
Journal of Visualized Experiments
 

Using Cyclic Voltammetry, UV-Vis-NIR, and EPR spectroelectrochemistry to analyze
organic compounds

--Manuscript Draft--
 

Article Type: Methods Article - JoVE Produced Video

Manuscript Number: JoVE56656R3

Full Title: Using Cyclic Voltammetry, UV-Vis-NIR, and EPR spectroelectrochemistry to analyze
organic compounds

Keywords: Cyclic voltammetry;  EPR;  UV-Vis-NIR;  organic electronics;  OLED;  OPV;
conjugated polymers;  Electron Affinity;  Ionization Potential;  Charge Carriers;
Spectroelectrochemistry.

Corresponding Author: Przemyslaw Data
Durham University
Durham, Durham UNITED KINGDOM

Corresponding Author's Institution: Durham University

Corresponding Author E-Mail: przemyslaw.data@durham.ac.uk

Order of Authors: Sandra Pluczyk

Marharyta Vasylieva

Przemyslaw Data

Additional Information:

Question Response

Please indicate whether this article will be
Standard Access or Open Access.

Open Access (US$4,200)

Please indicate the full address at which
this article will be filmed.

Politechnika Slaska, Strzody 9, 44-100 Gliwice, Poland

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



TITLE: 1 
Using Cyclic Voltammetry, UV-Vis-NIR, and EPR spectroelectrochemistry to analyze organic 2 
compounds 3 
 4 
AUTHORS & AFFILIATIONS: 5 
Sandra Pluczyk1, Marharyta Vasylieva1, Przemyslaw Data1,2,3 6 
 7 
1Faculty of Chemistry, Department of Physical Chemistry and Technology of Polymers, Silesian 8 
University of Technology, Poland 9 
2Durham University, Department of Physics, South Road, Durham, United Kingdom 10 
3Center of Polymer and Carbon Materials of the Polish Academy of Sciences, Zabrze, Poland 11 
 12 
Corresponding Author:  13 
Przemyslaw Data (przemyslaw.data@polsl.pl) 14 
 15 
Email Addresses of Co-authors: 16 
Marharyta Vasylieva (marharyta.vasylieva@polsl.pl) 17 
Sandra Pluczyk (sandra.pluczyk@polsl.pl) 18 
 19 
KEYWORDS: 20 
Cyclic Voltammetry, Electron Paramagnetic Resonance, Ultraviolet-Visible and Infra-Red 21 
spectroscopy, Organic Electronics, Organic Light Emitting Diodes, Organic photovoltaics, 22 
Conjugated Polymers, Electron Affinity, Ionization Potential, Charge Carriers, 23 
Spectroelectrochemistry. 24 
 25 
SHORT ABSTRACT: 26 
In this article, we describe electrochemical, electron paramagnetic resonance, and ultraviolet-27 
visible and near-infrared spectroelectrochemical methods to analyze organic compounds for 28 
application in organic electronics. 29 
 30 
LONG ABSTRACT: 31 
Cyclic voltammetry (CV) is a technique used in the analysis of organic compounds. When this 32 
technique is combined with electron paramagnetic resonance (EPR) or ultraviolet-visible and 33 
near-infrared (UV-Vis-NIR) spectroscopies, we obtain useful information such as electron affinity, 34 
ionization potential, band-gap energies, the type of charge carriers, and degradation information 35 
that can be used to synthesize stable organic electronic devices. In this study, we present 36 
electrochemical and spectroelectrochemical methods to analyze the processes occurring in 37 
active layers of an organic device as well as the generated charge carriers. 38 
 39 
INTRODUCTION:  40 
Worldwide, researchers are continually searching for new organic materials that can be used in 41 
organic electronics with desirable performance or stability, which drops due to extended use. In 42 
the case of organic devices, it is important to understand the behavior of the charge carrier to 43 
fully know the rules driving the device behavior. Analysis of the effect of the molecular structure 44 
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on the generation of the charge carrier and the dynamics and maintenance of the balance of 45 
injected charge carriers, both positive (holes) and negative (electrons), is crucial to improve the 46 
efficiency and stability of the organic devices. This ensures the effective recombination of these 47 
individual charges and consequently significantly improves the photoluminescence efficiency of 48 
the organic light emitting diodes (OLEDs)1,2. For organic photovoltaics (OPVs)3,4 as well as organic 49 
field effect transistors (OFETs)5,6, it is necessary to have materials with high charge carrier 50 
mobility. In addition to the analysis of charge carriers, several important parameters of organic 51 
electroactive materials help in predicting where the material could be used: ionization potential 52 
(IP), electron affinity (EA) energy levels, and band-gap between them7-10.  53 
 54 
In this work, we present a method for the efficient measurement of cyclic voltammetry (CV) that 55 
can be used in the analysis of all types of electroactive materials. This technique provides 56 
information about redox properties, the doping/dedoping mechanism, the stability, the 57 
conversion and storage of energy, etc. It also allows for the estimation of electron affinity and 58 
ionization energy of the test compounds in a much cheaper and faster way compared to other 59 
high vacuum methods. The aforementioned parameters correlate with the energy levels of 60 
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO).  61 
 62 
The method presented in this article can be used to analyze all types of conjugated compounds 63 
such as those with delocalized π-electrons in their structures. Conjugated compounds may be 64 
small molecules with large polymeric chains. Small molecules can also be monomers; during the 65 
initial reaction (photochemical, electrochemical, or chemical) monomers can form polymers. In 66 
OLED application, the energy level values are necessary to enable the use of the correct host for 67 
the emitter in a thermally activated delayed fluorescence (TADF) guest-host system or to decide 68 
with which compounds the exciplex donor-acceptor layer could be formed and what additional 69 
layers (electron transporting layer (ETL), hole transporting layer (HTL), electron blocking layer 70 
(EBL), and hole blocking layer (HBL)) will be necessary to synthesize stable efficiently charged 71 
balanced OLED devices11–17. Additional electrochemical measurements allow the investigation of 72 
possible side reactions during the process of degradation of the active layer and the formation 73 
of low mobile charge carriers (bipolarons)18-22.  74 
 75 
Coupling electrochemical and spectroelectrochemical methods allows for easy, accurate, and 76 
reliable determination of the degree of oxidation or reduction of conjugated compounds and 77 
their degradation potential, which is crucial for stability23–28. Ultraviolet-visible and near-infrared 78 
(UV-Vis-NIR) spectroscopy coupled with electrochemistry can characterize the fundamental 79 
chromatic properties of all new conjugated compounds, such as the changing of the absorption 80 
band during doping18–30.  81 
 82 
In a study related to the doping mechanism, it is important to define the type of charge carriers. 83 
In this process, two classes of charged quasiparticles take part, one with uncompensated spin 84 
(polarons) and the second being diamagnetic (bipolarons); electron paramagnetic resonance 85 
(EPR) spectroscopy provides invaluable assistance, which directly allows one to observe and track 86 
changes in populations of paramagnetic polarons29–32. In small molecules, it is difficult to form 87 
bipolarons, but these molecules can be quite conjugated and have bipolaron-inducing properties; 88 



