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CHAPTER 3  

MATERIALS AND METHODS 

 

 

3.1 Materials 

Nafion
®
 117 (DuPont, 183 μm thick, 360 g m

-2
) [80] and Nafion

®
 212 

(DuPont, 50.8 μm thick, 100 g m
-2

) [81] membranes (named as N117 

and N212, respectively), both of 1100 g equivalent weight, were cut 

into pieces (1 cm × 5 cm in size) and boiled for 0.5 h in each of the 

following solutions separately and subsequently: H2O2 (34.5-36.5%, 

SIGMA-ALDRICH Chemie GmbH), MilliQ H2O, 0.5 M H2SO4 

(95.0-98.0%, SIGMA-ALDRICH Chemie GmbH), and MilliQ H2O 

again. Then all samples were washed with MilliQ H2O until the pH of 

the wastewater was about 7 (pH paper, dispenser 1.0-11.0). Samples 

were stored in MilliQ H2O before measurements for a maximum of 5 

days. D2O (99.8 ATOM%D, SIGMA-ALDRICH Chemie GmbH) was 

used as received in diffusion experiment. 

 

3.2 Broadband CARS 

In my thesis, a dual-output laser source (Leukos-CARS, Leukos) 

provides the pump and Stokes beams. The laser source is a passively 

Q-switched 1064 nm microchip laser generating sub-nanosecond in 

pulses at a 32 kHz repetition rate. The beam is split into two parts: 1) 

one part is introduced into a photonic crystal fiber creating a 

supercontinuum of a bandwidth of 1050 – 1600 nm; 2) the other part 

is used as the pump/probe beams at 1064 nm. The Stokes and 

pump/probe beams were overlapped at a dichroic mirror (LP02-
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1064RU-25, Semrock), and introduced into a modified inverted 

microscope (Eclipse Ti-U, Nikon). The beams were focused onto the 

sample by an air objective (LCPlan N, 100X / 0.85 IR, Olympus). The 

forward CARS signal was collected with a 10 X magnification, 0.25 

NA air objective (Newport). 

 

3.3 Flow cell for water diffusion 

experiments 

 

 

Figure 3.1 Flow cell: a) side view; b) top view.  

 

A microfluidic flow cell was used for the water diffusion experiments. 

As shown in Figure 3.1 a (top left), a Y-valve (080T212-32, Bio – 

Chem Fluidics) connected with three Teflon tubes (0.8 mm inner 

diameter, Bio–Chem Fluidics). Two Teflon tubes were connected to 

reservoirs filled with H2O and D2O, respectively; and only one type of 

water was chosen by the Y-valve flowing into the output tube that fed 

the microfluidic channel (1 mm × 0.30 mm × 42 mm, width × height × 

length). The channel was carved into Perspex slide. The membrane 

was placed underneath the channel. By switching the water flow from 

D2O to H2O, or vice versa, the H / D exchange experiment was 
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initiated. The geometry of the microfluidic flow cell with a Nafion 

membrane was shown in Figure 3.2. 

 

 

Figure 3.2 The zoomed in view of the flow cell used in the water 

diffusion experiments.  

 

    The flow rate in the channel was calculated based on [82]: 

where   is the diameter of the Teflon tubes connecting the reservoirs 

(      mm) to the to the microfluidic channel,    is the pressure 

difference between two ends of the Teflon tubes,   is the dynamic 

viscosity of flowing liquid in the channel (  = 8.9 × 10
-4

 Pa s for H2O 

and 1.25 × 10
-4

 Pa s for D2O), and L is the length of the microfluidic 

channel. The flow in the microfluidic channel was gravity-driven, with 

   being defined by the difference in height between the D2O and 

H2O reservoir as:  

  
     

     
 

Eq 3.1 

       Eq 3.2 
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where   is the density of water (  = 1 × 10
3
 kg m

-3
 for H2O and 1.1 × 

10
3
 kg m

-3
 for D2O), g = 9.8 m s

-2
 and H is the relative height between 

the end of the reservoir and that of the output tube of the Y-valve (H = 

45 cm for both H2O and D2O due to that the reservoirs were hang at 

the same height). Using these parameters, the flow rate of H2O in the 

microfluidic channel is 5.53 × 10
-8

 m
3
 s

-1
 or 5.53 × 10

-2
 mL s

-1
, and 

that of D2O is 3.9 × 10
-7

 m
3
 s

-1
 or 0.39 mL s

-1
. The mean fluidic 

velocity of water is calculated as:  

where   is the flow rate,    is the hydraulic diameter,    
                  

              
 for microfluidic channel with a rectangular cross-

section, and    = 0.23 mm. Thus, the mean fluidic velocity of H2O 

and D2O is 0.33 m s
-1

 and 2.35 m s
-1

, respectively. The Reynolds 

number (Re) at the flow rate in the microfluidic channel was 

calculated using: 

Therefore,        for H2O flow and        for D2O flow. The 

Re for both H2O and D2O are smaller than the threshold for laminar 

flow (       ) [83], thus the flow is laminar in the microfluidic 

channel. 

