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ABSTRACT: In the field of Molecular Tagging Velocimetry (MTV), various physical and chemical
principles have been exploited for the measurement of fluid flows. In the present work, the application of
photoisomerization to MTV is investigated. The molecular rotor 9-(2-Carboxy-2-cyanovinyl)julolidine
(CCVJ) exists in two isomers. While the E-isomer, which is present in absence of light, yields a fluorescent
behavior, the Z-isomer is a photoproduct with no detectable luminescence. A simple channel flow with a
Reynolds number of 12 and a Péclet number of 1850 is investigated. Furthermore, the addition of Methyl-βCyclodextrin (Methyl-β-CD) to the solution increases the fluorescent quantum yield and the isomeric rate
constants, supporting the hypothesis of a complex building with CCVJ.
It is shown that the photoisomeric MTV is capable to acquire low flow regimes in the liquid phase. The
application of Methyl-β-CD increases the dynamic range of the results. In comparison with existing MTV
principles, photoisomerization has the advantage of its intrinsic regenerative behavior. The cost-efficiency
and decency of the setup make it an alternative in various flow setups.

1 Introduction
In the field of Molecular Tagging Velocimetry (MTV) several methods can be utilized for the
measurement of slow fluid velocities.[1]
The measurement with photochromic dyes is suitable for measurements of such flow fields but requires
a back illumination during measurement, while their advantage is the ability of regeneration.[2] Caged
dyes, as an example of photoproduct phosphorescence, can exhibit a high signal to noise ratio and can
be applied a long time after the photolysis, but the conversion is permanent.[3,4] In contrast, the
application of phosphorescent supramolecules is regenerative but limited by the lifetime of the dye.[5]
Recently, the fluorescent behavior of the dye and molecular rotor 9-(2-Carboxy-2cyanovinyl)julolidine (CCVJ) in fluid flow has been proposed for different diagnostics applications.
One scenario relied on an assumed shear dependency of the dye [6–8], while a subsequent study
indicated that the photoisomeric behavior of CCVJ may be responsible for the observed changes in
fluorescence.[9] This interpretation was confirmed in further experiments.[9,10]
Similar to their effect on phosphorescent supramolecules, the deployment of cyclodextrines together
with CCVJ may lead to an increase of the fluorescence.[11]
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Method

2.1 Photoisomerization
The molecule CCVJ exists in two isomers. Next to differences in the chemical structure, one significant
difference is the quantum yields for luminescence, with luminescent efficiencies significantly higher
for the E-isomer. This property of CCVJ and other dyes can be utilized for MTV.
The reaction is given by
kZ
 cZ
cE 
k
E

(1)

with ci the concentration of the respective isomer, and kZ  f (h  ) , kE the rate constants from Z- to Eisomer and backwards, respectively.
The reaction of E-isomer to Z-isomer is driven by the absorption of photons, whereas the back reaction
is thermal. This explains the difference in timescales. While the photoproduct rate constant is in the
range of seconds to minutes, the back reaction can take place in the order of tenth of minutes.
Rumble et al. [9] have shown that the luminescent E-isomer is dominant in the dark at room
temperature, while at constant illumination the concentrations, are at equilibrium.
Photoisomeric MTV is simple in application and cost efficient due to the regeneration of the dye, i.e.
the slow re-conversion from Z- to E-isomer in darkness. With suitable high rate constants of the
isomerization process it is possible to extract velocity information in slow flow regimes.
A solution of the E-isomer is tagged with a suitable laser line producing locally an increase in nonfluorescent Z-isomer. The solution can be completely illuminated afterwards, and the tagged region
with Z-isomer yields a lower fluorescence signal than the rest of the solution.
In addition, an increase in fluorescence has been reported for CCVJ in the presence of Methyl-β
Cyclodextrin (Methyl-β-CD).[11] This suggests the formation of supramolecules similar to those used
in MTV with direct phosphorescence.[5] The effect is examined with regard to its applicability to
photoisomerization MTV.
2.2 Flow Regime
A slow flow regime is chosen to demonstrate the capabilities and limitations of photoisomerization as
principle for MTV. The examined flow is characterized by the Reynolds number
uL
Re 
(2)



