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Abstract 

The studies of hexavalent or trivalent chromium coatings via vibrational spectroscopy have been 
revised. The coatings can be formed via a conversion bath or electrodeposition from aqueous solutions. 
Most of these studies are related to the process of forming hexavalent chromium conversion coatings. 
In this case, there is a profound understanding of the system when vibrational spectroscopy is used in 
combination with other techniques; for example, synchrotron infrared microspectroscopy confirmed 
that ferricyanide is a mediator that oxidizes aluminum in the acceleration mechanism for coating 
formation. When pitting corrosion occurs, the zones with high Cr(VI) contents migrate to repair the 
coating in other zones. However, the toxicity of hexavalent chromium species has restricted their use in 
surface finishing, and they have slowly been replaced by trivalent chromium species. Vibrational 
spectroscopy revealed the formation mechanism of trivalent chromium conversion on an aluminum 
alloy. The undesired presence of Cr(VI) in these coatings is promoted by the presence of hydrogen 
peroxide in the bath. Raman spectroscopy combined with X-ray photoelectron spectroscopy (XPS) was 
used to determine the mechanisms of the inhibition of the formation of hexavalent chromium species. 
Despite the plethora of work on hexavalent or trivalent chromium electrodeposition in aqueous baths, 
vibrational spectroscopy has rarely been used to answer several questions about the process. 
Nonetheless, vibrational spectroscopy was able to identify the bonds Cr − O in the outer layer of a 
coating and the Cr − O − C bonds in the inner layer. Vibrational spectroscopy can differentiate between 
Cr(VI) and Cr(III) species. 

Keywords: electrodeposition; conversion coating; hexavalent chromium; trivalent chromium; Raman 
spectroscopy; infrared spectroscopy; vibrational spectroscopy 
 

1. Introduction 

In the nineteenth century, three patents were filed on trivalent chrome baths; however, the 
massive use of chrome coatings emerged in the 1930s. During these historical time periods, the 
quality of the coatings obtained from Cr(III) baths was lower than that of the Cr(VI) coatings [1]. 
Therefore, industrial production during the 20th century was based on Cr(VI) baths, but at the 
beginning of the 21st century, interest in Cr(III) baths resumed on the basis of its lower toxicity. 
Currently, there is a systematic abandonment of Cr(VI) baths in favor of Cr(III) baths, but the success 
of these new coatings depends on understanding precisely the underlying mechanisms of protection 
offered by hexavalent chromium. Consequently, studies involving vibrational spectroscopy of 
hexavalent baths have also been revised. 
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The coatings can be formed by electrodeposition of a chromium plating bath with trivalent 
chromium or by conversion coatings, which are formed through a chemical reaction between a metal 
substrate and a solution containing trivalent chromium. Studies of the electrodeposition of chrome 
from Cr(VI) baths were reviewed by Dubpernell [1] and Mandich et al. [2], and studies of 
chromate(VI) conversion coatings were reviewed by Prakash and Balaraju [3]. The processes 
involving Cr(VI) provide excellent corrosion protection but have the disadvantage that Cr(VI) is 
highly toxic. Studies of the electrodeposition of coatings from Cr(III) baths have been reviewed by 
several authors [4–6]. Hesamedini [7] reviewed 105 studies of Cr(III)-based conversion coatings and 
analyzed how the studies answered fundamental questions.  

In the aerospace industry, chromate conversion coatings have been used because of their 
outstanding performance in the corrosion protection of aluminum alloys. Becker [8] presented a 
comprehensive overview of new promising technologies in terms of corrosion inhibition. In the case 
of chromate coatings, the formation of Cr(VI) from Cr(III) is an intense drawback, and future research 
should focus on eliminating Cr(VI) formation. On the other hand, chromium plating comprises 2 
categories according to the thickness of the Cr layer: 1) a decorative coating with a thickness of less 
than 0.8 µm, which provides acceptable resistance to corrosion, and 2) a functional coating with a 
thickness greater than 0.8 µm, which provides hardness and high corrosion resistance [2].  

There are more publications based on vibrational spectroscopies for the characterization of 
coating surfaces [9–51], and few studies have focused on plating baths [52–66], which implies a lack 
of use of vibrational spectroscopies to determine the species in solution. On the other hand, UV‒
visible spectroscopy is routinely used in Cr(III) bath studies; however, this technique has not allowed 
us to understand the mechanisms of coating formation, and our proposal is that it must be 
complemented with vibrational spectroscopies. Therefore, our objective is to summarize the 
contributions of vibrational spectroscopy to the study of chromium coatings and to demonstrate that 
these techniques are fundamental to understanding the electrodeposition process. 

Vibrational spectroscopy studies can focus on several aspects: i) determining the influence of 
surface species on the tribological, visual or other properties (section 2); 2) identifying corrosion 
products on the surface (section 2); and 3) determining the species in the solution and 
electrolyte/electrode interface to understand the mechanisms of formation of the coating (section 3). 
The aspects i) and ii) are presented in the majority of studies, whereas the aspect iii) is addressed in 
a few studies.  

2. Vibrational Spectroscopy to Elucidate the Structures of the Coatings 

2.1. Studies of Hexavalent Chromium Conversion Coatings 

Between 1920 and 1985, the unfortunate results of trivalent chrome baths favored the entry of 
hexavalent chrome baths [1]. Hexavalent baths have few requirements and extensive lifetimes, which 
makes it difficult to replace them with trivalent baths, which require many conservation operations. 
This explains why chromate conversion Cr(VI) baths were first studied, and these coatings were 
prepared from commercially named Alodine baths.  

This chemical treatment of surfaces involves immersing the metal piece in a solution containing 
chromic acid and potassium hexacyanoferrate, which reacts with the metal surface to form a thin 
film. The coatings have the objective of creating a layer that is highly resistant to corrosion, which is 
why studies have focused on determining the species on the surface and the evolution of the passive 
layer immersed in corrosion media.  

