Accurate Diffusion Coefhicients of
Organosoluble Reference Dyes in
Organic Media Measured by Dual-Focus
Fluorescence Correlation Spectroscopy

Karel Goossens,™* Mira Prior,5 Victor Pacheco,™ Dieter Willbold,** Klaus Miillen," Jérg Enderlein,$

Johan Hofkens," and Ingo Gregor*

KU Leuven, Department of Chemistry, Celestijnenlaan 200F (PO Box 2404), 3001 Heverlee, Belgium, *Center for Multidimensional Carbon Materials, Institute for
Basic Science (IBS), 101-dong, UNIST-gil 50, Eonyang-eup, Ulju-gun, Ulsan 689-798, Republic of Korea, SGeorg August University, Third Institute of Physics,
Friedrich-Hund-Platz 1, 37077 Géittingen, Germany, “Research Centre Jiilich, Institute of Complex Systems: Structural Biochemistry (ICS-6), Wilhelm-Johnen-StraGe,
52425 Jiilich, Germany, " Albert Ludwigs University, Institute for Macromolecular Chemistry, Hermann-Staudinger-Haus, Stefan-Meier-StraBe 31, 79104 Freiburg,
Germany, "Heinrich Heine University, Institute for Physical Biology, UniversititsstraBe 1, 40225 Diisseldorf, Germany, and VMax Planck Institute for Polymer

Research, Ackermannweg 10, 55128 Mainz, Germany

ABSTRACT Dual-focus fluorescence correlation spectroscopy (2fFCS)
is a versatile method to determine accurate diffusion coefficients of
fluorescent species in an absolute, reference-free manner. Whereas
(either classical or dual-focus) FCS has been employed primarily in the
life sciences and thus in aqueous environments, it is increasingly
being used in materials chemistry, as well. These measurements are
often performed in nonaqueous media such as organic solvents.

However, the diffusion coefficients of reference dyes in organic

correlation time 7 (s)

solvents are not readily available. For this reason we determined the translational diffusion coefficients of several commercially available organosoluble

fluorescent dyes by means of 2fFCS. The selected dyes and organic solvents span the visible spectrum and a broad range of refractive indices, respectively. The

diffusion coefficients can be used as absolute reference values for the calibration of experimental FCS setups, allowing quantitative measurements to be

performed. We show that reliable information about the hydrodynamic dimensions of the fluorescent species (including noncommercial compounds) within

organic media can be extracted from the 2fF(S data.

KEYWORDS: diffusion - fluorescence - organic media - calibration - dual-focus fluorescence correlation spectroscopy

hermally induced (“Brownian”) transla-
Ttional diffusion is one of the fundamen-

tal processes that occur in solution.
The translational diffusion constant Dy of a
particular (spherically shaped) solute allows
calculating its (hydrodynamic) Stokes radius
ry and thus its size via the Stokes—Einstein
relation eq 1.
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where kg is the Boltzmann constant, T is the
sample temperature, and # is the viscosity of
the solution.

Any change in the Stokes radius of a
fluorescent reporter molecule will be directly
reflected in its translational diffusion constant.
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Such a change can originate, for instance,
from binding of a fluorescent solute molecule
to a catalyst particle. On the other hand,
changes in the viscosity of the sample mix-
ture, for example in the course of a polymer-
ization reaction, will also result in changes of
the translational diffusion constant. It is clear
that a precise and accurate measurement of
diffusion constants is of utmost importance,
especially when only small changes in Stokes
radius (in the range of a few Angstrom) need
to be examined. Conveniently, the diffusion
is measured by a fluorescence-based experi-
mental technique such as fluorescence
correlation spectroscopy (FCS) or wide-field
microscopy single-particle tracking (SPT). The
former technique allows to investigate fast
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moving dyes in environments of relatively low viscos-
ity, while the latter technique enables one to monitor
slowly diffusing probe molecules.?? Besides the fluo-
rescence-based single-molecule measurements other
methods for accurate diffusion constant determination
include dynamic light scattering (DLS), pulsed-field
gradient nuclear magnetic resonance spectroscopy
(pfgNMR), Taylor dispersion analysis, plug broadening
in capillary flow or electrophoresis, and analytical
ultracentrifugation. However, these methods require
much higher sample concentrations than those com-
monly used in FCS (from 1 x 107 8Mto 1 x 107> M). As
a result, in order to obtain a correct estimation of the
Stokes radius (in the infinite-dilution limit, where inter-
molecular interactions can be neglected), one usually
has to measure at different concentrations and to
extrapolate the concentration/diffusion constant curve
toward zero concentration.*~® Moreover, the fact that
many organosoluble dye molecules tend to aggregate
in organic solvents renders the possibility of working at
low sample concentrations even more attractive.

FCS was invented in the 1970s by Magde, Elson,
and Webb.”~"° In classical FCS the sample is excited
by a tightly focused laser beam. A small pinhole in
the detection path rejects fluorescence emitted out-of-
focus defining a small confocal detection volume
(usually on the order of one femtoliter or less). The
fluorescence intensity emitted from molecules in
the confocal volume is recorded and the underlying
time-dependence of the signal is analyzed by means
of the autocorrelation function (ACF). For a sufficiently
small average number of fluorophores within the
confocal volume, the fluorescence fluctuations are
dominated by the random diffusion of the dye mol-
ecules, and the ACF shows a decay reflecting the
average observation time of the molecules which is
directly related to the diffusion constant. This is the
simplest case, since nondiffusion-related phenom-
ena—typically photophysical processes, such as excur-
sions to the triplet state—can also cause a flickering in
the fluorescence intensity and, hence, are rendered by
the ACF. Usually, these processes happen much faster
than the diffusion and, thus, do not affect the analysis
of the diffusion process.

In order to deduce the diffusion constant from the
measured diffusion time one needs to know the shape
and size of the detection volume, or more precisely
the so-called molecule detection function (MDF). This
function describes the probability to excite and detect
a fluorescence photon from a molecule at any position
within the sample. Unfortunately, the exact shape of
the MDF in a confocal microscopy setup depends on
many imprecisely known parameters.'’'? Usually, the
MDEF is approximated by a three-dimensional Gaussian
profile, whose half axes can be determined by measur-
ing the diffusion time of a reference dye with known
diffusion constant (the experimental conditions during
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calibration—laser excitation wavelength and power,
cover slide thickness, immersion medium, solvent,
temperature, etc.—must be the same as during the
actual measurements).”® Although the assumption
of a three-dimensional Gaussian MDF does not give a
completely correct picture of the actual detection
volume,'#~ ' the calibration method with reference
dyes became the standard approach and has proven
its value for a long time."” For many water-soluble dyes
there already exist standard reference data on their
diffusion constant in aqueous solution at a particular
temperature.*'®"2% The known temperature depen-
dence of the viscosity of water allows calculating a
reference diffusion constant at different temperatures.