with u the average velocity in the channel, L the characteristic length and ρ and μ the density and
dynamic viscosity of the fluid, respectively. In the presented experiments, L is given by 5mm as the
width of the channel, and the fluid properties are represented by ethylene glycol at standard state
(   1.1132 g / cm3 ,   1.61102 Pa  s ). The velocity u is computed by the piston speed of the syringe
pump.
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Since the observed timescales can be within the order of magnitude for diffusion, the Péclet number is
a non- dimensional ratio of advective and diffusional transport rate and computed to examine the
influence of diffusion. It is defined as
uL
Pe 
(3)
D
with D the mass diffusion constant. D is approximated by the self-diffusion of ethylene glycol at
standard state of 0.961106 cm 2 / s .[12]
3 Experimental Setup
Fig. 1 shows the schematic setup. A jAi RM-4200GM with a Nikon AF NIKKOR 55 mm f/3.5 lens is
used for acquisition. A Nikon PK-12 14 mm distance ring accounts for the small region of interest. The
camera is equipped with a Schott OG 515 high pass filter with a nominal cut-off wavelength of 515 nm.
For tagging of the fluid, the RLDE405M-100-5 from Roithner LaserTechnik GmbH with a wavelength
of 405 nm and a power of 100 mW is used. The initial diameter of the laser beam of 5 mm is focused
with an optical lens. For the final illumination and image acquisition, a custom made LED cluster is
applied. The LED cluster consists of 61 single LEDs with a nominal power of 120 mW each. The single
LED is a Sloan L5-B91G-WT. To increase durability, the LED cluster is cooled. The light sources and
the camera are controlled with a Berkley Nucleonics Model 500A. The fluid flow is established with a
Cavro XLP 6000 Modular syringe pump with a 5 ml syringe.
The fluid is pumped back to the reservoir. The amount of dissolved CCVJ E-isomers in the fluid
reservoir is sufficient to avoid an intensity decrease in successive experiments. Due to the optical lens,
the focused laser beam is 0.2 mm in diameter and situated in the center of the chamber depth. The LED
cluster is positioned parallel to the flow direction to prevent reflections on the inner wall of the
chambers. The whole setup is covered with a black curtain to block external light. An additional black
curtain is used to cover the fluid reservoir, the pump and the pipes and prevent the fluid from unwanted
isomerization.
A solution of 15 µmol/L CCVJ in ethylene glycol is used for the experiments. For the experiment with
Methyl-β-CD, the solution is supplemented with the
cyclodextrin at a concentration of 3 mmol/L. The fluid
is pumped through a flow channel with 5 mm width, 3
mm depth and 100 mm length. The flow chamber is
produced of acrylic glass. A black plastic sheet is
placed on the bottom of the channel to block light
from the background.
For a typical acquisition, the pump is started to
establish the flow. Second, an acquisition with an
activated LED is taken of the constant flow in the
chamber to measure a reference fluorescence signal
without tagging. Next, the laser is triggered to tag a
thin line in the flow. The excited CCVJ molecules
change to the Z-isomer and lose their fluorescent
property. Finally, the fluorescence of the CCVJ
Fig. 1. Experimental Setup
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molecules in the chamber is stimulated with a LED lamp and captured. The experiment is repeated
several times to increase the signal to noise ratio.
The images of the same time interval between tagging and measuring are averaged. To calculate the
absolute intensity change, the averaged reference image is subtracted. An average reference fluorescent
intensity is computed in a specific area of the reference images. The relative intensity difference is
calculated by dividing the absolute intensity change by the reference intensity.
4