Ahern et al. [9] compared the sensitivity of 3 Fourier transform infrared spectroscopy (FTIR) 
techniques to characterize chromium-phosphate conversion coatings on aluminum: 1) attenuated 
total reflectance (ATR), 2) diffuse reflectance infrared spectroscopy (DRIFTS), and 3) reflection 
absorption infrared spectroscopy (RAIRS). This study and other studies [10,11] revealed that these 
techniques have very low sensitivity to chrome species. Nonetheless, IR specular reflectance detected 
the presence of CrଶOଷ  deposited in the stainless steel [12]. The bands observed via infrared 
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spectroscopy in several studies [11–16,20,26–27] are listed in Table 1. In the IR spectra, there is a band 
of C-N, and the bands of water are related to the hydration of the films. In addition, the wavenumbers 
of the aluminum oxide bands were reported by Ahern [9] and Campestrini [16]. Chromating has also 
been applied to hot-dipped galvanized steels to improve the protective action of metallic zinc 
coatings. Petit [17] identified bands of zinc chromate at 960, 860, and 820 cm-1, which are similar to 
the bands of the anions CrOସଶି. Chromium phosphate conversion coatings on aluminum were studied 
by Schram et al. [18]. In the RAIRS spectra, several bands of chromium phosphate were observed, 
and a band at 758 cm-1 was assigned to chromium oxide. The Raman spectra of this coating revealed 
that aluminum oxide was a minor component of the surface. The combination of vibrational and 
ellipsometry techniques results in a two-layer optical model in which the upper layer can be 
attributed to the chromium phosphate film. Schram and Terryn [19] selected the infrared 
spectroscopic ellipsometry (IRSE) technique to analyze chromium phosphate conversion films. This 
technique involves directing infrared light onto the sample surface at various angles of incidence and 
analyzing the reflected light. This technique allows for a comprehensive characterization of a film, 
which is essentially composed of chromium phosphate (CrPOସ ∙ nHଶO) with a lower concentration of 
aluminum oxide. The IRSE technique measures the thickness of the films, which varies from 
approximately 20 nm to a few micrometres. Chidambaram [20] analyzed aluminum alloys AA2024-
T3 via two different FTIR techniques employing a synchrotron source: 1) grazing angle infrared 
spectroscopy (GAIRS) and 2) the RAIRS technique. This type of electromagnetic radiation is 
produced when charged particles accelerate to high speeds, and the radiation is in the range of far-
infrared wavelengths [21]. The grazing incidence was highly sensitive, and the chromium on the 
surface was aligned perpendicular to the surface, whereas approximately half of the Cr − O bonds of 
Cr(III) were oriented in that direction. The thickness of the coating (approximately 400 nm) was 
calculated via theoretical expressions. A new band of Cr(III) was observed at 606 cm-1 and was 
tentatively assigned to oxide CrଶOଷ. Vasquez et al. [22,23] analyzed coatings on the aluminum-copper 
alloy AA2024-T3 via synchrotron radiation. The synchrotron infrared microspectroscopy (SIRMS) 
measurements were performed on a small spot (less than 5 µm) in reflection mode. This technique 
was complemented by extended X-ray absorption fine structure (EXAFS) and X-ray absorption near 
edge structure (XANES) techniques. Infrared radiation was used to map the distribution of chromate 
oxides (820 cm-1) and cyano species (2100 cm-1) on the surface. Additionally, wavenumbers at 
approximately 3300 cm-1 were analyzed to determine the hydration state of the film. The coating 
formed on the AA2024-T3 alloy had a topographically heterogeneous composition and was formed 
by a mixed oxide. Moreover, a lower aluminum content in the film decreases the thickness of the 
coating. In addition, the surface was monitored for 24 h after deposition of the coating. A slight 
decrease in the Cr(VI)/Cr(III) ratio was observed in the mixed oxide, and there was no significant 
change in hydration. Vasquez and Halada [23] confirmed that ferricyanide is a mediator that oxidizes 
aluminum in the mechanism of coating formation (Figure 1). A thinner coating was formed, only 
when ferricyanide was absorbed by the Cu-enriched particles. When damage occurred in the coating, 
the Cr(VI) located on the thicker film mitigated corrosion [23]; that is, the Cr(VI) present on the 
coating provided a repair mechanism by migrating to active sites and Chidambaram [24] studied this 
process via SIRMS. The coating contains a Cr(VI)/Cr(III) mixed oxide, but several lateral and depth 
heterogeneities are associated with the microstructural features. Repassivation occurred when Cr(VI) 
ions slowly migrated from the protected surface to the scratch. In addition, a band corresponding to 
the Al(III)-Cr(VI) film (797 cm-1) appeared in the pits, and secondary ion mass spectra revealed an 
adjacent film of AlሺOHሻ୶ . These two-layer film processes are referred to as bipolar models of 
repassivation. The Al(III)–Cr(VI) complex formed within the scratch, predominantly along the edges, 
where the chromium concentration was relatively high [24].  