In 2007 we established the concept of “dual-focus”
FCS (2fFCS).#18-2024-32 Thjs method introduces
an intrinsic “ruler” into the measurement. We
showed that this method, in contrast to classical FCS,
is largely insensitive to cover slide thickness variations,
refractive index mismatches, laser beam astigmatism
(aberration), and—very importantly—optical satura-
tion of the chromophores. A train of excitation laser
pulses with temporally alternating orthogonal polar-
ization is created, either (i) by using two identical,
linearly polarized, alternately pulsed lasers whose
beams are combined by a polarizing beam splitter;*
or (ii) by using only one pulsed laser in combination
with polarizing beam splitters and an optical fiber
delay;"® or (iii) by using a single continuous wave laser
in combination with an electro-optical modulator.'?33

By inserting a Nomarski prism (normally used for
differential interference contrast (DIC) microscopy) in
the excitation path between the dichroic mirror and
the objective lens, two laterally shifted but overlapping
excitation foci are generated in the sample solution.
The wavelength-dependent lateral distance between
the foci, which is determined solely by the optical
properties of the Nomarski prism, can be obtained
from a calibration with monodisperse multifluorescent
polymer beads of known size or from a calibration
measurement of a dye with a known diffusion con-
stant. The interfocal distance remains fixed despite
possible optical aberrations or saturation effects that
may distort the shape of the MDF of each focus.*'""'?
In this way the distance can be used as a ruler for the
diffusion constant determination.

Using “pulsed interleaved excitation” (PIE)***> and
time-correlated single-photon counting (TCSPC), one
can assign each detected photon to the laser pulse that
excited the molecule and thus to the corresponding
focal volume. By determining the fluorescence inten-
sity ACF for each focus separately as well as the cross-
correlation function (CCF) between photons emerging
from both foci, and analyzing the decay of the CCF in
comparison to the ACF decay (which is due to the extra
distance between both foci), it is possible to calculate
the diffusion constant of the fluorescent molecules
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absolutely and without a reference. We thus found that
the diffusion constant of the widely used reference dye
Rhodamine 6G is by 37% larger than the value used in
most publications on FCS over the last three decades.'®

Despite the potential of 2fFCS to determine absolute
diffusion constants in a largely artifact-free way, classical
FCS is still in widespread use. The technique is primarily
used in the life sciences, for example to monitor inter-
actions with antibodies*® protein—protein interac-
tions,>” or conformational changes in proteins upon
ion binding or unfolding.3® These experiments are
performed in aqueous environments. As stated above,
standard reference diffusion constants in aqueous
solution are available for many water-soluble dyes.
Nonetheless, FCS has also found its way to the chemical
and materials science communities,' >3977° where
measurements are often performed in nonaqueous
environments, such as organic solvents or polymer
solutions. However, no calibration data are readily
available for the diffusion constants of organosoluble
reference dye molecules. This prohibits a straightfor-
ward calibration of an experimental classical single-
focus FCS setup and the ability to perform quantitative
measurements.

Some calibration methods have been proposed
previously. Zettl et al. suggested to use dye-labeled
polymer chains of different molecular weights.*#>%>6.8
They synthesized multiple batches of polystyrene
labeled with Rhodamine B, by means of (controlled)
anionic polymerization and subsequent attachment of
the dye to the polymer chain end. The polymer mo-
lecular weights ranged between M,, =1 x 10* g mol™'
and M,, =1 x 10°g mol ™", while the polydispersity was
M/M,, ~ 1.05. FCS measurements on the differently
sized polymers in toluene (c ~ 1 x 108 M) resulted in
a calibration curve of diffusion time versus molecular
weight, which could be fitted with a straight line.
The slope of this line yields the principal half axes
(or “waist”) of the confocal volume element, since
the relationship between diffusion constant and mo-
lecular weight is known for the polystyrene/toluene
system.

Liu et al. calibrated the confocal volume element
by comparing the results of DLS measurements
and FCS measurements on polystyrene (M,, ~ 3.90 x
10° g mol ™', M,,/M., < 1.10) labeled with Rhodamine B.*
The postpolymerization labeling procedure required
three synthesis steps.

Similarly, Cherdhirankorn et al. prepared fluores-
cently labeled polystyrene of different molecular
weights (M,, 2 3.4 x 10 gmol™" t034.0 x 10*gmol ")
and narrow size distribution (M,,/M,, = 1.05 to 1.17)
using a perylene-3,4-dicarboximide (PMI) derivative
bearing a styrene group.>>~>* The diffusion constants
of these polymers in toluene, tetrahydrofuran (THF), and
acetophenone were determined independently using
DLS, which allowed to calibrate the FCS confocal volume
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element. This procedure was also used in chloroform
and o-dichlorobenzene >%%

Koynov et al. measured the Stokes radius of com-
mercially available, fluorescently labeled silica nano-
particles in DMSO by DLS, and used this value to
calibrate their FCS setup.*®

The drawbacks of the mentioned methods are
obvious. Although a limited amount of fluorescently
labeled polymers are commercially available, the macro-
molecules used hitherto for FCS calibration purposes
were prepared by the authors themselves (either by
dye copolymerization or postpolymerization labeling).
Synthesis, purification and analysis of the polymer
samples is time-consuming. Two conditions need to
be met: (i) the polymers should be highly monodis-
perse, since a broad distribution of chain lengths will
inevitably result in a distribution of diffusion constants
and the inability to fit the experimental ACF with
a simple model for free three-dimensional diffusion;
(i) the incorporated fluorophore should match the
available laser excitation wavelength(s), which makes
it even more difficult to find a suitable sample that can
be acquired from a commercial supplier. Furthermore,
depending on the molecular weight and the physical
aggregation state, some polymers take quite some
time to dissolve in a particular solvent. Most impor-
tantly, the use of fluorescently labeled polymers
for FCS calibration requires multiple measurements.
If one has access to DLS instrumentation, both the
polymer diffusion constant and the polymer diffusion
time need to be determined by means of DLS and
FCS, respectively, before one can calibrate the FCS
confocal volume element. The method proposed by
Zettl et al. requires the availability and measurement
of multiple polymer samples of different molecular
weight, as well as knowledge of the relationship
between diffusion constant and molecular weight
for a particular polymer/solvent system. On the
other hand, the use of fluorescently labeled nano-
particles (Koynov et al.) or quantum dots also requires
additional DLS measurements, and the samples
need to be highly monodisperse. It should be noted
that, because of these reasons, some groups have
calibrated their FCS setups with “classical” aqueous
dye solutions."*>47485157 However, this should be
avoided because it results in incorrect diffusion con-
stants and Stokes radii.

