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Abstract Rhodamine derivatives are popular, photostable
fluorophores that are used in a number of fluorescent based
techniques, including fluorescence correlation spectroscopy
(FCS). Indeed, in FCS, both rhodamine 6G (R6G) and
rhodamine 110 (R110) are used as calibration standards to
determine the dimensions of the instrument confocal
volume. In spite of a requirement for precise values of the
diffusion coefficients, literature values are scarce and vary
over an order of magnitude. In this paper, the diffusion
coefficients of four rhodamine fluorophores (rhodamine 6G
(R6G), rhodamine B (RB), rhodamine 123 (R123), rhoda-
mine 110 (R110)) were determined by pulsed field gradient
nuclear magnetic resonance (PFG-NMR) spectrometry and
then validated by comparison with fluorescence correlation
spectroscopy. With the objective of validating the FCS
calibration, diffusion coefficients of several dextrans and a
polystyrene nanoparticle were also determined and com-
pared with literature values or theoretical values that were
based upon the Stoke–Einstein equation. The work pre-
sented here lead us to conclude that the diffusion
coefficients for R6G and R110 have generally been under-
estimated in the literature. We propose revised values of
4.4×10−10 m2 s−1 for R110 and 4.0×10−10 m2 s−1 for R6G.
Using the revised D value for R110 to calibrate the FCS

instrument, diffusion coefficients have then been systemat-
ically determined for different conditions of pH, ionic
strength and concentration. To correct for differences due to
solvent effects (D2O vs. H2O), an isotopic correction factor,
DD2O=DH2O of 1.23, was determined from both FCS and
from the solvent auto-diffusion coefficients obtained by
NMR.
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Introduction

Due to their photostability, their large extinction coeffi-
cients and high fluorescence quantum yield [1], rhodamine
derivatives are widely used for diffusion measurements or
as labels in environmental [2–6] biochemical [7–11] and
interfacial studies [12]. Among other uses, they are
employed to calibrate fluorescence correlation spectroscopy
(FCS), a technique now widely employed to determine
molecular sizes and to characterize translational (Brownian)
diffusion [13, 14] in complex media. Nonetheless, despite
their use as calibration standards, their translational diffu-
sion coefficients in water have not been precisely charac-
terized, due in part to the inherent difficulty in measuring D
precisely and to the fact that values of the diffusion
coefficients will depend upon ionic strength, pH and
concentration effects due to dimerization [15–17] and/or
aggregation. Indeed, literature values of D, where available,
vary by nearly an order of magnitude (Tables 1 and 2).

Since large errors in the diffusion coefficients will
introduce systematic errors of similar magnitude on the
final FCS measurements, the aim of the present work was
to determine accurate and precise values of the translational
diffusion coefficients of several rhodamine derivatives
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(rhodamine 6G (R6G), rhodamine B (RB), rhodamine 123
(R123), rhodamine 110 (R110), Fig. 1) under relevant
conditions of pH, ionic strength and concentration. In FCS,
values of 2.8×10−10 m2 s−1 (R6G) [18] and 3.0×10−10 m2

s−1 (R110) [19] are commonly employed to calibrate the
instrument. Therefore, a main objective of the study was to
verify the accuracy of these values. The study was
performed initially using pulsed field gradient nuclear
magnetic resonance (PFG-NMR) [20] then validated using
FCS [18, 21].

Theory

In FCS, translational diffusion coefficients are determined
by the measuring diffusion times of a fluorescent probe
inside a carefully calibrated small (confocal) volume
(typically ∼0.2 μm3). Variations of the fluorescence
intensity inside the confocal volume are attributed to the
translational diffusion of a small number of fluorophores.

For a 1-component system, in the absence of phosphores-
cence, diffusion times are determined from an auto-
correlation function, G(t):

G tð Þ ¼ aþ 1

n
1þ t

t

� ��1

1þ t

p2t

� ��0:5

ð1Þ

where a is the limiting value of G(t) for t ! 1 (usually a=
1), n is the average number of fluorescent particles
diffusing in the confocal volume, t is the diffusion time
of the fluorescent species inside the confocal volume, p is
the structure parameter (which is the ratio of the transversal
wxy to the longitudinal wz radius of the confocal volume
p=wz/wxy). Diffusion coefficients of the unknown mole-
cules or particles are calculated from their diffusion times
following calibration of the dimensions of the confocal
volume, generally using R6G D ¼ 2:8� 10�10 m2 s�1ð Þ or
R110 D ¼ 3:0� 10�10 m2 s�1ð Þ.