Between 1998 and 2012, chromate(VI) conversion coatings were systematically studied via 
Raman spectroscopy [13,14,25–27]. These studies highlight the great potential of vibrational 
spectroscopy, since the mechanism of coating formation has been clarified [14,25]. Zhao et al. [26] 
reported the spectra of pure oxides KଶCrOସ, KଶCrଶOସ, CrଶOଷ and Cr(VI) coatings, and the Raman 
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bands of the coatings were close to those of the pure elements but significantly broadened. The 
spectrum of the coating displayed a band at 852 cm-1 when the spatial resolution was 15 µm. In 
another series of experiments, the laser was focused across a light area of approximately 50 µm in 
diameter, and a mapping surface was obtained. After 48 h of exposure to 0.1 M NaCl, the pit corrosion 
zone had a diameter of approximately 100 µm, and the band corresponding to Cr(VI) was observed 
at 839 cm-1. The Raman spectra were plotted in a Cartesian coordinate system, where the x-axis 
represents the wavenumber, the y-axis represents the distance from a central point, and the z-axis 
represents the signal intensity [25]. This graph significantly assists in identifying the distributions on 
the surfaces of the different phases present. A protective film was detected, and a low concentration 
of Cr(VI) in the film or a lack of chromium did not ensure good corrosion protection. This study 
demonstrates how vibrational spectroscopy is very effective in determining the conditions under 
which a highly corrosion-resistant coating is formed. In these studies [13,26], mixed oxide 
Cr(VI)/Cr(III) bands were observed, and the wavenumbers are listed in Table 1. In the study of 
McGovern [25], the formation of chromium conversion coatings on aluminum alloys was monitored 
via a single band at 860 cm-1. Raman spectroscopy revealed that the reduction of Cr(VI) to Cr(III) 
during coating formation is dependent upon redox mediation by ferricyanide. Figure 1 shows a 
scheme of the mechanism proposed on the basis of Raman spectroscopy; Cr(VI) ions react with 
hexacyanoferrate(II) ions, forming Cr(III) and hexacyanoferrate(III) ions, which subsequently 
undergo redox mediation, and the latter reacts with aluminum metal to form a passive layer in 
aluminum [14,25]. Hurley [27] attributed a broad band between 535 and 665 cm-1 to a Cr(III) species 
with contributions from α-CrOOH. 

 

Figure 1. The scheme was constructed on the basis of the hexacyanoferrate (II)/(III) ions mediation mechanism. 
Reactions during coating formation are dependent upon redox mediation by ferricyanide. The arrows represent 
reactions. Diagram modified from [25]. 

Table 1. Assignments of the main bands observed in the IR or Raman spectra of the chromate(VI) conversion 
coatings. The band shoulder is abbreviated as sh. 

Wavenumber cm-1 Technique Vibration assignment Reference 
398,416,417 IR CrሺVIሻ −O rock [12] 

492, 510sh,526,528,555  IR Cr(III) − OH [13,15,16] 
592-593 IR Fe − CN [13–15] 

606  IR Cr − O stretching in CrଶOଷ [20] 
805,817,933,934 IR Cr(VI) −O asymmetric stretching [12] 
852,862,955,957, IR Cr(VI) − O symmetric stretching [12] 
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816-817, 840, 903, 919-933, 960sh IR Cr(VI) −O [15] 
1400,1384 IR 𝑁𝑂ଷି  [13] 
1621, 1623  IR H − 0 − H bending [11,13,15] 

2083, 2088, 2090,2098 2154sh, 
2145 

IR C ≡ N in Fe − CN [11,13–15] 

3386, 3000, 3338 IR O − H stretching [11,13,15] 
535, 665 Raman Cr(III) oxyhydroxide [27] 
750-950 Raman Cr(VI) −O stretching [27] 

858-860 Raman 
Cr(VI) −O, Cr(III) − Cr(VI) mixed 

oxide 
[25,26] 

987 Raman sulfate ions [27] 
1709 Raman H −O − H bending [13] 

2095,2145 Raman C ≡ N in Fe − CN [25] 
3600-3000 Raman O − H stretching [13]  

2.2. Studies of Trivalent Chromium Conversion Coatings 

Owing to the high toxicity of Cr(VI), it began to be replaced by the trivalent chrome process. 
Cr(III) coatings on aluminum alloys were studied from 2004-2023 via infrared [28,29] and Raman 
spectroscopy [29–40]. Table 2 lists the Raman bands observed in studies of chromate(III) conversion 
coatings. 

Zhang [28] investigated the compositions of conversion coatings on electrogalvanized steel via 
FTIR and Auger electron spectroscopy. The Cr(III) coatings contained a mixture of zinc oxides and 
Cr(III) oxides. The main constituents of trivalent chrome conversion baths are Cr(III) and fluoro-
zirconate salts [30–40], and no IR or Raman spectra of these solutions have been reported. On the 
other hand, the surfaces were well characterized via vibrational spectroscopy, and Table 2 lists the 
Cr(III) oxide and hydroxide bands observed in the studies [13,29,30,32,34,35,39,42–44]. The first 
Raman study of the trivalent coating process revealed a band at 547 cm-1 assigned to the oxide Cr(III) 
[29], but the band position shifted between 520–580 cm-1 depending on the state of hydration of the 
oxide [30]. Previous studies [29–33] revealed the formation mechanism of the coating on an Al alloy 
from a bath, which contains KଶZrF଺, HBFସ and a Cr(III) sulfate salt.  

In the first step, the anions Fି assisted in the dissolution of the native oxide layer of Al, and 
simultaneously, the oxygen reduction reaction and hydrogen discharge accompanied the dissolution 
of the Al alloy. In the second step, as a consequence of these reactions, the interfacial pH increases, 
and ZrOଶ ∙  nHଶO  and Cr(OH)ଷ  precipitate. The trivalent chromium conversion coating consists of 
two main layers [32]: 1) the outer layer of a mixture of aluminum hydroxide and oxide (438, 804 and 
945 cm-1) [32,34,35], zirconium oxide (233 and 470 cm-1) [32], chromium hydroxide species and Crଶ(SOସ)ଷ species [32]; 2) the inner layer has a high content of aluminum, with the presence of oxide 
and fluoride species. The products of reactions (1) and (2) form a two-layer coating, and the 
combination of Raman and X-ray photoelectron spectroscopy (XPS) allows a detailed description of 
the formation of these two-layers on an Al alloy [32] or an AZ91D magnesium alloy [39,40].  ZrF଺ଶି + 4OHି → ZrOଶ + 6Fି + 2HଶO      (1) Crଷା + 3OHି ⟶ Cr(OH)ଷ       (2) 

