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SUMMARY: 24 
A protocol of step-by-step Raman and IR spectroelectrochemical analysis is presented. 25 
 26 
ABSTRACT: 27 
In the presented work, two spectroelectrochemical techniques are discussed as tools for the 28 
analysis of the structural changes occurring in the molecule on the vibrational level of energy. 29 
Raman and IR spectroelectrochemistry can be used for advanced characterization of the 30 
structural changes in the organic electroactive compounds. Here, the step-by-step analysis by 31 
means of Raman and IR spectroelectrochemistry is shown. Raman and IR spectroelectrochemical 32 
techniques provide complementary information about structural changes occurring during an 33 
electrochemical process, i.e. allows for the investigation of redox processes and their products. 34 
The examples of IR and Raman spectroelectrochemical analysis are presented, in which the 35 
products of the redox reactions, both in solution and solid state, are identified. 36 
 37 
INTRODUCTION: 38 
The combination of electrochemical and spectroscopic techniques allows for the possibility of 39 
tracking the structural changes in molecules present at the electrode surface or in the solution, 40 
thus investigating the mechanism of the electrochemical processes. Spectroelectrochemical 41 
methods are typically used for the in-situ study of the mechanism of the reaction. The undoubted 42 
advantage over ex-situ measurements is the possibility of observing the signal arising for the 43 
intermediate products of processes or investigating the processes, in which products cannot be 44 
separated1. Among all spectroscopies, the Raman and infrared spectroscopies are the most 45 
powerful for analysis of electrochemical processes due to equipment availability and the often 46 
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non-destructive nature of the measurements.  47 
 48 
Infrared and Raman spectroscopies provide information about the vibrational structure of the 49 
species and thus the existing chemical bonds. Since the nature of the signals observed in both 50 
techniques is different, some vibrations may be active only in IR or Raman spectra, making them 51 
complementary to each other2. This should be taken into account, when planning 52 
spectroelectrochemical analysis and, if possible, the vibrational structure of an analyte should be 53 
examined using both IR and Raman spectroscopies. The best results are obtained when the 54 
changes in the structure are the result of the electrochemical process involving groups active in 55 
the certain technique. For example, the infrared spectroscopy would be ideal for processes 56 
involving –CO, –CN –NO or –NH groups’ formation or breakage3. It is always recommended to 57 
register differential spectra of the spectroelectrochemical investigation. Also, such spectra 58 
disclose changes in the signals with lower intensity allowing the tracking of changes in the 59 
structure of the aromatic systems. Additionally, differential spectra are always less complex as 60 
only changes are registered, which makes the interpretation of the spectra much easier.  61 
 62 
IR spectroelectrochemical experiments are mainly used for the monitoring of the soluble 63 
products, intermediates and reactants of the electrochemical reactions; such tests may be run on 64 
various systems, including organic, inorganic, or biochemical systems3-8. One should always 65 
remember that in the case of IR spectroscopy, solvents in which hydrogen bonding occurs, like 66 
water, should be avoided. 67 
 68 
There are several ways to proceed with IR and Raman measurements. In the case of IR 69 
spectroscopy, measurements can be done in the transmission mode, in which conventional IR 70 
cuvettes for liquids can be used. The optically transparent electrodes (e.g., boron-doped diamond 71 
electrode) or perforated electrodes (metal gauze working electrode) made of fine metal (Pt or 72 
Au) are usually used as the working electrodes in such transmission cells4,9. An example of the 73 
transmission spectroelectrochemical cell is presented in the Figure 1. 74 
 75 
In the second technique, instead of transmission, the reflectance mode is applied, thanks to the 76 
ATR (Attenuated Total Reflection) attachment10. This method allows analyzing both solutions 77 
and solid-state materials. Typically when using the method of external reflection absorption 78 
spectroscopy, in principle, any working electrode can be used, but only dissolved species can be 79 
investigated. However, in some cases, the ATR technique allows also for the investigation of 80 
processes in the solid state, using the internal reflection method5,8. A special cell is required for 81 
this technique, in which the fine metal sputtered on the ATR crystal acts as a working electrode 82 
