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Abstract Molecular rotors are a group of fluorescent
molecules that form twisted intramolecular charge
transfer states (TICT) upon photoexcitation. Some
classes of molecular rotors, among them those that are
built on the benzylidene malononitrile motif, return to
the ground state either by nonradiative intramolecular
rotation or by fluorescence emission. In low-viscosity
solvents, intramolecular rotation dominates, and the
fluorescence quantum yield is low. Higher solvent vis-
cosities reduce the intramolecular rotation rate, thus
increasing the quantum yield. We recently described a
different mechanism whereby the fluorescence quan-
tum yield of the molecular rotor also depends on the
shear stress of the solvent. In this study, we examined
a possible application for shear-sensitive molecular ro-
tors for imaging flow patterns in fluidic chambers. Flow
chambers with different geometries were constructed
from polycarbonate or acrylic. Solutions of molecular
rotors in ethylene glycol were injected into the chamber
under controlled flow rates. LED-induced fluorescence
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(LIF) images of the flow chambers were taken with
a digital camera, and the intensity difference between
flow and no-flow images was visualized and compared
to computed fluid dynamics (CFD) simulations. Inten-
sity differences were detectable with average flow rates
as low as 0.1 mm/s, and an exponential association be-
tween flow rate and intensity increase was found. Fur-
thermore, a good qualitative match to computed fluid
dynamics simulations was seen. On the other hand, pro-
longed exposure to light reduced the emission intensity.
With its high sensitivity and high spatial and temporal
resolution, imaging of flow patterns with molecular
rotors may become a useful tool in microfluidics, flow
measurement, and control.

Keywords Molecular rotors - Flow sensors -
Shear stress - Twisted intramolecular charge
transfer states (TICT) - Microfluidics -
Computed fluid dynamics

Introduction

Molecular rotors are a group of fluorescent molecules
with known applications as non-mechanical viscosity
sensors with high spatial and temporal resolution [1-4].
This unique sensitivity to the microviscosity of the envi-
ronment has established molecular rotors as a promis-
ing alternative to mechanical viscometers [5, 6].

The chemical structure of the molecular rotors con-
tains an electron donor unit, such as the nitrogen
atom, in conjugation with an electron acceptor unit,
such as the nitrile unit. Intramolecular rotation occurs
around the o-bonds that connect the electronically rich
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w-system with the donor and acceptor groups (Fig. 1).
Notably, when the molecule assumes a twisted con-
formation, the energy difference between excited state
and ground state is low enough to cause radiation-
less deexcitation [7]. Therefore, only deexcitation from
the planar (LE) state leads to fluorescence emis-
sion. Unlike other molecular rotors, such as 4.4-
dimethylaminobenzonitrile (DMABN), the molecules
shown in Fig. 1 exhibit a single fluorescence emission
band. In solutions with low viscosity, the intramolecu-
lar rotation is the predominant deexcitation pathway,
whereas in high-viscosity solutions, the intramolecu-
lar rotation is impeded, and fluorescence emission in-
creases as the intramolecular rotation rate decreases
[3, 8]. The fluorescence quantum yield depends on the
viscosity of the environment in a power-law fashion as
first described by Forster and Hoffmann [9],

log ¢ =x log n+C (1)

where ¢ is fluorescence quantum yield, 7 is a solvent’s
viscosity, and C and x are dye-and solvent-dependent
constants [10].

The two molecular rotors examined in this study are
shown in Fig. 1. The first molecule is 9-(2-carboxy-
2-cyanovinyl)-julolidine (abbreviated CCVJ), which is
soluble in many polar solvents, such as alcohols and
water. The carboxylic acid functionality can be used
to form esters, among them the water-soluble CCV]J-
tri ethylene glycol [11] and p-[(2-cyano-2-propanediol
ester) vinyl] dimethylaniline (abbreviated CPVDA).
When these polar molecular rotors are dissolved in
polar solvents, increased fluorescence intensity can be
observed when the solution is exposed to shear stress
[12]. This effect allows to envision molecular rotors as