it is important to check if and at which potential polarons and bipolarons are formed in the 89 
structure. Bipolarons are at least one order lower in mobility than that of polarons; therefore, if 90 
bipolarons are formed in working devices, then it could lead to an unbalanced ratio of the charge 91 
carriers, which would result in high current and overheating of the OLED device or may well be 92 
the centers of degradation33.  93 
 94 
The method of measurement proposed in this study is cheap and faster and allows for the 95 
determination of the most valuable operative parameters for a large number of electroactive 96 
materials without the need for special devices that are based on newly synthesized materials to 97 
check its performance. By applying electrochemistry and spectroelectrochemistry, it is possible 98 
to select one material that is really promising from hundreds of new materials. In addition, it is 99 
possible to obtain detailed information regarding the processes of doping and their effects on 100 
the chemical structure of the test conjugated systems using electrochemical and 101 
spectroelectrochemical methods, which allows constructing more efficient organic electronics 102 
devices.  103 
 104 
PROTOCOL: 105 
 106 
1. Preparation of the Experiment 107 
 108 
1.1. Prepare 25 mL of 0.1 M electrolyte solution. 109 
 110 
Note: Depending on the compounds under investigation, use different electrolytes as the mixture 111 
of organic salt and solvent: the most common salts used in the analysis of organic molecules are 112 
tetrabutylammonium hexafluorophosphate (Bu4NPF6) or tetrabutylammonium 113 
tetrafluoroborate (Bu4NBF4); the most common solvent used in the analysis are 114 
dichloromethane, acetonitrile, or tetrahydrofuran. 115 
 116 
1.1.1. Choose the electrolyte solvent based on the solubility of the test compounds. It should be 117 
a solution during investigation but be in a solid state when the material is used in the making of 118 
the device, as a thin film deposited on the working electrode surface. 119 
 120 
1.2. Clean the electrodes to be used in the experiment29. 121 
 122 
1.2.1. For electrochemical measurements, use a 1 mm diameter platinum disk electrode as the 123 
working electrode (WE), a platinum coil or wire as the auxiliary electrode (AE), and a silver/silver 124 
chloride (Ag/AgCl) electrode as the reference electrode (RE). 125 
 126 
1.2.2. For EPR spectroelectrochemical measurements, use platinum wire as the WE, a platinum 127 
coil or wire as the AE, and Ag/AgCl as the RE. 128 
 129 
1.2.3. For UV-Vis-NIR spectroelectrochemical measurements, use a quartz indium tin oxide (ITO) 130 
or fluorine-doped tin oxide (FTO) as the WE, a platinum wire as the AE, and an Ag/AgCl electrode 131 
as the RE. 132 



 133 
1.2.4. Polish the platinum disk electrode by rubbing the downside of the electrode (the platinum 134 
electrode working area) on a polishing pad covered with 1 µm alumina slurry for 3 min.  135 
 136 
1.2.4.1. Rinse the electrode with deionized water to remove all of the slurries from the electrode 137 
and clean in an ultrasound bath (320 W, 37 kHz) with deionized water for 15 min.  138 
 139 
1.2.4.2. Rinse the electrode using a 1 mL syringe with isopropanol (3 x 1 mL) and then with 140 
acetone (3 x 1 mL).  141 
 142 
1.2.4.3. Use a paper towel to remove all solid residues and dry in the air for 3 min. 143 
 144 
1.2.5. Clean the ITO and FTO electrodes with deionized water. Place them in an ultrasound bath 145 
(320 W, 37 kHz) in acetone for 15 min and then in isopropanol for the next 15 min. 146 
 147 
1.2.6. Burn the platinum electrodes, wires, and coils using a high-temperature gas torch (>1000 148 

C) for 1 min. Be careful! Use tweezers to hold the electrodes. Wait for 5 min after burning and 149 
before using the electrodes.  150 
 151 
1.3. Clean the electrochemical and spectroelectrochemical cells (Figure 1) with water and then 152 
with acetone. Use a paper towel to remove all the solid residues. Clean all other elements (ca. 153 
PTFE parts) with acetone and dry in the air before use. 154 
 155 
2. CV Analysis 156 
 157 
2.1. Turn on the potentiostat and computer. 158 
 159 
2.2. Fill an electrochemical cell with 1.5 mL of the electrolyte solution to be analyzed. 160 
 161 
2.3. Put all the three electrodes (WE, AE, and RE) in a cell (the cell’s cap is equipped with the PTFE 162 
electrode holder, so put electrodes through the holes in this holder) and connect it to a 163 
potentiostat. Keep the WE and RE as close to each other as possible (Figure 1). Follow the 164 
information regarding the connection of each wire of the potentiostat to its respective electrode. 165 
 166 
2.4. If needed (for example during reduction analysis), put the argon (or nitrogen) pipe (through 167 
an additional hole in the electrode holder) and start bubbling the solution for at least 5 min. After 168 
this, move the argon (or nitrogen) pipe above the solution’s level and keep the gas flow running 169 
for the measurement.  170 
 171 
Note: The cell looks closed but cannot be completely leak-proof; therefore, a method to remove 172 
the redundant amount of gas from the cell must be available (e.g., by an additional small hole in 173 
the electrode holder). The pressure depends on the pipe used; set the pressure to high as it is 174 
required to set the slow gas flow. If a highly volatile solvent is used in the experiment (e.g., 175 
dichloromethane) or the experiment is taking a long time (more than 30 min), then use the 176 