(Figure 2). In some cases, even the ATR Ge crystal itself can act as an electrode (at least for not 83 
too high currents)5. 84 
 85 
The second technique is Raman spectroelectrochemistry; a technique combining both 86 
electrochemistry and Raman spectroscopy, commonly used in the investigation of the 87 
potentially-induced structural changes in the deposited layer of conjugated polymers11, like 88 
polyaniline12, polypyrroles13, polycarbazole14 or PEDOT15. Additionally to polymeric films, 89 
monolayers can be also tested19-21, though in this case metallic substrates, like gold or platinum, 90 
are preferred. The procedure of Raman spectroelectrochemical studies is analogical to other 91 
spectroelectrochemical techniques, i.e., a spectrometer must be coupled with a potentiostat and 92 
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the spectra of the film are acquired in the potentiostatic conditions under various potentials’ 93 
applied18. Typically, the three-electrode spectroelectrochemical cell can be constructed based on 94 
the classical quartz cuvette with electrodes mounted in a Teflon holder (Figure 3). The 95 
acquisition parameters, like the type of the laser, grating, etc., depend on the properties of the 96 
investigated layer. Selection of some parameters can be quite difficult, e.g., one has to remember 97 
that various excitation wavelengths can result in different spectra. Usually, the higher energy of 98 
incident light the more details are visible on the spectrum, but also the higher risk of 99 
fluorescence phenomena that hinders the analysis. Generally, it is very useful to obtain the UV-100 
Vis-NIR spectra of the analyte at first, in order to select the Raman excitation laser. The tunable 101 
lasers can be adjusted so that the excitation wavelength induces coincidence with an electronic 102 
transition of the molecule, resulting in the resonance Raman scattering. In this case, the 103 
increasing Raman scattering intensity in chosen regions of the spectra or even formation of new 104 
signals is observed that would not be registered typically. The analysis of the structural changes 105 
consists in the assignment of recorded Raman bands, which can be done based on the literature 106 
data or DFT simulations23.  107 
 108 
PROTOCOL: 109 
 110 
1. Preparation of the Experiment 111 
 112 
1.1. Cleaning procedure24 113 
 114 
Note: The typical spectroelectrochemical cell consists of a platinum mesh(wire) or ITO working 115 
electrode (WE), Ag/AgCl or Ag electrode as a reference electrode (RE) and platinum coil or wire 116 
as an auxiliary electrode (AE) (Figure 1). All electrodes must be cleaned before use.  117 
 118 
1.1.1. Rinse a quartz ITO electrode with deionized water from the wash bottle. Then place it in 119 
an ultrasonic bath in a beaker filled with acetone for 15 minutes at room temperature and then in 120 
a beaker filled with isopropanol for the next 15 minutes. The higher ultrasound bath power that is 121 
used, the better result of cleaning.  122 
 123 
1.1.2. Let the electrode dry in the air.  124 
 125 
1.1.3. Burn platinum mesh or wire working electrode using a high-temperature torch (at least 126 
500 ⁰ C) until it gets red (approximately 1 min). Remove it from the fire, when it turns red and 127 
then cool it in the air to room temperature (approximately 1 min). Be careful to not melt the 128 
mesh electrode.  129 
 130 
1.1.4. Polish the gold working electrode with emery paper (grit 2000) and then with 1 μm 131 
alumina. Ultrasonicate in deionized water for 5 minutes. Afterwards, rinse the electrode three 132 
times with the solvent used for the measurements. Use working electrodes directly after cleaning. 133 
 134 
1.1.5. Burn the active area of the auxiliary electrode (platinum wire or spiral) using a high-135 
temperature gas torch (at least 500 ⁰ C) until it gets red (approximately 1 min) and then cool in 136 
the air to room temperature.  137 
 138 
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1.1.6. Take the reference electrode out from the storage electrolyte and wash it three times with 139 
the solvent used for the measurements.  140 
 141 
1.1.7. Clean the spectroelectrochemical vessel with alcohol (ethanol or isopropanol) or acetone 142 
using a syringe and air dry. Clean all other elements (i.e., Teflon parts) with acetone and air dry 143 
before use (minimum 1 minute).  144 
 145 
1.2. Prepare at least 10 mL of the supporting electrolyte solution. The electrolyte solution 146 
should fulfil the same requirements as for standard electrochemical experiments, i.e., its 147 
concentration should be at least 100 times higher than the concentration of the analyte. An 148 
example electrolyte could be 0.2 M solution of Bu4NPF6 in dry acetonitrile or dichloromethane 149 
and a sample concentration of 1 mM. Water solutions, like 1 M H2SO4(aq), can be also used for 150 