Results

4.1 Minimal laser tag duration
For sharp tags the laser activation time has to be kept as short as possible. Since the rate constant kE is
in the same order of magnitude as the observation time, the tagging has to be long enough to achieve a
sufficient signal-to-noise ratio.
Within a limit of 200 s it has been found that the tagging time of the laser is 0.05 s.
The average speed u during the experiment is 0.0347 mm/s as computed by the stroke speed of the
syringe pump. This results in Re=12 and Pe=1805. The gain of the camera is set to 25% and the f/# of
the objective to 8 with an exposure time of the camera as well as LED cluster activation of 0.8 s. Only
one acquisition is taken after each isomerization tag of the laser to increase the contrast of the results.
Three images are taken for each time and averaged, on which a Wiener filter of 6 pixels is applied.
Fig. 2 shows results for 10 s, 50 s, 100 s, and 200 s after tagging. The flow direction is top-down. The
position of the initial laser tag is at a channel length of about 2.2 mm.
4.2 Influence of Methyl-β-Cyclodextrin
For examination of the influence of Methyl-β-CD, its concentration is increased from 0 mmol/L to 15
mmol/L in the initial CCVJ stock solution. Subsequently, images have been taken with the same
experimental parameters as in paragraph 4.1.
Fig. 3 shows a comparison with a concentration of 3 mmol/L (left) and 0 mmol/L (center) 120 s after

Fig. 2. Relative fluorescence signal with Re=12 and Pe=1805 at 10s, 50s, 100s and 200s (left to right) after a tag of
0.05s
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Fig. 3. Relative intensity difference with Re=12 and Pe=1805 at 120 s, the concentration of Methyl-β-CD of 3
mmol/L (left) and 0 mmol/L (center). The right subfigure is the difference of the two.

tagging. A Wiener filter of 6 pixels size is applied. The laser tag is situated at a channel length of 0 mm.
The right subfigure represents the difference of the results.
4.3 Long Lifetime Measurement
In a third measurement, the motivation is to measure the flow up to 60 mm length of the channel, which
is the longest feasible length in the setup.
In contrast to the preceding experiment in paragraph 4.1, the laser activation time is increased to 2 s.
Furthermore, the solution contains 15 mmol/L Methyl-β-CD.
Fig. 4 shows the relative intensity differences of 20 averaged images after 360 s, 460 s, 600 s and 720 s.
The laser tag is situated at a channel length of 0 mm. A Wiener filter of 6 pixels size is applied. The
missing signal at a channel length of 15 mm on the left side is due to a scratch on the chamber surface.
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Discussion

5.1 Comparison of Flow Profile with Poiseuille Flow
In the case of a low Re-number flow regime, the velocity profile can be approximated with the ideal
Poiseuille flow. Its analytical solution in a rectangular channel with width L in y-direction and depth a
in x-direction is given by

x



2
n cosh  sn K


1 p 1  2 L 
(1)
a
 y 

  y    4 L2  3
(4)
u ( x, y ) 
cos  sn  
1
 z  2 
4
sn
L 


n 1
cosh  sn K 


2

with p the pressure gradient in flow direction, sn  (2n  1) and K  a / L .[13] The origin of the
z
coordinate system is in the center of the channel.

Fig. 4. Relative fluorescence signal with Re=12 and Pe=1805 at 360 s, 480 s, 600 s and 720 s (left to right) after a tag
of 2 s
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The mean flow velocity is calculated by double integration [13] and becomes
1 p L2  192  1
1 

u
tanh  sn K  

1 
5
 z 12 
K n1 sn
2 


(5)

Since u and the channel dimensions are given by the experiments, it is possible to compute the
Poiseuille flow profile u ( x, y ) by substitution of equation (5) in (4) and cancellation of the pressure
gradient. A 2D profile is generated at the center of the channel regarding the depth at x  0 with the
assumption of a tagging with only a small depth.
The results from Fig. 2 are further processed for comparison with the theoretical flow profile. The
solution of the advection-diffusion equation for the presented problem, with the concentration of Eisomer the observed parameter, can be approximated with the Gaussian distribution
 1  z   (t ) 2 
cE ( z, t )  cE ,0 exp   
(6)
 M
 