Drechsel bottle to saturate argon (or nitrogen) gas with the solvent used in the measurement. 177 
 178 
2.5. Run the potentiostat software, choose the CV procedure and use the following settings: start 179 
potential of 0.00 V, upper vertex potential of 2.0 V, lower vertex potential of 0.00 V (if 180 
investigating the process of reduction, then a lower vertex potential of −2.5 V), stop potential of 181 
0.00 V, number of stop crossing of 6, and scan rate of 0.05 V/s.  182 
 183 
2.5.1. In the section Export ASCII data, define a filename and choose a folder to save the data in, 184 
and push the START button (decrease or increase the lower and upper vertex potential to fit the 185 
electrochemical window or the sample electrochemical activity) 186 
 187 
2.6. If any peaks are visible in the positive range of potential, then repeat the cleaning procedure. 188 
If there is a peak in the negative range potential, then put the argon (or nitrogen) pipe in the 189 
solution and start bubbling for an additional 5 min. 190 
 191 
2.7. Add a drop of 1 mM ferrocene (in the solvent used to prepare the electrolyte) to the 192 
electrolyte solution by using a syringe. 193 
 194 
2.8. Set the start potential to 0.00 V, the upper vertex potential to 0.85 V, the lower vertex 195 
potential to 0.00 V, the stop potential to 0.00 V, the number of stop crossing to 10, and the 196 
scan rate to 0.05 V/s. In the section Export ASCII data, change the filename and push the 197 
START button. 198 
 199 
2.9. After the measurement, finish by repeating the cleaning procedures as mentioned in steps 200 
1.2 and 1.3. 201 
 202 
2.10. Prepare 4 mL of 1 mM test compound in the prepared electrolyte (step 1.1). 203 
 204 
2.11. Fill the electrochemical cell with the test compound solution (1.5 mL); put all three 205 
electrodes in a cell and connect to the potentiostat (step 2.4). To investigate the process of 206 
reduction, remove the oxygen (step 2.5). 207 
 208 
2.12. Set the start potential to 0.00 V, the upper vertex potential to 0.50 V (or 0.00 V in case of 209 
investigation of reduction process), the lower vertex potential to 0.00 V (−0.50 V in case of 210 
investigation of reduction process), the stop potential to 0.00 V, the number of stop crossing to 211 
10, and the scan rate to 0.05 V. In the section Export ASCII data, change the filename and push 212 
the START button. 213 
 214 
2.13. Repeat step 2.13 by increasing upper vertex potentials (or by decreasing the lower vertex 215 
potential) by 0.1 V until peak registration (Figure 2a). If the successive scan is shifted in potential 216 
(Figure 2b), then clean the RE and leave it in the electrolyte solution. Then, repeat the 217 
measurement. 218 
 219 
2.14. Measure both oxidation and reduction processes on the same CV for the determination of 220 



IP and EA: set the start potential to 0.00 V, the upper vertex potential to 1.00 V, the lower vertex 221 
potential to −2.70 V, and the stop potential to 0.00 V. Choose the upper and lower vertex 222 
potential in a way that registers full reduction and oxidation peaks and avoids further redox steps 223 
(if any exists) (Figure 2a). 224 
 225 
Note: Estimate IP and EA by measuring the onset potential. There are a couple of ways to 226 
calculate these parameters from CV but the most useful is to calculate using the onset potential. 227 
Sometimes, it is not possible to observe reversible redox couple, especially for both n and p 228 
doping. Mixing of two different techniques is also undesirable as it may provide wrong results 229 
and conclusions.  230 
 231 
2.14.1. To measure the onset potential, mark the tangent line to the CV peak (Figure 3). Calculate 232 
the desired values from the onset potential of the reduction or oxidation process using equations 233 
(Equations 1 and 2)10, 18, 19, 36−38. 234 
 235 
𝐼𝑃 [𝑒𝑉] = |𝑒|𝐸𝑜𝑥(𝑜𝑛𝑠𝑒𝑡) + 5.1 (1) 236 

 237 
where 𝐸𝑜𝑥(𝑜𝑛𝑠𝑒𝑡) is the onset of the oxidation potential calibrated with ferrocene* 238 
 239 
𝐸𝐴 [𝑒𝑉]  =  −|𝑒|(𝐸𝑟𝑒𝑑(𝑜𝑛𝑠𝑒𝑡)  +  5.1)  (2) 240 

 241 
where 𝐸𝑟𝑒𝑑(𝑜𝑛𝑠𝑒𝑡) is the onset of the reduction potential calibrated with ferrocene*  242 
 243 
*Potential calibrated with ferrocene means that the value of potential from the measurement is 244 
reduced by the oxidation potential of ferrocene. 245 
 246 
2.15. Pull out the electrodes and pour out the test solution into the proper waste container. 247 
 248 
2.16. Repeat the cleaning procedure (steps 1.2 and 1.3). 249 
 250 
2.17. Repeat steps 2.9–2.12 with 0.25, 0.10, and 0.20 V/s scan rates. 251 
 252 
2.18. Add one drop of 1 mM ferrocene (in the solvent used to prepare the electrolyte solution) 253 
to the test solution using a syringe. Set the start potential to 0.00 V, the upper vertex potential 254 
to 0.60 V, the lower vertex potential to 0.00, the stop potential to 0.00 V, the number of stop 255 
crossing to 6, and the scan rate to 0.05 V. Push the START button. After the measurement is 256 
completed, change the upper vertex potential to a value that registers the ferrocene couple with 257 
the first peak of oxidation of the test compound. 258 
 259 
2.19. Pull out the electrodes and pour out the test solution into the proper waste container. 260 
 261 
2.20. If the electropolymerization occurs during electrochemical oxidation, wash the WE carefully 262 

with the electrolyte solution using the syringe (3  0.5 mL). Clean the RE, AE, and electrochemical 263 