Raman spectroscopy. If it is possible, use solvent and electrolyte of the highest purity.  151 
 152 
1.3. In the case of spectroelectrochemistry of an analyte present in solution, prepare at least 1 153 
mL of an analyte solution at 1 mM concentration in the electrolyte solution. 154 
 155 
1.4. Put the argon (or nitrogen) Teflon pipe in the solution and start bubbling it for at least 5 156 
min, in order to remove residual oxygen from the solution. Control the gas flow, so that only 157 
small bubbles appear at the solution surface. Do not use too high gas flow; otherwise, the solvent 158 
will evaporate from the vessel. In order to reduce solvent evaporation, a gas saturated with the 159 
solvent can be used. In this case, the inert gas must flow through a container with dry solvent 160 
before flowing to your electrolyte solution.  161 
 162 
2. IR Spectroelectrochemistry 163 
 164 
2.1. Run electrochemical (cyclic voltammetry) tests on the analyte before starting the 165 
spectroelectrochemical analysis7, so that the potential range, in which the redox processes occur, 166 
or the reversibility of the redox processes, can be determined.  167 
 168 
2.2. Assemble the experimental cell equipped with three electrodes (working mesh platinum, 169 
auxiliary and reference) as presented in Figure 1. Ensure there is no leakage by filling it with the 170 
pure solvent. In the case of leakage, correct the mounting of the cell. When the cell is tight, 171 
remove the solvent with the syringe.  172 
 173 
2.3. Turn on the IR spectrometer and the corresponding software.  174 
 175 
2.4. Put the cuvette in the spectrometer holder. Fill the cuvette with the 2 mL of the analyte 176 
solution. Immerse the part of the working electrode that will be irradiated with the incident 177 
beam, as well as the reference and auxiliary electrodes in the solution.  178 
 179 
2.5. Connect the electrodes with corresponding wires going from the potentiostat using 180 
crocodile clamps. Ensure to not short circuit the electrodes (they should not touch each other).  181 
 182 
2.6. Set the parameters of the spectra acquisition (spectrum range and resolution, the number 183 
of spectra to repeat in the case of FTIR). An example of typical parameters are as follows: 184 
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spectrum range of 600-4000 cm-1, resolution of 1 cm-1, the number of spectra to repeat at 16.  185 
 186 
2.7. Collect the IR spectrum by pressing the corresponding button on the spectrometer or in 187 
the software. Here, press the Background button to register a background and then press Scan 188 
button to collect spectrum.  189 
 190 
2.8. Using the connected potentiostat apply a potential of 0.0 V to the working electrode and 191 
collect the IR spectrum (press the Scan button). Save the spectrum giving it an appropriate 192 
filename.  193 
 194 
2.9. Change the applied potential, typically increase by 100 mV, wait for 5 s, collect another 195 
IR spectrum and save it under the appropriate filename. Repeat this step until reaching the entire 196 
potential range, in which oxidation/reduction processes may occur.  197 
 198 
2.10. In order to check the reversibility of the structural changes during electrochemical 199 
oxidation or reduction, return to an initial potential (0.0 V) and collect the IR spectrum again. 200 
Either apply an increment of 100 mV or go straight back to the initial potential.  201 
 202 
2.11. Subtract the initial spectrum from all other spectra to obtain differential spectra. Then, 203 
determine a straight line as the baseline by subtracting the neutral spectrum from itself in the 204 
software.  205 
 206 
2.11.1. From the menu Process, chose Arithmetic. 207 
 208 
2.11.2. In the newly opened window (Arithmetic settings), chose the operator from the 209 
dropdown list Subtract (-).  210 
 211 
2.11.3. Select Operand and then select the spectrum registered at 0.0 V from the dropdown list.  212 
 213 
2.11.4. To confirm the operation, press OK.  214 
 215 
2.11.5. To export data to a spreadsheet, choose File | Send To | Excel.  216 
 217 
2.12. When finishing the spectroelectrochemical measurement, register a CV of the solution 218 
(refer to point 2.1 of the protocol). Then add the appropriate amount of ferrocene to receive its 219 
concentration of app 0.5 mM and register the CV again.  220 
 221 
Note: Ferrocene is used as a standard as its oxidation potential occurs at 4.8 eV. By recalculating 222 
the oxidation/reduction potentials of the sample vs. ferrocene, estimate the proper potential of the 223 
registered process and unify your data. 224 
 225 
3. IR Spectroelectrochemistry in a Reflectance Mode 226 
 227 
3.1. Perform the same measurement procedure as for the transmission mode. The only 228 
difference is in the cell assembly (2.4) which is different for each kind of experimental cell.  229 
 230 



