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ABSTRACT

This paper presents a new optofluidic method to measure the mutual diffusion coefficient in binary solutions by
directly analyzing the diffusion-induced focusing pattern based on a single optical micrograph. The average diffusion
coefficient of ethylene glycol (EG) and deionized water binary solution is measured under different mass fractions and
flow rates to demonstrate the proposed method. Experimental results show good agreement with the reported data and
indicate that the mutual diffusion coefficient is slightly decreased with the increase of the flow rate and is inversely
proportional to the mass fraction of EG.
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INTRODUCTION

Diffusion is an elementary phenomenon, which descripts the mass transport from the zones of higher concentration to
the ones of lower concentration. This phenomenon has drawn great interest since its first discovery in the nineteenth
century, not only because it reveals the basic molecular behavior at the atomic level, but also due to its increasing
influence in fields such as chemical, medicine and physiology [1].

Due to this interest, different experimental methods are developed to determine the molecular diffusion coefficient,
which is an important parameter indicating the diffusion mobility. The conventional measurement methods include total
internal reflection fluorescence (TIRF) microscopy [2,3], spectroscopy [4,5] and interferometry [6-8]. The TIRF
microscopy approach utilizes TIRF microscope to monitor the position of fluorescence as a function of time and
therefore determines the diffusion coefficient of fluorescent molecules. This approach is apparently simple but is limited
to fluorescent substance. The other approaches generally measure the concentration change as a function of time by using
spectroscope or interferometer and show good accuracy and universality. However, they require complicated
experimental setup and procedures.

In this paper, an optofluidic system is designed to measure the average mutual diffusion coefficient in a binary
solution directly based on a single optical micrograph by analyzing the diffusion-induced focusing pattern [9] in the
microchannel. Ethylene glycol (EG) and deionized (DI) water are used to demonstrate the proposed method.
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Figure 1. lllustration of the diffusion-induced focusing in optofluidic waveguide. (a) Schematic of the optofluidic
microchip for diffusion coefficient measurement, (b) concentration distribution in the microchannel, showing the
equivalent waveguide width is getting wider, (c) light propagation pattern, showing light focuses periodically with
increasing focal length, and (d) normalized light intensity along the central line of the microchannel.
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Figure 2: Illustration of the proposed method to measure diffusion coefficient in binary solutions. (a)Simulation results

of concentration distribution and light propagation pattern with different diffusion coefficients, and (b) diffusion coeffi-
cient vs 2" and 3" focal length difference. Inset shows the captured microphoto with a focal length difference of 52 um.
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Figure 1(a) shows the designed optofluidic microchip for the measurement of the diffusion coefficient in a binary
solution. The microchip is composed of two EG inlets, two DI water inlets, two outlets, a fiber slot and a microchannel.
The dimensions of the microchannel are 1000 (Length) x 150 (Width) x 100 (Height) um’. EG (with higher refractive
index, RI) and DI water (with lower RI) are injected into the microchannel to form an optofluidic waveguide. With the
effect of mutual diffusion between the flows, the RI contrast of the core and cladding streams is reduced along the
microchannel, i.e. the equivalent waveguide width is wider as illustrated in Fig. 1(b). The increase of equivalent
waveguide width eventually leads to the phenomenon that light focuses periodically with an increasing focal length. As
shown in Fig. 1(c), the 3™ focal length is larger than the 2™ focal length and the focal length difference is correlated to
the diffusion coefficient of the binary solution. Therefore, the diffusion coefficient can be easily determined by
measuring the 2" and 3™ focal length difference (A). Figure 1(d) plots the normalized light intensity of the focusing
pattern along the central line of the microchannel. Three peaks, which could be used in the determination of the focal
length, are clearly seen.

In order to quantify the relationship of diffusion coefficient and A, numerical models are set up in COMSOL 4.3a and
Rsoft. Figure 2(a) shows the simulated concentration distributions and light propagation patterns under different
diffusion coefficients. When the diffusion coefficient increases from 2 to 4x10™' m%/s, A increases from 32 pm to 68 pm.
The relationship is plotted in Fig. 2(b). In the experiment, an optical micrograph is captured and A is measured to obtain
the diffusion coefficient based on Fig. 2(b). For example, the inset shows a focal length difference of 52 pum, which
corresponds to a diffusion coefficient of 3.2x10™" m?/s.

RESULTS AND DISCUSSION

The average diffusion coefficient of EG and DI water binary solution is measured under different mass fractions and
flow rates. Figure 3(a) shows the measured average diffusion coefficient of the EG-DI water binary solution as a function
of mass fraction with a fixed flow rate of 1 pL/min. The diffusion coefficients of the binary solution with 30%, 50%, and
100% EG are calculated to be 8.1x107'° m%/s, 6.6x10™'° m%s and 3.2x10'° m%/s, respectively. The results show that the
diffusion coefficient is inversely proportional to the mass fraction, which agree with previously reported results [10]. The
slight mismatch could possibly be explained by several reasons. Firstly, the reference data is not accurate considering
diffusion coefficient is generally within about five or ten-percent accuracy [11]. Secondly, the flow velocity in the 2D
numerical model is generally smaller than that in the real case. Therefore, a smaller diffusion coefficient is used in the
2D model to offset the velocity inaccuracy based on our current diffusion coefficient determination strategy. An
optimized numerical model could improve the reliability of the results. Thirdly, the instability of flow streams brings
some errors to the experiment results. This instability is especially significant with flow rates below 0.5 pL/min. A better
pump or an optimized flow rate should be effective to reduce the influence of flow instability.

Figure 3(b) shows the measured diffusion coefficient of the binary solutions under different flow rates with initial
ethylene glycol’s mass fraction of 0.3 (Triangle), 0.5 (Square) and 1.0 (circle), respectively. Each data point in Fig. 3(b)
is the average value of five experiment results. Under the same initial mass fraction of EG, the average diffusion
coefficient decreases slightly with flow rates increasing from 1 pL/min to 2 pL/min. This is caused by the fact that the
diffusion time is limited by the higher flow rate, and consequently higher mass fraction of EG remains throughout the
microchannel.
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Figure 3: Measured diffusion coefficient of ethylene glycol-water binary solution. (a) Measured relationship between
diffusion coefficient and ethylene glycol’s mass fraction by using optofluidic platform and interferometry [2], respec-
tively, and (b) measured diffusion coefficients under different flow rates with initial ethylene glycol’s mass fraction of
0.3 (Triangle), 0.5 (Square) and 1.0 (circle), respectively.

CONCLUSION

This paper presents a new optofluidic method to measure the mutual diffusion coefficient in binary solutions in
microchannel by directly analyzing the diffusion-induced focusing pattern based on a single optical micrograph. Ethylene
glycol and deionized water are used to demonstrate the proposed method. Experimental results show good agreement
with the reported data and indicate that the mutual diffusion coefficient is slightly decreased with the increase of the flow
rate and is inversely proportional to the mass fraction of EG. This proposed method have potential applications in
concentration mapping and chemical reaction monitoring.
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