cell using the standard procedure (steps 1.2-1.3). 264 
 265 
2.21. To investigate electrochemical products deposited on WE, proceed to step 2.23. To 266 
investigate a solution, proceed to step 1.2.1 and start again from step 2.3. 267 
 268 
2.22. Fill the electrochemical cell with an electrolyte solution. Then, put all the three electrodes 269 
in a cell and connect them to a potentiostat (step 2.4). To investigate the reduction process, 270 
deoxidate the solution (step 2.5). 271 
 272 
2.23. Repeat steps 2.10–2.12 and then step 2.16. 273 
 274 
3. UV-Vis-NIR Spectroelectrochemical Analysis 275 
 276 
3.1. Measurement preparation  277 
 278 
3.1.1. Turn on the spectrometer and potentiostat. 279 
 280 
3.1.2. Fill the spectroelectrochemical cell with 0.5 mL of electrolyte solution (step 1.1). 281 
 282 
3.1.3. Put the PTFE seal on one side of the cell; then put the ITO electrode to the cell in this way 283 
to have a conductive side of the electrode touching the PTFE seal. Put the rest of the PTFE parts 284 
as shown in Figure 1. Put the RE and AE through the PTFE electrode holder and cover the upper 285 
side of the ITO electrode with copper foil as shown in Figure 1 for better conductivity.  286 
 287 
3.1.3.1. Put the assembled cell in the holder of the spectrometer and connect all the electrodes 288 
to a potentiostat. Follow the information regarding the connection of each wire of the 289 
potentiostat to its respective electrode. 290 
 291 
3.1.4. Run the potentiostat and spectrometer software. 292 
 293 
3.1.5. In the spectrometer software, choose File | New | Absorbance measurement. 294 
 295 
3.1.6. Choose one of the listed detectors. 296 
 297 
3.1.7. Make sure that the button on the detectors is in the “open” position. Then, click on the 298 
glowing light bulb; close the detector (move the button to the closed position) and then, click on 299 
the dark light bulb. 300 
 301 
3.1.8. Select the second detector and repeat step 3.1.7. 302 
 303 
3.1.9. Reconnect electrodes from the potentiostat and pull out the electrodes and other 304 
elements of the spectroelectrochemical cell. 305 
 306 
3.1.10. Repeat cleaning procedures (steps 1.2 and 1.3). 307 



 308 

3.1.11. Fill the spectroelectrochemical cell with a diluted (110−5 M) solution of the test 309 
compound in the electrolyte solution if testing the small molecule. Fill the spectroelectrochemical 310 
cell with the electrolyte if testing the polymeric (oligomeric) layer deposited on the ITO electrode. 311 
 312 
3.1.12. Assemble the spectroelectrochemical cell (step 3.1.3). 313 
 314 
3.1.13. Click Save. 315 
 316 
3.1.14. Select one of the listed detectors. 317 
 318 
3.1.15. Define the save location and name the file (include the selected detector). 319 
 320 
3.1.16. Select the second detector and repeat step 3.1.15. 321 
 322 
3.2. Potentiostatic Analysis18. 323 
 324 
3.2.1. Apply a neutral potential (i.e., 0.00 V). This spectrum will be the starting spectra. Increase 325 
potential by 0.1 V and wait ca. 10 s until the process stabilizes and records absorption spectra 326 
(steps 3.1.13–3.1.16). Continue the measurement to the first change in UV-Vis-NIR spectra; wait 327 
for 10 s and then save the spectra (steps 3.1.13–3.1.16). 328 
 329 
3.2.2. Increase potentials by 0.05 V; wait for 10 s and save (steps 3.1.13–3.1.16). 330 
 331 
3.2.3. Repeat 3.2.2 until achieving the potential of the first or second oxidation potential (these 332 
potentials are known from the CV measurement); then, reverse the potential and go back to the 333 
starting potential. 334 
 335 
3.3. When the measurements are completed, measure the CV of the test solution. Add 1 mM 336 
ferrocene (10 μL) and measure the CV again. The value of ferrocene will help estimate the 337 
potential of the process and unify the data. 338 
 339 
3.4. This analysis provides information regarding the optical band-gap, maximum wavelength of 340 
undoped and doped states, and isosbestic points of the electrochemical process. Calculate the 341 
optical band-gaps from onset values of π-π* bands on the UV-Vis spectra and using Equation 342 
318,19,23,24 343 
 344 

𝐸𝑔 [𝑒𝑉] =  
ℎ𝑐

𝜆𝑜𝑛𝑠𝑒𝑡
 (3) 345 

 346 
 347 
where h is Planck’s constant, λonset is compound absorption onset, and c is the speed of light in 348 
vacuum. 349 
 350 



3.5. Time-Resolved Potentistatic Analysis19,32,33 351 
 352 
3.5.1. Prepare the measurement similar to the method described in 3.1.1–3.1.16 and put the 353 
argon (or nitrogen) pipe (through an additional hole in the electrode holder) and bubbling the 354 
solution at least 5 min prior to the measurement. After this, move the argon pipe above the 355 
solution level and keep the gas flow running for the measurement. 356 
 357 
3.5.2. Run the potentiostat software, choose the chronoamperometry procedure with the 358 
following settings: potential start potential to 0.00 V, upper potential to 1.0 V, lower potential to 359 
−1.00 V, duration as 5 s, interval time as 0.010 s, number of repeats to 10, and delay time to 10 360 
s. In the section Export ASCII data, define a filename and choose a folder to save the data. 361 
 362 
3.5.3. In the spectrometer software, choose File | New | High-speed Acquisition. A new window 363 
will appear; set up the following parameters: Integration Time—10 ms, Scans to Average—1, 364 
Boxcar Wirth—0, Number of Scans—10000. Do not click the Go button. 365 
 366 
3.5.4. In the potentiostat software, push the START button. When the countdown drops to 1 s, 367 
press the Go button in the spectrometer software. 368 
 369 
3.5.5. Note that it is not possible to see absorption results until the process finishes. 370 
 371 
3.5.6. Analyze the data to provide parameters. Use the information saved in the file such 372 
transmittance, current, voltage, and current density to provide working parameters: 373 
 374 
3.5.6.1. Calculate Optical Density (ΔOD), the absorbance of the test compound during doping 375 
(dedoping) with Equation 4: 376 
 377 

𝑂𝐷 = log (
𝑇𝑏

𝑇𝑐
)  (4) 378 

 379 
where Tb is transmittance in doped form, a “bleach” state [%], and Tc is transmittance in undoped 380 
form, a “colored” state [%]. 381 
 382 
3.5.6.2. Calculate Coloration Efficiency (CE, η), the amount of electrochromic color formed by the 383 
used amount of charge and as the connection between the injected/ejected charge as a function 384 
of electrode area (Qd) and the change in the optical density (ΔOD) value at a specific wavelength 385 
(λmax) with Equation 5. Its value depends on the wavelength chosen for study, so the value is 386 
measured at λmax of the optical absorption band of the colored state.  387 
 388 
 389 