The main components of the coating were Cr(OH)ଷ CrOOH⁄  , CrଶOଷ , Crଶ(SOସ)ଷ  and ZrOଶ . 
Although the bath solutions were composed only of Cr(III) ions, Cr(VI) − O species on the surface 
were identified on the basis of the Raman spectra (Table 1), which implies that the coating contains 
mixed oxides of Cr(VI) and Cr(III) on the surface (Table 1) [25,26,29–35]. Munson et al. [34] evaluated 
3 different baths and noted that the precipitates contained a mixture of Cr(III) − O  (Table 2) and 
transiently formed Cr(VI) − O (Table 1) species. Raman imaging spectra were plotted in a Cartesian 
coordinate system with axes as previously described in section 2.1. The spectra revealed the presence 
of spot regions of Cr(III) − O  species with neighboring regions containing the formed Cr(VI) − O 
species [29,34].  
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The presence of Cr(VI) is promoted by the presence of hydrogen peroxide [33,36–38], which is 
formed by the reduction of dissolved oxygen gas (reaction (3)). This reaction is promoted by the 
presence of Fି  anions [35]. Reaction (3) involves the formation of peroxide, which reacts with 
hydroxide Cr(III) to produce Cr(VI) in reaction (4).  Oଶ + 2Hା + 2eି ⇆ HଶOଶ          (3) 3HଶOଶ + 2Cr(OH)ଷ+4OH- ⇆ 2CrOସଶି + 8HଶO     (4) 

The Raman band of Cr(VI) − O  is approximately 3 orders of magnitude larger than that of Cr(III) − O , and consequently, verifying the proposed reaction (4) was difficult [30]. The Cr(VI) 
Raman band at 860 cm-1 is only observed in coatings formed in an oxygenated solution [30]; in 
contrast, coatings formed from a deoxygenated solution do not present bands in the range of 840–904 
cm-1 [30]. These observations indicate that Cr(VI) species are only formed in oxygenated solutions, 
and this band is evidence that Cr(III) species are oxidized by peroxide, which is produced by the 
oxygen reduction reaction (3) [30]. It has been proposed that the formation of Cr(VI) is suppressed in 
baths containing Cu(II) or Fe(II) species [36–38]; since these ions react preferentially with hydrogen 
peroxide. The success of this strategy could be accurately evaluated on the basis of Raman 
spectroscopy [36–38]. Qi et al. [33] used a sodium sulfite solution to eliminate Cr(VI) species from a 
coating, and the Cr(VI) of the first layer was effectively removed by sulfite ions.  

Table 2. Assignments of the main bands Cr(III) observed in the Raman spectra. 

Wavenumber cm-1 Vibration assignment Reference 
526–540 Cr(III) − OH [13,29,30,32,34,35,39] 
550-580 Cr(III) − O  [33] 
550-552 Cr2O3 Eg [42,43] 

625 Cr2O3 A1g [42] 
995, 1050, 1155  S − O in Crଶ(SOସ)ଷ [32,34] 

538-540,543 Cr(III) − F [33,34] 
255 ν(Au− Cl) * [42] 
446 ν(CrCl) * [42] 
800 νs(CrO) bound to Au [42] 
848 νs(CrO) mixed oxide Cr(III)/Cr(VI) **  [42,44] 
946 νas(CrO3) dichromate [42] 

* The solution contained 200 µM and 0.1 M KCl adjusted to pH 3 with HCl [42]. **In our opinion, this band is 
related to Cr(VI) − O bonds in Table 2. *** This band has A1g symmetry in reference [47]. 

2.3. Studies of Coatings Formed from Electroplated Cr(VI) Baths 

The mechanisms of Cr(VI) electrodeposition remain unidentified [2], and the identification of 
intermediates remains unclear. In general, the literature [2] assumes the following consecutive 
reactions to electrodeposition from Cr(VI) species: Cr6++3e- → Cr3+        (5) Cr3++e- → Cr2+         (6) Cr2++2e- → Cr0         (7) 

Industrial experience has noted that Cr(VI) electroplating can be performed only in the presence 
of HଶSOସ [2]. However, there are no studies that use vibrational spectroscopy to characterize sulfate 
baths used in the electrodeposition of Cr(VI). Other Cr(VI) coatings have been explored for elaborate 
cathodes for the production of sodium chlorate. In 2016, Hedenstedt et al. [41] noted that the nature 
of the coating formed by the reduction of Cr(VI) was unknown. In subsequent years, chromium 
species were determined via vibrational spectroscopy. These Chromate(VI) coatings were studied via 
Raman spectroscopy in Au [42,43], Fe [43] and Ti [43,44] substrates. Table 1 lists the bands observed 
in the Raman spectra of these chrome coatings from a solution of Cr(VI). Hatch [42] models several 
reactions on the basis of these bands, and the most relevant are the following:  2Cr଺ାOସଶି + 10Hା + 6eି + Auୱ୳୰୤ୟୡୣ ⟶ 5HଶO + CrଶଷାOଷଶି − Auୱ୳୰୤ୟୡୣ    (8) 
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ହଷ୬ HଶO + CrଶଷାOଷଶି − Auୱ୳୰୤ୟୡୣ ⟶ 2CrଷାCr଺ାO୫ − Auୱ୳୰୤ୟୡୣ + 10Hା + neି   (9) 
where m=3 or 2 and n=0 or 3 

“Traditional electrochemical methods” are usually based on measuring the current required to 
establish the experimental potential of a working electrode. These techniques suggest general models 
similar to schema reactions (5)-(7). In contrast, the combination of electrochemical methods and 
vibrational spectroscopy results in an understanding of the structural features at the molecular level, 
and it is possible to elaborate the scheme of reactions (8)-(9). 