0 O
OH
AN OH X O/\[
N CN SN CN OH
I
cCcvJ CPVDA

Fig. 1 Chemical structures of the molecular rotors CCVJ (9-
(2-carboxy-2-cyanovinyl)-julodine) and CPVDA (p-[(2-cyano-2-
propanediol ester) vinyl] dimethylaniline). Excited-state charge
transfer takes place from the julolidine- or dimethylamino-
nitrogen atom to the nitrile group. In the excited state, the
molecule tends to rotate the 2-cyanoprop-2-enoic acid group rel-
ative to the aniline or julolidine group (formation of the twisted
intramolecular charge transfer state). Arrows denote the axis of
rotation
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tools to measure flow and to image flow patterns. In
this study, we demonstrate how images of the velocity-
dependent fluorescence intensity can be obtained, and
we relate these images to flow velocity, chamber geom-
etry, and to flow patterns simulated with computed
fluid dynamics (CFD).

Materials and methods
Basic shear sensitivity experiment

A solution of 10-uM CCV]J (Sigma, St. Louis, MO) and
CPVDA (synthesized by our group) in fluorescence
grade ethylene glycol (Sigma, St. Louis, MO) was
placed in a fluoroscopic glass cuvette, and a magnetic
stir bar was introduced. In a flurophotometer (Fluo-
romax 3, Jobin-Yvon, Edison, NJ), emission spectra
from 450 nm to 550 nm were acquired with an excita-
tion wavelength of 422 nm for CCVJ and 434 nm for
CPVDA. Spectra with the stirrer turned off (no shear)
and with the stirrer at a low setting (moderate shear
without turbulence or vortex formation) were acquired
and compared.

Chamber construction

Flow chambers (the geometries shown in Fig. 2) used
in this study were constructed from Delrin and polycar-
bonate. Dimensions were 84 x 44 mm. Flow channels
with a depth of 3 mm were milled into the polymer,
and the chamber closed with a borosilicate microscope
glass slide (Corning Inc., Corning, NY) that was glued
onto the polymer block. The flow chamber was then
placed on top of two posts in front of the emission
filter and the LED excitation sources. The imaging
apparatus consisted of a conventional SLR Camera
(Konica Minolta Dynax Maxxum 7D equipped with a
Sigma 50 mm £/2.8 fixed-focus lens), a D450/40 image
grade emission bandpass filter (Chroma Technology
Corp, Brattleboro, VT) that was placed directly in front
of the lens, two high-power LED excitation sources
(Philips/Luxeon LXHL-LR5C) with added excitation
filters to reduce the spectral bandwidth of the emission,
two posts for the flow chamber, and one post each
for the SLR Camera and emission filter. The LED
sources provided broad illumination to cover the entire
front of a flow chamber. LED excitation sources were
connected to a custom LED driver, and provided either
continuous homogeneous light or intensity-modulated
light.
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Fig. 2 Sketch of the chamber
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Particle tracking with polystyrene microspheres
in ethylene glycol

Fluorescent polystyrene microspheres for flow deter-
mination (Molecular Probes, Carlsbad, CA) were used
to make a 14-uM solution in 25 ml of ethylene glycol.
The green fluorescent microspheres measured 15 uM
in diameter with absorption and emission wavelengths
at 450 nm and 480 nm, respectively. A concentration of
1.0 x 10° beads/ml was used. Camera settings included
exposure at 8 s and f/2.8 aperture with an ISO setting
of 800. Because of the long exposure time, the brightly
fluorescent beads showed up as streaks in the image,
representing the streamlines.

Preparing and injecting a viscous molecular
rotor solution

A solution was made from 60 pl of 10 mM molecular
rotor stock solution in 40 ml of fluorescence-grade eth-
ylene glycol, a solvent with viscosity of approximately
14 mPa-s. The solution of a molecular rotor in ethylene
glycol was thoroughly mixed and filled into a 30-ml
syringe. The syringe was then positioned in a custom
syringe pump to provide precise and controllable flow
rates. A short flexible polyethylene tube connected the
syringe to the flow chamber inlet (connections estab-

60 mm

lished with Luer-Lok components). The chamber outlet
was in turn connected to another syringe, positioned
upright, which collected the excess fluid.