𝐶𝐸 =  
 𝑂𝐷

𝑄𝑑
 (5) 390 

 391 
where ΔOD is the optical density [-] and Qd is the charge density [C/cm2]. 392 
 393 



3.5.6.3. Calculate the Contrast Ratio (CR), the measured intensity of color change during 394 
electrochemical doping and usually characterized by λmax of the colored form with Equation 6: 395 
 396 

𝐶𝑅 =  
𝑇𝑏

𝑇𝐶
 (6) 397 

 398 
where Tb is transmittance in doped form, “bleach” state [%], and Tc is transmittance in undoped 399 
form, “colored” state [%]. 400 
 401 
4. EPR Spectroelectrochemical Analysis 402 
 403 
4.1. Measurement preparation 404 
 405 
4.1.1. Turn on the spectrometer and the potentiostat. 406 
 407 
4.1.2. Fill the spectroelectrochemical cell with electrolyte (step 1.1).  408 
 409 
4.1.3. Set the power to 1 mW and tune the resonator to achieve a sharp, centered signal in Q-dip 410 
(use the autotuned option). 411 
 412 
4.1.4. Set the Mn marker (manganese standard) to 600 and close the Q-dip window. If there is 413 
no Mn marker, then skip this step and go to step 4.8.  414 
 415 

4.1.5. Set “sweep width ±” to 2.5 10 mT, “mod width ±” to 1.00.1 mT, “amplitude” to 5100, 416 
“time constant” to 0.03 s, and “center field” value to ca. 338 mT and start the measurement. 417 
 418 
4.1.6. If not registering six spectral lines of Mn marker, then change the “center field” value. 419 
 420 
4.1.7. When registering six spectral lines of Mn marker (Figure 4), set the “center field” value 421 
between third and fourth line and decrease the value of “sweep width ±” to a value that covers 422 
only these two lines. Start the measurement again. 423 
 424 
4.1.8. Go into the Q-Dip option, set the Mn marker to 0, and close the Q-dip window. 425 
 426 
4.1.9. Measure the pure electrolyte as the background and check if there are any signals. If the 427 
signals are visible, then the signal may be from the contamination, low oxidation potential 428 
compounds, or from the glass.  429 
 430 
4.1.10. Clean the spectroelectrochemical cell (step 1.3). 431 
 432 
4.2. Investigation of small molecules (solutions). 433 
 434 

4.2.1. Fill the spectroelectrochemical cell with a diluted (110−5 M) solution of the test compound 435 
in the electrolyte; put all three electrodes through the electrode holder to the cell in this manner 436 



so that the WE and RE are inside the spiral AE (Figure 1).  437 
 438 
4.2.1.1. Put the WE close to the bottom of the cell and the RE at the upper side of the active 439 
(metal not covered by PTFE) part of the WE (Figure 1). Place the cell equipped with an electrode 440 
inside in the sample cavity of the spectrometer and connect electrodes with a potentiostat 441 
(follow the information regarding the connection of each wire of the potentiostat to its respective 442 
electrode). 443 
 444 
4.2.2. Apply the potential corresponding to the onset of the first redox peak (value known from 445 
CV measurement). If a signal appears, then the equipment is set up properly.  446 
 447 
4.2.3. Go into the Q-Dip option, set the Mn marker to 600, close the Q-dip window, and start the 448 
measurement. The registration of signal with the signal of Mn marker allows calculation of the g-449 
factor of the received signal. 450 
 451 
4.2.4. Go into the Q-Dip option, set the Mn marker to 0, close the Q-dip window, and wait ca. 5 452 
min. 453 
 454 
4.2.5. Set the “center field” value in the center of the signal, decrease the value of “sweep width 455 
±” to a value that covers the signal, but does not cut off the beginning and ending of the signal 456 
(when “sweep width ±” is changed, check entire signal), and decrease the value of “mod width 457 
±” to get well-resolved spectra. 458 
 459 
4.2.6. If the signal is small, then increase the “amplitude” value and “time” (acquisition time) of 460 
the measurement. 461 
 462 
4.2.7. To decrease the signal to noise ratio, set the acquisition to 4, 9, or 16 depending on how 463 
noisy the signal is. If the signal is very noisy, select 16. 464 
 465 
4.3. Investigations of the polymeric layer deposited on the surface of the WE. 466 
 467 
4.3.1. Fill the spectroelectrochemical cell with an electrolyte solution (step 1.1). 468 
 469 
4.3.2. Put electrodes into the cell. Be careful not to destroy the polymeric layer on the WE. 470 
Connect the electrode with the potentiostat (step 4.2.1). 471 
 472 
4.3.3. Apply neutral potential (i.e. 0.00 V) to ensure that the compound is in a neutral state; this 473 
spectrum will be the starting EPR spectra. 474 
 475 
4.3.4. Increase potential by 0.10 V. Wait ca. 10 s until the process stabilizes and record the EPR 476 
spectra.  477 
 478 
4.3.5. Repeat step 4.3.4 when the EPR signal appears. 479 
 480 



4.3.6. Increase the potential by 0.05 V. Wait ca. 10 s until the process stabilizes and record the 481 
EPR spectra.  482 
 483 
4.3.7. Repeat step 4.3.6 until the first or second oxidation potential is achieved and so on (values 484 
of these potentials are known from CV measurement); then, reverse the potential and go back 485 
to starting potential. 486 
 487 
4.3.8. Apply the potential at which the EPR signal appeared in the previous cycle (4.3.5), go into 488 
the Q-Dip option, set the Mn marker to 600, close the Q-dip window, and start the measurement. 489 
Register the signal with the third and fourth spectral line of Mn marker (4.1.7). 490 
 491 
4.4. When the measurement is completed, analyze the data. 492 
 493 
4.5. Some of the analysis such as a number of spins can be only performed for the compounds 494 
deposited (insoluble polymers) on the WE. To calculate the number of spins, double-integrate 495 
the EPR signal, followed by a comparison of obtained value with calibrated Mn internal standard. 496 
Calculate the number of repeating units forming the polymer on the electrode using Equation 497 
724,32,33: 498 
 499 

𝑙𝑚𝑒𝑟 =
1

2
∙

𝑄𝑝𝑜𝑙𝑦𝑚

𝐹
∙ 𝑁𝐴  (7) 500 

 501 
where 𝑙𝑚𝑒𝑟 − number of repeating units in the polymer, Qpolym is the polymerization charge, F is 502 
the Faraday constant, and NA is the Avogadro number.  503 
 504 
4.6. To calculate doping charge, use the CV of deposited polymer recorded in a 505 
spectroelectrochemical cell before the EPR measurement, using Equation 8: 506 
 507 

