the three Cartesian directions (x, y, and z)
explains why 3D diﬀusivity is inferred from measurements projected into the 2D xy plane.
FCS Experiments with Diffraction-Limited Spot Size. The
raw data with conventional FCS (dxy = 345 nm) are
summarized in Figure 3a. At every polymer concentration, the autocorrelation curves were fit to the known
form for a single diffusion process, and also to the
known form for a two-component diffusion process
(see Supporting Information). The way to read these
curves is that they show the delay time required for the
polymer-attached dyes to diffuse a distance roughly
equal to dxy. While strict calculation also takes into
account the Gaussian intensity profile of the excitation
beam, the translational diffusion coefficient is approximately the square of dxy divided by the characteristic
time.16
Provided that only the extremes of dilute and concentrated concentrations are considered, the data are
simple to interpret. Regardless of whether one allows
one relaxation process or two, the ﬁts are nearly
KING ET AL.

identical, the negligible residuals from the alternative ﬁts reﬂecting only noise in the data (Supporting
Information). But starting at relative concentration
c/c* = 1.25, G(τ) is signiﬁcantly better described by
two components. The unacceptable ﬁt from the alternative hypothesis of a one-component process is clear
from the residuals (Supporting Information), which
shows structure beyond signal noise for concentrations near c*. At this stage of the experiments, we
tentatively assigned the faster relaxation time to correlated segmental ﬂuctuations, the slower relaxation
time to self-diﬀusion.5 The ﬂuctuations are not spatially
resolved, but nonetheless, the Gaussian intensity proﬁle of illumination and bleaching can produce edge
eﬀects, speciﬁcally situations in which dyes located
near the edge of the focal spot can register ﬂuorescent
bursts without traversing the focal volume. In the
biophysics community, there is a tradition of ﬁtting
segmental motion of polymers measured by FCS to
models based on assuming a diﬀusive process and we
followed this approach.17
The implied diﬀusion coeﬃcients of the fast mode,
Dcoop, and the slow mode, Dself, are summarized in
Figure 3b, plotted for 345 and 60 nm spot sizes as a
function of concentration on loglog scales. In the
inset, their ratio is plotted against logarithmic concentration. The scaling of Dself is consistent with other FCS
studies of self-diﬀusion in polystyrene systems.1820 In
dilute and concentrated solutions, the cooperative
diﬀusion cannot be resolved but the ratio rises abruptly
at c* (that the eﬀect is observed so close to the
deﬁnition of c* is remarkable, as the deﬁnition of c*
naively supposes polymer coils at c* to be close-packed
spheres). As the concentration is further increased,
Dcoop is predicted to grow as c0.75 but on increasingly
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Figure 3. Examples of raw data. (a) Traditional FCS. Using traditional diﬀraction-limited spot size, the normalized
intensityintensity autocorrelation function is plotted against logarithmic time lag for end-labeled PS in toluene under
the conditions described in the text. Data was collected for c/c* ∼ 16.25 (purple), 7.62 (cyan), 4.40 (red), 1.25 (gray), 1.10 (navy),
0.91 (green), as well as in dilute solution (black). Polymer concentrations are identiﬁed in the inset. The solid lines are
2-component ﬁts to the data as described in the Supporting Information. This provides the most consistent ﬁts throughout
the concentration series, giving two diﬀusion coeﬃcients at each concentration, Dself and Dcoop, except that Dcoop seems to be
only resolved at c > c*, where the correlation lengths are large. (b) STED-FCS. Diﬀusion coeﬃcients for two spot sizes, 345 and
60 nm, are plotted against polymer concentration on loglog scales. The dashed line shows the expected scaling for Dcoop
with concentration. As the concentration is increased the length scale of cooperative diﬀusion decreases, and the spatial
resolution provided by STED-FCS is no longer suﬃcient to measure accurate diﬀusion coeﬃcients. The inset shows the ratio
Dcoop/Dself as a function of concentration.