Image acquisition and processing

Images were acquired with an exposure time of 8 s
and lens aperture of f/2.8. The camera sensitivity was
set to ISO 200. The camera was set to acquire raw-
format images to make use of the full 12 bit-per-pixel
dynamic range. One set of images was taken each at
0.25, 0.50, 0.75, 1.00, 1.50 ml/min flow rate. For each
flow rate, two images with flow and two images without
flow (at rest) were taken in succession. No-flow images
were intended for background intensity normalization.
After each experiment, all images were transferred to a
computer for image analysis.

Image processing tools were: (1) UFRaw, a conver-
sion tool from the raw image format to 12 bit-per-pixel
TIFF images, and (2) Crystal Image (quantitative image
analysis software) [13], all software running on Ubuntu
Linux version 8.04. In preparation for image processing,
the blue channel with peak sensitivity wavelength of
450 nm was extracted from the color image file and
stored as a single-channel grayscale image for the fol-
lowing processing and analysis steps. These consisted
of: (1) amedian filter applied to each image individually

@ Springer
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to reduce noise, (2) reduction of the image size from
3,008 x 2,000 pixels to 752 x 500 pixels by binning, and
(3) computation of a normalized difference image by
using the following equation embedded in a Crystal
Image macro,

I(x,y)

_ Ur1(x, y) + Ip2(x, ¥)) — UnFi1(x, y) + Inp2(x, )
Inpi(x, y) + Inpa(x, y)

(@)

where Ir(x,y) and Ip(x, y) represent the two flow
images, and Iyr;(x, y) and Iyp(x, y) represent the two
no-flow images. By creating the normalized difference
images, any background inhomogeneities were re-
moved. By using two images added together, signal-to-
noise ratio was increased by about 40%. The resulting
normalized image was further denoised with a Gaussian
smoothing filter. The resulting image was false-colored
to enhance visual perception of contrast. Where appro-
priate, average intensities were obtained by defining
a rectangular region of interest and averaging all in-
tensity values I(x,y) as defined in Eq. 2 inside the
region of interest. Any further processing of tabular
data (namely, averaged I(x, y) as a function of average
flow rate and averaged I(x,y) as a function of the
horizontal coordinate) was performed with Graphpad
Prism (version 4.01, Graphpad Inc., San Diego).

Computed fluid dynamics

For the computed fluid dynamics (CFD) modeling,
the open-source software NaSt3DGP (developed by
the research group of the Division of Scientific Com-
puting and Numerical Simulation at the University
of Bonn, Germany) was used [14]. NaSt3DGP allows
the specification of arbitrary geometries. Flow cham-
ber geometries were discretized at 360 by 180 by 80
points after it was determined that further refinement
of the grid did not change the simulation results. Entry
and exit ports were modeled as circular openings with
constant-flow and zero-pressure boundary conditions,
respectively. All other boundary cells were set to a
no-slip boundary condition. After convergence, three
matrices were obtained with the velocity components in
X, y, and z direction. A scalar flow field was computed
by using Eq. 3,

vl = /vi + v} + v} 3)

and projected into two-dimensional space by averaging
the velocity in all cells along the z-axis. The resulting
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projected flow magnitude was visualized with the same
method as the fluorescent images. CFD images were
only used for a qualitative comparison to fluorescent
flow pattern images.

Results

The basic experiment where both a CCVJ and CPVDA
solution in ethylene glycol were stirred, demonstrates
the fundamental finding of this study in a qualitative
manner: when the solvent was in motion, fluorescence
emission intensity was increased by about 15% for
CCVIJ and about 6% for CPVDA (Fig. 3). After ces-
sation of shear stress (stopping of the stirrer) intensity
dropped back to at-rest levels before the experiment.
No spectral shift was observed in the fluid in motion.
Spatially resolved fluorescence intensity was ac-
quired in four different chamber geometries. In all
cases, overall intensity increased with flow rate. In
addition, in narrower regions with expected higher flow
rate, a higher intensity was observed. One image of the
molecular rotor emission intensity is shown in Fig. 4.
From top to bottom, flow rate was increased from
0.5 ml/min, 1.0 ml/min to 1.5 ml/min. Additional images
were taken at 0.25 ml/min and 0.75 ml/min. These
five flow rates translate into average fluid velocities of
0.07, 0.14, 0.21, 0.28, and 0.42 mm/s. At 1 ml/min, a
fluid particle would need 107 s to cross the rectangular
part of the channel. Average intensity inside the rec-
tangular section of the chamber was determined and
plotted as a function of the distance from the inlet port
(Fig. 5). From these curves, it can be seen that emission
intensity increases with fluid velocity in a nonlinear
fashion. At a flow rate of 0.25 ml/min, fluorescence
intensity is not noticeably different from background.