𝑄𝑑(𝐸) =
∫ 𝑖𝑑𝐸

𝐸
𝐸0

𝑣
∙ 𝑒  (8) 508 

 509 
where Qd is the doping charge, i is the current, E is the set potential, E0 is the starting potential, 510 
v is the scan rate, and e is the elemental charge.  511 
 512 
4.7. Use calculated doping charge to calculate doping level, using Equation 9: 513 
 514 

∆𝐷 =
𝑄𝑑

𝑙𝑚𝑒𝑟
  (9) 515 

 516 
where ∆𝐷- doping level, Qd is the doping charge, and 𝑙𝑚𝑒𝑟 − number of repeating units in the 517 
polymer 518 
 519 
4.8. To calculate the number of bipolarons, assume an initial doping level equal to zero. Use the 520 
number of polarons per unit from the concentration of spins, so the number of bipolarons should 521 
be calculated using Equation 10. In the calculations, assume that the initial amount of bipolarons 522 



is zero and that faradaic current is much higher than that of non-faradaic current. 523 
 524 
𝐷 = 𝑧𝑝𝑛𝑝 + 𝑧𝑏𝑛𝑏  (10) 525 

 526 
where zi is the charge carrier’s elemental charge, ni is the number of charge carriers per polymer 527 
unit, (p) is the polarons, and (b) is the bipolarons.  528 
 529 
4.9. Extract the g-factor value from the EPR spectra. Determine using Mn as an internal standard 530 
(steps 4.2.3 and 4.3.8), knowing that the fourth manganese line in it has a g-factor of 2.03324. 531 
Calculate the line width of EPR signal as the distance in mT between minimum and maximum of 532 
the EPR signal. This value is important as it may tell where (on which atom) the radicals are 533 
formed.  534 
 535 
REPRESENTATIVE RESULTS: 536 
The most common application of CV analysis is the estimation of IP and EA. Even though there 537 
are a couple ways to obtain CV data, it is strongly recommended to calculate them based on the 538 
onset of redox peaks (Figure 3). This approach allows unifying the calculation procedure. Not all 539 
of the tested materials undergo reversible oxidation/reduction processes (Figure 3); in such 540 
situations, it is not possible to calculate based on average potentials (average from potentials 541 
correspond to a maximum of cathodic-reduction and anodic-oxidation peaks). However, it is 542 
almost always possible to run the tangent to a peak as shown in Figure 3. With the intersection 543 
with the background line and use of Equations 1 and 2, the IP and EA values are estimated as 544 
5.35 eV and −2.90 eV, respectively. There are also several different scales used to evaluate IP 545 
and EA based on CV measurements. The most commonly used scales for organic materials are 546 
−4.8 and −5.1 eV as equivalent to 0.00 V versus Normal Hydrogen Electrode (NHE). However, all 547 
of the scales are only an approximation; remember this when comparing different results. The 548 
crucial thing is to state what parameters were considered for calculations. In this case, the 549 
value −5.1 eV has been chosen as it should correspond to the formal potential of the ferrocene 550 
redox couple; in the Fermi scale, it is 0.40 V versus Saturated Calomel Electrode (SCE) in 551 
acetonitrile, which is in agreement with the previous measurement.  552 
 553 
There are many articles published regarding the analysis of CV. Herein, we show when the 554 
process is not going to be as it is expected. The analysis is based on thiophene derivative: NtVTh 555 
(structure shown in Figure 4), which undergoes degradation upon oxidation (Figure 5). 556 
 557 
NtVTh has two oxidation potentials: the first at 0.70 V and the second at 0.84 V (Figure 5). During 558 
the first cycle, the reduction peak is not observed, indicating an irreversible process. 559 
Electrochemical characteristics of NtVTh show that polymerization does not occur and after the 560 
first oxidation potential, some electro-inactive layer of reaction products deposits at the 561 
electrode surface, thus hindering the polymerization process. What is visible is the reaction with 562 
the radical cation on the vinyl bond, where the molecule is losing its conjugation and form dimers 563 
on the electrode.  564 
 565 
While it is difficult to extract information about charge carriers from the CV, it is possible to 566 



distinguish between polarons and bipolarons when supported by a UV-Vis-NIR spectrometer. The 567 
neutral poly(OiPrThEE) was characterized by two wide absorption π|π* transitions bands with 568 
peaks maxima at λmax1 = 363 nm and λmax2 = 488 nm, related to the aromatic form of the undoped 569 
polythiophene derivative. During the oxidative doping, new polaronic and bipolaronic bands are 570 
generated. The UV-Vis spectrum obtained during the poly(OiPrThEE) oxidation revealed the 571 
diminishing the neutral polymer absorption band (300–550 nm) (Figure 6) together with the 572 
formation of a new absorption band (550–950 nm) of the radical cations of bithiophene and p-573 
phenylenevinylene with maxima at 692 nm. The isosbestic point of the oxidation process was 574 
located at 604 nm. The bipolaronic band appeared between the 950 nm and 1700 nm with a 575 
maximum located at 1438 nm. 576 
 577 
EPR spectroscopy is the technique that detects materials with an unpaired electron, this includes 578 
organic radicals39. There are several parameters that could be extracted from EPR spectra, but 579 
one of the most interesting is to estimate where the radicals are localized. Electrons, similar to 580 
protons, possess spin. By placing an electron in an external magnetic field, this spin can be split 581 
two ways: parallel and antiparallel to the magnetic field, giving two energy levels. This 582 
phenomenon is known as the Zeeman effect40,41. In case of organic radicals, the unpaired 583 
electron interacts not only with the external magnetic field but also with magnetic nuclei (nuclei 584 
which have a nonzero spin; I≠0). A number of degenerate energy levels are equal to 2I + 1, where 585 
I is the spin quantum number of the nucleus with which the unpaired electron interacts42. The 586 
interaction of the unpaired electron with a larger number of magnetic nuclei leads to further 587 
splitting of the energy levels and to hyperfine structure of EPR spectra registration43 (Figure 7). 588 
For molecules where the unpaired electron interacts with an even larger number of nuclei, the 589 
individual spectral line could overlap, which results in registration of a single, broad signal44-46 590 
(Figure 8). This is typical for conjugated polymers, where the generated radical ion during a redox 591 
process is delocalized47,48. 592 
 593 
The combination of EPR spectroscopy with electrochemical methods allows the characterization 594 
of charge carriers (radical ion) generated during the redox process as well as the determination 595 
of the mechanism of these processes49,50. If well-resolved (peaks are separated; not in the form 596 
of one broad peak) spectra are registered, as in the case of electrochemical reduction of s-597 
tetrazine derivative (Figure 7), then the analysis of the hyperfine structure of spectra leads to 598 
conclusions about the localization of unpaired electron. One way to analyze this kind of spectra 599 
is to conduct simulation with special software and to fit simulated spectra with the experimental 600 
one51. This is especially helpful when the hyperfine structure is complex due to the interaction of 601 
the unpaired electron with large numbers of protons. In case of the s-tetrazine derivative shown 602 
in Figure 7, simulation of EPR spectra (red line) indicates the interaction of the unpaired electron 603 
with four nitrogen atoms of s-tetrazine.  604 
 605 
FIGURE AND TABLE LEGENDS: 606 
Figure 1: Electrochemical and spectroelectrochemical cells used for measurements. The figure 607 
presents the scheme setup of electrochemical/spectroelectrochemical cells using cyclic 608 
voltammetry, ultraviolet-visible and near-infrared (UV-Vis-NIR), and electron paramagnetic 609 
resonance (EPR) spectroelectrochemical measurements. 610 