 2  
with cE ,0 the initial concentration after tagging,  (t ) the expected mean value,  2 the variance and M
a constant. For each column in the images, the Python toolbox lmfit in version 0.9.9 is used to acquire a
fit.[14] It is assumed that the concentration of the species is proportional to the intensity of the
acquisition. The initial guess for the expected mean is computed with a median filter of 40 pixel size
applied to the original image. The position guess is defined as the median of the 20 minimal values.
The variance is computed by the difference of the 45 and 55 percentile of each column. The initial
reduced concentration is approximated with the difference in tagged and untagged area.
Fig. 5 shows a comparison of the computed Poiseuille flow and the velocity of the tag in experiment
from paragraph 4.1 as in Fig. 2. The experimental results are in good agreement with the analytical
solution. The squared residuals  2 are 1.5 mm2, 1.6 mm2, 2 mm2 and 4 mm2 for 10 s, 50 s, 100 s and
200 s, respectively.

Fig. 5. Comparison of the analytical result of the Poiseuille flow with experimental data from section 4.1
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5.2 Influence of Methyl-β-CD
The intensity change of Methyl-β-CD is detectable in the present setup. The results of Gavvala et
al.[11] indicate a higher increase in fluorescence quantum yield as the results provide. Within the scope
of photoisomeric MTV, there is another effect to be taken into account. Besides the increase of the
fluorescence quantum yield due to the position of the CCVJ molecule in the nanocavity, the decrease of
non-fluorescent de-excitation pathways is anticipated. It is shown that the increase of fluorescence is
higher than the decrease of photoisomerization. The applied CD has a carboxylic group as a group on
the complex. In the application of direct phosphorescence it has been shown that the use of different
lids, for example alcoholic groups [15] or glycosil sub-units [16,17] have a strong influence on the
luminescent behavior of the supra-molecule. Further investigations of these complexes in combination
with CCVJ seems desirable.
5.3 Comparison with Existing MTV Methods
In general, the presented method is simple and cost-efficient in setup. It is shown proof that it is
capable to measure liquid phase flows at low Re-numbers. The temporal limitation is given with the
isomerization rate constants of the chemical species.
In contrast to MTV by absorbance with photochromic dyes, the dynamic range can potentially be
higher. Due to the used laser, this is not the case in the presented experiment. But a change in the
tagging light source or in observations on shorter timescales can increase the achievable intensity
change.
In comparison with MTV by other photoproducts, such as caged dyes, the advantage is given by the
regeneration of the isomer to its initial state. In contrast, this limits the range of. Furthermore, the dyes
used are more cost-efficient than caged dyes.
The difference with MTV by direct phosphorescence is the different timescale of application. The
photoisomeric MTV may be applied in the same experiments as the phosphorescent supra-molecules,
but the expected dynamics range is lower.
Overall, photoisomeric MTV offers a cost-efficient alternative with a descent setup to existing
methods, especially with regard to the regeneration ability in contrast to photo-caged dyes.
References
[1]

[2]
[3]

[4]
[5]
[6]
[7]
[8]