Figure 4. STED-FCS autocorrelation functions for dilute polymer solutions (a) and the semidilute solutions at c/c* = 1.25 (b).
As dxy of the excitation laser is downsized the curves shift to shorter time scales because it takes less time for molecules to
diﬀuse through the spot.

smaller length scales and with increasingly rapid decrease of intensityintensity autocorrelations.5 The
apparent decrease of Dcoop at high concentration
measured here is not real; it reﬂects simply that the
length scale of the correlated ﬂuctuations is far below
our spatial resolution and we cannot distinctly resolve
these motions (see the Supporting Information).
STED-FCS Experiments. STED experiments were performed with beam diameters of 140, 85, and 60 nm.
Illustrative raw data are shown in Figure 4a,b, autocorrelation functions plotted against logarithmic time
lag with varying dxy for dilute solution and c/c* ≈ 1.25,
respectively. As dxy is reduced, the autocorrelation
function decays more quickly, as less time is needed
for probe molecules to diffuse through the focal volume.15 For a freely diffusing molecule, the diffusion
constant is independent of dxy, as its diffusion looks
KING ET AL.

similar on any length scale. For a molecule diffusing
through a system with nanoscale heterogeneity, the
observed diffusion constant can have a nontrivial
dependence on the length scale probed.8,21,22
The dependence on dxy of the apparent diﬀusion
coeﬃcient is plotted in Figure 5 for all the polymer
concentrations that we studied. Translational diﬀusion,
Dself, shows no dependence (Figure 5a). It is at ﬁrst
surprising that this trend persists up to the highest
concentrations, a condition when one would expect
the dominant mode of translational diﬀusion to be
reptation, which would not be Fickian over our time
scale (tens of seconds). It is possible that the dominant
mode of motion does indeed occur through a process
more complicated than free diﬀusion but that the
length scales for heterogeneity would be too small to
observe with STED-FCS.
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Figure 5. Quantiﬁcation of dependence on spot size. (a) Slow component of autocorrelation function decay, which we
identify with Dself, plotted semilogarithmically against focal diameter. The lack of dependence suggests free diﬀusion on the
length scales studied here. Similar data at other concentrations, below and well above c*, likewise show no dependence. (b)
Faster component of autocorrelation function decay, which we identify with Dcoop, plotted semilogarithmically against focal
diameter. The main observation presented here is the independence of Dself on dxy as well as the independence of Dcoop on dxy
in the dilute and concentrated regimes. Polymer concentrations around c* show a strong increase in this diﬀusion coeﬃcient
as the focal diameter decreases, which is highlighted in Figure 6. Data were collected for c/c* ∼ 16.25 (purple), 7.62 (cyan),
4.40 (red), 1.25 (gray), 1.10 (navy), 0.91 (green), as well as in dilute solution (black).

Figure 6. Magniﬁed consideration of how Dcoop depends on dxy at polymer concentrations near c*, after normalizing the data
to be the same at the largest dxy. (a) Plots as a function of dxy. Below a critical focal diameter the data is independent of focal
diameter but decreases when the focal diameter is larger. The dashed vertical lines compare to the correlation lengths
predicted at each concentration from scaling theory. The expected plateau is observed for the two smallest concentrations.
(b) The same data plotted as a function of dxy normalized by the correlation length, ξcorr.

In contrast, Dcoop depends on dxy for solutions near
c*, increasing steadily as dxy decreases (Figure 5b). This
arises because local segmental dynamics are signiﬁcantly faster than self-diﬀusion. So long as the beam
size is the blob size or smaller, segmental dynamics are
discriminated and an accurate value of Dcoop is obtained. When the beam size is larger than the blob size
a diﬀusion coeﬃcient that is erroneously small is
measured.
To highlight the dependence on dxy, the data at
every concentration were shifted on the vertical scale
to agree at largest dxy. With this normalization, the
behavior of Dcoop near c* is summarized in Figure 6. The
normalized data are plotted against linear focal diameter (panel a) and against focal diameter normalized
to the correlation length (panel b). With decreasing
focal diameter, the inferred diﬀusion coeﬃcient increases up to a plateau beyond which it is constant.
The turnover point provides direct spatial mapping of
the size of cooperative regions. However, standard
KING ET AL.