 611 
Figure 2: Cyclic voltammetry (CV) of properly measured compound COPO1 (a) and the CV with 612 
an unstable reference potential dibenzothiophene-S,S-dioxide with ferrocene (b)52. The figure 613 
shows two cyclic voltammograms. (a) presents correctly registered CV and (b) shows a 614 
voltammogram registered using a reference electrode with no stable potential. 615 
 616 
Figure 3: Cyclic voltammetry (CV) of compound COPO1 in a wide range of potentials. Estimation 617 
of the onset potentials for EA and IP calculations of the COPO1 compounds52. EA=−2.90 eV and 618 
IP = 5.35 eV. 619 
 620 
Figure 4. EPR six spectral line of manganese standard. The paramagnetic signal of manganese 621 
used for calibration of the signal shift. 622 
 623 
Figure 5: Cyclic Voltammetry (CV) of compound NtVTh. Cyclic voltammograms of 15 mM NtVTh 624 
in 0.1 M Bu4NBF4/CH3CN and relative to ferrocene standard presenting the degradation process 625 
involved on working electrode. Scan rate 0.05 V/s: (a) was taken in the range −1.4 V to 0.8 V, and 626 
(b) in the range −1.4 V to 0.9 V. 627 
 628 
Figure 6: Ultraviolet-visible and near-infrared (UV-Vis-NIR) spectroelectrochemistry of 629 
poly(OiPrThEE) derivative. UV-Vis-NIR spectra presenting the evolution of absorption band 630 
through the generation of charge carriers on polymer structure. 631 
 632 
Figure 7: EPR spectroelectrochemical analysis of tetrazine derivative. (a) Structure of s-tetrazine 633 
derivative; (b) EPR spectra registered during electrochemical reduction of s-tetrazine derivative 634 
(black line-experimental and red line simulated spectrum). 635 
 636 
Figure 8: EPR spectroelectrochemical polaron signal of the conjugated polymer. Electron 637 
paramagnetic resonance (EPR) spectra registered during the first step of oxidation of conjugated 638 
polymer (EPR spectra of polaron species). 639 
 640 
Figure 9: Cyclic voltammetry (CV) of ferrocene and decamethylferrocene. Comparison of two 641 
electrochemical standards as pure and as mixture showing the shift of the potential. 642 
 643 
DISCUSSION: 644 
Electrochemical and spectroelectrochemical techniques have no limitations; one can analyze 645 
both solid state and liquid solutions in a broad range of temperature and other conditions with 646 
these techniques. The important thing in all of these cases is that compounds/materials are 647 
analyzed under the applied potential, replicating real world conditions for working organic 648 
electronics devices. The only difference is that in electrochemistry, the formation of charge 649 
carriers, is observed.  650 
 651 
The methods presented here show the usefulness of the analysis of charged carriers generated 652 
in organic compounds that correlate with their applicability in organic electronics. Moreover, the 653 
electrochemical and spectroelectrochemical techniques are cheaper and less demanding than 654 



