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Abstract We built a polarization fluorescence correlation spec-
troscopy system to analyze the variation of the correlation func-
tion in rotational diffusion based on the length of rod-like fluo-
rescent particles. Because the rotational diffusion of particles in
liquid depends on the relative polarization states of the laser
source and particle fluorescence, we compared the amplitudes
of the rotational diffusion using the autocorrelation function in
different polarization states. For experiments that depend on the
length of the fluorescent particles, we prepared three kinds of
quantum rod samples with a width of 6.5±0.5 nm and lengths of
17±3, 40±3, and 46±3 nm. Through the experiment, we ob-
tained the hydrodynamic radii of each particle using the rotation-
al diffusion coefficient: 10.7±0.8, 13.4±0.7, and 14.1±0.4 nm
with the length of the particles. All the obtained values for radii
are 3 nm larger than the calculated equivalent radii of spheres
with the same volume as the rod samples. Through a fraction
analysis by polarization state, we confirmed that the ratio of
rotational fraction for polarization increases with the aspect ratio
of the actual particle.
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Introduction

Fluorescence correlation spectroscopy (FCS) is a useful tech-
nique for quantitatively confirming the dynamic behavior of

various molecules and analyzing the biological and chemical
reaction mechanisms of molecules using fluorescent particles
[1, 2]. Even though it is not a technique that observes variation
in the micro-region, such as confocal microscopy, it can com-
pare normalized dynamic sizes or speeds because the motion
of particles much smaller than micrometer size can appear
based on the quantitative diffusion coefficient [3]. Such quan-
titative information about particles is obtained by analyzing
part of the translational diffusion using a correlation function
of signals from the fluorescent particles [4]; however, if the
rotational diffusion is also analyzed, more information about
the motion of particles can be obtained [5, 6]. The translational
diffusion region in the correlation function provides transla-
tional diffusion time, concentration of particles in solution,
and viscosity with the size of the observation region, and the
rotational diffusion region provides rotational diffusion time
and characteristics of particle shape [7].

Studies using FCS generally investigate the diffusion mo-
tion of the test material attached with fluorescent probes or
auto-fluorescent particles in solution. In many cases, though
the shapes of the fluorescent probes are spheres, such as fluo-
rescent beads and quantum dots [8, 9], rod-like particles such
as quantum rods are also used as comparison targets to con-
firm the rotational diffusion property of the particles. Quan-
tum rods are being actively studied because they can maintain
a high quantum yield as quantum dots and can be made with
various lengths. The analysis of the correlation function from
fluorescent quantum rods can be used as a reference in ana-
lyzing the diffusion of rod-like particles; however, the
blinking effect of quantum dots on the correlation function
of quantum rods is not yet known [10].

In this study, we measured the rotational diffusion coeffi-
cients of fluorescent particles with three different lengths
made in a core/shell structure of CdS/CdSe and compared
the hydrodynamic radii of three kinds of particles. We also
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discuss the rotational fraction of the function for the two ver-
tical polarization states.

Theory

The beam illuminated from a light source formed a focal vol-
ume with a few femto liters in solutions including fluorescent
particles. When the particles come into the volume, they are
excited and emit fluorescence. The fluorescence intensity
emitted from them depends on the number, speed, and size
of those particles diffusing into and out of the volume. This
diffusion of the particles in the focal volume causes time-
dependent fluctuations in fluorescence intensity. The fluctua-
tions reflect information for their size, shape, number, and
diffusing speed in the solution. The fluctuations caused by
random diffusion of the fluorescent particles can be analyzed
by a correlation function.

The fluorescence correlation function is the fluorescence
intensity variation (δF1(t), δF2(t)) from fluorescent particles
converted into the form of an autocorrelation function or
cross-correlation function. It can be represented as Eq. (1)

G τð Þ ¼ δF1 tð ÞδF2 t þ τð Þh i
F1 tð Þh i F2 tð Þh i ; ð1Þ

where τ is delay time and 〈 〉 is the time average of the time
series signals. In Eq. (1), the correlation function was com-
posed by increasing or decreasing regions regarding the emis-
sive and dynamic properties of fluorescent particles. The well-
known correlation function includes anti-bunching, triplet
state, rotational and translational diffusion regions [11–13]
and the model considered here includes only the diffusion
effect of particles is represented by Eq. (2)