To circumvent the problems associated with the
methods discussed above, and to allow a straight-
forward and fast calibration of a classical FCS setup,
we have measured the translational diffusion con-
stants of several commercially available, organosoluble
low molecular weight fluorescent dyes in different
organic solvents by means of 2fFCS. These accurate
values can be used as absolute reference standards for
FCS. As is the case for water, knowledge of the tem-
perature dependence of the viscosity of the organic
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solvent allows to calculate a reference diffusion con-
stant at different temperatures.”'~”* Low molecular
weight fluorescent molecules have the advantage of
high purity and monodispersity (spectroscopic purity
in the visible spectrum can be easily checked, for
instance, by thin layer chromatography (TLC)), solubi-
lity in a range of organic solvents and a lower tendency
for aggregation than high molecular weight species,
and they are widely commercially available—often in
fairly large amounts for a reasonable price.

RESULTS AND DISCUSSION

Translational Diffusion Constants and Stokes Radii. We
determined the translational diffusion constants Dy
of the selected dyes in the chosen solvents using
2fFCS. Typical 2fFCS correlation curves are shown
illustratively in Figure 1 and in Figure S3 (see Support-
ing Information). The obtained diffusion constants
were independent of excitation intensity (provided
the laser excitation power is kept sufficiently low
as to avoid photobleaching), in contrast to classical
FCS measurements.*?%2* The D; values as well as the
corresponding Stokes radii ry (calculated via eq 1) are
listed in Table 1. The uncertainties of the obtained
values are dominated by the precision of the experi-
mental conditions. Most importantly, the distance of
the two foci is known with a precision of 1% and the
absolute temperature has an uncertainty of 1K. How-
ever, the statistical variance of the fitted parameters
is in the order of 0.1%, only. We can present the values
of the Stokes radius with an accuracy of 1 A.

The diffusion constants and corresponding Stokes
radii obtained by pfgNMR measurements are listed in
Table 2. Table 3 shows the estimated molecular dimen-
sions as obtained by molecular modeling. Also the
Stokes radii that were computed from the obtained
structures are listed.

Commercially Available Fluorescent Probes. We
found that dye 1 is a suitable reference dye upon
excitation with 1., = 470 nm laser light in all selected
solvents (i.e., ethanol, chloroform, THF, and toluene).
Its Stokes radius was quite similar in all solvents.
In chloroform ry of 1 appeared to be smaller than
in the other solvents, but the difference is still within
the error margin of the experiment. This result was
confirmed by pfgNMR ("H DOSY) measurements on
solutions of 1 in ethanol-dg, CDCl3, THF-dg and toluene-
dg which find the very same Stokes radius for all
solvents.

Just like dye 1, compound 3 could also be used in all
four solvents, in this case upon excitation with Ao, =
531 nm laser light. The ry values were again very
similar, except in THF for which the Stokes radius
appeared to be a little smaller. However, this also lies
within the error margins. Systematically different
values of the Stokes radius are obtained from pfgNMR
measurements of this compound. The origin of this
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Figure 1. 2fFCS measurements of nanomolar solutions of
1 in chloroform. Average excitation power was 10 uW per
laser. The normalized ACFs for the first focus (red) and
second focus (green), and the forward CCF (blue) and
reverse CCF (magenta) between both foci are shown. Circles
are experimental values, solid lines are global fits using eq 6.
Residuals are depicted above the graph.

TABLE 1. Translational Diffusion Constants of Organo-
soluble Reference Dyes in Selected Organic Solvents As
Determined by 2fFCS, and Their Corresponding Stokes
Radii As Calculated via eq 1

diffusion constant

excitation wavelength at 294.15 K Stokes radius
dye Jex/nM solvent Dy/um?s™" ry/nm
1 470 ethanol 318(10) 0.6(1)
chloroform 838(10) 0.5(1)
THF 771(46) 0.6(1)
toluene 674(40) 0.6(1)
6 470 THF 522(10) 0.9(1)
toluene 444(10) 0.8(1)
2 531 ethanol 345(10) 0.5(1)
3 531 ethanol 162(5) 1.1(1)
chloroform 333(10) 1.1(1)
THF 425(10) 1.0(1)
toluene 334(10) 1.1(1)
7a 531 THF 326(14) 1.4(1)
toluene 280(15) 1.3(1)
7b 531 THF 219(10) 2.0(1)
toluene 174(5) 2.1(1)
7c 531 THF 145(5) 3.1(1)
toluene 123(5) 3.0(1)
9a 531 toluene 100(2) 3.7(1)
9b 531 toluene 63(1) 6.0(1)
4 635 ethanol 419(10) 0.4(1)
5 635 chloroform 608(14) 0.6(1)
THF 726(29) 0.6(1)
toluene 630(18) 0.6(1)
8 635 THF 428(10) 1.0(1)
toluene 349(10) 1.1(1)

discrepancy is not clear. The obtained Stokes radii from
the 2fFCS measurements correspond quite well to
the theoretical dimensions of 3 (see Table 3). This
might be a hint that the NMR measurements may
show some bias. Compound 3 is a hydrophobic dye
and it dissolved much slower in ethanol than in the
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TABLE 2. Translational Diffusion Constants of Organo-
soluble Reference Dyes in Selected Organic Solvents As
Determined by pfgNMR, and Their Corresponding Stokes
Radii As Calculated via eq 1

diffusion constant at 298.15 K Stokes radius

dye solvent DT/,um2 s ry/nm
1 ethanol-dg 347(15) 0.5(1)
(D3 670(30) 0.6(1)

THF-dg 692(36) 0.6(1)

toluene-dg 597(35) 0.6(1)

2 ethanol-dg 319(15) 0.6(1)
3 (D3 533(25) 0.8(1)
THF-dg 520(25) 0.8(1)

toluene-dg 487(25) 0.7(1)