Based on these flow conditions and the volume of the microfluidic 

channel, we found it took ~ 5 s for the fluid to fully exchange in the 

channel (Figure 3.3). 

 

 

 

 

 

 

  
 

  
  
   

 
Eq 3.3 

   
    

 
 

Eq 3.4 
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Figure 3.3 Hydrogen-deuterium exchange in a bare microfluidic 

channel. The exchange is completed in a few seconds. The OD (green) 

and OH (red) concentration vs. time were obtained by integrating the 

respective regions (2918 – 3810 cm
-1

 for OH and 2182 – 2780 cm
-1

 for 

OD) of the Raman-like (RL) spectra.  

3.4 Diffusion model 

In our geometry (Figure 3.4), water can only diffuse into the 

membrane through the interface in contact with the microfluidic water 

flow channel, which allows us to treat the diffusion as a one-

dimensional problem. Because the side opposite the water channel is a 

glass coverslip and the sample is physically constricted on all other 

boundaries, we use reflective boundary conditions in solving Fick‟s 

second law. The Fick‟s second law reads:[84] 

where   is the concentration of diffusate. The diffusion rate within the 

volume is proportional to the local curvature of the concentration 

gradient as described by Fick‟s second law.  

    In the water diffusion experiments in this work, the water channel is 

effectively an infinite reservoir of diffusate since fresh water is 

constantly being supplied in the flow channel. As the membrane is  

  

  
  

   

   
 

Eq 3.5 
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equilibrated in pure water (or deuterium oxide) before starting an 

experiment, we assume no diffusate is present in the membrane before 

switching the fluid in the flow channel. With the given boundary and 

initial conditions, the analytical solution to Fick‟s second law is given 

as: [85]  

where f=((2n+1)π)/2L,   is the thickness of the membrane,   is the 

time after switching, ADC is the apparent diffusion coefficient, and   

is the distance from the reflective boundary, i.e. the distance from the 

membrane-glass coverslip interface to the measurement (focal) point. 

We used finite terms of Eq 3.6. Since the initialization of flow after 

switching the fluid reservoirs takes ~ 5 s, the data between 0 and 5 s 

after switching are affected by both diffusion and channel dynamics. 

Therefore, the fit was performed only for those times greater than 5 s 

after switching, when the channel has stabilized. This leads to the 

deviation at early times between the fit and the experimental data, as 

expected. Nevertheless, using equation (1) with these constraints, we 

can accurately fit the concentration vs. time profiles of the diffusate 

moving into the membrane. 

    We obtained   by calibrating the location of the membrane-water 

interface (  ) at a particular piezo extension (  ) and by measuring   

of the membrane from a caliper measurement. The mounted sample 

was axially scanned with the piezo near the membrane-channel 

interface before the H/D-exchange experiment, and the region of the 

spectrum containing the intensity of C-F stretch vibration (700 – 750 

cm
-1

) was integrated and plotted as a function of    (Fig. S2B). The 

water-membrane interface (  ) was determined by fitting the left half 

data points with a sigmoid function: (     
   

     
 
       
    

 
 ) where 

        
 

 
 ∑

     

    
                   

 

   

 
Eq 3.6 



| CHAPTER 3 Diffusion model  

 40 

        . We then moved the piezo deeper into the membrane 

(larger    values) by 25 µm, and thus,            . 

 

 

Figure 3.4 a) experimental geometry. b) the intensity of the CF 

stretching vibration (700 – 750 cm
-1

) from the RL spectrum (orange 

dots) as a function of the axial position (  ); the black line is the fit to 

the sigmoid function for the data from the blue shaded region until the 

signal saturated from which         . 

 

3.5 Measuring water diffusion in 

Nafion
®
 membranes 

In situ, real-time water transport in Nafion
®
 membranes was initiated 

by the H/D exchange in the microfluidic channel – D2O was 

exchanged for H2O (or vice versa). CARS spectra from a single voxel 

(500 nm × 500 nm × 3.5 μm) in the membrane were measured over 

time starting just before the HDX. We obtained a broadband CARS 

spectrum (BCARS) from 700 to 4000 cm
-1

 at time intervals of ~ 100 

ms. The data processing routine to extract the quantitative Raman-like 

spectra was described in Chapter 2. Briefly, each raw BCARS 

spectrum was converted into a Raman-like spectrum using a modified 
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Kramers-Kronig phase-retrieval transform as described in section 2.3, 