G τð Þ ¼ 1þ R e−τ=τR
h i
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where the terms inside [] are of rotational and translational dif-
fusion, respectively [14]. The translational and rotational diffu-
sion regions are the time regions caused by the particle diffusing
into and out of the volume and, rotation, respectively. The τR and
τD are the characteristic times of each region, R is rotational
fraction, G(0) is initial amplitude of the translational region, w/
z is a value related to the structure of the focal volume, and α is
an anomalous diffusion exponent. α determines the characteris-
tics of diffusion such as super-diffusion, normal diffusion and
sub-diffusion in the general complex system that does not con-
form to Fick’s law [15]. In the translational diffusion term, G(0)
includes information about the concentration of particles. In the
rotational diffusion term, it is well known that R depends on the
polarization states of the light source and fluorescence; however,
the relationship between R and the actual particle size is not
clearly understood [14].

Experiments

We converted the FCS system into a polarization FCS-setup
by adding a polarization system as shown Fig. 1. The position
and role of the polarizers has been confirmed previously [7,
16]. To compose the polarization FCS-setup, we used a diode-
pumped solid-state (DPSS) laser (Cobolt Samba; 25 mW)
with a wavelength of 532 nm, a linear polarizer, polarizing
beam splitter, and single-photon counting module (Id

Quantique, id100-50), and time-correlated single-photon
counter (PicoQuant, Time-harp 260).

In this polarized FCS-setup, the laser beam passes a linear
polarizer, ND filter (neutral density filter), and two lens (to
expand beam diameter) and enter the optical microscope
(Olympus IX71). In microscope, the beam passes the excita-
tion filter (Semrock, FF01-531/40-25) and reflects off the di-
chroic mirror (Semrock, FF545/605-Di02), and pass the ob-
jective lens (Olympus, 60×, 1.2 NA, water), the immersion
water, and cover glass, and then focuses inside the sample
solution. Before reached the objective lens, the laser intensity
reduced by ND filter is 10μW. Fluorescent particles inside the
beam path are emitting fluorescent light in several different
directions. A portion of this light enters the objective lens,
after the light passes the dichroic mirror, emission filter
(Semrock, FF01-593/40-25), and lens, it escapes the micro-
scope by the inner mirror. A pinhole with diameter of 50 μm
was placed in focal point of the microscope inner lens, and
was passed only the fluorescent light emitted in focal point of
objective lens. The light goes without spreading by a lens, and
next lens was collected light in core of optical fiber. A polar-
izing beam splitter (PBS) between a lens and optical fiber
separate the fluorescent light into two vertical polarized lights;
The XXX denotes linearly polarized excitation and fluores-
cent light, and XYYindicates that the polarization states of the
linearly polarized excitation light and the fluorescent light
crossed [7]. In this system, two optical fibers and two single
photon counting module (SPCM)s were used to obtain the
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cross-correlation data from two different detectors. In Here,
the core diameter of optical fiber is 62.5 μm and splitting ratio
of the fiber is 50:50. By the polarization state selection, the
optical fibers are coupled or uncoupled with the SPCM. The
fluorescent photons reached at SPCMs are converted into
TTL(transistor-transistor logic) signals, which are then con-
verted into a correlation function by using a time-correlated
signal-photon counting (TCSPC) system. The correlation
function is monitored by the Timharp260 program
(PicoQuant), the delay time of the correlation being limited
to the range from 0.15 μs to 0.1 s.

We used rhodamine 6G to calibrate w as a fitting reference.
Thewwas given by a relation of (D=w2/4τD). The parameter of
D and τD of rhodamine 6G, (w/z), and w were 3.99×10−10

m2s−1, 65.2±3.2 s, 10±0.52, and 322.6±9.8 nm, respectively
[17]. The focal volume calculated by the parametersw and (z/w)
was 1.8 fL and it was used to calculate sample concentration.

The quantum dots used as the sample had a rod-like shape;
therefore, they are called quantum rods. They are classified as
Q-rod1, Q-rod2 and Q-rod3 by length. Their width is 6.5±
0.5 nm, and the lengths are 17±3, 40±3 and 46±3 nm for Q-
rod1, Q-rod2 and Q-rod3, respectively. The size of each rod
was confirmed by TEM, as shown in Fig. 2a, b and c. The
method for growing the quantum rods is the same as described
in Refs. [18, 19]. The CdSe quantum dot of diameter 3.3 nm
becomes to CdSe/CdS nanorods with three different lengths by

CdS coating. The same size quantum dot was included inside
all of the quantum rods as seed, and all absorbs light with a
wavelength shorter than 600 nm and emit fluorescent light of
550 to 650 nm for 532 nm excitation source, as shown Fig. 3.