scaling theory also predicts the correlation lengths
that describe the predicted blob sizes, and these are
included as vertical dashed lines in Figure 6 (see the
Supporting Information). At c/c* ≈ 1.10, the predicted
correlation length is ∼93 nm, and the observed Dcoop
indeed shows a turnover at this focal diameter. Likewise, at c/c* ≈ 1.25, the turnover point is at smaller
focal diameter, roughly 80 nm, and this is accompanied
by a higher level of Dcoop in the plateau region. This
agrees with theory, which predicts that increasing concentration causes cooperative ﬂuctuations to speed up
though they are conﬁned to smaller length scales.1,4,5
For these two concentrations we are able to spatially
resolve the cooperative regions, but for the other
solutions studied here the correlation length is too
small to be resolved.
The trends shown in Figure 6a,b can be rationalized
by a consideration of semidilute polymer systems. The
principle idea of these experiments is that cooperative
ﬂuctuations can be accurately measured if dxy is
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EXPERIMENTAL SECTION
STED-FCS Setup. We constructed a home-built time-gated
STED with two-photon excitation, depicted schematically in
Figure 1. Fluorescent dyes are excited using 800 nm pulses from
a femtosecond laser (Spectra Physics Mai Tai). A depletion beam
(592 nm CW laser, MPB Communications) tuned to the emission
wavelength of the fluorophores is overlapped with the excitation profile, which is first passed through a vortex phase mask
which gives the beam a doughnut shape.
FCS measurements made here rely on a stationary excitation spot focused into a dilute sample of ﬂuorescent dyes.13 As
dyes diﬀuse through the excitation beam they ﬂuoresce, which
is detected on a single-photon counter (ID Quantique). Taking
a correlation function of the intensity ﬂuctuations gives the
relaxation decay that can be related to a diﬀusive coeﬃcient.13,28 With STED-FCS, diﬀusive motion can be studied on
various length scales. It extends to length scales well below the
diﬀraction limit.
Applying STED-FCS To Study Polymers in Organic Solution. The
covalent attachment of dye to polystyrene enables us to use
fluorescent dye as a passive reporter of the segmental dynamics
of those flexible polymer chains. However, selection of dye was
at first problematical as most of the prior work utilizing STED
was on biological systems. There exists a nice collection of
literature on what dyes work well in aqueous environments, and
what resolutions can be obtained using them,14,2932 but
concerning the selection of dyes soluble in organic solvent, less
was known. A limiting factor in the wide-implementation of
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relation. By this argument, the diﬀusion constants at
c/c* ≈ 1.10 and c/c* ≈ 1.25 give correlation lengths
ξ ≈ 91 and 77 nm, which agree extremely well with the
spatial measures of ∼90 and 80 nm, respectively. In
reaching this conclusion, we relied on measurements
such that for each spot diameter the data were typically
collected at 10 locations in the sample cell, each data set
for 3050 s, then averaged for analysis.
More generally, this comparison demonstrates the
use of super-resolution FCS to study segmental dynamics on the nanoscale with quantitative precision.

ARTICLE

reduced to the domain size, or correlation length. As
dxy approaches the correlation length (ξcorr), the cooperative ﬂuctuations, which have a higher diﬀusion
coeﬃcient than the translation motion, are more fully
resolved, and thus the observed diﬀusion coeﬃcient
increases. When dxy ∼ ξcorr the cooperative diﬀusion
can be fully resolved and the observed Dcoop will not be
convoluted with the slower Dself, leading to an accurate
measure of Dcoop at the plateau region of the data.
The constraint of experimental resolution is why
matrix polymers of such high molecular weight were
usedwe sought to maximize the correlation length of
the polymer solutions. Control experiments were performed in which the same probe polymer was embedded in a matrix of matched molecular weight, PS
706 kg mol1. The experimental ﬁndings were consistent qualitatively: emergence of two-component relaxation near c* and increase in Dcoop with decreasing
dxy, but for this polymer the maximum expected correlation length is on the order of 40 nm, below the optical
resolution obtainable with our setup. The two sets of
results, taken together, suggest the interpretation that
in determining the scaling of cooperative diﬀusion of
probe chains, the relevant correlation length was close
to that of the matrix chains.
In the same spirit as standard in dynamic light
scattering, these data also allow one to estimate the
correlation length through a StokesEinstein relation.5
For those instances where we access the plateau limit,
the observed Dcoop should be the true cooperative diffusion coeﬃcient, which can then be used to estimate
the correlation length through the StokesEinstein