TABLE 3. Extensions along the Principal Axes of Rotation
of the Investigated Organosoluble Reference Dyes, As
Obtained by Molecular Modeling®

R )
rg / nm fs / nm p/nm g/nm r/nm a/nm b/nm

1 0.6 0.4 0.9 15

2 0.6 0.4 0.9 15

3 11 09 11 0.9 2.2 20 0.9 2.4
4 0.6 0.4 0.7 1.4

5 0.9 0.7 09 0.8 1.2 2.2 2.2 1.0
6 1.0 09 1.2 0.8 1.3 2.8 2.8 1.2
Ta 13 14 20 2.2 3.0 32 22 31
7b 1.9 1.7 23 2.2 3.6 4.1 22 3.9
Tc 25 23 33 37 4.7 5.4 37 51
8 12 1.1 15 14 2.4 2.9 14 27
9a 3.0 29 43 55 6.2 5.6 6.2 5.6
9b 51 54 81 10.5 10.3 11.6 11.6 10.4

“Geometry optimization with MOPAC2012,”® using the semiempirical PM7
Hamiltonian (1—6, and 8) or by means of molecular mechanics in Chem3D
Ultra, using the MM2 parameter set and force field (7a—7¢, 9a, and 9b). The
Stokes radii were estimated using Hydropro10.”” The shape factors were calculated
using eqs 3 and 4. Left numbers are valid for stick boundary conditions, right
numbers are corrected for sfip boundary conditions.

less polar solvents. The limited solubility prevents NMR
measurements of this dye in ethanol. However, the
2fFCS measurements of 3 in ethanol gave very satis-
factory results and no indications for aggregation
could be found. In order to provide a better suited
commercially available alternative in this spectral
range, we determined the translational diffusion con-
stant of dye 2 in ethanol. For this dye, 2fFCS and
pfgNMR revealed the same Stokes radius as for
compound 1. The similarity of the chemical structure
of the dyes 1 and 2 indicates that this result was to be
expected.

The good agreement between the 2fFCS and
pfgNMR results can be seen as a validation of the
2fFCS data, confirming that 2fFCS is a rapid, sensitive,
precise and low-consumption tool for the accurate
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quantitative determination of diffusion properties
within small sample volumes.

Compound 4 is a red-fluorescing probe that is best
suited for more polar solvents like ethanol. Dye 5 is the
better choice for apolar solvents. It showed very similar
Stokes radii in chloroform, THF and toluene. Although
this dye visually dissolved easily in ethanol, the ob-
tained correlation functions could not be easily fitted.
Even the incorporation of two triplet state ('dark state')
relaxation times in the fitting functions did not yield
satisfactory results. This indicates that in polar solvents
the highly apolar octadecyl chains cause unwanted
effects, such as interactions with the chromophore,
micelle formation, or other.

The dimensions of the molecules as derived from
the 2fFCS experiments and the estimations of the
Stokes radii obtained from molecular modeling agree
pretty well for the compounds 1—3. For compounds 4
and 5 the modeling predicts Stokes radii that are too
large. The molecular structure of 5 contains two flexible
octadecyl residues. The structure found by the model-
ing represents just a temporal snapshot of the solution
structure, making it difficult to predict a valid Stokes
radius. Additionally, compounds 4 and 5 are salts and
the optimization was done for the cations, only. Since a
dissociation of the salts in organic solvents is unlikely,
the influence of the associated anion on the structure is
hard to predict. This might also explain the observed
discrepancies.

PDI and TDI Fluorescent Probes. We also measured
solutions of the noncommercial dyes 6, 7a, 7b, 7c,
and 8 in the apolar solvents THF and toluene. For all
compounds the obtained Stokes radii agree well in
both solvents. The multichromophoric compounds 9a
and 9b could be measured in toluene only.

The smallest dye in this series, compound 6,
shows a slightly smaller Stokes radius than it was
predicted by the theoretical model. Because of the
four heptyl chains linked to the chromophore, the
same arguments hold for this compound as for com-
pound 5.

Compound 8 shows the same “bay” substituents
as compound 7a but bears a terrylenediimide instead
of a perylenediimide core. At first sight one would
expect a small increase of the Stokes radius from 7a to
8. However, we see a decrease fromry~ 1.3 nmtory~
1.1 nm. Also the theoretical modeling predicts a small
decrease. In the terrylene compound 8, the distance
between the 4-[(2,3,4,5-tetraphenyl)phenyl]phenoxy
substituents in the “bay” positions of the rylene core
is larger than in its perylene analogue 7a. One may
reason that this allows greater rotational freedom for
the substituents. As such, one may expect, in the same
way as for 5, to measure a slightly smaller value than
expected. The higher flexibility may also reduce the
impact of friction by the solvent, which also could
result in a smaller effective Stokes radius.
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Dyes 7a, 7b and 7c are increasingly larger ana-
logues of compound 3, but due to the perylene core
and the polyphenylene backbones they still have a
rigid (“shape-persistent”) structure that does not col-
lapse onto itself.”> The available computer power did
not allow optimizing the structures of compounds 7a,
7b, and 7c as well as of compounds 9a and 9b using
the same semiempirical Hamiltonian as for the smaller
compounds. Therefore, we had to model the structures
using the simple force field MM2. We find a system-
atically increasing deviation of the estimated Stokes
radius from the experimental values. Whereas for
compound 7a both values agree, we find a difference
of —7% for 7b, —19% for 7¢, —19% for 9a, and —15%
for 9b. The experimental Stokes radii are consistently
larger than the theoretical values indicating that
the model implied in eq 1—the diffusing object is
a hard sphere with radius ry,—does not describe the
real structures of the molecules in solution with the
required precision. This will be further discussed in the
next section.

Extensions to the Stokes—Einstein Relation. The corre-
spondence between modeling and experimental
Stokes radii of the large compounds 7b, 7c, 9a, and
9b was rather unsatisfactory. Given the fact that the
accuracy of the optimization of these structures was
limited by computational constraints, one can reason
that a computation of ry based on a detailed structural
model (as used by Hydropro10) will be accordingly
inaccurate. A different approach is to directly account
for the average shape of the molecule in the friction
coefficient (i.e., the denominator in eq 1). This should
be less dependent on the structural details of the
molecule. Modifications of the friction coefficient
have been reported to describe the diffusion of non-
spherical molecules, such as prolate spheroids, oblate
spheroids and cylindrical rods. Eq 2 expresses the
Stokes radius by a shape factor fs (accounting for
nonspherical shapes of the solute) and a correction
factor ¢ (accounting for the finite size of the solvent
with respect to the solute).®

= Cfs (2)

In our case of small solvent molecules one can simply
set ¢ = 1.7%7° The van der Waals radius of a THF
molecule, for example, is about 0.3 nm which is smaller
than any of the dye compounds.