In a PFG-NMR experiment, magnetic pulsed-field
gradients with a echo sequence [22], are applied to the
sample in addition to the instrument’s static magnetic field.

Table 1 Summary of literature values of diffusion coefficients for rhodamine 6G

Conditions D (10−10 m2 s−1) Technique Reference

Water 2.8±0.3 FCS [18]
Water, 20 °C 3 FCS [29]
Water/D2O 2.9±0.7a NMR [30]
Water 4.0 – [31]
0.2 M KCl, pH 7.0 4.0 (DOx) Voltammetry [32]

4.2 (DRed) Ox and Red species not specified
20 mM Boric acid,
100 mM Tris, 25 °C

4.59 E-Field method capillary/microchannel
electrophoresis static imaging

[33]

20 mM Boric acid,
100 mM Tris, 25 °C

4.14±0.01 [33]

50:50 water/methanol 2.71±0.09 Capillary/microchannel electrophoresis,
various detection techniques

[33]
2.684±0.005
2.69±0.02
2.88±0.17

50:50 water/methanol 2.7±0.1 Capillary/microchannel electrophoresis [34]
Various combinations
of water and alcohol

2.9±0.3 (ethanol) Patterned FCS [35]
2.5±0.3 (60:40 H2O/methanol)
2.5±0.2 (50:50 H2O/methanol)
2.8±0.3 (40: 60 H2O/methanol)
3.4±0.4 (20: 80 H2O/methanol)
4.5±0.6 (5: 95 H2O/methanol)

a Values were not corrected for isotopic effect. Corrected values would be ca. 3.5×10−10 m2 s−1

Table 2 Summary of diffusion coefficients determined from the literature for rhodamine B

Conditions D (10−10 m2 s−1) Technique Reference

20 mM Boric acid, 100 mM Tris, 25 °C 4.27±0.04 Capillary/microchannel electrophoresis [33]
0.05 M H2SO4, 9.6 10−4 M rhodamine B 3.2±0.2 Rotating disk voltammetry [36]
Water, 21.5 °C 3.6 Time-lapse microscopy [7]
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The gradient pulse labels the nuclear spin based upon the
molecule’s position in solution. After diffusing a short
distance through solution, a decoding gradient pulse is
applied. The intensity, I, of the resonances of the molecule
in the NMR spectrum will be attenuated in proportion to the
magnetic gradient pulse amplitude G and the diffusion
coefficient D:

I ¼ I0 exp �D Gdgð Þ2 Δ� d
3

� �� �
ð2Þ

where I0 is the signal intensity or integral in the absence of
the gradient pulse, δ is the duration of the pulse, g is the
gyro-magnetic ratio of the nucleus under investigation and Δ
is the diffusion delay time. This equation holds only for
simple PFG-NMR experiments and is slightly modified for
more sophisticated pulse sequences [23]. The optimization of
PFG-NMR experiments to achieve precise measurements of
the diffusion coefficient has been addressed by Antalek [24].

For hard spheres, diffusion coefficients can be deter-
mined from their radius using the Stokes–Einstein equation:

D ¼ kT

6phr
ð3Þ

where k is Boltzmann’s constant, T is the temperature, η is
the viscosity and r the hydrated radius of the particle.