that of typical methods used in charge carrier analysis, but there are some critical steps and 655 
modifications to the protocol that are needed depending on the obtained results. 656 
 657 
During electrochemical characterization, always start with a particular concentration. If a set of 658 
the compounds is compared, then all materials need to have the same molar concentration. The 659 
best is to start with 1 mM concentration and 50 mV/s scan rate as indicated in the protocol in 660 
this study, but it is good to know the concentration of the sample on the observed 661 
electrochemical behavior. Always try to measure at least three scans. The first two scans are 662 
usually different because the starting conditions (equilibrium) are different. The second and the 663 
third scans should be the same. If the second and third scans are the same, then there are 664 
probably no side reactions observed in this system (Figure 2a). In an oxidation process, a new 665 
peak at a lower potential appears showing that the conductive material was deposited on the 666 
WE18,19,24,25,29–32. If the height of the lower peak increases in successive scans, then probably the 667 
conjugated polymer was deposited18,19,24,25,29–32. If all the currents decrease in successive scans, 668 
then the nonconductive product of degradation was deposited on the electrode. If a very small 669 
peak is observed before the main oxidation or reduction peak (especially for polymers), then this 670 
is probably charge-trapping process19,23,31,34. If a very sharp dedoping peak of oxidation or 671 
reduction is observed, then this is probably caused by the decomposition of crystalline structures 672 
on an electrode formed through the electrocrystallization process during oxidation35. 673 
 674 
Always check the behavior of the test compound before, during, and after redox peaks. It means 675 
that at least three CV scans should be registered: with upper (in the case oxidation) or lower 676 
vertex potential lower or higher, respectively, then the potential of peak maximum, with upper 677 
or lower vertex potential set to exactly on the peak maximum and with vertex potentials higher 678 
(oxidation) and lower (reduction) than potential of the peak maximum. The observed process 679 
may vary and sometimes two processes may be observed under one peak theoretically. Always 680 
compare the collected cyclic voltammograms of the electrolyte (step 2.6), the ferrocene (step 681 
2.9), the compound (step 2.13), and the ferrocene with compound (step 2.19); there are several 682 
issues to be taken into account.  683 
 684 
Always compare the CV signals of the electrolyte and the test compound, if any signals from the 685 
electrolyte is visible on the cyclic voltammogram of the measured compound, then the 686 
electrolyte must be changed because its electrochemical window is too low, or the electrolyte is 687 
contaminated. If the signal (redox couple) of ferrocene (step 2.9) and ferrocene with compound 688 
(step 2.19) are at the same position, then everything is performed properly. If the peaks are 689 
shifted between each other, then check the RE and repeat the measurement. If the signal 690 
(oxidation, reduction, or redox couple potential) of the test compound with added ferrocene 691 
(step 2.19) is at a higher potential than that of the pure compound (step 2.13), then consider the 692 
values (oxidation, reduction, or redox couple potential) from the cyclic voltammogram of the 693 
pure compound. The shift is caused by the higher amount of ferrocene in the solution. When two 694 
oxidation processes are observed, the first process (oxidation or reduction) which is always on 695 
the WE may affect the active surface; this may cause an increase in the oxidation potential of the 696 
second process (Figure 9). 697 
 698 
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nonexclusive right to use all or part of the Article for the 
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or teaching classes, and to post a copy of the Article on the 
Institution's website or the Author's personal website, in 
each case provided that a link to the Article on the JoVE 
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display or otherwise assist with the Video, the Author 
hereby acknowledges and agrees that, subject to Section 7 
below, JoVE is and shall be the sole and exclusive owner of 
all rights of any nature, including, without limitation, all 
copyrights, in and to the Video. To the extent that, by law, 
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all applicable privacy, likeness, personality or similar laws.  
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authorized by each of the other such authors to execute this 
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respect to the terms of this Agreement as if each of them 
had been a party hereto as an Author. The Author warrants 
that the use, reproduction, distribution, public or private 
performance or display, and/or modification of all or any 
portion of the Materials does not and will not violate, 
infringe and/or misappropriate the patent, trademark, 
intellectual property or other rights of any third party. The 
Author represents and warrants that it has and will 
continue to comply with all government, institutional and 
other regulations, including, without limitation all 
institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy, and all other rules, regulations, 
laws, procedures or guidelines, applicable to the Materials, 
and that all research involving human and animal subjects 
has been approved by the Author's relevant institutional 
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assistance of JoVE in producing the Video in the Author's 
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employees, agents or independent contractors is in 
accordance with the relevant regulations of the Author's 
institution. If more than one author is listed at the 
beginning of this Agreement, JoVE may, in its sole 
discretion, elect not take any action with respect to the 
Article until such time as it has received complete, executed 
Article and Video License Agreements from each such 
author. JoVE reserves the right, in its absolute and sole 
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discretion andwithout giving any reason therefore, to 
accept or decline any work submitted to JoVE. JoVE and its 
employees, agents and independent contractors shall have 
full, unfettered access to the facilities of the Author or of 
the Author's institution as necessary to make the Video, 
whether actually published or not. JoVE has sole discretion 
as to the method of making and publishing the Materials, 
including, without limitation, to all decisions regarding 
editing, lighting, filming, timing of publication, if any, 
length, quality, content and the like.  
12. Indemnification. The Author agrees to indemnify 
JoVE and/or its successors and assigns from and against any 
and all claims, costs, and expenses, including attorney's 
fees, arising out of any breach of any warranty or other 
representations contained herein. The Author further 
agrees to indemnify and hold harmless JoVE from and 
against any and all claims, costs, and expenses, including 
attorney's fees, resulting from the breach by the Author of 
any representation or warranty contained herein or from 
allegations or instances of violation of intellectual property 
rights, damage to the Author's or the Author's institution's 
facilities, fraud, libel, defamation, research, equipment, 
experiments, property damage, personal injury, violations 
of institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy or other rules, regulations, laws, 
procedures or guidelines, liabilities and other losses or 
damages related in any way to the submission of work to 
JoVE, making of videos by JoVE, or publication in JoVE or 
elsewhere by JoVE. The Author shall be responsible for, and 
shall hold JoVE harmless from, damages caused by lack of 
sterilization, lack of cleanliness or by contaminationdue to 
the making of a video by JoVE its employees, agents or 
independent contractors. All sterilization, cleanliness or 

decontamination procedures shall be solely the 
responsibility of the Author and shall be undertaken at the 
Author's expense. All indemnifications provided herein 
shall include JoVE's attorney's fees and costs related to said 
losses or damages. Such indemnification and holding 
harmless shall include such losses or damages incurred by, 
or in connection with, acts or omissions of JoVE, its 
employees, agents or independent contractors.  
13. Fees. To cover the cost incurred for publication, 
Jo VE must receive payment before production and 
publication the Materials. Payment is due in 21 days of 
invoice. Should the Materials not be published due to an 
editorial or production decision, these funds will be 
returned to the Author. Withdrawal by the Author of any 
submitted Materials after final peer review approval will 
result in a US$1,200 fee to cover pre-production expenses 
incurred by JoVE. If payment is not received by the 
completion of filming, production and publication of the 
Materials will be suspended until payment is received. 
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assigned by JoVE and shall inure to the benefits of any of 
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deemed an original, but all of which together shall be 
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of this Agreement delivered by facsimile, e-mail or other 
means of electronic transmission shall be deemed to have 
the same legal effect as delivery of an original signed copy 
of this Agreement. 
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To the attention of editor of JOVE:  

Dear editor,  

On behalf of the authors, I would like to submit the revised manuscript entitled: “Using 

Cyclic Voltammetry, UV-Vis-NIR, and EPR spectroelectrochemistry to analyze organic 

compounds.” by Sandra Pluczyk, Marharyta Vasylieva and Przemysław Data to be reconsidered 

for publication in the JOVE journal.  

In the revised version of the manuscript we have introduced changes recommended by the JoVE 

Scientific Review Editor.  

We hope that the revisions made will meet the editor recommendations. 

 Sincerely yours, 

          Przemysław Data 

 

 

 

Changes recommended by the JoVE Scientific Review Editor: 
 
1. Please revise the following lines to avoid previously published text: 575-584 
It’s corrected 
2. As a UK author, please sign the UK Author License Agreement with open access selected. 
It’s signed 
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