Before the experiment, we diluted the sample solutions of
about 5 μM with distilled water to obtain G(0) of 1 for each
sample. By calculation using the focal volume, the concentra-
tion of sample quantum rod was found to be about 1 nM.

Results and Discussion

For each case, we obtained fluorescence correlation functions
by transferring and averaging the fluorescence intensity fluc-
tuation detected 100 times for 10 s (Fig. 4). Figure 2a and b
show cases in which the polarization states of the source and
fluorescent light are the same (XXX) and perpendicular
(XYY), respectively. The notation of polarization state fol-
lows Ref. 7. The results for each rod are represented as Q-
rod1, Q-rod2, and Q-rod3. The left and right regions divided
by the vertical dotted line are the rotational diffusion region
(R) and the translational diffusion region (T). In the transla-
tional diffusion region, the decay curve shifts slightly to the
right with increasing particle size in both polarization states
(Fig. 4a and b). Thus, the translational diffusion time increases
with increasing particle size. The quantitative information for

Fig. 1 Optical setup of polarized fluorescence correlation spectroscopy
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these results can be known by fitting the measured data into
Eq. (2) [20]. The parameters, including rotational and transla-
tional diffusion time and rotational fraction, were confirmed
by fitting. The obtained rotational diffusion times (τR) were

1.2±0.2, 2.4±0.3, and 2.8±0.3 μs, and the translational dif-
fusion times (τD) were 2.4±0.2, 3.4±0.2, and 3.7±0.3 ms for
Q-rod1, Q-rod2, and Q-rod3, respectively. The ratio of the
lengths of the Q-rods is 1:2.3:2.7; however, the ratio of the
rotational diffusion times is 1:2:2.3, and that of the translation-
al diffusion times is 1:1.4:1.5, less than the ratio of the lengths.
The reason for these differences in ratios can be determined by
analyzing the hydrodynamic radii of the particles. To obtain
the hydrodynamic radius, each diffusion time was converted
into rotational and translational diffusion coefficients using
Refs. 1 and 5.

Figure 5 shows the diffusion coefficients of the rotational
region (DR) and the translational region (DT) with the length of
the Q-rods. Because the diffusion coefficient is proportional to
the reciprocal size of the particles, it shows that the values
decrease in the order of Q-rod1, Q-rod2, and Q-rod3. The
rotational and translational diffusion coefficients are well-
known Stokes-Einstein relations as DR=kBT/(8πηR

3) and
DT=kBT/(6πηR) [1, 5, 21]. Here, kB is the Boltzmann con-
stant, T is absolute temperature, η is the viscosity of the sol-
vent, and R is the hydrodynamic radius when the rod is
regarded as a sphere. The hydrodynamic radius obtained by
substituting the measurement conditions for a temperature of
20 °C and a viscosity of 1.00 cP into the Stokes-Einstein
relation was compared with the actual rod size.

Fig. 2 TEM images of quantum rods. a Q-rod1, b Q-rod2, c Q-rod3

Fig. 3 Absorption and emission spectrum of Q-rod

Fig. 4 Fluorescence correlation functions of the three samples. a XXX
polarization state and b XYYpolarization state
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The radii of the rods were 20.0±3.6, 28.5±1.4, and 31.4±
3.1 nm through the translational diffusion coefficient. When
the radii of spheres with same volume as the rod samples were
calculated using the particle size information provided above,
the radii for Q-rod1, Q-rod2, and Q-rod3 were 8.1±0.9, 10.8±
1.1, and 11.3±0.9 nm, respectively. This calculated radius was
defined as an equivalent radius and used in comparison with
the hydrodynamic radius of non-sphere particles [22]. The
hydrodynamic radii obtained by the translational diffusion
coefficient were three times larger than the equivalent radii
because of the effect of blinking in the quantum dot that exists
in each quantum rod [23]. The blinking of the quantum dots
was considered in various particles in the decay curve of trans-
lational diffusion in the correlation function because it is ir-
regular when the particles pass the observation region (focal
point). Here, the average translational diffusion time, includ-
ing blinking, represents the effect of diffusion with larger par-
ticles than the actual particles used in our experiments for
same reason that the actual length ratio is different from the
translational diffusion time ratio presented above. Thus, the
hydrodynamic radius cannot be decided by translational dif-
fusion of fluorescent particles based on quantum dots, and
only relative information can be obtained when irregular
blinking exists.