CONCLUSION
Anticipating that super-resolution microscopy can
become a useful experimental tool in materials
science23,24 just as it is already in the ﬁeld of biophysics,
this laboratory has undertaken consideration of scientiﬁc problems in which super-resolution microscopy
can be applied usefully. In contrast to the biophysical
emphasis on taking nanoscale images,2527 here we
applied the approach to study nanoscale ﬂuctuations
occurring on length scales below the diﬀraction limit. It
is also clear that the dxy dependence we report here
could lead to inaccurate measures of diﬀusion coeﬃcients, highlighting the signiﬁcance of continuing to
explore super-resolution techniques to study nanoscale dynamics.
Looking beyond the speciﬁc experimental system
studied here, this study is considered to demonstrate
that STED-FCS provides a general avenue to spatially
resolve heterogeneous dynamics in complex, nonbiological systems.

STED nanoscopy is the discovery of suitable dyes, which is often
based on trial and error. The reason follows from considering
the complexity of photophysics in this experiment. In addition
to the requirement that the wavelengths of excitation and
emission match the excitation and depletion beams that are
available experimentally, alternative excited states can compete with the depletion process and render dyes unsuitable for
STED experiments. These properties are almost impossible to
predict based merely on inspection of molecular structure, so
the most efficient way to find dyes suitable for experiments is
trial and error.
Screening led us to discover that borondipyrromethene
(BODIPY) dyes provide an excellent class of dyes for studying
nonpolar solvents using STED under our experimental conditions. The point spread function of the BODIPY dye we used is
shown, as a function of STED beam intensity, in Figure 1b. To
calibrate the dxy, we used STED-FCS data for our end-labeled
polystyrene sample in dilute solution, assuming that its translational diﬀusion coeﬃcient determined in dilute solution from
FCS was independent of dxy. The maximum resolution obtained
was roughly 60 nm in the xy plane, close to six times less than
the diﬀraction limit, and roughly 360 nm in the z direction.33
Fluorescent traces were collected using time windows of
roughly four decades of time, with maximum time delay on the
order of 50 s. The needed data acquisition time for STED-FCS
was the same as for conventional diﬀraction-limited FCS.
Polystyrene Samples in Toluene. We selected the model system,
linear polystyrene in toluene, a good solvent. We began by
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obtaining end-functionalized polymer with molecular weight as
high as we could find. Carboxy-terminated polystyrene (Mw =
670 kg mol1, Mw/Mn = 1.06, Polymer Source) was coupled with
a hydrazide-functionalized BODIPY derivative chromophore
(BODIPY FL Hydrazide, Life Technologies). The reaction was
carried out in THF with a coupling agent N,N0 -dicyclohexylcarbodiimide, and the final product was purified by repeated
precipitation with methanol. The labeled chains were normally
dispersed (labeled chain concentration on the order of 10 nM)
in an unlabeled sample of polystyrene (Mw = 3840 kg mol1,
Mw/Mn = 1.04, Tosoh Corp.) in toluene (Sigma-Aldrich, >99.9%).
When the aim was to study “dilute” solution, we studied only a
small amount of the labeled polymer and the unlabeled PS was
not added, giving a total concentration of ∼10 nM. In control
experiments (Supporting Information), we also used a matrix of
unlabeled polystyrene with closely matched molecular weight
(Mw = 706 kg mol1, Mw/Mn = 1.05, Tosoh Corp.).
Quantification of Polymer Overlap. Experiments were made
over the concentration range from isolated chains to entangled
(16 c*), having estimated c* = 3Mn/4πNAR3g, where RG of the
unlabeled polymer which serves as the matrix is estimated
from the empirical formula for polystyrene in toluene, RG ≈
, as 97 nm.34
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to the Intracellular Environment. Biophys. J. 1995, 68,
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Thermodynamic Properties for Well-Deﬁned Linear Polymers in Solution. J. Chem. Ref. Data 1994, 23, 619–640.
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