45 45
40 i ---- Stirred 40 --=--Stirred
. 5. 35 - — Atrest

Vo @5 s s oo @ a5 S0 55 50
Wavelength (nm) Wavelength (nm)

Fig. 3 Fluorescent emission spectra of 10 uM CCV]J in ethyl-

ene glycol (a) and 10 uM CPVDA in ethylene glycol (b) in

a fluoroscopic cuvette with and without stirring. An increased

emission intensity, but no spectral shift, can be observed when

the stirrer is turned on to provide moderate fluid motion without
turbulence or vortex formation
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Fig. 4 Spatially resolved emission intensity (fluorescence image)
of ethylene glycol with CCV]J flowing in the chamber shown in
Fig.2a at0.5,1, and 1.5 ml/min (top to bottom). Emission intensity
increases visibly with flow rate, but seems to decrease over the
length of the flow chamber

Between 0.5 ml/min and 1.0 ml/min, intensity increases
almost linearly, and at 1.5 ml/min, a saturation effect
can be observed. The nonlinear, dye-dependent rela-
tionship between fluorescence intensity and velocity is
further highlighted in Fig. 6 with both dyes, CCVJ and
CPVDA. Nonlinear curve fitting of the data in Fig. 6
with Eq. 4 was performed [12].

AL = Al - <1 ~exp (—vi)) (4)

Here, v is the fluid velocity and AT is the corre-
sponding intensity above no-flow background. A Iy«
and v, are constants obtained through nonlinear re-
gression. The values obtained for v, in CCVJ were

— 1.50 mlmin

15 - = 1,00 ml/min
— = (.75 ml/min
§ — 0.50 ml/min
@ —(0.25 mlmin
@ 10 -
4
]
£
ey
= 5
c
o
]
£

0 #l

0 5 10 15 20 25 30
Position in channel (mm)

Fig. 5 Average fluorescence intensity (CCVJ) in the central
region of the hexagonal chamber geometry (Fig. 4) shown as a
function of the distance from the left edge of the square section

0.64 ml/min (R? = 0.99), and for CPVDA 5.56 ml/min
(R? = 0.94). The extrapolated maximum intensity in-
crease was Aln.x = 49% for CCV] and Al = 25%
for CPVDA. At a flow rate of 4 ml/min, the intensity in-
crease was approximately three times larger for CCVJ
in ethylene glycol than for CPVDA in ethylene glycol,
whereby CCV] showed a stronger saturation effect
than CPVDA at this flow rate. Higher flow rates than 4
ml/min were not possible because of the pressure build-
up in the chamber. CCVJ exhibits higher sensitivity
towards flow, but saturates at lower flow rates than
CPVDA.

W W b

o o O

I 1 |
]

s CCVJ
A CPVDA

= a2 NN
a O o o O
1 ' 1 1 1

A A

Intensity Increase (%)

o
L

[T T T T T T T T 1
05 10 15 20 25 30 35 40 45

Flow Rate (ml/min)

¢

Fig. 6 Flow rate vs. emission intensity increase for CCVJ and
CPVDA (both in ethylene glycol) in the hexagonal chamber
geometry shown in Fig. 4. The nonlinear regression curves are
described by Eq. 4
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Fig. 7 Streamlines in the hexagonal chamber (Fig. 2a) simulated
with computed fluid dynamics. Streamlines are shown in green
superimposed over a false-colored map of the average velocity.
The color bar indicates average flow velocity in millimeter per
second for this particular simulation

Additionally, some fading of the fluorescence inten-
sity over distance from left to right was observed (Fig.
5). To further examine the possible causes of the fading