Page 6 of 16   
 

4. Raman Spectroelectrochemistry 231 
 232 
4.1. Run the electrochemical (cyclic voltammetry) tests on the analyte before starting the 233 
spectroelectrochemical analysis7, so that the potential range, in which the redox processes occur, 234 
or the reversibility of the redox processes, can be determined.  235 
 236 
4.2. Deposit the layer of interest on the wire or plate electrode by electrochemical 237 
polymerization or by dip casting method12.  238 
 239 
4.3. Turn on the Raman spectrometer, laser and the corresponding software.  240 
 241 
4.4. Put the experimental cell together. Place the three electrodes (working, reference and 242 
auxiliary) in the cuvette, so that they do not touch each other, as presented in the Figure 2. The 243 
best is to use a Teflon holder, well-fitting the cuvette.  244 
 245 
4.4.1. Place the working electrode (or working electrode covered with the deposited film) as 246 
close to the cuvette wall facing the incoming incident beam as possible, but do not press it to the 247 
wall (leave some space so the solution can flow easily between the cuvette wall and the working 248 
electrode).  249 
 250 
4.5. Fill the cuvette with the electrolyte or analyte solution using a syringe (approximately 2 251 
mL). Immerse all electrodes in the solution.  252 
 253 
4.6. Put the cuvette into the holder in the Raman spectrometer and connect the electrodes with 254 
corresponding wires going from the potentiostat using crocodile clamps. Ensure that electrodes 255 
or connectors do not touch each other.  256 
 257 
4.7. If the spectrometer is equipped with a camera, focus it onto the film deposited on the 258 
working electrode manually and/or using the software. A clear view of the working electrode 259 
surface should be visible.  260 
 261 
4.8. Close the spectrometer’s cover.  262 
 263 
4.9. Choose the type of the laser desired and the corresponding grating based on the literature 264 
data or self-experience (for example the near infra-red 830 nm excitation laser and 1200 lines 265 
grating can be used).  266 
 267 
Note: The higher energy of the incident beam light the more accurate spectra can be obtained, 268 
but also the greater risk of fluorescence, which prevents spectrum analysis. The choice of the 269 
grating type will change the range and/or resolution of acquired spectra. Typically, the most 270 
appropriate laser and grating can be selected by testing all available.  271 
 272 
4.10. Focus the laser beam on the working electrode surface using the software. If the 273 
spectrometer is equipped with a camera, the position at which the sharpest dot or line of the 274 
incident beam light on the sample is observed.  275 
 276 
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4.11. Set the parameters of the spectra acquisition: laser power, spectral range, time of 277 
illumination of the sample etc. The choice of the parameters depends on the type of the film 278 
or/and the substrate and should be selected individually. Do not use too high laser power; 279 
otherwise the sample is destroyed. Example parameters are as follows: laser power - 1%, spectra 280 
range – 400-3200 cm-1, time of illumination - 1 s, measurement repeated 3 times.  281 
 282 
4.12. Collect the Raman spectrum by pressing the corresponding button on the spectrometer or 283 
in the software. If the intensity of the peaks on the registered spectra is weak, increase the power 284 
or acquisition time. A broadband in the spectra indicates the fluorescence phenomena. In this 285 
case, change the incident beam light to less energetic (higher wavelength) or try decreasing the 286 
laser power.  287 
 288 
4.13. Apply a potential of 0.0 V to the working electrode using the connected potentiostat and 289 
collect the Raman spectrum. Save the spectrum giving it an appropriate filename. 290 
 291 
4.14. Change the applied potential, typically increasing by 100 mV, wait for approximately 5 s, 292 
collect another spectrum and save it under the appropriate filename. Repeat this step until 293 
reaching the entire potential range where oxidation/reduction processes occur.  294 
 295 
4.15. In order to check the reversibility of the structural changes during electrochemical 296 
oxidation or reduction, return to the initial potential (0 V) and collect Raman spectrum again.  297 
 298 
4.16. When the spectroelectrochemical measurements are finished, register a CV of an analyte 299 
(present in solution or deposited on the electrode). Then, in the case of aprotic solutions, add the 300 
appropriate amount of ferrocene to obtain its concentration of app 0.5 mM and register the CV 301 
again.  302 
 303 
Note: Ferrocene is used as a standard, as its oxidation potential occurs at 4.8 eV. By 304 
recalculating the oxidation/reduction potentials of the sample vs. ferrocene, the proper potentials 305 
of registered processes can be determined.  306 
 307 
REPRESENTATIVE RESULTS: 308 
The structural changes of the monomer and polymer occurring during the doping are very useful 309 
to determine the mechanism of the process and for that, the IR spectroelectrochemical 310 
investigation can be conducted (Figure 4). In the example experiment, IR spectra were recorded 311 
in the differential form i.e. IR spectra of the investigated compound were taken as a reference. 312 
Such an approach allows for the exposure of the changes in the spectra occurring during 313 
polymerization: the disappearance of bonds are thus seen as a positive signal (increasing 314 
transmittance) while the formation of the new bonds is seen as negative peaks (decreasing 315 
transmittance) (Figure 4). 316 
 317 
IR spectra recorded during analyte electropolymerization are shown in the Figure 4. As it can be 318 
seen, some changes occur at around 1600 cm-1, suggesting the disappearance of some of the 319 
material’s double bonds. The most important are changes in the region between 700 - 900 cm-1: 320 
the increase in the transmittance at 750 and 675 cm-1 indicates the disappearance of the 321 
monosubstituted ring, simultaneously a new signal arising from the disubstituted ring appears 322 
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around 830 cm-1. Based on the presented IR spectroelectrochemical experiment, the mechanism 323 
of the electropolymerization consisting in the reaction of the vinyl group with the free benzene 324 
ring is proposed. 325 
 326 