However, the sizes of solvent molecules and
dyes are in the same order of magnitude. One might
assume that the solvent does not form a uniform
environment of homogeneous (bulk) viscosity at the
length scales of the molecules. These effects may cause
deviations with respect to the ideal conditions that are
assumed in the hydrodynamic models. Orientation-
averaged form factors fs have been determined
for various shapes. The simplest deviations from a
sphere are prolate and oblate spheroids. For these
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spheroids one finds® 83

1 ay/1—(b/a)? -

prolate : fs = 3
In {1 +4/1— (b/a)z] —In(b/a)
\/(b/a)* —1
oblate: f5 = 1 a /a (4)

2 arctan {\ /(b/a)* — 1}

where a and b represent the extensions of the spheroid
along the symmetry axis and the two other axes,
respectively (b/a < 1 for prolate and b/a > 1 for oblate
spheroids).

The values foraand bin egs 3 and 4 can be estimated
from the molecular models. To do so, we first deter-
mined the principal axes of rotation ¥, ®, and ® (in the
order of the according moments of inertia). Finally, we
projected all the atomic positions onto each principal
axis and calculated the extension of the molecule along
this direction. The values are listed in Table 3. The results
suggest that compounds 3, 7a, 7b, 7c, and 8 appear as
oblate spheroids (i.e,, the first axis is considerably shorter
than the second and third) that become more spherical
with increasing dendrimer generation due to the radial
orientation and branching of the dendritic arms. How-
ever, compounds 5, 6, 9a and 9b look more like prolate
spheroids. The structural dimensions of the dyes 1, 2,
and 4 do not match the shape of a spheroid. In any case,
the minimal fluorescence anisotropy of these com-
pounds makes clear that the rotation of the molecules
is so fast (7, << 1 ns) that all influences of the molecule's
shape on the translational motion are averaged out.
Hence, these small molecules appear as perfect spheres
within the time scale of our measurements.

In addition to the deviations in shape, the solutes
and solvents included in this study interact only
weakly and have comparable molecular dimensions.
For these conditions it is known that the obtained
friction coefficients are systematically too large com-
pared to experimental values. This discrepancy has
been addressed by Zwanzig by changing the boundary
conditions for solving the Navier—Stokes equation to
obtain the friction coefficients.®* Here, the tangential
forces at the surface of the solute vanish allowing
the solvent molecules to slip whereas in the classical
treatment they stick on the surface of the solute. This
approach correctly rendered the fast reorientation-
times of molecules in organic solvents, which could
not be explained otherwise.2>#¢ But also the translation
of molecules is faster under these slip conditions. Since
the friction coefficients are systematically smaller, the
corresponding Stokes-radius of the classical treatment
appears to be too small. For a given shape of spheroidal
rotors one can accordingly correct for this effect using
the tabulated values in Zwanzig's paper.
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Taking the above into account, we found the
following values for the shape factors of the oblate
structures: fs = 0.9 nm (corresponding to 1.1 nm for slip
boundary conditions) for 3, fs = 1.4 nm (2.0 nm) for 7a,
fs=1.7 nm (2.3 nm) for 7b, fs = 2.3 nm (3.3 nm) for 7c,
and fs = 1.1 nm (1.5 nm) for 8. Similarly, for the prolate
structures we obtained fs = 0.7 nm (0.9 nm) for 5, fs =
0.9 nm (1.2 nm) for 6, fs = 2.9 nm (4.3 nm) for 9a, and
fs = 5.4 nm (8.1 nm) for 9b.

These numbers show that it is difficult to account
for all the subtle details that determine the diffusive
behavior of molecules. If the structure is rigid and
well-known (compounds 1—4) the predictions of the
modeling agree well to the experimental results. For
molecules having flexible side groups (compounds 5,
6, and 8) all models predict a radius larger than the
experimental value. In situations where the slip bound-
ary condition is justified, one could think of neglecting
these groups for the determination of the spheroid
dimensions. For the larger molecules (7a, 7b, 7c, 9a
and 9b), whose structures are not determined to the
required precision, the results are not conclusive and
reasons for the observed trends remain speculative.
The results indicate that one can more accurately
describe the diffusion properties of a molecule using
the shape factors, rather than by the simple approxi-
mation of a hard sphere. However, this approach
still requires a sufficiently accurate structural model
for the compound. For the large molecules in our series
the available structures do not reach the required
precision. A systematic study of all the structural effects
on the hydrodynamic properties of molecules is
clearly beyond the scope of this report. Its excellent
performance renders 2fFCS a powerful tool for such
investigations.

METHODS

Chemicals. Organic Solvents. Four different organic solvents
were selected on the basis of the following criteria: (i) commer-
cial availability of spectrophotometric purity grade; (ii) wide-
spread use in different fields of application; (iii) ability to
dissolve a broad range of solutes (including many polymers);
(iv) broad range of polarity; (v) relatively low vapor pressure to
minimize solvent evaporation during the FCS measurements
(nevertheless, a sealed sample holder should be used when
working with volatile organic solvents); and (vi) most impor-
tantly, broad range of refractive indices. The refractive index of
the sample is a key parameter, because it strongly influences the
size and shape of the confocal volume element in FCS measure-
ments. In combination with water, the selected solvents (ethanol,
chloroform, THF, and toluene) cover a range of refractive indices
between np = 1.33 and np = 1.50 (Table S2 in Supporting
Information). This range comprises nearly all common organic
solvents (Table $2),* as well as common polymers2%¢ e.g,,
poly(dimethylsiloxane) (PDMS): np & 1.42; poly(propylene oxide)
(PPO): np ~ 1.46; poly(propylene) (PP): np ~ 1.47; poly(methyl
methacrylate) (PMMA): np = 1.49; poly(isoprene) (PI): np ~ 1.52;
poly(norbornene) (Zeonex): np = 1.50 to 1.55.

