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[bookmark: BackToTop]A.  Microscopy: Does your protocol involve video microscopy, such as filming a complex dissection or microinjection technique? (Y/N) N 
B.  Software: Does your protocol include detailed, step-by-step instructions involving computer-controlled instrumentation or other software? (Y/N) Y
[bookmark: BackToQues]C.  Procedure Highlights: Of the steps to be filmed, which will viewers benefit most from seeing? Please list 4-6 steps from this script by their step numbers (e.g. 2.1).
Steps 4.3, 4.4, 4.8
D.  Critical Steps: What is the single most difficult aspect of this procedure? Please list 1-2 steps from this script and briefly describe how you ensure success.
Step 4.8
E.  Filming: Will filming need to take place in multiple locations? (Y/N) N

[bookmark: Introduction]1. Introduction (Experimental Goal and Author Interviews)

A. Experimental Goal (Spoken by voice talent at JoVE.)

The overall goal of this procedure is to determine the rate constants of oxidation (ock-sih-day-shun /ɒk sɪˈdeɪ ʃən/) or reduction of an electroactive (eh-lek-tro-ak-tiv /əˌlɛk troʊˈæk tɪv/) organic compound by electrochemical impedance spectroscopy (eh-lek-tro-kem-ih-kul im-peed-uns spek-tross-kuh-pee /əˌlɛk troʊˈkɛm ɪ kəl ɪmˈpid əns ˌspɛkˈtrɒs kə piː/), or EIS (E-I-S). (Intro)