Fig. 8 Fluorescent
microbeads at rest (fop) and
at 1.50 ml/min (bottom) in the
hexagonal chamber
geometry. The fluorescent
microbeads in motion are
represented by streaks in the
image. Those streaks closely
resemble the streamlines in
Fig. 7 and show no
irregularities or asymmetries
in the chamber

effect, streamlines were acquired by using fluorescent
microbeads in pure ethylene glycol without any mole-
cular rotor dye. CFD reveals a regular and symmetric
flow pattern with corresponding symmetric streamlines
(Fig. 7). Photographs of the fluorescent microbeads at
rest and at 1.5 ml/min are shown in Fig. 8. Although
some microbeads did not move, likely because they
were stuck to the chamber surface, Fig. 8 corresponds
closely with CFD, and no anomalies or irregularities
in the downstream regions of the chamber could be
observed. Further experiments were performed with
strobed LED light and with partial occlusion of the
chamber (data not shown).

For the flow chamber geometry shown in Fig. 2b,
an excellent match with flow velocity, computed using
CFD simulations, was found (Figs. 9 and 10). The
higher intensity in the narrow inflow channel with its
associated higher flow rate compared to the wide basin
is particularly well visible. Similarly, the stagnant zones

@ Springer
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Fig. 9 Computed fluid dynamics simulation of the chamber de-
picted in Fig. 2b at 1 ml/min. Top image shows the projected
fluid velocity, whereas the bottom image shows the projected
fluid shear stress. There is a strong similarity between the ve-
locity intensity pattern of the CFD simulation and the acquired
fluorescence intensity in Fig. 10. The similarities extend to the
region where the small channel enters the basin, and to the two
stagnant areas in the top right and bottom left borders of the
basin, where corresponding low fluorescence is visible in Fig. 10

in the top right and bottom left corners of the basin can
easily be identified. On the other hand, the simulated
pattern of shear stress (lower image in Fig. 9) shows a
region of very homogeneous flow in the inflow channel
with correspondingly low shear stress, and exhibits very
characteristic symmetry lines. None of these can be
found in the fluorescence image (Fig. 10).

With the third geometry (Fig. 11), the agreement
between fluorescent images and CFD flow images
(Fig. 12) is not as pronounced. However, the dark
region at the symmetry axis in Fig. 11 is consistent
with low shear stress that is expected where the two
stream parts join. The fading effect that was already
observed with the first geometry is particularly strong.
In this geometry, a parabolic intensity profile can be
observed particularly well in the narrow sections above
and below the central island.

The fourth geometry shown in Fig. 2d shows an
almost instantaneous drop in fluorescence intensity
where the streams split into the upper and lower stream
(Fig. 13). The channels above and below the rectangu-
lar island can be expected to have approximately one
half of the flow rate of the inlet channel, an effect that

Fig. 10 Spatially resolved emission intensity of CCV]J in ethylene
glycol flowing in the chamber depicted in Fig. 2b at 0.5, 0.75,
1, and 1.5 ml/min (fop to bottom). Emission intensity increases
visibly with flow rate. Furthermore, the higher emission intensity
in the narrow channel indicates a higher flow rate in the narrow
channel compared to the wide basin

becomes particularly visible in the corresponding CFD
simulation in Fig. 14: at 1 ml/min of flow, average simu-
lated fluid velocity in the inflow channel was 1.1 mm/s,
and in each of the two branches above and below the
island, 0.53 mm/s.The regions that were considered for
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Fig. 11 Spatially resolved emission intensity of a third geome-
try at 0.5, 1 and 2 ml/min (top to bottom). Emission intensity
increases visibly with flow rate, and particularly at high flow rates
a dark line emerges to the right of the flow chamber where flow
velocity is low because of the symmetry. Qualitatively, there is
only a moderate relationship with the coputed fluid dynamics
simulation in Fig. 12, and a noticeable reduction of intensity from
left to right can be observed

averaging are labeled 1, 2a, and 2b in Fig. 13. Average
measured fluorescence intensity was determined inside
these regions at several flow settings as shown in Fig.
15. At flow rates of 1 ml/min and above, measured

Fig.12 Computed fluid dynamics simulation of flow in the cham-
ber in Fig. 11 at 1 ml/min