Two processes are noted: first, amorphous Cr(OH)ଷ is formed in the coating, and second, the 
phase transformation of amorphous Cr(OH)ଷ produces crystalline CrଶOଷ [44]. As a result of local 
heating by the Raman laser there is in-situ formation of CrଶOଷ [43,44]; with this consideration, the 
coating on Au consists of an oxide, whereas the coatings on Fe and Ti are covered with a mixture of 
hydroxides and oxides [44]. A weak band at 850 cm-1 is observed for amorphous Cr(OH)ଷ; conversely, 
at higher laser powers, the oxide CrଶOଷ forms in-situ as a result of local heating, and new bands are 
observed [44]. Different symmetries (A1g symmetry [47] or Eg symmetry [42,43]) have been reported 
for a band at 550-552 cm-1 of CrଶOଷ. Nevertheless, Table 2 is based on the study of Hatch [42]; that is, 
the characteristic band at approximately 550-552 cm-1 corresponds to the A1g vibrational mode 
involving Cr-O stretching in octahedrally O-coordinated Cr(III) of CrଶOଷ.  

2.4. Studies of Coatings Formed from Electroplated Cr(III) Baths 

Cr(III) plating is an essential process in several industries and needs improvement. There are 
approximately 880 articles focused on evaluating the quality of Cr(III) coatings, and in some cases, 
the quality of these coatings is acceptable. However, few studies have reported vibrational 
spectroscopy results [45–51], which limits a deeper understanding of the coating formation process. 

Mardanifar et al. [45] evaluated the effects of heat treatment temperature on the characteristics 
of cobalt chromium coatings. FTIR spectra of the surfaces of the deposited oxides were obtained at 
several temperatures. Mardanifar et al. [45] suggested that the surface is composed of oxide 𝐶𝑟ଶ𝑂ଷ 
on the basis of bands at 589 and 882 cm-1; however, in our opinion, this claim needs to be revised, and 
the bands corresponding to water (1623 cm-1) and hydroxyl groups (1680 cm-1) observed in the spectra 
indicate that Cr(III) was hydrated (bond Cr(III) − OH  in Table 2). In addition, the Raman spectra 
obtained by Zhao et al. [26] of pure CrଶOଷ did not display a band at 882 cm-1, and consequently, in 
the study [45], the coating contained some Cr(VI). The band observed at 420 cm-1 is related to the 
formation of an oxide CoCrଶOସ. Kus [46] electrodeposited Cr(III) via a pulse current and recorded the 
FTIR spectra of the coating over time. The evaporation of water was detected by the changes in the 
bands corresponding to water (1620 cm-1) and hydroxyl groups (3100 cm-1). Kus [46] reported a band 
at 1430 cm-1, which was attributed to a native oxide formed due to exposure to air; however, this band 
has not been reported in other studies. Zhou [47] prepared a Cr/SiC coating on a ferronickel alloy via 
pulse electrodeposition. Raman and XPS revealed that the coating mainly included a small amount 
of SiC and the oxide CrଶOଷ  (551 cm-1 bond Cr(III) − O  in Table 2). Kajita et al. [48] recorded the 
Raman spectrum of Cr(III) electrodeposited on TiOଶ. The authors attributed the band at 850 cm-1 to 
chromium-oxo compounds (Cr୶ଷାO୷), which implies that the band is related to a vibrational mode of Cr(III) − O. In addition, a band at 848 cm-1 (Table 2) was ascribed to amorphous Cr(OH)ଷ in the mixed 
oxide Cr(III)/Cr(VI) [44]. In our opinion, these 2 claims need to be revised, and it is likely that the spot 
area of the laser focused in the area that contains Cr(III) and Cr(VI) species. Consequently, bands 
cannot be directly related to specific species. These bands may be related to dehydrated Cr(VI) oxide 
(Cr(VI) − O in Table 1). Huang et al. [49] analyzed the carbon in a coating by monitoring the Raman 
band of sp3 carbon at several temperatures (approximately 1330 cm-1). The hardness increases with 
the precipitation of the diamond structure on the surface. Prabhakar et al. [50] evaluated a coating 
with an outer layer composed of oxygen and chromium (Cr − O ) and an inner layer containing 
chromium, oxygen and carbon (Cr − O − C). The thickness of the outer layer was between 1.5 nm and 
12 nm, and the thickness of the inner layer was approximately 10 nm. In the outer layer, a Raman 
band appears at 551 cm-1 (Cr(III) − O bond and Eg symmetry in Table 2); conversely, in the inner 
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phase, this band disappears, probably due to the formation of new bonds Cr − O − C. In addition, 
Raman spectroscopy and XPS revealed the presence of unsaturated carbon (C − H ) and aliphatic 
carbon (C = C). 

Survilienė [51] recorded the IR spectra of coatings formed from a formate-urea bath, a formate–
urea bath containing hydroxylaminophosphate and a formate–urea bath containing hydrazine. The 
analysis of the spectra focused on bands of organic compounds, and no data on the Cr(III) bands 
were provided. In the coating, no bands were attributed to hydroxylaminophosphate, and 
consequently, this compound was not incorporated into the Cr(III) coating; conversely, in the bath 
with hydrazine, a band appeared at 1625 cm-1, and the authors speculated that this feature was related 
to amino compounds, but in our opinion, this band was related to water in the coating (the H − 0 −H  bending vibrations are shown in Table 1). On the other hand, the XPS spectra of the coatings 
displayed signals of Cr(III), oxygen, nitrogen, carbon and phosphate, which suggested that the 
species were derived from the decomposition of hydroxylaminophosphate, hydrazine and urea. 
These residual compounds were integrated into the Cr deposits during the electrodeposition process. 

3. Vibrational Studies on Aqueous Solutions 

3.1. Studies of Hexavalent Chrome Baths for Conversion Coatings or Electrodeposition Processes 

It is possible that the species in the baths used for electrodeposition and conversion coating are 
similar, so they are discussed in a single section. Several studies have focused on the spectra of the 
coating surface (Sections 2.1-2.4); conversely, very few studies have focused on dissolved species 
[13,26,52], and the observed bands of these studies are listed in Table 3. Only 2 studies [13,26] have 
reported the Raman bands of commercial baths for chromate (VI) conversion coatings, and only 1 
electroplating bath study has been reported [52]. Nonetheless, some speciation studies of Cr(VI) have 
also been reviewed [53–58]. 