Since NMR experiments are more easily performed in
D2O, it is necessary to correct for the isotopic effect on the
translational auto-diffusion coefficients. The dependency of
the diffusion coefficient on temperature, T, is strong and
different for the two isotopes and can been taken into
account using the following equation [25]:

DH2O

DD2O
¼ 0:9194

T�209:443
209:443

� �2:191
T�222:54
222:54

� �2:011 ð4Þ

The above constants are auto-diffusion coefficients that
reflect the friction of the solvent on itself. Assuming that
rhodamine–rhodamine interactions are negligible due to the
high dilution used in the experiments (for FCS, concen-
trations are <10−8 M), a solvent friction similar to that of
the water should be determined:

DH2O

DD2O
� D rhodamineð ÞH2O

D rhodamineð ÞD2O

¼ t rhodamineð ÞD2O

t rhodamineð ÞH2O

ð5Þ

Since diffusion times, t, can be measured directly
without calibration of the confocal volume, no mathemat-
ical assumptions are required in order to determine the
isotopic effects of solvent deuteration on the diffusion
coefficients (Eq. 5) when determining DH2O/DD2O by FCS.

Materials and methods

Compounds

R6G, R110 (laser grade, 99%,) and three dextrans labeled
with tetramethylrhodamine (molar masses of 10,000,
40,000 and 70,000) were purchased from Molecular
Probes. R123 (>99%) and RB (>99%) were obtained from
Sigma-Aldrich. The polystyrene nanoparticles (57 nm
diameter, green dragon label) were purchased from Bangs
Laboratory. Solutions of the four fluorophores (R6G, R123,
R110, RB) were prepared in Milli-Q water or in D2O
(Sigma Aldrich) at final concentrations of <0.1 μM (FCS)
or 0.016, 0.08, 0.4 and 2.0 mM (NMR experiments). For
experiments examining pH (pD) or ionic strength effects
using NMR, KOD or DCl was used to adjust the pD (2.9,
7.3, 10.3) and KCl was added to adjust I (2, 10 and 100
mM). Due to the limited solubility of some of the
fluorophores, some experiments were performed in aqueous
solutions of MeOH or MeOD that were purchased from
Sigma-Aldrich. Water was Milli-Q grade (R>18 MΩ cm,
total organic carbon concentrations <2 μg C L−1). High
purity potassium chloride, potassium hydroxyde and nitric
acid were employed for pH and ionic strength adjustments.

FCS

Two FCS devices were employed in this study. The first
(Geneva) was a Confocor Axiovert 135TV on a Carl Zeiss
platform while the second was a system that was mounted
on a Leica TCS SP5 laser scanning microscope (Montreal).
Excitation of the rhodamine derivatives was performed
using an Ar ion laser at 488 or 514 nm. Fluorescence
intensity fluctuations were quantified with an avalanche
photodiode detector. Three experiments, each with ten
replicate measurements, were performed for each experi-
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Fig. 1 Structures of a rhodamine 6G, b rhodamine B, c rhodamine
123 and d rhodamine 110
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mental condition. Due to the temperature dependence of the
diffusion coefficients, temperature was carefully measured
and controlled (22.5 °C). On the Confocor instrument, data
were acquired with a control program from Carl Zeiss Jena
GmbH (version 1.2.1) and interpreted using FCS Access Fit
Software (version 1.0.12, Evotec BioSystems GmbH). The
Leica SP5 used ISS Vista FCS software (version 3.6_37).
The FCS confocal volume was initially calibrated using
five known concentrations of R110 with an assumed initial
diffusion coefficient of 3.0×10−10 m2 s−1 or with R6G
D ¼ 2:8�ð 10�10 m2 s�1Þ. FCS was also used to determine
the isotope effect (D2O/H2O) on the diffusion coefficients
of the rhodamine derivatives. In that case, diffusion times
were measured in D2O or H2O without calibration of the
confocal volume.

PFG-NMR

Nuclear magnetic resonance (NMR) experiments were per-
formed on a Bruker Avance 400 or 600MHz instrument using
a simulated echo sequence (Fig. 2). In order to compare
diffusion coefficients acquired by NMR with those obtained
using FCS, the temperature of the NMR measurements was
matched to that of the FCS measurements (22.5 °C). Finally,
in order to ascertain that the measurements were reproduc-
ible, three to 12 different peaks were used for D determi-
nations, depending on concentration and signal quality.
Under these conditions, 7,168 scans were required to acquire
data with an acceptable signal to noise ratio for the least
concentrated solutions (16 μM) of R6G and RB while 256
scans were performed for the other conditions. Eight to 16
different gradient strengths from 7 to 200 G were used for
each PFG-NMR experiment to fit for the diffusion
coefficients.