@ Springer

Fig. 13 Spatially resolved emission intensity of a fourth chamber
geometry at 0.5, 0.75 and 1.0 ml/min (top to bottom). As the
stream splits above and below the rectangular island, a decrease
of the emission intensity (consistent with halving the flow rate)
is seen. However, similar to the images in Figs. 4, 11 and 10, a
fading of the intensity over the length of the channel is observed.
For the analysis of average intensities, regions of interest (1, 2a,
and 2b) were defined

fluorescence intensity was about twice as high in the
inflow channel (region 1) than in regions 2a and 2b.
Because of the nonlinear nature of the flow-induced
fluorescence increase (Eq. 4), this ratio increased to-
wards lower flow rates where the fluorescence increase

more closely approaches the detection limit in the up-
per and lower branches due to the lower velocity.

Fig.14 Computed fluid dynamics simulation of flow in the cham-
ber depicted in Fig. 13 at 1 ml/min
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for the average of regions 2a and 2b in the flow chamber from
Fig. 13

Discussion

In this study, we demonstrated that molecular rotor
solutions can be used to image flow patterns in fluidic
chambers. The basic finding that molecular rotors show
an increased fluorescence quantum yield in solvents
was reported earlier [12], and for both dyes that were
considered in this study, this effect was illustrated with
the stirrer experiment in Fig. 3. In this study, we ex-
panded on the original research by acquiring spatially
resolved fluorescence, that is, fluorescence images.

The imaging method was based on low-cost equip-
ment. A pair of collimated high-power LED pro-
vided excitation light very similar to laser induced
fluorescence (LIF), but with the LED’s advantage to
illuminate larger areas more homogeneously. Image
acquisition was performed with a consumer-grade SLR
camera able to set a suitable exposure and integration
time of up to 30 s. The camera noise typically asso-
ciated with higher sensitivity settings was eliminated
by image processing: median filtering, image averaging,
and subsequent Gaussian filtering. The major disadvan-
tage of the camera was its propensity to perform its
own internal image enhancement, which was primarily
driven by the scene as perceived by the built-in camera
software. Only after turning off all automatic functions,
from automatic exposure to automatic white-balance,
quantitative comparison between images became pos-
sible. Furthermore, the SLR camera acquires a color
image. The highest intensity of the emitted fluorescence
was found in the blue channel that had a peak sensi-
tivity wavelength of 450 nm. For this reason, the blue
channel was extracted and used exclusively in the image
processing steps. Addition of the green channel did not
change the findings, and the red channel contained no
image information.

Quantitatively, the flow-related intensity increase
that was measured in the flow chambers followed
the same exponential association that was found by
fluorescence spectroscopy in simple flow tubes [12].
Notably, at high flow rates, a saturation effect was
observed that can be described with Eq. 4. We hypoth-
esized that the flow-sensitive effect is caused by polar-
polar interaction between solvent and fluorophore [12].
Consistent with this notion, the more polar dye CCVJ
showed higher sensitivity at low flow rates, but also
more rapid saturation, than the less polar CPVDA
dye. In addition, the maximum extrapolated intensity
increase was about twice as high with CCVJ than
with CPVDA. The solvent in this study was ethyl-
ene glycol, chosen for its relatively high viscosity that
causes a relatively high no-flow emission intensity (Eq.
1). Different polar fluorophore/solvent combinations
behave in a very similar manner, but the maximum
intensity increase Aln.x (Eq. 4) is reduced in low-
viscosity solvents. Although flow pattern imaging with
the method described in this study is possible with,
for example, CCVJ and water, sensitivity is lower, and
random influences (noise) reduce the precision of the
method. On the other hand, a monotonic nonlinearity
in a sensor generally poses no problem as it can be cal-
ibrated with a suitable compensating calibration curve.
In general, we anticipate that specially designed molec-
ular rotors can provide an optimal response in a specific
fluid [15]. Based on a recent study where modifications
of the dipole led to strong wavelength shifts [15], we can
envision molecular rotor solutions with nonoverlapping
spectra being employed to examine binary fluids or
mixing problems.