In the presented example of Raman spectroelectrochemical studies, the potentially-induced 327 
structural changes of polyaniline film deposited on the electrografted layer of aniline (Figure 5) 328 
are investigated. The Raman spectra were recorded under potentiostatic conditions in the 1 M 329 
H2SO4 solution in the 800 - 1700 cm-1 range using 830 nm excitation laser and 1200 lines grating 330 
25.  331 
 332 
The Raman spectroelectrochemistry results of polyaniline electropolymerized on the 333 
electrografted gold substrate (PANi/amino/Au) are shown in the Figure 5. The signal assignment 334 
was based on the literature data11,26-28. At the starting potential of 0 mV, the bands at 1178 cm-1, 335 
1265 cm-1 and 1608 cm-1arising from the C-H in-plane bending, C-N stretching, and C-C 336 
stretching respectively, are observed and confirm that the polyaniline below the potential of A-337 
redox couple exists in the leucoemeraldine form. The increase in the applied potential above the 338 
potential of the first redox couple (A) causes the formation of the C-N stretching bands at 1239 339 
cm-1 and 1264 cm-1, and semiquinone polyaniline structure that is indicated by two overlapping 340 
peaks within the 1300-1420 cm-1 region. Further increase in the potential up to 500-700 mV, i.e. 341 
above the potential of the second redox couple (B), causes a correlated growth of three bands: at 342 
1235 cm-1 – C-N stretching, at 1483 cm-1 – C=N stretching and at 1590 cm-1 – C=C stretching, 343 
which are characteristic for the deprotonated quinoid ring. This is accompanied by the decrease 344 
in the relative intensity of the 1335 cm-1 band, indicating the transition of polyaniline into the 345 
pernigraniline form.  346 
 347 
Figure 1: Scheme of transmission IR-spectroelectrochemistry cell (a) and its side view after 348 
assembly (b).  349 
 350 
Figure 2: Schemes of reflectance cells for IR-spectroelectrochemistry. External reflectance 351 
cells a) and b) are used for the investigation of solute species. Internal reflectance cell c) is 352 
used for the investigation of species adsorbed on the electrode.  353 
 354 
Figure 3: Schemes of Raman spectroelectrochemical cell 355 
 356 
Figure 4: IR spectra of the monomer at various potentials applied 357 
 358 
Figure 5: Raman spectra of polyaniline at a different potential; insert: CV curve recorded 359 
for the polyaniline film 360 
 361 
DISCUSSION: 362 
Both IR and Raman techniques are recommended for the investigation of the structural changes 363 
occurring under applied potential and for the investigation of the products of the redox reaction. 364 
However, from the practical point of view, Raman spectroscopy is handier as an analytical tool 365 
in such experiments. Raman spectroelectrochemistry gives more possibilities, as it can be also 366 
applied to samples with nonpolar bonds. It has been therefore successfully used for the 367 
investigation of carbon materials, polymers, batteries, etc.29-33 Since the scattered light is 368 
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measured substantially in Raman spectroscopy, there are generally no limits in the working 369 
electrode material or construction. Additionally, as used herein, incident light (UV-Vis-NIR) is 370 
poorly absorbed by the glass, which allows for the use of a standard electrochemical cell. The 371 
great advantage is also the possibility of conducting measurements outside the spectrometer 372 
through fiber optics. In order to register a Raman spectrum, the incident light needs to be 373 
properly focused on the sample. By focusing the light beam at different locations of the 374 
measuring cell, it can be decided if the changes in chemical composition occurring in the 375 
solution, e.g. near the electrode, or in the species adsorbed on the electrode surface are followed.  376 
 377 
The use of Raman spectroscopy with an appropriate resolution also allows for the study of the 378 
profile of the solid samples, either on the surface or in its depths, also in the multi-layer 379 
structures.34-37 One can, therefore, get information about the surface topography, the distribution 380 
of different chemical species at the surface or in cross-section. Raman spectroelectrochemistry 381 
permits in situ tracking of the changes of all these features during redox processes and thus 382 
estimate the quality of the individual layers, the durability of the system during multiple 383 
oxidation/reduction cycles, or studying the diffusion in multilayer structures. The versatility of 384 
Raman spectroelectrochemistry lies in the fact that it can be used to examine both the 385 
electrochemical processes in a solution or solid state in a typical experimental cell or even test 386 
multilayer solid structures like LEDs, batteries, OPVs, etc.  387 
 388 
The undoubted disadvantage of Raman spectroscopy and, thus also spectroelectrochemistry, is 389 
its limitation due to observed fluorescence, which often makes it impossible to analyze the 390 
spectrum. This phenomenon can be in some cases eliminated by changing the excitation 391 
wavelength or preliminary illumination - photo-bleaching.  392 
 393 
ACKNOWLEDGMENTS: 394 
The research leading to these results has received funding from the European Union’s Horizon 395 
2020 research and innovation programme under the Marie Skłodowska-Curie grant agreement 396 
No 674990 (EXCILIGHT). We thank the networking action funded from the European Union’s 397 
Horizon 2020 research and innovation programme under grant agreement No 691684. 398 
 399 
DISCLOSURES: 400 
The authors have nothing to disclose. 401 
 402 
REFERENCES: 403 
1. Gale, R.J., Spectroelectrochemistry. Theory and practice. Springer (1988). 404 
2. Smith, E., Dent, G., Modern Raman Spectroscopy - A Practical Approach. John Wiley & 405 
Sons, Ltd (2005). 406 
3. Stuart, B., Infrared Spectroscopy: Fundamentals and Applications. Wiley (2004). 407 
4. Kaim, W., Klein, A. Spectroelectrochemistry. Royal Society of Chemistry (2008). 408 
5. Nalwa, H.S. Advanced Functional Molecules and Polymers Vol. 2. Overseas Publishers 409 
Association (2001). 410 
6. Bullock, J.P., Boyd, D.C., Mann, K.R. In situ infrared spectroelectrochemistry studies of 411 
ferrocene, [Rh2(dimen)2(dppm)2](PF6)2 and (mes)Cr(CO)3 (dimen = 1,8-diisocyanomenthane; 412 
dppm = bis(diphenylphosphino)methane); mes = mesitylene). A useful technique for the 413 