The hydrodynamic radii calculated using the rotational dif-
fusion coefficients were 10.7±0.8, 13.4±0.7, and 14.1±
0.4 nm. All were 3 nm larger than the above-mentioned equiv-
alent radii. If the motion of nano-sized particles slows by
friction with the ambient solution, the hydrodynamic radius
becomes larger than the equivalent radius [24]. The measured
values are about 3 nm larger than the actual size because rod-
like particles rotate less stably than spherical particles.

Figure 6 shows the rotational fraction obtained by fitting
the signal in each polarization state (XXX and XYY). In each
Q-rod, the rotational fraction for the XXX state is larger than
for the XYY state. Those results are consistent with the one
known by an analysis of the polarized correlation function [7,

25], and theymean that the polarization emission property of a
particle appears in the rotational diffusion region. In general,
the polarization state of fluorescent light in the translational
region is random, and the total average intensity is uniform
when the particle passes the observation region. Therefore, the
translational fraction was constant. On the other hand, as the
rotational fraction shows the variation process of the polariza-
tion state by particle rotation in a short time scale, the rota-
tional fraction of the correlation function varies when the po-
larization states of the source and fluorescence are parallel and
vertical. When a rotating polarizer lies between two linear
polarizers, this state is divided into two cases. The first and
second cases are when the angles between two linear
polarizers are zero and 90°, respectively. Both cases show
the same rotational relaxation time; however, the intensity
fluctuation of the first case is larger than that of the second
case [26]. Therefore, as shown in Fig. 6, the larger rotational
fraction of XXX state than XYY state is related to the rotating
polarizer property of rod-like particles [25]. In the rotational
region (Fig. 6), the values of the rotational fraction (RXXX) of
Q-rod1, Q-rod2 andQ-rod3 are 0.22, 0.41, and 0.43, and those
of RXYY are 0.20, 0.31, and 0.32, respectively. The RXXX is
1.10, 1.32, 1.34 times larger than RXYY and can be related to
the ratio of length to width (aspect ratio) of the particles. As
mentioned, each particle has a rotational polarizer property,
and the rotational fraction is decided by the efficiency of the
particles’ linear polarizer. If the states of XXX and XYY cor-
respond to the length direction and width direction of the
particles, the ratio of the rotational fractions (RXXX/RXYY) in
the polarization condition becomes the efficiency of polariza-
tion for the length direction of the particles. Figure 7 repre-
sents the fraction ratio for two polarization states with particle
length and aspect ratio. While the aspect ratio increases line-
arly, the fraction ratio also increases linearly. Thus, the fraction
increases with increasing particle length; however, the de-
tailed properties need to be confirmed by additional study.

Fig. 5 Rotational and translational diffusion coefficients of Q-rod1, Q-
rod2, and Q-rod3

Fig. 6 Rotational fraction for different two polarization states
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This study is usable to analyze a structure change of molecules
and protein changed by environmental condition in bio-
medical field, and to separate different samples of same vol-
ume and different aspect ratio such as RNA or DNA folding.

Conclusions

To analyze the variation of correlation function for rotational
diffusion with the length of fluorescent particles, we built the
polarized FCS-setup. The 3 sample solutions contained quan-
tum rods with a width of 6.4±0.5 nm and lengths of 17±3, 40
±3 and 46±3 nm. Through the translational and rotational
diffusion coefficients of the fluorescent particles, we calculat-
ed their hydrodynamic radii. Although the irregular blinking
of the quantum dots disturbed the calculation of the hydrody-
namic radii in the translational diffusion region, the rotational
diffusion region provided hydrodynamic radii of 10.7±0.8,
13.4±0.7, and 14.1±0.4 nm, about 3 nm larger than the equiv-
alent radii. Through fraction analysis by polarization state, we
confirmed that the ratio of rotational fraction for polarization
increases with the aspect ratio of the actual particle. These
results will allow the rotating polarizer properties of quantum
rods to be applied usefully in polarization FCS systems.
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