[bookmark: IntroStatements]B.  Required Interview Statements (Said by you on camera. Don’t forget to smile!)  
1.1. Pavel Chulkin: This technique is useful for characterizing the kinetics of oxidation and reduction of organic compounds and predicting their behavior as an active compound of light-emitting diodes, solar cells, or batteries.
1.2. Przemyslaw Data: The main advantage of impedance spectroscopy is that it allows separation and individual analysis of different parallel processes according to their AC responses.
[bookmark: Protocol]
Protocol (Spoken by voice talent at JoVE.)
2. Electrochemical Experiment Preparation
2.1. To begin, dissolve 50 mmol of tetrabutylammonium tetrafluoroborate (teh-truh-byoot-ul-uh-mo-nyum teh-truh-flooer-oh-bore-ate /ˌtɛ trə ˌbjut əl əˈmoʊ njəm ˌtɛ trəˌflʊər oʊˈbɔːr eɪt/) and 0.5 mmol of the organic compound of interest in 5 mL of dichloromethane (dye-klor-oh-meth-ain /daɪˌklɔːr oʊˈmɛθ eɪn/). [1-MED]
2.1.1. Talent adds 5 mL of DCM to a labeled vial or test tube holding 50 mmol Bu4NBF4 and 0.5 mmol of compound X, closes the vial/tube, and mixes the solution to dissolve the solids. 
2.2. [bookmark: _Hlk504296787]Pipette 2 mL of this working solution into a 3-mL electrochemical cell, such as a glass V-vial, [1-CU] and close the cell with a gasket (gas-kit /ˈgæs kɪt/) cap. Store the remaining working solution for later measurements. [2-MED-Over shoulder]
2.2.1. Talent draws up 2 mL of the working solution from the tube/vial and pipettes it into a 3-mL V-vial.
2.2.2. Talent caps the V-vial with a gasket cap, and then caps the tube/vial of working solution and sets it aside.
2.3. Next, mount a polishing cloth on an immobile support, and moisten the cloth with several drops of 0.05-µm alumina (uh-loo-min-uh /əˈluː mɪn ə/) slurry. [1-MED] Polish a 1-mm-diameter platinum-disk working-electrode (eh-lek-trode /əˈlɛkˌtroʊd/) for 30 seconds, using moderate pressure. [2-CU]
2.3.1. Talent draws up several drops of the alumina slurry and moistens a polishing cloth (already fixed on a Petri dish or other support) with the slurry.
2.3.2. 6-7 seconds of footage of talent polishing the Pt disk electrode. 
2.4. Afterwards, rinse the polished working electrode with DCM (D-C-M) three times to remove residual alumina particles. [1-CU] Then, insert the polished electrode into the electrochemical vial through the gasket cap. [2-MED]
2.4.1. 6-7 seconds of footage of talent rinsing the polished WE with DCM to remove alumina particles.
2.4.2. Talent inserts the polished WE into the cell through the gasket cap.
2.5. Next, obtain a platinum-wire counter-electrode and ignite a butane (byoo-tain /ˈbjuːˌteɪn/) torch. [1-MED] Anneal (uh-neel /əˈniːl/) the electrode by carefully holding it in the flame just until it starts reddening. [2-CU-TXT]
2.5.1. Talent places the Pt wire CE in an easy-to-reach location, and then ignites the butane torch.
2.5.2. Talent carefully holds the Pt wire in the flame for < 1 second (only until it starts reddening) and then quickly removes it. (TEXT: Anneal < 1 s)
2.6. Anneal a silver-wire reference-electrode in the same way, [1-MED] and allow both electrodes to cool. [2-CU]
2.6.1. Talent carefully puts the Ag RE in the flame for less than one second.
2.6.2. Talent places the freshly-annealed Ag wire next to the cooling Pt wire.
2.7. [bookmark: _Hlk491166821]Then, mount the wire electrodes in the electrochemical cell through the gasket cap, [1-MED-Over shoulder] being careful to keep the electrodes from touching each other. [2-CU] Connect the three electrodes to a potentiostat (puh-ten-she-oh-stat /pəˈtɛn ʃi oʊˌstæt/). [3-MED]
2.7.1. Talent inserts the Pt and Ag electrodes into the cell through the holes in the gasket cap.
2.7.2. A close-up side view of the cell as talent adjusts the positions of the electrodes to ensure that they are all properly immersed in the solution and that the electrodes are not touching each other.
2.7.3. Talent connects the potentiostat wires to the electrodes without letting the connectors (such as alligator clips) touch each other.
2.8. Equip the electrochemical cell with an argon (ar-gone /ˈɑːr gɑːn/) gas line [1-MED] and bubble argon through the working solution for 20 minutes. [2-CU] Close the flow of argon before beginning the measurements. [3-MED]
2.8.1. Talent inserts an Ar line through the gasket cap and opens the flow of Ar (if it was not already open when the line was inserted).
2.8.2. 4-5 seconds of footage of the argon gas bubbling from the argon line through the solution in the cell.
2.8.3. Talent closes the argon flow.
3. Initial Characterization by Cyclic Voltammetry (CV)
3.1. To begin the initial characterization, open the cyclic voltammetry (vohl-tam-meh-tree /voʊlˈtæm mɛ triː/) program in the potentiostat software. [1-MED-Over shoulder]
3.1.1. Talent opens the technique selection window in the potentiostat software and selects the cyclic voltammetry program.
3.2. Set the initial potential to 0 V, the minimal potential to -2 V, the maximal scanning potential to 2 V, and the scanning rate to 100 mV/s. Acquire the voltammogram (vohl-tam-uh-gram /voʊlˈtæm ə græm/) of the working solution. [1-SCREEN]
3.2.1. *To be provided by authors: Screen capture footage of setting the initial potential to 0 V, opening the window to edit the potential range, setting the minimal potential to -2 V and the maximal scanning potential to 2 V, accepting the potential range, setting the scan rate to 100 mV/s, and then starting the voltammogram acquisition.