Page 10 of 16   
 

characterization of electrochemically generated organometallic species. Inorg Chem.26, 3084–414 
3086, doi:10.1021/ic00266a004 (1987). 415 
7. Lapkowski, M., Zak, J., Karon, K., Marciniec, B., Prukala, W. The mixed carbon–416 
nitrogen conjugation in the carbazole based polymer; the electrochemical, UVVis, EPR, and IR 417 
studies on 1,4 bis[(E)2-(9H-carbazol-9-yl)vinyl]benzene. Electrochim Acta 56, 4105–4111, 418 
doi:10.1016/j.electacta.2011.01.114 (2011).  419 
8. Ashley, K., Pons, S. Infrared Spectroelectrochemistry. Chem Rev. 88, 673-695, 420 
doi:10.1021/cr00086a006 (1988). 421 
9. Martin, H.B., Morrison P.W. Application of a Diamond Thin Film as a Transparent 422 
Electrode for In Situ Infrared Spectroelectrochemistry. Electrochem Solid-State Lett.4, 17-20, 423 
doi:10.1149/1.1353162 (2001). 424 
10. Kulesza, P.J., Malik, M.A., Denca, A., Strojek, J., In Situ FT-IR/ATR 425 
Spectroelectrochemistry of Prussian Blue in the Solid State. Anal. Chem. 1996, 68, 2442-2446, 426 
DOI:10.1021/ac950380k (1996). 427 
11. Visy, C. In situ Combined Electrochemical Techniques for Conducting Polymers. 428 
Springer (2017). 429 
12. Lapkowski M., Berrada K., Quillard S., G. Louarn, L. S., A. Pron Electrochemical 430 
Oxidation of Polyaniline in Nonaqueous Electrolytes: “In Situ” Raman Spectroscopic Studies. 431 
Macromolecules. 28, 1233–1238, doi:10.1021/ma00108a061 (1995). 432 
13. Santos, M.J.L., Brolo, A.G., Girotto, E.M. Study of polaron and bipolaron states in 433 
polypyrrole by in situ Raman spectroelectrochemistry. ElectrochimActa.52, 6141–6145, 434 
doi:10.1016/j.electacta.2007.03.070 (2007). 435 
14. Laba, K. et al. Electrochemically induced synthesis of poly(2,6-carbazole). Macromol 436 
Rapid Commun. 36, 1749-1755, doi:10.1002/marc.201500260 (2015). 437 
15. Garreau, S., Louarn, G., Buisson, J.P., Froyer, G., Lefrant, S. In Situ 438 
Spectroelectrochemical Raman Studies of Poly (3, 4-ethylenedioxythiophene) (PEDT). 439 
Macromolecules. 32, 6807–6812, doi:10.1021/ma9905674 (1999). 440 
16. Mazeikiene. G., Niaura, R., Malinauskas, A. In situ Raman spectroelectrochemical study 441 
of redox processes at poly (Toluidine blue) modified electrode, ElectrochimActa.53, 7736–7743, 442 
doi:10.1016/j.electacta.2008.05.050 (2008).  443 
17. Lukkari, J., Kleemola, K., Meretoja, M., Ollonqvist, T., Kankare, J. Electrochemical 444 
post-self-assembly transformation of 4-aminothiophenol monolayers on gold electrodes. 445 
Langmuir. 14, 1705–1715, doi:10.1021/la970931x (1998). 446 
18. Ju, H., Xiao, Y., Lu, X., Chen, H. Electrooxidative coupling of a toluidine blue O 447 
terminated self-assembled monolayer studied by electrochemistry and surface enhanced Raman 448 
spectroscopy. J Electroanal Chem.518, 123–130, doi:10.1016/S0022-0728(01)00702-1 (2002). 449 
19. Virdee, H.R., Hester, R.E. Surface-Enhanced Raman Spectroscopy of Thionine-modfied 450 
Gold Electrodes. Laser Chem.9, 401–416, doi:10.1155/LC.9.401 (1988). 451 
20. Itoh, T., McCreery, R.L. In situ Raman spectroelectrochemistry of electron transfer 452 
between glassy carbon and a chemisorbed nitroazobenzene monolayer. J Am Chem Soc.124, 453 
10894–10902, doi:10.1021/ja020398u (2002). 454 
21. Rosario-Castro, B.I., Fachini, E.R., Hernández, J., Pérez-Davis, M.E., Cabrera, C.R. 455 
Electrochemical and surface characterization of 4-aminothiophenol adsorption at polycrystalline 456 
platinum electrodes. Langmuir.22, 6102–6108, doi:10.1021/la0522193 (2006). 457 