with the CARS spectrum from glass serving as the non-resonant 

background. [72] After the transformation, a third-order polynomial 

was used to fit a slowly varying error phase to the regions of the 

spectra without resonances. This fit was subtracted from the 

transformed data to yield the retrieved Raman-like (RL) data shown in 

this work. For all data, the fingerprint (600 – 1850 cm
-1

) and water 

(2850 – 3850 cm
-1

) regions of the spectra were processed 

independently to minimize the error phase from the transformed 

CARS spectra. Therefore, we could directly measure OH and OD 

concentrations over time in fully hydrated membranes to quantify the 

effective water diffusion (Figure 3.5). The concentrations of OH/OD 

in the membrane were obtained by integrating the corresponding 

OH/OD peaks (Figure 3.5, left). Figure 3.5 shows the result of a 

H2O/D2O exchange experiment measured from N212. The apparent 

diffusion coefficient (ADC) of OH was extracted by fitting the data to 

the Fickian diffusion model discussed above.  
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Figure 3.5 H2O flow through a microfluidic channel over a D2O-

saturated N212 membrane. CARS spectra were continuously 

collected from the same focus spot in the membrane. Left: Intensity 

of the OH stretching vibration (black) increases with time while the 

intensity of the OD stretching vibration (blue, measured in parallel) 

decreases. Right: the OH (black) and OD (blue) concentration 

changes vs. time obtained by integrating the respective spectral 

regions; solid red line is a fit to the Fickian diffusion model 

described in the text. The apparent diffusion coefficient (ADC) of 

N212 is 3.6 ± 0.4 × 10
-10

 m
2
/s (N = 6 independent experiments) 

 

3.6 Deducing lineshapes of unknown 

water species using CCLS 

3.6.1 Nonbulk water in fully hydrated Nafion® 

membranes 

The spectral shape of nonbulk water (nonbulkW) in Nafion
®
 

membrane was deduced using the CCLS described in section 2.4.2 

carried out with Igor Pro 6.37 (Wavemetrics). Matrix M including the 

measured spectra was represented with a linear combination of  two  
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components: 1) bulk-like water (bulkW), the spectral shape       was 

taken from the MilliQ H2O; 2) nonbulkW, with unknown line shape 

         (Eq 3.7).       and          are respective scaling factor for 

bulkW and nonbulkW. The iterative CCLS global fit minimized E in 

order to obtain         . The scaling factors were also obtained from 

the fit.  

  contained two (  ) or more (  ) differently measured spectra to 

deduce the line shape of nonbulkW         . The nonbulk line shapes 

         deduced from    or    are practically identical to each 

other, as described below.  

      contains only two spectra measured from fully hydrated N212 

and N117, respectively. [86] The overall intensity of OH peak in both 

N212 and N117 was normalized to 1, as was each component (bulkW 

and Unknown1). This was done to ensure that each component was 

equally weighted in the fit. The only constraint for nonbulkW was that 

all spectral components were non-negative. The initial guess for 

nonbulkW was either a constant value at all frequencies or the bulkW 

spectrum. In both cases, the fit converged successfully and yielded 

only one single component with a finite contribution (Figure 3.6, 

black).  

 

 

 

 

 

 

 

 

 

                                  Eq 3.7 
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Figure 3.6 Reference OH spectrum of: bulkW (blue) captured from a 

water reservoir and nonbulkW (orange) derived from M2 obtained 

from the dry-to-wet hydration experiments, where 8 BCARS spectra 

were captured continuously upon hydration from N212 and another 8 

BCARS spectra were captured from N117 upon hydration. The black 

spectrum of nonbulkW was derived from M1, which includes the 

hydrated OH spectra of N212 and N117. [86] 

 

M2 contains 16 spectra that were measured from dry–to–wet 

hydration experiments in N212 and N117 – 8 spectra from N212 and 8 

spectra from N117, and all spectra were normalized to the peak height 

of the CF stretching vibration. A piece (1 cm × 1 cm) of Nafion
®

 

membrane was dried under ambient condition and was placed between 

two glass coverslips, which were sealed with parafilm, to prevent the 

swelling of the membrane with one edge exposed. A droplet of water 

was placed in contact with the exposed membrane, and water diffused 

into an ambient dried Nafion
®
 membrane as shown in Figure 3.7A.  
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Figure 3.7 a) Setup of the dry-to-wet experiment. N212 (orange) was 

sandwiched by two glass coverslips and sealed by parafilm; the right 

edge of N212 was exposed to the water source. b) The RL spectra of the 

OH stretching intensity that increases as a function of time. All spectra 

were normalized to the peak height of the CF stretching vibration.  