Results and discussion

Determination of water isotopic effect on D

Measurements of NMR D values are greatly facilitated by
performing the measurements in D2O. For comparison with
values obtained in H2O, it was thus necessary to quantify
the isotopic effect. As expected, diffusion times of the

rhodamine derivatives obtained in D2O were significantly
slower than those obtained in H2O, corresponding to
smaller D values in D2O. Indeed, for R6G, R123 and RB,
the ratio of the diffusion coefficients was 1.23 at 22.5 °C,
which compares well with values obtained previously by
experimentation [26] (1.26) or by simulation [27] (1.20).

Determination of D for R110 and R6G

Following correction for the isotopic effect (DH2O=DD2O ¼
1:23), a D value of 4.8×10−10 m2 s−1 was determined by
NMR for R110. Nonetheless, due to the fluorophore’s
limited solubility and the small number of non aromatic
protons (fewer signals), the uncertainty on the value was
quite large, ca. 21%. For R6G, a value of (4.0±0.3)×10−10

m2 s−1 was determined by NMR for R6G. Both D values
were significantly higher than the generally accepted
literature values but were somewhat less precise. Two
complementary strategies were therefore employed to
reduce uncertainty and increase accuracy of the D values:
(a) for several model fluorophores, diffusion coefficients
determined by FCS (using standard calibrations of the
confocal volume) were compared to values determined by
NMR and (b) for several model size standards, D values
determined by FCS were compared to theoretical values
calculated from the Stokes Einstein equation.

Based upon a calibration using R110, diffusion coef-
ficients were obtained for a number of standard solutions
using NMR and FCS (Fig. 2): (1) R6G in 50% MeOH: 50%
H2O; (2) R110 in 5% MeOD: 95% D2O; (3) R110 in 10%
MeOD, 90% D2O; (4) R6G; (5) RB. When plotted together,
FCS values were on average 41% lower than values
obtained by NMR following correction for the D2O isotopic
effect. For example, in addition to the larger D values that
were observed above for R110 and R6G, a value of 4.2×
10−10 m2 s−1 was obtained by NMR for RB (H2O).

Literature values of the diffusion coefficients of three
dextran standards [28] and that of a polystyrene particle
standard determined from the Stokes Einstein equation (Eq.
3) were also plotted (Fig. 4) against values of D obtained
from FCS. By calibrating the FCS with a D value of
R110 ¼ 3:0� 10�10 m2 s�1, FCS determinations were
once again significantly smaller than the expected values
for the particles (slope=1.33, R2=0.913). The value of the

Fig. 2 The pulse gradient stim-
ulated echo pulse sequence[24],
where Δ is between 10 and 100
ms depending on the concentra-
tion and t is the pulse time
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slope suggests that D for R110 should be on the order of
4.0×10−10 m2 s−1.

Both the NMR determinations and the above calibrations
suggested that the FCS calibration values (DR6G ¼
2:8� 10�10 m2 s�1;DR110 ¼ 3:0� 10�10 m2 s�1) were too
low. Therefore, FCS experiments were recalibrated using an
intermediate D value of 4.4×10−10 m2 s−1 for R110
determined from the NMR value (4.8×10−10 m2 s−1) and
the calibration slopes (4.0×10−10 m2 s−1). By recalibrating
the FCS experiments with the revised R110 D value of
4.4×10−10 m2 s−1, revised slopes of 1.01 were obtained for
Fig. 3 (R2=0.90) and 1.01 for Fig. 4 (R2=0.999). The above
experiments also imply a significantly higher value of D for
R6G of 3.7×10−10 m2 s−1 (also see below).

Critical evaluation of the revised D values

Both the NMR results and the FCS measurement of the
standard compounds indicated a significant underestimation
of the generally accepted values of the diffusion coeffi-
cients for R110 and R6G. Furthermore, in spite of hundreds
of citations that refer to the low D values for R6G, other
values are available in the literature for R6G (and RB) that
are more in line with the values determined here (Tables 1
and 2). For example, our values are consistent with those
determined previously in aqueous solutions by capillary/
microchannel electrophoresis and voltammetry: (4.0–4.6)×
10−10 m2 s−1 for R6G (Table 1), and 4.3×10−10 m2 s−1 for
RB (Table 2). In fact, most of the lower values of D in the
literature were previously determined by FCS. Nonetheless,
some of the variability in the literature values may have
resulted from a lack of a control over temperature, from
variable fluorophore concentrations or to the absence of a
correction of the isotope effect for experiments performed
in D2O.