Page 11 of 16   
 

22. Piwowar, K., Blacha-Grzechnik, A., Turczyn, R., Zak, J. Electropolymerized 458 
phenothiazines for the photochemical generation of singlet oxygen. Electrochim Acta.141, 182–459 
188, doi:10.1016/j.electacta.2014.07.052 (2014). 460 
23. Mazeikiene, R., Niaura, G., Eicher-Lorka, O., Malinauskas, A. Raman 461 
spectroelectrochemical study of Toluidine Blue adsorbed and electropolymerized at a gold 462 
electrode. Vib Spectrosc. 47, 105–112, doi:10.1016/j.vibspec.2008.02.018 (2008). 463 
24. Data, P. et al. Electrochemically Induced Synthesis of Triphenylamine-based 464 
Polyhydrazones. Electrochim Acta 230, 10–21, doi:10.1016/j.electacta.2017.01.132 (2017). 465 
25. Blacha-Grzechnik, A., Turczyn, R., Burek, M., Zak, J. In situ Raman spectroscopic 466 
studies on potential-induced structural changes in polyaniline thin films synthesized via surface-467 
initiated electropolymerization on covalently modified gold surface. Vib Spectrosc.71, 30–36, 468 
doi:10.1016/j.vibspec.2014.01.008 (2014). 469 
26. Baibarac, M. et al. SERS spectra of polyaniline thin films deposited on rough Ag, Au and 470 
Cu . Polymer film thickness and roughness parameter dependence of SERS spectra. Synth 471 
Met.96, 63–70, doi:10.1016/S0379-6779(98)00065-4 (1998). 472 
27. Mazeikiene, R. et al. Raman spectroelectrochemical study of polyaniline and sulfonated 473 
polyaniline in solutions of different pH. Vib Spectrosc. 44, 201–208, 474 
doi:10.1016/j.vibspec.2006.09.005 (2007). 475 
28. Jiao, L.S. et al. In situ electrochemical SERS studies on electrodeposition of aniline on 4-476 
ATP/Au surface, J Solid State Electrochem.10, 886–893, doi:10.1007/s10008-005-0021-y 477 
(2006). 478 
29. Sun, S.G., Christensen, P.A., Wieckowski, A. In-situ Spectroscopic Studies of Adsorption 479 
at the Electrode and Electrocatalysis. Elsevier. 2011  480 
30. Trznadel, M. et al. UV–VIS–NIR and Raman spectroelectrochemistry of regioregular 481 
poly(3-octylthiophene): comparison with its non-regioregular analogue. J Chem Soc, Faraday 482 
Trans.92, 1387-1393 doi:10.1039/FT9969201387 (1996). 483 
31. Kalbac, M. et al. Raman Spectroscopy and in Situ Raman Spectroelectrochemistry of 484 
Bilayer 12C/13C Graphene. Nano Lett.11, 1957–1963, doi:10.1021/nl2001956 (2011).  485 
32. Jeanmaire, D.L., Van Duyne, R.P. Surface Raman spectroelectrochemistry: Part I. 486 
Heterocyclic, aromatic, and aliphatic amines adsorbed on the anodized silver electrode. J 487 
Electroanal Chem Inter Electrochem.84, 1-20, doi:10.1016/S0022-0728(77)80224-6 (1977). 488 
33. Panitz, J.C., Joho, F., Novák, P. In situ Characterization of a Graphite Electrode in a 489 
Secondary Lithium-Ion Battery Using Raman Microscopy. Appl Spectrosc. 53, 1188-1199, 490 
doi:10.1366/0003702991945650 (1999).  491 
34. Bonhomme, F., Lassègues, J. C., Servant, L. Raman Spectroelectrochemistry of a Carbon 492 
Supercapacitor. J Electrochem Soc.148, 450-458, doi:10.1149/1.1409546 (2001).  493 
35. Vyörykkä, J. et al. Analysis of depth profiling data obtained by confocal Raman 494 
microspectroscopy. Appl Spectrosc. 57, 1123-1238, doi:10.1366/00037020360695982 (2003).  495 
36. Rey, I., Bruneel, J.L., Grondin, J., Servant, L., Lassègues, L.S. Raman 496 
Spectroelectrochemistry of a Lithium/Polymer Electrolyte Symmetric Cell. J Electrochem Soc. 497 
145, 3034-3042, doi:10.1149/1.1838759 (1998). 498 
37. Adar, F. Depth Resolution of the Raman Microscope: Optical Limitations and Sample 499 
Characteristics. Spectroscopy. Available online: http://www.spectroscopyonline.com/ depth-500 
resolution-raman-microscope-optical-limitations-and-sample-characteristics (2018). 501 
 502 