The concentration of Cr(VI) used in the conversion coating process is approximately 0.05 M, and 
the pH ranges between 1 and 2 [53]. Frankel et al. [13,26] reported a Raman band at 373 cm-1, but 
these authors did not assign the band to vibrational modes; however, in our opinion, this band is 
related to bending deformation (δ in Table 3). In industry, the Cr(VI) plating bath concentration 
ranges from 1.5 M to 2.5 M, and Raman spectroscopy detected CrOସଶି  ions at significant 
concentrations in this bath [52]. Ottonello [54] compared vibrational frequencies calculated via 
density functional theory with experimental vibrational frequencies. There are 4 main vibrational 
modes of anions CrOସଶି, and these modes correspond to tetrahedral symmetry (Td) [54,55,59]. 

Industrial experience indicates that CrଶO଻ଶି ions are orange in solution and that CrOସଶି ions are 
yellow [2]. Moreover, X-ray diffraction studies have identified the following species in bath solutions: 
trichromate (𝐶𝑟ଷ𝑂ଵ଴ଶି), dichromate (𝐶𝑟ଶ𝑂଻ଶି) and monochromate (CrOସଶି) ions [60]. In the 1980s, Michel 
et al. [55,56] studied Cr(VI) solutions via Raman spectroscopy and reported that hydrogen chromate 
(HCrOସି ) was not present in aqueous solutions; conversely, Ramsey et al. [53] assumed the existence 
of this protonated species. This discrepancy is resolved via a sufficiently sensitive spectrometer [53]; 
consequently, the band of the HCrOସି  species is listed in Table 3.  

Zheng [52] studied the corrosion of a pure Cr electrode via cyclic voltammetry and in-situ 
Raman spectroscopy. This combination of techniques enables an understanding of reaction 
mechanisms because each voltammetric peak can be associated with a specific reaction. The Cr 
electrode was corroded to CrOସଶି, which in turn transformed into CrଶO଻ଶି. The concentration of Cr(VI) 
is high in the conversion coating bath; however, in other cases, when the coating is corroded, the 
concentration of Cr(VI) is lower. In this context, Ramsey et al. [53] studied dilute chromate solutions, 
and the experimentally observed bands are listed in Table 3. The corrosion of Ni–Cr alloys was 
investigated by Honesty [57] via voltammetry and Raman spectroscopy. This study established a 
clear correlation between techniques because the current density in voltammograms can be related 
to features in the Raman spectra. Cr(VI) ions are the major product formed in the transpassive 
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voltammetric region. For example, at 0.95 V (V vs Ag/AgCl), a group of bands appearing at 783 cm-1 
and 943 cm-1 are assigned to CrଶO଻ଶି ions, which are formed from the corrosion of the alloy [57]. 

Table 3. Raman bands of commercial Cr(VI) baths and chromate in aqueous solutions. There is a symmetric 
stretch, which implies that bonds stretch simultaneously in a symmetrical manner (𝜈ଵ ≡ 𝐴ଵ). There are doubly 
degenerate vibrations, where bonds bend symmetrically into two independent modes with the same energy 
(𝜈ଶ ≡ 𝐸). There is an asymmetric bend (𝜈ଷ ≡ 𝑇ଶ ≡ 𝐹ଶ) or asymmetric stretch (𝜈ସ ≡ 𝑇ଶ ≡ 𝐹ଶ), where bonds stretch 
or bend in three independent ways [59]. The band shoulder is abbreviated as sh. The Raman shift is independent 
of the excitation wavelength. 𝜈௔௦, antisymmetric stretching; 𝜈, symmetric stretching; 𝛿, bending deformation. 

Wavenumber cm-1 Bath or Solution Assignee Reference 
373 Alodine unassigned [26] 

944sh, 906  Alodine Cr(VI) − O [13,26] 
1050 Alodine NO3 [13,26] 
1648 Alodine HOH bending [13,26] 
2134 Alodine C ≡ N in Fe − CN [13,26] 

3600-3000 Alodine OH stretching H2O [13] 
347-349  Electroplated δd(E),CrO4

2ି [53,54] 
364,368-398  Electroplated ν4(F2),CrOସଶି [52–54] 

844-847 Electroplated νs(A1),CrOସଶି [52–54,57] 
884-891 Electroplated δd(F2),CrOସଶି [53,54] 
217,220  CrଶO଻ଶି; CrଷOଵ଴ଶି δCr − O − Cr [52,53] 

320 CrଶOଷ; Cr(OH)ଷ δCr(III) − O [52] 
340 CrଶOଷ; Cr(OH)ଷ νୟୱO − Cr(III) − O [52] 

364,365  CrଶO଻ଶି; CrଷOଵ଴ଶି δCrOଷ [52,53] 
553 CrଶOଷ; Cr(OH)ଷ; CrOଶି  νୱO − Cr(III) − O [52] 
558  CrଶO଻ଶି νୱ(O − Cr − O) [53] 

772,783  CrଶO଻ଶି νୟୱ(Cr − O − Cr) [53,57] 
833sh  CrOସଶି νୱO − Cr− O, νs(A1) [57] 
898  HCrO4ି  νୱ(CrOଷ) [53] 

903,904  CrଶO଻ଶି; CrଷOଵ଴ଶି νୱCrOଷ [52,53] 
942,946,943  CrଶO଻ଶି; CrଷOଵ଴ଶି νୟୱCrOଷ [52,53,57] 