3.3. Note the potential values at the maxima of the anodic (ann-odd-ik /ænˈɒd ɪk/) and cathodic (ka-thah-dik /kæˈθɑː dɪk/) peaks. [1-SCREEN] Calculate the average of the peak potentials of the anodic and cathodic peaks to estimate the redox (ree-docks /ˈriː dɒks/) potential. [2-MED-Over shoulder]
3.3.1. *To be provided by authors: Screen capture footage of using the cursor to point out the potential values at the maxima of the anodic and cathodic peaks on a completed voltammogram. (Please make sure that the option to display the cursor in the recorded footage is enabled in the screen capture program.)
3.3.2. Talent uses a calculator to average the peak potential values from the voltammogram as an estimate of the redox potential.
3.4. Next, use a spatula to add about 10 mg of ferrocene (fehr-oh-seen /ˈfɛr əˌsiːn/) to the working solution in the electrochemical cell. [1-MED] Bubble argon through the solution for 5 minutes to ensure complete dissolution of the ferrocene. [2-CU]
3.4.1. Talent scoops up a small amount of ferrocene with a spatula, adds it to the electrochemical cell, and places the gasket cap back on the cell.
3.4.2. 6-7 seconds of footage of a close-up view of the electrochemical cell (now containing the ferrocene) with argon gas bubbling through the solution.
3.5. Then, in the cyclic voltammetry program, [1-MED] change the minimal and maximal scanning potentials to -1 V and 1 V, respectively. Acquire another voltammogram, [2-SCREEN] which will show a small, reversible ferrocene trace. [3-SCREEN]
3.5.1. Talent returns to the potentiostat instrument computer.
3.5.2. *To be provided by authors: Screen capture footage of opening the window to edit the potential range, changing the minimal potential to -1 V, changing the maximal potential to 1 V, accepting the changes, and starting voltammogram acquisition.
3.5.3. *To be provided by authors: Screen capture footage of using the cursor to point out the small, reversible ferrocene trace in the completed voltammogram.
3.6. Average the the anodic and cathodic peak potentials of ferrocene to estimate its reversible oxidation potential in the working solution. [1-MED-Over shoulder] Then, determine the redox potential of the organic compound with respect to ferrocene. [2-MED-Over shoulder]
3.6.1. Talent uses a calculator to average the anodic and cathodic peak potentials from the ferrocene trace.
3.6.2. Talent calculates the redox potential of Compound X with respect to the ferrocene couple (and enters the ferrocene couple potential into the software, if applicable).
3.7. Lastly, to clean the electrochemical cell, fill it with DCM and empty it five times. [1-MED]
3.7.1. 5-6 seconds of footage of talent filling the previously-used cell with DCM and emptying it several times.
4. Registration and Analysis of Impedance Spectrum
4.1. [bookmark: _Hlk504297053]Following characterization by cyclic voltammetry, place another 2 mL of the working solution in a clean 3-mL electrochemical cell. [1-MED]
4.1.1. Talent draws up 2 mL of the working solution, places it in a clean electrochemical cell, and puts a clean gasket cap on the cell.
4.2. Clean the electrodes as previously described, insert them into the cell, and reconnect them to the potentiostat. [1-MED] Deaerate (dee-air-ate /ˌdiːˈɛər eɪt/) the working solution by bubbling argon through it for 20 minutes. [2-MED]
4.2.1. With the clean Pt disk electrode already having been inserted through the gasket cap, talent inserts the clean Pt and Ag wire electrodes into the cell and connects the potentiostat to the electrodes.
4.2.2. Talent inserts the argon line through the gasket cap, turns on the argon flow, and adjusts the argon line as needed.
4.3. Then, open the staircase-EIS program in the potentiostat software. Set a potential range of 0.1 V on either side of the redox potential of the compound of interest, for a total range of 0.2 V.
4.3.1. Talent selects the electrochemical impedance spectroscopy technique in the potentiostat software.
4.3.2. *To be provided by authors: Screen capture footage of setting the potential range around the reversible peak (i.e., 0.6 to 0.8 for a peak at 0.7 V)*, setting the potential steps for a potential increment of 0.01 V, setting the frequency range as 10 kHz to 100 Hz, setting the number of points per decade to 20, setting the wait time to 5 seconds, setting the voltage amplitude to 10 mV, and setting the measures per frequency to 2. (TEXT: Example: For 0.7 V, use 0.6 V to 0.8 V.)
[bookmark: _Hlk497475476]Authors: When you finalize this script after filming, please fill in the time in the 4.3.2 screen capture file when you finished setting the potential range:
Timestamp of when you finished setting the potential range: _____
Video editor: Please transition from step 4.3 to 4.4 at the above timestamp. Please only show the text overlay during 4.3.2.
Authors: You do not need to add the text overlay to the screen capture footage; this will be done during video editing.
4.4. [bookmark: _Hlk485297084]Set the potential increment to 0.01 V, the frequency range as 10 kHz to 100 Hz (ten kilohertz to one hundred hertz (herts /hɜːrts/)), the number of frequencies in the logarithmic scale to 20, the wait time to 5 seconds, the AC voltage amplitude to 10 mV, and the measures per frequency to 2. [1-SCREEN]