http://asp.sagepub.com/search?author1=J.-C.+Panitz&sortspec=date&submit=Submit
http://asp.sagepub.com/search?author1=F.+Joho&sortspec=date&submit=Submit
http://asp.sagepub.com/search?author1=P.+Nov%C3%A1k&sortspec=date&submit=Submit
https://www.ncbi.nlm.nih.gov/pubmed/?term=Vy%C3%B6rykk%C3%A4%20J%5BAuthor%5D&cauthor=true&cauthor_uid=14611042
https://www.ncbi.nlm.nih.gov/pubmed/14611042
http://www.spectroscopyonline.com/fran-adar


Figure1 Click here to download Figure Figure 1.tif 

http://www.editorialmanager.com/jove/download.aspx?id=772926&guid=2aab2845-5c42-4f23-a366-a3533acf5501&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=772926&guid=2aab2845-5c42-4f23-a366-a3533acf5501&scheme=1


Figure2 Click here to download Figure Figure 2.tif 

http://www.editorialmanager.com/jove/download.aspx?id=772927&guid=62badf56-e555-4f67-a2f3-c4ee51fd1c77&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=772927&guid=62badf56-e555-4f67-a2f3-c4ee51fd1c77&scheme=1


Figure3 Click here to download Figure Figure 3.tif 

http://www.editorialmanager.com/jove/download.aspx?id=772928&guid=447f2025-7152-4aa5-a0fa-7aef12d759c2&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=772928&guid=447f2025-7152-4aa5-a0fa-7aef12d759c2&scheme=1


Figure4 Click here to download Figure Figure 4.tif 

http://www.editorialmanager.com/jove/download.aspx?id=772929&guid=64fe8210-9f53-47ba-a707-833aa818fbab&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=772929&guid=64fe8210-9f53-47ba-a707-833aa818fbab&scheme=1


Figure5 Click here to download Figure Figure 5.tif 

http://www.editorialmanager.com/jove/download.aspx?id=772930&guid=ed7ddfdf-7db2-4186-a188-4efc087527ce&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=772930&guid=ed7ddfdf-7db2-4186-a188-4efc087527ce&scheme=1


Name of Material/ Equipment Company Catalog Number Comments/Description

Potentiostat Metrohm Autolab PGSTAT100

Raman microscope Renishaw inVia

FT-IR Spectrometer PerkinElmer Spectrum Two 

Bu4NBF4

Sigma-

Aldrich 86896

DCM

Sigma-

Aldrich 443484

Isopropanol

Sigma-

Aldrich 675431

Acetone
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