To obtain quantitative values for the fluorescence
quantum yield, we performed steady-state spectros-
copy with a reference fluorophore. At low dye concen-
trations, fluorescence quantum yield ¢ and emission
intensity /., are approximately related through Eq. 5,

IemZOl-C~¢F (5)

where « is an instrument-dependent proportional-
ity factor and c is the dye concentration. At higher
dye concentrations, the relationship between emission
intensity and quantum yield follows an exponen-
tial function, and correction methods for high dye
concentration are available [16]. With steady-state
fluorescence spectroscopy, we compared the emission
intensities of CCVJ and CPVDA to that of Lucifer
Yellow under identical conditions, thus eliminating the
instrument constant «. Lucifer Yellow has a peak exci-
tation and emission similar to CCVJ, and the quantum
yield of Lucifer Yellow in ethylene glycol was found
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to be 0.53 [17]. We determined almost identical no-
flow values of ¢ = 0.041 4 0.005 for CCVJ and ¢ =
0.041 £ 0.0025 for CPVDA. The close agreement be-
tween the dye emission intensities, in spite of their
different structure, was reported elsewhere [15]. With
reference to Fig. 3, CCVJ increases its fluorescence
quantum yield from 0.041 to 0.047 in the stirrer experi-
ment, and CPVDA increases its fluorescence quantum
yield from 0.041 to 0.043.

We have employed CFD to qualitatively relate the
flow pattern images to computed flow profiles. Since
the fluorescence images are two-dimensional projec-
tions of the spatially resolved emission intensity, we
also projected the three-dimensional CFD flow field
onto a plane by averaging the velocity values parallel to
the z-axis (direction of view). The best match between
computer-simulated flow and fluorescence intensity
was found in the second geometry (Figs. 2b, 9 and 10).
A good match between CFD and fluorescence imaging
was also found in the fourth geometry (Figs. 2d, 13,
and 14). In the other two geometries, the fluorescence
image was affected by an intensity fading effect that
warrants closer inspection.

No effect of fading over time was observed in the
stirrer experiment or in the fiber/tube experiments re-
ported in our earlier study [12]. Possible explanations
for the fading effect include photobleaching, local heat-
ing under bright LED illumination, and imperfections
in the flow channel. The low average fluid velocity
(in the widest channel, Fig. 2a, the fluid takes sev-
eral minutes to cross the channel from left to right)
makes photobleaching and heating likely candidates.
Local heating would directly affect the emission in-
tensity of a molecular rotor, because fluid viscosity
generally decreases at higher temperatures. However,
we were able to prove that neither photobleaching nor
local heating account for the fading by taking multi-
ple no-flow images at different time intervals. None
of the no-flow images taken several minutes after the
initial image showed a systematic reduction of the
fluorescence intensity. We also measured stability of
the LED excitation with a photodetector and found it
accurate within below 1%. The stability of the system
over repeated exposures is demonstrated in Fig. 16,
where ten successive acquisitions of the same flow
chamber were taken in approximate one-minute inter-
vals. The intensity shown is the averaged intensity over
a region of interest encompassing the fluorescent area.
No trend is visible that would indicate photobleaching
or decreased intensity caused by local heating. Further-
more, we were able to exclude channel imperfections
by reversing the flow direction and by examining the
streamlines visualized by fluorescent beads (Fig. 8). By
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Fig. 16 Repeatability of the average fluorescent intensity of a
flow chamber filled with fluorescent fluid under no-flow condi-
tions. Ten successive acquisitions were taken in approximate one-
minute intervals. The coefficient of variation is 0.03%, and no
trend towards higher or lower average intensity is discernible