4.4.1. The 4.3.2 screen capture footage starting from ‘…setting the potential steps’ (see above timestamp).
4.5. Run the experiment and wait for the set of spectra (spec-truh /ˈspɛk trə/) to be collected. [1-MED-Over shoulder] Once the experiment has finished, open the EIS spectrum analyzer program. [2-MED-Over shoulder]
4.5.1. With the parameters now filled in, talent starts the experiment and waits as spectrum collection begins.
4.5.2. With a set of spectra from a completed experiment now displayed on the potentiostat computer, talent closes or minimizes the potentiostat program and opens the EIS spectrum analyzer program.
4.6. Pavel Chulkin: The demonstrated program is universal for impedance spectrum analysis. However, it is not necessary to use this exact setup, as numerous other software options can be used. [1-MED]
4.6.1. Talent speaks towards the camera, interview style.
4.7. Import an automatically-registered spectrum generated by the EIS experiment. Then, construct a simple equivalent electrical circuit for the spectrum. [1-SCREEN]
4.7.1. *To be provided by authors: Screen capture footage of clicking through File > Open, selecting a spectrum, and importing the spectrum; and then starting to create the simplest EEC in the ‘Equivalent Circuit’ window (i.e., the first 5-6 seconds of building the circuit in the upper-right window). Please use a spectrum for which the simplest EEC will not be a good fit.
4.8. Set the initial upper and lower limits to 1 x 10-7 and 1 x 10-8 for the capacitor, 2,000 and 100 for resistor 1, and 1,000 and 100 for resistor 2. Then, fit the model. Repeat the fitting [1-SCREEN] until the calculated values stop changing. [2-SCREEN]
4.8.1. *To be provided by authors: With the simplest EEC now complete, screen capture footage of setting the capacitor upper limit to 1E-7, the capacitor lower limit to 1E-8, the R1 upper limit to 2,000, the R1 lower limit to 100, the R2 upper limit to 1,000, and the R2 lower limit to 100; and then fitting the model at least twice to show that the calculated values keep changing.
4.8.2. *To be provided by authors: Screen capture footage of fitting the model to show that the values do not change*, using the cursor to point out that the r2 parametric/amplitude values exceed 1 x 10-2, and then starting to redesign the EEC in the upper right window. (Prior to recording this footage, please fit the model repeatedly so that the values will not change when it is fitted here.)
Authors: When you finalize this script after filming, please fill in the time in the 4.8.2 screen capture file when you finished fitting the model one last time to show that the values have stopped changing:
Timestamp of finishing fitting the model: _____
Video editor: Please transition from step 4.8 to 4.9 at the above timestamp.
4.9. If the r2 (R-squared) parametric (pair-uh-meh-trik /ˌpɛər əˈmɛ trɪk/) and amplitude values exceed 1 x 10-2, test another EEC (E-E-C). [1-SCREEN] For more complex EECs (E-E-sees), set the initial upper and lower limits for the Warburg (var-boork /ˈvɑːr bʊərk/) element to 50,000 and 10,000, respectively. [2-SCREEN]
4.9.1. The 4.8.2 screen capture footage starting from ‘…using the cursor to point out’ (see timestamp above).
4.9.2. *To be provided by authors: With an EEC that includes a Warburg element now designed in the upper right window, screen capture footage of using the cursor to point out the more-complex EEC, and then setting the upper limit for the Warburg element to 50,000 and the lower limit for the Warburg element to 10,000. The starting values for the other elements should already be filled in.
4.10. If any parameter has error values exceeding 100% after fitting, remove that parameter and try another EEC. [1-SCREEN]
4.10.1. *To be provided by authors: Now showing an EEC and fitted spectrum in which at least one parameter has an error value exceeding 100% (such as an extra resistor), screen capture footage of using the cursor to point out the error value(s) exceeding 100%, deleting the parameter(s), and redesigning the EEC.
4.11. Once the spectrum has been fitted to an appropriate EEC, [1-SCREEN] record the charge-transfer resistance and the potential at which the spectrum was registered. Repeat this process for all registered spectra. [2-MED-Over shoulder]
4.11.1. *To be provided by authors: Now showing a spectrum with an EEC that is a good fit, screen capture footage of using the cursor to point out that the r2 parametric and amplitude values do not exceed 1 x 10-2 and that none of the error rates are over 100%.
4.11.2. Talent writes down the calculated charge transfer resistance value and the corresponding potential, and then imports a new registered spectrum.
5. Results: Characterization and Analysis of Redox Rate Constants for 2,8-Bis(3,7-dibutyl-10H-phenoxazin-10-yl)dibenzo[b,d]thiophene-S,S-dioxide (Compound X)
5.1. Cyclic voltammetry of this organic compound [1-LM] revealed a reversible oxidation process at 0.7 V vs. Fc+/Fc (volts versus ferrocene). [2-LM] Impedance spectra of the redox processes on the electrode surface were subsequently registered and analyzed. [3-LM]