Organic solvents were purchased from Sigma-Aldrich
(chloroform: spectrophotometric grade, >99.8% (stabilized with
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CONCLUSIONS

By means of recently developed dual-focus fluores-
cence correlation spectroscopy (2fFCS), we accurately
and precisely determined absolute values for the trans-
lational diffusion constants of several dyes in a range
of organic solvents. The selected dyes and organic
solvents span the visible spectrum and a broad range
of refractive indices, respectively. The diffusion constant
values can be used as absolute reference standards
for the calibration of experimental FCS setups. This does
not limit the use of 1fFCS with organic media to relative
measurements anymore and allows quantitative mea-
surements to be performed. However, one should still
try to minimize all possible sources of error in classical
FCS, such as refractive index mismatch and optical
saturation of the chromophores. We showed that a very
limited set of commercially available, inexpensive fluor-
escent dyes can be easily dissolved and used in different
solvents, thus ensuring rapid calibration of 1fFCS setups
with different laser excitation lines and different sample
environments, without the need for additional instru-
mentation or multiple measurements. The 2fFCS data
for one of the blue-absorbing dyes in all four organic
solvents were confirmed by pulsed-field gradient
nuclear magnetic resonance spectroscopy experi-
ments. Interestingly, in nearly all cases a particular dye
shows similar Stokes radii in different organic solvents
(including the polar solvent ethanol that can participate
in hydrogen bonding), although the Stokes radius is, in
principle, not only dependent on macroscopic viscosity,
but also on specific microscopic interactions. We also
showed that the obtained diffusion constants provide
reliable information about the hydrodynamic dimen-
sions of the fluorescent solutes, if a correct expression
is used for the calculation of the Stokes radii.

0.5% to 1.0% EtOH); tetrahydrofuran (THF): spectrophotometric
grade, >99.5%, free of stabilizers), Acros Organics (toluene:
spectrophotometric grade, >99.0%, free of stabilizers), and
Merck (ethanol: spectrophotometric grade (Uvasol), >99.9%,
free of stabilizers), and were used as received after confirming
their spectroscopic purity (i) by evaluating the detector photon
count rate generated by the pure solvent in a FCS measurement
and (i) by visual inspection by means of single-molecule wide-
field imaging of a cleaned cover slide after evaporation of a
droplet of solvent.

Organosoluble Reference Dyes. The reference dyes were
selected on the basis of the following criteria: (i) commercial
availability of high-purity samples at a reasonable price;
(ii) desirable photophysical properties such as a high molar
extinction coefficient at common FCS laser line wavelengths
(for example 470, 488, 514, 531, 543, 633, or 647 nm), a high
fluorescence quantum yield, high photostability and a low yield
of dark states (triplet state, electron transfer, cis—trans isomer-
ization, etc.)®® (i) broad range of excitation wavelengths,
allowing for calibration of a wide range of FCS setups equipped
with different laser excitation lines covering almost the entire
visible spectrum; (iv) chemical and thermal stability; (v) solubi-
lity and lack of tendency to aggregate in a broad range of
common organic solvents.
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TABLE 4. Selected Commercially Available Organosoluble Reference Dyes”

dye CAS number trivial name or abbreviation
1 155306—73—3 —

2 203381—-28—6 —

3 331861—93—-9 PDI GOken/octyl-PTCDI

4 53340—16—2 Nile Blue A perchlorate

5 127274—91-3 DiD/DilCyg(5) oil

“Purity of the sample was verified by 'H NMR spectroscopy and HPLC analysis.

o
oo /\)ﬁ‘c{o O NH,

) )
CigHaz CigHar

Scheme 1. Chemical structures of commercially available
organosoluble reference dyes.

Thus, compounds 1, 2, 3, 4 and 5 (Table 4 and Scheme 1)
were acquired from FEW Chemicals GmbH (Bitterfeld-Wolfen,
Germany), Organica Feinchemie GmbH (Bitterfeld-Wolfen,
Germany), Life Technologies Europe (Ghent, Belgium) and Acros
Organics (Geel, Belgium). Table S1 lists some photophysical
properties of these chromophores.

In addition, rylene dyes 6, 7a—7c and 8 and the multi-
chromophoric dendrimers 9a and 9b (Table 5 and Scheme 2)
were investigated. The perylenediimide (PDI) and terrylenedii-
mide (TDI) chromophores show excellent photophysical proper-
ties and photostability, and are widely used in single-molecule
spectroscopy and microscopy research.®® These compounds
were synthesized by the Miillen group at the Max Planck Institute
for Polymer Research (Mainz, Germany).

The chemical and spectroscopic purity of the dyes was
confirmed via a certificate of analysis provided by the supplier,
by "H NMR spectroscopy, and in case of 1, 2, 4, and 5 also by
means of high-pressure liquid chromatography (HPLC). Separa-
tion via HPLC (Agilent 1100, Agilent Technologies Belgium S.A.,
Diegem, Belgium) was done using a reverse-phase C;g column
(Grace Prevail Cig, 150 mm x 2 mm, 3 um particle size).
After detection by a UV—vis DAD detector the fractions were
analyzed by a single-quadrupole MS detector (Agilent 6110)
using positive electrospray ionization. UV—vis detection was
performed at 215 nm, at the laser excitation wavelength used
for the investigated dye (either Ae, = 470 nm, Ae, = 531 nm, or
Aex = 635 nm), and at the wavelength of maximal absorption.
Thin layer chromatography (TLC) was used to check the purity of
3,6, 7a—7c, 8, and 9a—9b.

Finally, the purity of the chromophores and the lack of
aggregate formation could be confirmed by the possibility to fit

GOOSSENS ET AL.

supplier purity (%)
FEW Chemicals GmbH product S 2105 99.6
FEW Chemicals GmbH product S 2112 99.8
Organica Feinchemie GmbH product 59600 99.2
Acros Organics product 415705000 >99
Life Technologies Europe B.V. product D-307 >99

TABLE 5. Selected Organosoluble Reference Dyes Provided
by the Group of K. Miillen”

dye description abbreviation
6  swallow-tailed perylenediimide PDI sw-G;
7a first-gen. perylenediimide polyphenylene dendrimer PDI G1

7b  second-gen. perylenediimide polyphenylene dendrimer PDI G2

7c  third-gen. perylenediimide polyphenylene dendrimer PDI G3

8  first-gen. terrylenediimide polyphenylene dendrimer DI G1

9a first-gen. multichromophoric perylenediimide dendrimer multi-PDI(8)
9b second-gen. multichromophoric perylenediimide dendrimer  multi-PDI(24)

“Purity of all samples was >99% as determined by 'H NMR spectroscopy and
MALDI-TOF mass spectrometry.

the ACFs with a single diffusion constant and by visual inspec-
tion of the photon count time traces.