It is notable that few fluorescent compounds are
currently available with precisely known values of their
diffusion coefficients. Furthermore, orthogonal methods are
rarely used to confirm D values. For the above FCS
evaluations of the particle standards, diffusion coefficients
were outside the calibration range of the rhodamine
derivatives and thus should be interpreted with care. With
respect to diffusion coefficient determinations made using
NMR, the measurements are much more accurate when
performed at fairly high concentrations in D2O. The
correction for the isotopic effect will, however, add some
uncertainty to values presented for H2O. Most importantly,
some of the compounds that were examined have a
tendency to dimerize or aggregate at high concentrations
[15, 16] which could result in an apparent decrease in D.
The concentration effect might partially explain why such a
large variation of diffusion coefficients has been observed
among the different literature sources since each technique
has its own analytical window. The effect of fluorophore
concentration was examined in detail in the next section.

Effect of concentration on D

For R110, it was not possible to perform NMR experiments
in the same concentration range as R6G and RB due to its
limited solubility and the scarcity of non-aromatic protons.
Indeed, only a single peak could be used to determine the
diffusion coefficient for R110 after 48 h of instrument time
for a nominal concentration of 0.05 mM. Furthermore, due
to the sensitivity differences of the NMR and FCS
techniques, the examined concentration ranges did not
overlap. For both R6G (Fig. 5a) and RB (Fig. 5b), diffusion
coefficients decreased significantly (ANOVA, p<0.05) as a
function of fluorophore concentration for concentrations
down to 16 μM. Such results are consistent with the work
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Fig. 3 Experimental diffusion coefficients determined by NMR as a
function of those determined by FCS (obtained by assuming a value of
3.0×10−10 m2 s−1 during the calibration of the confocal volume with
R110). Several fluorophores/conditions were examined: 1 R6G in
50% MeOH, 50% H2O; 2 R110 in 5% MeOD, 95% D2O; 3 R110 in
10% MeOD, 90% D2O 4 R6G in H2O 5 RB in H2O
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confocal volume with R110). Several particle standards were
examined: 10,000 molar mass dextran (D1); 40,000 molar mass
dextran (D4), 70,000 molar mass dextran (D7) and a polystyrene
particle standard (PS) with a radius of 57 nm
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of Dare-Doyen et al. who have shown that in the millimole
to micromole range, R6G has a strong tendency to dimerize
in water. No such decrease was observed for R110 or R123,
although this was mainly due to our inability to perform
systematic NMR experiments at the higher concentrations
necessary for NMR. For all of the fluorophores that were
examined, no apparent aggregation was observed for
concentrations below 100 nM (Fig. 5). Note that some
controversy exists in the literature on the importance of the
R6G dimers. Sariri et al. have shown that the monomer:
dimer abundance was invariant with concentration, while
Daré-Doyen et al. used molecular modeling studies to show
that the dimerization was thermodynamically favorable. In
this study, the observed reduction in D with increasing
concentration indicated that dimerization/aggregation was
indeed favored at the higher concentrations of R6G,
suggesting that the thermodynamic explanation is the most
appropriate. It would appear that the rhodamine monomers
are stable only at the lowest concentrations in aqueous
solution. Given the important role of concentration on the
dimerization or aggregation of these partially charged
fluorophores, ionic strength and pH effects were also
examined.

Effect of ionic strength and pH on D

For charged molecules, increased ionic strength is expected
to result in increased charge screening leading to decreased
electrostatic repulsion and increased aggregation (smaller
D). For ionic strengths varying between 10−4 and 10−2 M
(10−1 M for R6G), no significant changes in the diffusion
coefficient were observed for any of the four fluorophores

(Fig. 6, ANOVA, p>0.05). All observed variations were
within the analytical precision of the two techniques that
were used. For R6G, the large observed difference in
the results obtained by FCS and NMR were attributed to the
very different concentrations that were employed for the
studies (FCS: 0.1 μM; NMR: 2 mM).