5.1.1. Figure 1 (Figure1.jpg): Video editor: Highlight the chemical diagram (molecule X) and the shape outlined in a thin black line, which is the cyclic voltammogram for molecule X. (The small shape with a thick black line is the reference material.)
5.1.2. Figure 1 (Figure1.jpg): Video editor: On “reversible…”, highlight/emphasize the symmetric ‘duck’ shape on the right side of the voltammogram of compound X, which shows the reversible oxidation process (see Figure1 example.pdf).
5.1.3. Figure 3 (Figure3a.pdf, Figure3b.pdf, and Figure3c.pdf): Video editor: Caption 3a with ‘Nyquist plots’, 3b with ‘Staircase dependence’, and 3c with ‘Bode plots’. 
5.2. [bookmark: _GoBack]The impedance spectra were fitted with various equivalent electrical circuits to identify the best analogue for the electrochemical process. [1-LM] The charge transfer resistance, [2-LM] represented here as R2, [3-LM] was extracted from each fitted spectrum. [4-LM]
5.2.1. Figure 5 (Figure5a.pdf, Figure5b.pdf, Figure5c.pdf): Video editor: Caption 5a with ‘Reversible electrochemical process with parallel irreversible process’, 5b with ‘Reversible electrochemical process’, and 5c with ‘Electrochemical process with charge transfer limiting step’.
5.2.2. Figure 4 (Figure4.jpg): Video editor: Emphasize the ‘Circuit parameters. Constraints and results’ and ‘Equivalent circuit’ windows.
5.2.3. Figure 4 (Figure4.jpg): Video editor: Please continue emphasizing the two windows described above. Highlight the ‘R2’ row in the ‘Circuit parameters’ window and ‘R2’ in the ‘Equivalent circuit’ diagram (see Figure4 example.pdf).
5.2.4. Figure 4 (Figure4.jpg): Video editor: Emphasize the ‘Impedance spectra’ window (the graph with the green line and red diamonds).
5.3. The inverse charge transfer resistance values were plotted with respect to electrode potential vs. Fc+/Fc (versus ferrocene), [1-LM] along with the theoretical dependence of the inverse charge transfer resistance on electrode potential. [2-LM]
5.3.1. Figure 6 (Figure6.jpg): Video editor: Add the caption ‘■ Experimental ▬ Theoretical’ (the squares are the experimental data points of the dependence and the line is the theoretically-predicted dependence). Please retain this caption throughout showing Figure 6 (5.3.1-5.4.5). For this segment only, highlight the squares (the experimental values).
5.3.2. Figure 6 (Figure6.jpg): Video editor: Highlight the curved line in the plot (the theoretical dependence).
5.4. The standard electrochemical rate constant [1-LM] was then estimated by varying the equilibrium potential [2-LM] and the rate constant [3-LM] until a reasonable fit for [4-LM] the experimental data was achieved. [5-LM]
5.4.1. Figure 6 (Figure6.jpg), Equation 1 (; Equation 1.pdf), and Equation 2 (; Equation 2.pdf): Video editor: Highlight k0 in equation 1, which is the standard electrochemical rate constant.
5.4.2. Figure 6, Equation 1, and Equation 2 (Figure6.jpg, Equation 1.pdf, Equation 2.pdf): Video editor: On “equilibrium potential”, emphasize Equation 2 and strongly highlight E0 in Equation 2. Please also highlight θ to a lesser degree in Equation 1 (E0 is contained in θ).
5.4.3. Figure 6, Equation 1, and Equation 2 (Figure6.jpg, Equation 1.pdf, Equation 2.pdf): Video editor: Please continue highlighting E0 (but remove the emphasis from Equation 2 and the light highlighting from θ) and highlight k0 in Equation 1 again.
5.4.4. Figure 6, Equation 1, and Equation 2 (Figure6.jpg, Equation 1.pdf, Equation 2.pdf): Video editor: On “reasonable…”, highlight the smooth curved line in the graph, which is an example of a ‘reasonable fit’. (Changing E0 and k0 affects the shape of the line.)
5.4.5. Figure 6, Equation 1, and Equation 2 (Figure6.jpg, Equation 1.pdf, Equation 2.pdf): Video editor: Please maintain the highlighting of the curved line in the graph. During “the experimental data”, also highlight the squares in the graph (the experimental data) to show that the curved line is a good match for the pattern of squares.
6. Conclusion (Said by you on camera. Don’t forget to smile!)
6.1. Pavel Chulkin: The demonstrated technique can be used jointly with other methods of investigating an electroactive organic compound when its redox properties are crucial.
6.2. Przemyslaw Data: Following this procedure, other spectroelectrochemical methods like ESR/UV-Vis can be performed to answer additional questions about changes in molecule structure caused by electrochemical processes.
6.3. Pavel Chulkin: While attempting this procedure, remember to account for other processes that occur in real systems that may complicate the obtained results. In case of irreversible reactions like polymerization, this technique cannot be expected to give reasonable results.
Video editor: Please see steps 2.1 and 4.5 (2.1.1 for sample preparation, 4.5.1 or 4.5.2 for finishing the EIS and transitioning to the analysis of the results) for accompanying footage.
6.4. Przemyslaw Data: After its development, this technique paved the way for researchers in the field of charge transfer kinetics in organic electronics to better predict the redox performance of molecules and materials.
6.5. Pavel Chulkin: Once mastered, this technique can be done in two hours if it is performed properly.
[bookmark: ProvidedMedia]
PROVIDED MEDIA
Authors: Name new or modified files with the scheme 01234_PIname_Figure1.tif, where 01234 is your JoVE video ID and PIname is the corresponding author’s surname. For example:

5.2 – 01234_PIname_Figure1.tif – dual color imaging of tumor angiogenesis at 40X
5.3 – 01234_PIname_Figure2.tif – dual color imaging of tumor angiogenesis at 100X

Minimum dimensions: 720 x 480 pixels
Minimum resolution: 300 dpi

Preferred image formats: .pdf, .tiff, .png, .eps, .ai, .psd
Preferred movie formats: .mov, .mp4, .avi

.mov or .mp4 files are strongly preferred for screen capture footage. Vector or layer-compatible formats (.svg, .ai, .eps, .pdf, .psd) are strongly preferred for complex figures and graphs.

To generate a vector (.pdf) file from a graph prepared in Excel or similar software, first, move the graph to its own sheet and click the tab to view the graph. Use ‘Save As’ to save this sheet as a standard .pdf.

Upload each file to your project folder: https://www.jove.com/account/file-uploader?src=17266403

Please list the provided files below and specify the step or steps where the files will be used. If a file is not based on an existing figure, please provide a short description.

· [bookmark: Text13]Step number(s) – File name - Description (if new figure)

GENERAL PREPARATION
It is critical for a smooth and organized shoot that your samples, reagents, instruments, glassware, and software are ready to go. This ensures that filming can quickly move from step to step.

Reagents, samples, and solutions should be prepared or collected and labeled before we arrive. Tubes, glassware, and plates should be clean, dry, and neatly labeled. 

Each shot will take about five minutes, as it takes a few minutes to set up between shots. You may need to prepare duplicate samples if a step that must be performed quickly is shown with more than one shot.

The filming process will be like a cooking show: if a step takes more than 5-10 minutes, you will continue the demonstration with the pre-made product of that step. Therefore, if your procedure has long incubation, reaction, heating, or calculation times, please prepare the products of those steps before we arrive. Please notify your script editor if the product of a long step is too unstable to be prepared in advance.

Individual shots may be filmed out of order to allow a longer process to finish. If your procedure has a long delay between sample preparation and the experiment itself, you may need to film the experiment before filming sample preparation. Please clearly mark shots or steps that you wish to film out of order in the script.

Please contact your script editor or see JoVE’s FAQ if you have general questions about filming. You will receive detailed preparation instructions in the email accompanying the finalized script.
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