Sample Preparation. Samples were prepared by making
dilutions of the dyes in a particular solvent (ethanol, chloro-
form, THF, or toluene) up to a concentration of about 1 nM
(corresponding to about one or a few dye molecules on average
inside one confocal volume element). The sample solutions in
chloroform, THF or toluene were transferred to homemade,
closed sample holders made of glass with a cleaned microscopy
glass slide (#1.5 coverslips, Gerhard Menzel, Braunschweig,
Germany) at the bottom (300 uL sample volume). Sample
solutions in ethanol were measured in a chamber system with
a #1.0 glass slide at the bottom (Nunc Lab-Tek Il, Thermo Fisher
Scientific, Braunschweig, Germany) and equipped with a cover
to prevent solvent evaporation during the measurements.
All glassware (vials for dilutions, sample holders, glass slides,
pasteur pipettes, etc.) was thoroughly cleaned before use, by
sonication in acetone (Sigma-Aldrich, spectrophotometric grade,
>99.5%), sonication in aqueous NaOH (1 M) (twice) and sonica-
tion in milli-Q water (twice). In between the cleaning steps, the
glassware was rinsed with milli-Q water. Finally, after drying under
a flow of argon, it was kept in a UV—ozone photoreactor (PR-100,
Ultraviolet Products, USA) for 3 h. This cleaning procedure
rendered the glassware hydrophilic, thus reducing adhesion of
hydrophobic dye molecules onto the surfaces.

Steady-State and Time-Resolved Spectroscopic Measurements. Steady-
state absorption spectra were acquired using a UV—vis spectro-
photometer (Lambda 40, PerkinElmer, Zaventem, Belgium).
The optical density at the absorption maximum of all solutions
was kept below A < 0.1 in a 1 cm quartz cuvette. Steady-state
fluorescence emission spectra were recorded at room tempera-
ture (20.0to0 21.0 °C) using a fluorimeter (Fluorolog 3—22, HORIBA
Jobin-Yvon, Lier, Belgium), corrected for the wavelength depen-
dence of the detection system. Fluorescence decay times were
determined from the TCSPC data that were acquired during the
2fFCS measurements (see below).

pfgNMR Measurements. We measured NMR spectra of 1 and 3
in CDCls, toluene-dg, and THF-dg and of 1 and 2 in ethanol-de.
Concentrations of all samples were 1.0 mM. Measurements
were done with a 600 MHz spectrometer (INOVA, Varian)
operating at the 'H frequency of 599.644 MHz using a room
temperature 3 mm probe head equipped with three orthogonal
gradient coils. Self-diffusion constant measurements were per-
formed applying the BPP-LED sequence.”® ¢ The DOSY spectra
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Scheme 2. Chemical structures of organosoluble reference dyes provided by the group of K. Miillen.

were acquired at 25 °C using a thermostat (L900, Varian) with
temperature accuracy better than 40.05%. The data were
collected with no spinning. The self-diffusion constants were
obtained in the following way. We calibrated our gradient
using the Dy values previously obtained by NMR at 25 °C with
a methanol-d, sample, namely for CDsOH (Dt = 2220 ‘umz s
and for CHD,0D (Dr = 2180 um? s~').%” The gradient strength
was logarithmically incremented in 15 steps from 1452 mTm ™"
up to 562.2 mT m~". In addition, we measured the self-diffusion
constants of all (undeuterated) solvents as a reference: CHCl3
in CDCl3 (Dy = 2049 ‘umz s 1), toluene in toluene-dg (Dr =
1910 um? s™"), THF in THF-dg (D7 = 2241 um? s "), ethanol in
ethanol-dg (Dr = 998 um? s').%® The diffusion constants of TMS
(Dr=1 760p¢m2 s~ ") as well as residual water (Dr= 4347,14m2 s
in CDCl; were also confirmed.”® The following experimental
settings were used: diffusion time was 40 ms, gradient duration

GOOSSENS ET AL.

was 800 ms, the longitudinal eddy current delay was 20 ms, and
acquisition time was 3 s. Details of the apparatus and procedure
are given elsewhere.®*~ "2 The reported self-diffusion constants
are averages over at least ten measurements which agree to
within +0.5% and the overall accuracy of the data is estimated
to be better than £3.5%.

2fFCS Measurement Setups. Two different experimental setups
were used. For the experiments with ¢, = 470 nm or Ae =
635 nm laser light excitation, a commercial instrument was used
(MicroTime 200, PicoQuant, Berlin, Germany). The instrument
is based on an inverted epi-fluorescence microscope (IX-71,
Olympus Europe, Hamburg, Germany). Excitation sources were
two identical pulsed 470 nm diode lasers (LDH-P-C-470 B,
PicoQuant) or two identical pulsed 635 nm diode lasers (LDH-
P-635, PicoQuant) with linear polarization and a pulse duration
of 50 ps (FWHM), respectively. The lasers were pulsed alternately
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Figure 2. Schematic representation of the 2fFCS experi-
mental setup for 470 nm and 635 nm excitation.

with a delay of 25 ns between pulses (PDL 828 Sepia I,
PicoQuant). The light of each of the two pairs of identical
wavelength but crossed polarization lasers was combined into
single beams by two polarizing beam splitters (Ealing Catalogue,
St. Asaph, United Kingdom). These beams were combined by a
dichroic mirror (490dcxr, Chroma Technology Corp., Rockingham,
VT, USA) into one single beam. Only one wavelength at a time was
used for the 2fFCS measurements. A schematic illustration of the
setup is shown in Figure 2.