 

BCARS spectra were measured at different times during the 

hydration of the membrane. While not appropriate for a diffusion 

analysis, this experiment produced the RL spectra of N212 at various 

states of hydration, allowing for the derivation of the spectral shape of 

nonbulk water (nonbulkW) in the membrane. The sample was raster-

scanned across the focal volume (21 × 21 pixels) in x-y steps of 0.5 × 

0.5 µm in plane with the piezo-driven stages, and a full broadband 

coherent anti-Stokes Raman scattering (BCARS) spectrum was 

captured at each location with an acquisition time of 50 ms per pixel 

and with a time interval of 30 minutes between raster scans. The raw 

BCARS spectra were converted into Raman-like (RL) spectra using 

the time-domain Kramers-Kronig transform (details in Chapter 2). A 

BCARS spectrum taken from the bottom glass coverslip was used as 

the nonresonant background. RL spectra form 49 spatial pixels were 

averaged for all spectra shown in B.  
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  The constraint for the nonbulkW was only non-negativity. In order to 

ensure each component to be reasonably weighted, each component 

was always normalized to have an area of 1. The initial guess for 

nonbulkW was randomized from 0 to 0.01 for all frequencies in the fit. 

The initial guess of the weight for the unknown component (        ) 

was randomly chosen between 0.1 – 0.5 and that of the bulk (     ) 

was 0.5. The sum of the weights of the bulkW and the unknown 

spectral response were constrained to be less than or equal to 1. The fit 

always converged successfully and yielded the spectral response 

shown in Figure 3.6 (orange).  

3.6.2 Lineshape of HOD in water mixture 

Constrained classical least squares (CCLS) global fitting was done in 

Igor Pro 6.32A to the spectra of the equilibrium mixtures of H2O and 

D2O. The fitting deduced a spectrum of the HOD. The inputs to the 

CCLS were three components: H2O and D2O were known, and the 

respective spectral shapes of pure H2O and pure D2O, and HOD was 

unknown. To ensure that all components were appropriately weighted, 

the total area of the spectra of the water mixture was normalized to 1, 

and the area of the three components was always normalized to 1. The 

constraint for the HOD spectral shape at all frequencies was non-

negativity, and non-negative values were applied to the fit weight of 

each component. The initial guess for the HOD shape was either a 

randomized value in the range between 0 to 0.001 at all frequencies or 

the spectrum of the mixture with equal volume fraction of H2O and 

D2O. In both cases, the fit converged successfully and yielded the 

same spectral shape. The mixture spectra and residuals from the CCLS 

fitting routine are shown in Figure 3.8. 
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The spectral shape of pure H2O, pure D2O (both were measured) 

and HOD (extracted from the fit) are shown in Figure 3.9. The total 

peak area of each spectrum in Figure 3.9 was normalized to 1, and the 

fractional peak area of OH region in the deduced HOD was 0.442. 

 

 

 

 

 

 

Figure 3.8 Area normalized RL spectra of H2O-D2O mixtures 

(bottom), graduated color from black to gray denoting increasing 

volume fraction (vol %) of added H2O in the mixture; the green 

spectrum is from the mixture (50/50 vol. mixture); the dark blue is 

pure H2O, and black is pure D2O. Fit curves from the global fitting 

process are brown dashed lines. Top, the residuals between the fit 

curves and the respective spectrum. 
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Figure 3.9 Reference spectra of the components in the H2O-D2O 

mixtures: pure H2O (blue) and pure D2O (black) were collected from a 

water reservoir, and HOD (purple) was deduced from the constraint 

nonnegative global fit, with the constraint that the response must be 

positive for all frequencies. The total peak area of these spectra was 

normalized to 1, and the OH peak of the HOD spectra contributes 

0.442 to the total peak area of HOD. 

 

The fractional concentration of H2O, D2O and HOD produced 

during the CCLS process are plotted as a function of volume fraction 

of added H2O in the H2O-D2O mixtures in Figure 3.10. A theoretical 

concentration profile of the three components is also included in 

Figure 3.10 where the values of theoretical concentration were 

calculated based on the equilibrium of the isotopic scrambling 

between H2O and D2O as described by the following reaction: 

The equilibrium constant of the reaction was assumed to be 4 – the 

geometric mean – and the theoretical concentration profiles were 

derived from binomial. [87] The experimental contribution profiles of 

bulkW and H-HOD deviate slightly from the theoretical values.  
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Nevertheless, the experimental values of H2O, D2O and HOD were 

very close to the theoretical values (Figure 3.10). 

 

 

 

 

Figure 3.10 Contributions of H2O (blue), HOD (purple) and D2O 

(black). The dash lines are theoretical values of the contributions 

calculated based on the binomial distribution. 