reversing flow direction, we were also able to show
that the solution recovers from the fading effect. In
addition, we excluded unanticipated flow effects based
on our CFD simulations (Fig. 7). Ester formation of the
carboxylic acid CCVJ with the solvent alcohol could
also be excluded, because the same fading effect was
observed with the CPVDA dye, which cannot form
ester bonds with alcohols. It is further conceivable
that the dye noncovalently associates with the solvent
under the influence of the excitation light. Although the
exact mechanism of this association is still unknown, a
light-induced mechanism is most likely to explain the
fading effect. We partially occluded the basic chamber
(Fig. 2a) and found diminished fading in the occluded
areas (data not shown). In this context, it is interesting
to note that the decay seems to be distance-dependent
and not time-dependent. If we assume exponential-
decay behavior in Fig. 5, the decay constants were 6.3,
37.8, 39.26, and 42.77 mm for flow velocities of 0.14,
0.21, 0.28, and 0.42 mm/s, respectively. With the excep-
tion of the low flow rate where the intensity increase
rapidly drops to zero (0.5 ml/min, corresponding to
0.14 mm/s), the decay constants are very similar when
expressed as distances, although the time it takes the
fluid to travel over the distance of the decay constant
varies from 102 s (1.5 ml/min) to 180 s (0.75 ml/min).
If exposure to light was the main determining factor,
the decay constant would vary with distance, but not
with fluid velocity, in other words, the slower fluids
should fade more rapidly than the faster fluids, which
they don’t. Finally, it appears qualitatively that wider
flow channels (Figs. 4 and 11) exhibit more fading than
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narrower channels (Figs. 10 and 13). These observa-
tions nonwithstanding, the cause of the fading effect
remains unknown.

A second question arises whether molecular rotors
increase their intensity with flow velocity or with the
shear rate or shear stress of the fluid. Intuitively, one
would expect that the relative movement of the finite
layers of solvent molecules, as described in the micro-
viscosity model by Gierer and Wirtz [18], is the pri-
mary mechanism that influences the molecular rotor’s
reorientation rate. In fact, we concluded from earlier
experiments that emission intensity would increase with
fluid shear stress rather than with fluid velocity [12].
However, the observations in this study point at an
intensity increase driven by flow rather than by shear
stress. Figure 11 supports this notion with the flow
profile perpendicular to the flow direction in the nar-
row sections above and below the island. Computation
of the shear rate profile from Fig. 12 indicates that the
shear rate profile has a distinct minimum in the center
of the channel. Conversely, the velocity profile shows
the highest velocity in the center, with the velocity
tapering off towards the chamber walls. The second
profile is matched by the intensity profile in Fig. 11.
To further demonstrate this point, we computed not
only the projected flow pattern in Fig. 9, but also the
projected shear rate from the velocity field according
to Eq. 6:

dve\ 2 dvy 2 ov, 2
=) () () ©

The resulting shear pattern (Fig. 9, bottom) is rel-
atively complex with a prominent symmetry line run-
ning diagonally across the basin, and with relatively
low shear in the inflow region that is characterized
by very homogeneous flow. The qualitative compari-
son of computed velocity and shear pattern with the
fluorescent images provides strong evidence that the
fluorescent pattern correlates to flow velocity rather
than shear. The question whether fluid velocity or shear
stress causes the intensity increase is fundamental to the
understanding of the underlying mechanism of shear
stress sensitivity. Therefore, this question needs to be
illuminated with additional experiments, with geome-
tries designed to maximize the difference between flow
and shear stress patterns, and with fluids of different
viscosity.

These open questions non-withstanding, the experi-
ments in this study give rise to an interesting and unique
application of molecular rotors. Flow patterns can be
imaged at extremely high resolutions (limited only by
the resolution of the optical apparatus) and in real time

(limited by the acquisition speed of the optical appa-
ratus). Intensity changes were observed with average
flow velocities as low as 0.1 mm/s. This represents an ex-
tremely high sensitivity for a flow measurement system.
This sensitivity can be matched by particle tracking
systems, but we expect to exceed both temporal and
spatial resolution of particle tracking as our methods
matures. Out of several mainstream velocity measure-
ment methods (such as Doppler ultrasound), only flow
meters that are based on a heated plate can match the
sensitivity of our methods. In these flow meters, the
heated plate gets cooled by the fluid flowing over the
plate, and temperature measurement provides velocity.
However, such a system cannot match the molecular
rotor’s spatial resolution.

Therefore, molecular rotors promise to provide an
alternative flow measurement method, because they
represent a new generation of extremely sensitive
flow sensors with low-cost instrumentation. Potential
applications can be found in the fields of micro-
and nano- fludics, including mixing optimizations, flow
measurement, closed loop flow control, flow and shear
imaging, and the validation of computed fluid dynamics
models.
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