An average power of 5 or 10 uW for each polarization was
used. The beam was coupled into a polarization-preserving
single-mode fiber. At the fiber output, the light was collimated
(diameter (1/e?) ca. 3 mm) and reflected toward the objective
by a dichroic mirror (FITC/TRITC, Chroma). Before entering the
back aperture of the objective, the light was passed through a
Nomarski prism (U-DICTHC, Olympus) deflecting it into slightly
different directions according to the polarization of the pulse.
The light was focused by the microscope's water-immersion
objective (UPLSAPO 60x W, 1.2 N.A,, Olympus), creating two
laterally shifted but overlapping excitation foci with about ¢ =
390 nm center distance in the case of e, = 470 nm excitation,
and with about 6 = 450 nm center distance in the case of A, =
635 nm excitation. The centers of the two foci were positioned
about 30 um above the glass slide surface. Fluorescence was
collected by the same objective, passed through the dichroic
mirror (thus being separated from the excitation light), and
focused by a tube lens through a single circular aperture
(2 = 150 um). After the pinhole, the light was recollimated, split
by a polarizing beam splitter cube (Ealing) and then again by
two dichroic mirrors (640dcxr, Chroma), and refocused onto two
pairs of SPADs. One pair was used for the detection of fluorescence
showing a wavelength lower than Aep, < 640 nm (PDM 50-C, Micro
Photon Devices, Milan, Italy), and the second pair was used to
detect the far red emission (SPCM-AQR-13, PerkinElmer, Wellesley,
MA, USA). Emission bandpass filters HC520/35 and HC692/40,
respectively (Semrock Inc., Rochester, NY, USA), positioned directly
in front of each detector, were used for blocking scattered light.
Time-correlated single-photon counting (TCSPC) electronics
(HydraHarp 400, PicoQuant) recorded the detected photons of
all detectors independently with an absolute temporal resolution
of 4 ps on a common time frame. Recording photon arrival
times with ps time resolution allows associating each fluores-
cence photon to its corresponding excitation pulse and focus.
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With this information the autocorrelation function for each focus
separately and the cross-correlation function between the foci
can be calculated.

For measurements with A¢, = 531 nm a second instrument
was used being mostly identical to the one described above.
The differences were as follows: For excitation the nonpolarized
light of a supercontinuum laser (SC400—2-PP, Fianium Ltd.,
Southampton, United Kingdom; repetition rate 20 MHz) was
divided by a polarizing beamsplitter (CM1-PBS251, Thorlabs,
Dachau, Germany) into two linearly polarized beams. The
beams were spectrally filtered using an acousto-optical tunable
filter (AOTFNC-400.650, AAoptic S.A., Orsay Cedex, France) for
each beam. The light of the first branch was delayed by 25 ns
(i.e., half the laser repetition period) using a polarization-
preserving optical fiber of appropriate length (PMC-400Si,
Schéfter und Kirchoff GmbH, Hamburg, Germany). A second
polarizing beam splitter (CM1-PBS251, Thorlabs) was used to
combine both beams before coupling them into a second
identical polarization-preserving single-mode fiber. At the fiber
output, the light formed a train of pulses (FWHM <10 ps) showing
alternating polarization and a temporal spacing of 25 ns.
An average power of 50 uW for each polarization was chosen.
For detection the emission was split by a polarizing beamsplitter
cube (CM1-PBS251, Thorlabs), and refocused onto two SPADs
(z-SPAD-50, PicoQuant). Emission long-pass filters HQ545LP
(Chroma) were positioned directly in front of each detector.

Each dye/solvent combination was measured at least
three times, and during each measurement fluorescence
was collected for at least 15 min. The photon count time traces
and correlation functions were inspected for the absence of
potential distortions caused by photobleaching or passage
of large aggregates through the confocal volume. Reported
errors of the diffusion constant values in Table 1 are standard
deviations derived from all measurements on a particular
sample.

Data Analysis. When doing 2fFCS, it is important to use a
model for the MDF that is more accurate than the usual assump-
tion of a three-dimensional Gaussian distribution. We showed
that the MDF can be satisfactorily approximated by a combina-
tion of a Gauss-Lorentz excitation intensity profile and a
simple pinhole function. 420 Using this MDF U(r) as a function
of position r eq 5, the diffusion-related model CCF is given by
eq 6, which has to be evaluated numerically.

k(2 202+
Ulx,y, z) = 02@) e { o) with
2
K(@z) = 1—exp|— 2a and (5

o (fen? )
R2 em
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2
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where x, y and z are Cartesian coordinates with the z axis along
the optical axis, a is the radius of the confocal pinhole, ¢, is the
excitation wavelength, A, is the center emission wavelength,
and n is the sample refractive index. Ry and wq are free fit
parameters describing the Rayleigh length and the minimal
beam waist, respectively.

91200 ’g””mc\[/ @ [ 92 5oy o
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P 40 80 + w2(z2)) + w(zy)

(6)

where 7 is the correlation lag-time and the abbreviation © = D7
was used. The lateral distance between the two detection
volumes (foci) is given by d. The two factors €, and ¢, describe
the overall detection efficiency in both detection volumes,
respectively, and ¢ is the concentration of the fluorescent
molecules.
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The model ACF of each focus is obtained by setting 6 =0
and by replacing ¢, €, by either € or €, respectively, eq 7.

21)k (22)
gnn(®) = G +2¢€; C\/>/ dz1/ d228®+w221)+2w2(22)

2 —z)?
P\ "0
(7)

If a dye shows fast photophysical relaxation (on the microse-
cond time scale), an additional exponential function should be
added to the correlation functions in the usual way.'®® Thus,
each set of two ACFs and two CCFs (forward and reverse CCF) is
globally fitted, having as fit parameters €;, €5, ¢, Ry, o, Dy, and—if
necessary—a photophysical relaxation time. It should be noted
that the diffusion constant Dy itself is a fit parameter, rather than
the diffusion time 74 (i.e., the time it takes for a fluorescent
particle to cross the confocal volume element) in conventional
FCS experiments. Analysis of the experimentally obtained 2fFCS
data was performed with MatLab R2010b (The MathWorks
GmbH, Ismaning, Germany) using a custom-made routine.*'**

Theoretical Estimation of Stokes Radii. The obtained Stokes radii
of the dyes in the different solvents were compared with
theoretically derived values. For this purpose, the molecular
structures of compounds 1—6, and 8 were optimized with the
software package MOPAC20127° using the semiempirical PM7
Hamiltonian. The structures of 7a—7c¢, 9a, and 9b were opti-
mized using a molecular mechanics model (MM2 force field) as
implemented in the software package Chem3D Ultra. We could
have optimized the structure of 7a using the PM7 Hamiltonian,
also. In this case, however, we preferred to use the force-field
optimization to be able to make comparisons to its larger
analogues 7b and 7c. The Stokes radii of the optimized struc-
tures were estimated using the Hydropro10 software.”” This
approach has proven successful to model the hydrodynamics
of molecules and particles of known geometry, see e.g., refs 105,
106, and 107, and references therein.
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