Dvoynenko [58] reported surface enhanced Raman scattering spectra of Cr(VI) in water (0.05 M 
≈ 2.6 g/L) at several pH values. At pH 3.5 and 5.5, weak broad bands were observed at approximately 
610 cm-1 and 850 cm-1; conversely, at pH 10, these broad bands were observed at approximately 350 
cm-1 and 800 cm-1, and a shoulder was also observed at approximately 900 cm-1. These features can be 
explained on the basis of the speciation diagram [53], which indicates that at pH values below 6, the CrଶO଻ଶି and HCrOସି - ions were the predominant species. On the other hand, the predominant species 
at pH values higher than 6 is CrOସଶିions. Although the presence of CrOସଶି and CrଶO଻ଶି in an aqueous 
solution [52,53,57,58] is well accepted, there are still discrepancies in the other species. Another 
species is assumed to exist at high acidity or high concentrations of Cr(VI): chromic acid (HଶCrOସ), 
hydrogen dichromate (HCrଶO଻ି ), trichromate (CrଷOଵ଴ଶି), and tetrachromate (CrସOଵଷଶି). However, Raman 
bands are observed only for certain species, which are listed in Table 3. In the literature, there are still 
discrepancies in the predominance ranges of Cr(VI), and Szabó [61] claimed that these discrepancies 
can be resolved via pH potentiometric and UV–vis titrations; however, this claim on the basis of these 
techniques is questionable. A comparison between the UV‒visible and Raman spectra of Cr(VI) 
shows that vibrational spectroscopy is more sensitive to changes in the Cr(VI) concentration [53]; 
consequently, studies need to include vibrational spectroscopy combined with other analytical 
techniques to reach a conclusion. 
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3.2. Studies of Trivalent Chromium Baths Used for Conversion Coatings or Electrodeposition Processes 

Studies of the baths used for electrodeposition and conversion of Cr(III) coatings are discussed 
in this section [62–66]. The principal oligomers (monomers, dimers, and trimers) of Cr(III) were 
studied via several techniques, including IR spectroscopy [62]. The oligomers were placed in weakly 
acidic solutions (pH 2.5), which is the pH range of the baths used for electrodeposition. The 
wavenumbers of the Cr(III) − O rocking bands decrease from the monomer (FTIR 528 cm-1) to the 
dimer (FTIR 472 cm-1) and trimer (FTIR 481 cm-1) species. This trend can be explained by the formation 
of bridging hydroxyl groups in the dimer and trimer; that is, the oxygen atoms of the hydroxyl groups 
of the complexes bind 2 Cr(III) ions simultaneously, and consequently, the bond Cr(III) − O୦୷ୢ୰୭୶୧୪ 
or bond Cr(III) − O୵ୟ୲ୣ୰ water is weakened [62]. In another study, urea and formate in sulfate-based 
Cr(III) baths were studied via FTIR and XPS techniques [63]. In the solutions, bands of water were 
observed (Table 1), and a band at 3220 cm-1 was produced by stretching vibrations (ν) of the amido 
group (−NH − CO −), implying the formation of a bond between the carboxylic group of formate and 
the amide group of urea. The authors suggested that a bond occurs between the Cr(III) ions and the 
carboxylic group of formate or the carbamate groups. However, this claim should be interpreted with 
great caution because there is no band attributed to Cr(III) − O. Therefore, it cannot be confirmed 
that Cr(III) participates in the changes observed in organic compounds and that these variations may 
be due to reactions in organic compounds and not to new bonds with Cr. This study also includes 
XPS results, which suggest that 𝐶𝑟(𝑂𝐻)ଷ deposits on the surface. The FTIR spectrum of the coating 
displays bands corresponding to the sulfate and amide groups incorporated into the coating [63].  

In 2006, plating baths containing Cr(III), Ni(II) and oxalate were studied via IR spectroscopy [64]. 
The Cr(III) was deposited as a CrNi alloy, but the FTIR bands of Cr(III) or Ni(II) were not addressed; 
that is, the study focused on oxalate bands. Additionally, water bands were observed (Table 1). The 
author suggested that all oxalate ions (L) are coordinated to chromium to form an inner complex; 
however, this claim should be taken with caution because the authors did not provide evidence of 
the formation of bonds Cr − O − L or Cr− L. The FTIR spectra of the freshly prepared Cr(III) bath 
were compared with those of the spent bath, and the oxalate band shifted from 1677 cm-1 to 1717 cm-

1. This variation could be produced by changes in the pH of the solution, which was not addressed 
by the authors. This shift was attributed to the coordination of oxalate and Cr(III) [64]. In 2021, in-situ 
infrared spectroscopy was performed in a bath containing oxalic acid and glycine compounds [65]. 
The authors claim that inner complexes were formed between organic compounds and Cr(III); 
however, no bands were attributed to bonds Cr − O − C or Cr − C, and consequently, this claim must 
be revised. Conversely, the IR bands of the carbonyl groups (1717 cm-1) of oxalate or glycine evolve 
with the electric potential of the nickel electrode; simultaneously, the voltammograms display slight 
changes in electric current density. This finding indicates that voltammetry suggests reactions 
without distinctive features, whereas in-situ spectroscopy provides clear evidence of reactions. The 
presence of organic compounds such as oxalic acid or glycine promotes the formation of Cr(III) 
coatings [65].  

García-Antón et al. [66] evaluated the quality of passivation baths by monitoring the Raman 
band at 541 cm-1 (vibrational mode νୱO − Cr(III) − O at 553 cm-1 in Table 3). The presence of Cr(III) 
oxides on coatings decreases with increasing impurities of zinc and iron in spent baths, and the band 
intensity of Cr(III) ions increases with increasing purity of the baths [66]. 

4. Reference Spectra of the Pure Chromium Compounds 

Dichromate ion spectra have been reported in some studies, but this section reviews the most 
representative [67,68]. In 1973, Bates et al. [67] reported that the bending vibrational modes of bridge 
bonds (Cr − O − Cr) were observed at wavenumbers less than 390 cm-1, and the stretching vibrational 
modes of terminal bonds (Cr − O) were observed between 746 and 968 cm-1. In 2023, Vats et al. [68] 
reviewed studies of Cr(VI) compounds and noted that the characteristic Cr − O − Cr antisymmetric 
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vibrations (742 cm-1) can be distinguished from the symmetric stretching vibrational modes 
associated with the CrOସ tetrahedra (894 cm-1). 