McKeon B, Comte-Bellot G, Foss J, Westerweel J, Scarano F, Tropea C, et al. Velocity, Vorticity, and Mach
Number. In: Dr PCT, Dr PALY, Dr PJFF, editors. Springer Handb. Exp. Fluid Mech., Springer Berlin Heidelberg;
2007, p. 215–471. doi:10.1007/978-3-540-30299-5_5.
Smits AJ, editor. Flow visualization: techniques and examples. Reprinted. London: Imperial College Press; 2003.
Lempert WR, Ronney P, Magee K, Gee KR, Haugland RP. Flow tagging velocimetry in incompressible flow using
photo-activated nonintrusive tracking of molecular motion (PHANTOMM). Exp Fluids 1995;18:249–57.
doi:10.1007/BF00195095.
Harris SR, Lempert WR, Hersh L, Burcham CL, Saville DA, Miles RB, et al. Quantitative measurements of internal
circulation in droplets using flow tagging velocimetry. AIAA J 1996;34:449–54. doi:10.2514/3.13088.
Gendrich CP, Koochesfahani MM, Nocera DG. Molecular tagging velocimetry and other novel applications of a new
phosphorescent supramolecule. Exp Fluids 1997;23:361–72. doi:10.1007/s003480050123.
Haidekker MA, Akers W, Lichlyter D, Brady TP, Theodorakis EA. Sensing of Flow and Shear Stress Using
Fluorescent Molecular Rotors. Sens Lett 2005;3:42–8. doi:10.1166/sl.2005.003.
Mustafic A, Huang H-M, Theodorakis EA, Haidekker MA. Imaging of Flow Patterns with Fluorescent Molecular
Rotors. J Fluoresc 2010;20:1087–98. doi:10.1007/s10895-010-0661-x.
Mustafic A, Elbel KM, Theodorakis EA, Haidekker M. Apparent Shear Sensitivity of Molecular Rotors in Various
Solvents. J Fluoresc 2015;25:729–38. doi:10.1007/s10895-015-1559-4.

ISFV18 – Zurich, Switzerland – 2018

8

MOLECULAR TAGGING VELOCIMETRY USING PHOTOISOMERIZATION

[9]
[10]
[11]
[12]

[13]
[14]
[15]

[16]
[17]

Rumble C, Rich K, He G, Maroncelli M. CCVJ is not a simple rotor probe. J Phys Chem A 2012;116:10786–10792.
doi:10.1021/jp309019g.
Schmidt MJ, Sauter D, Rösgen T. Flow-dependent fluorescence of CCVJ. J Biol Eng 2017;11:24.
doi:10.1186/s13036-017-0067-2.
Gavvala K, Satpathi S, Hazra P. Ultrafast dynamics of a molecular rotor in chemical and biological nano-cavities.
RSC Adv 2015;5:72793–800. doi:10.1039/C5RA13298C.
Wellek RM, Mitchell RD, Moore JW. Diffusion coefficients of ethylene glycol and cyclohexanol in the solvents
ethylene glycol, diethylene glycol, and propylene glycol as a function of temperature. J Chem Eng Data 1971;16:57–
60. doi:10.1021/je60048a003.
Rybiński W, Mikielewicz J. Analytical solutions of heat transfer for laminar flow in rectangular channels. Arch
Thermodyn 2015;35:29–42. doi:10.2478/aoter-2014-0031.
Newville M, Stensitzki T, Allen DB, Ingargiola A. LMFIT: Non-Linear Least-Square Minimization and CurveFitting for Python. Zenodo; 2014. doi:10.5281/zenodo.11813.
Hartmann WK, Gray MHB, Ponce A, Nocera DG, Wong PA. Substrate induced phosphorescence from
cyclodextrin·lumophore host-guest complexes. Inorganica Chim Acta 1996;243:239–48. doi:10.1016/00201693(96)04914-6.
Hu H, Koochesfahani M, Lum C. Molecular tagging thermometry with adjustable temperature sensitivity. Exp Fluids
2006;40:753–63. doi:10.1007/s00348-006-0112-2.
Hu H, Koochesfahani MM. Molecular tagging velocimetry and thermometry and its application to the wake of a
heated circular cylinder. Meas Sci Technol 2006;17:1269. doi:10.1088/0957-0233/17/6/S06.

Copyright Statement
The authors confirm that they, and/or their company or institution, hold copyright on all the original material included in
their paper. They also confirm they have obtained permission, from the copyright holder of any third-party material
included in their paper, to publish it as part of their paper. The authors grant full permission for the publication and
distribution of their paper as part of the ISFV18 proceedings or as individual off-prints from the proceedings.
DOI
10.3929/ethz-b-000279188

ISFV18 – Zurich, Switzerland – 2018

9