Given the protonable functional groups in all of the
fluorophores, a decrease in pH could be expected to result
in a decreased intermolecular electrostatic repulsion result-
ing in a potentially large increase in aggregation. Nonethe-
less, for the conditions that were examined here (Fig. 7), a
significant pH effect was observed only at very high pH
values corresponding to the deprotonation of the amine
protons on the R6G, RB and R110. No significant changes
were observed for any of the fluorophores below pH 9.5.
Furthermore, for the higher concentrations that were
employed in the NMR experiments, no changes in D were
observed for R6G. Nonetheless, it should be noted that due
to solubility concerns, pH could not be manipulated over
the same range as for the FCS experiments. As above, the
NMR determined diffusion coefficients were significantly
lower than those determined by FCS.

Table 3 Values of diffusion coefficients proposed for the rhodamine
fluorophores for moderate pH values (2–9.5), ionic strengths <0.1 M
and concentrations <10 μM

Rhodamine
6G

Rhodamine
B

Rhodamine
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Rhodamine
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Fig. 7 Influence of the pH on
the diffusion coefficient of: a
R6G, b RB, c R123, d R110 as
determined by FCS (white sym-
bols) and NMR (full symbols).
FCS experiments were per-
formed using 100 nM of the
fluorophores while 2 mM of
fluorophore was used in the
NMR experiments (I=2 mM).
The asterisks indicate significant
differences among values (one-
way ANOVA, p<0.001, Student
t-test)
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Comparison of the four fluorophores

Due to the relative invariability of D with pH, I and
concentration, diffusion coefficients that are valid for a
fairly broad range of experimental conditions (pH 2–9.5, I<
10−1 M, fluorophore concentration <10 μM) could be
provided (Table 3). In both D2O and H2O, diffusion
coefficients decreased in the order R110<R123<RB<R6G.
Most of the effect can be attributed to differences in the
molar masses: R110 (366 g/mol) and R123 (380 g/mol) have
smaller molar masses than R6G and RB (480 g/mol) and
thus the observed differences are, for the most part,
consistent with a scaling of D with M 1=3

w . The small
difference between the values of D for R6G and RB can
be explained by two effects: (a) hydrogen bonding should
increase in the order RB<R6G with a resulting increase in
diffusion time, corresponding to a smaller diffusion coeffi-
cient for R6G with respect to RB; (b) increased photode-
composition might lead to shorter diffusion times (if
photodecomposition occurs for times that are of similar or
shorter duration to diffusion across the confocal volume).
The second explanation is unlikely here since, under the
conditions of the experiments, R6G and RB had very similar
measured triplet fractions. In fact, of the four fluorophores
that were evaluated, only R110 had a systematically smaller
triplet fraction when laser excitation (Ar ion) of 488 or 514
nm was employed (data not shown). Indeed, the smaller
value of measured triplet fraction for R110, suggests that the
R110 is likely to be the most appropriate calibration standard
for FCS when using a D value of 4.4×10−10 m2 s−1 (as
compared to 3.0×10−10 m2 s−1 used previously).

Conclusion

Translational diffusion coefficients have been determined
for four rhodamine derivatives: R6G, RB, R123 and R110,
of which two are commonly used as calibration standards
for fluorescence correlation spectroscopy. A diffusion
coefficient of 4.0×10−10 m2 s−1 was found for R6G and a
value of 4.4×10−10 m2 s−1 was determined for R110. These
values are much higher than the values that are frequently
employed to calibrate the FCS technique but in good
agreement with a number of other analytical techniques
(capillary/microchannel electrophoresis, E-Field method
electrophoresis or voltammetry). The combination of
PFG-NMR and FCS proved to be a powerful characteriza-
tion tool to probe diffusion coefficients in aqueous
solutions once the observed large isotopic effect
(DD2O=DH2O ¼ 1:23) was taken into consideration. Ionic
strength and pH had relatively little effect on the diffusion
coefficients of the rhodamine derivatives, while concentra-
tion had a significant effect for >10 μM concentrations.
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