A comparison between the spectra of the coatings and the spectra of the pure oxides would 
enable the identification of the vibrational modes. In addition, it facilitates comparisons between 
spectra obtained in different laboratories. Therefore, the spectra of the pure dichromate oxides 
recorded in our laboratory are included (Figure 2a), and these spectra are compared with the 
measurements reported in the database of the National Institute of Standards and Technology (NIST) 
[69], which is an agency of the Administration of Technology of the United States of America 
government. In Figure 2b, the structure of dichromate ions displays central Cr − O − Cr bonds and 
terminal Cr − O  bonds, where the oxygen atom is bonded to a single Cr(VI). The NIST reference 
spectrum is related to hydrated oxide and Nujol absorption bands in the IR range of 1300-4000 cm-1. 
This reference spectrum is similar to the experimental spectrum of hydrate oxide (black line in Figure 
2a). Hydration produces the features observed at wavenumbers of 1570–1650 cm-1 and 3200-3600 cm-

1. The broad band at 410-545 cm-1 is observed only when the oxide is hydrated. When the ATR 
spectrum (Figure 2a) is compared with the transmission spectrum of hydrated oxide (NIST reference 
spectrum on a web link [69], Figure 2b), there are slight differences between them; that is, there are 
variations in peak intensity and peak position, and these differences arise from the differing indices 
of refraction of the ATR crystal. Therefore, when the wavelength (λ) changes from 10µm (1000 cm-1) 
to 20µm (500 cm-1), the experimental spectrum (ATR) has 7 peaks very close to each other, and the 
NIST spectrum shows only 5 peaks. Figure 2b shows the experimental spectra corresponding to 
hydrated (black line) and nonhydrated (blue line) oxides, which, in the region of 840-1040 cm-1, have 
approximately the same intensity. In the range of 560-800 cm-1 the maximum band shifted to 10-20 
cm-1 between the spectra of hydrated and nonhydrated oxides, and the intensities also differed. The 
band at 774 cm-1 is clearly defined when the oxide is hydrated. Bates et al. [67] calculated 21 
vibrational normal modes of dichromate, and the ion has a structure of two tetrahedra that share a 
corner as shown in Figure 2b. The calculation shows that the central Cr− O − Cr bonds are weaker 
than the terminal Cr − O bonds. In databases, there are no spectra of Cr(III) sulfates or other Cr(III) 
compounds. 

  

a) (b) 

Figure 2. Spectra of dichromate of potassium (99.7% purity Baker). The y-axis was normalized to the peak at the 
maximum intensity. a) The entire observed spectral range (in Table data of reference [68]) and b) zoomed-in 
view of the spectra and structure of oxides with oxygen atoms in red and chrome atoms in gray. The equipment 
used was a Perkin Elmer model Spectrum Two. Fourier transform infrared spectroscopy (FTIR) was performed 
in attenuated total reflectance (ATR) mode. The measurements were taken at room temperature (20–25 °C, 0.8 
Atm). The sample base plate was coated with diamond, and the signal-to-noise ratio was 15000:1. The resolution 
of the measurement was 4 cm-1, with 20 scans per sample. The equipment had a high-resolution DTGS lithium 
tantalate (LiTaOଷ ) detector with an Opt KBr beam splitter. Before the measurements, the background was 
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recorded in the atmosphere. https://webbook.nist.gov/cgi/cbook.cgi?Scan=cob466&Type=IR [69]. Jmol software 
was used to construct the structure [70]. 

5. Future Needs: Perspective on Methodology 

The wavelengths of the Cr − O  bands for each oligomer of hexa-aqueous complexes were 
measured via IR spectroscopy [62], as discussed in section 3.2. However, these data are not addressed 
in studies of electrodeposition by Survilienė et al. [63]. These authors presented a graph of time 
electrodeposition versus current efficiency (CE). In the free solution without additives, there was a 
decrease in the CE, which was attributed to the effect of inert oligomeric species. This assumption can 
be tested with IR spectra of the solutions before, during, and after electrolysis. Survilienė et al. [64] 
suggested the formation of the C − O − Cr  bond in the spectra of a bulk solution (section 3.2); 
however, this claim needs to be revised because there is a formation of compounds between 
additives, which also produces features in the IR spectra. In addition, the  Cr − O  bands of the 
monomer, dimer and trimer complexes were not measured. Nonetheless, the approach of Survilienė 
et al. [63,64] can be used to understand the chemical nature of baths.  

Liu et al. [65], via FTIR spectroscopy, studied the electrodeposition of Cr(III) in a bath with 
glycine and oxalic acid as additives. Liu et al. [65] suggested that oxalic acid or glycine can replace 
one water molecule in ሾCr(HଶO)଺ሿଷା; however, there are no bands directly assigned to C − O − Cr or C − Cr bonds. An analysis of the spectra in these studies is still incomplete, and more measurements 
are needed. 

Our work updates the Cr(VI) oxide spectra, and it is important to conduct experiments to 
determine the reference Cr(III) spectra. Ottonello [54] reviewed studies of Cr(III) hexa-hydration on 
the basis of density functional theory, and there is no comparison between experimental FTIR bands 
and theoretical studies. These reference spectra will enable comparisons between laboratories. 

6. Conclusions 

Studies on hexavalent or trivalent chromium were reviewed in 3 sections. The conclusions are 
more profound when vibrational spectroscopy is used in combination with microscopy techniques. 
Different techniques have been used in Cr(VI) conversion coatings, resulting in a complete 
description of the formation process of these coatings. The conclusions for each system are as follows: 
• Studies of hexavalent chromium conversion coatings 
• The majority of these studies focus on this kind of coating, and several powerful techniques have 

been used, including synchrotron infrared microspectroscopy. It was possible to understand the 
structure of the two-layer coating and the chemical composition of each layer.Additionally, the 
distributions on the surfaces of the different phases present were accurately identified; for 
example, vibrational spectroscopy reveals zones with high Cr(VI) contents, which are located at 
the edges of the scratch. Vibrational spectroscopy confirmed the mechanism for coating 
formation, in which ferricyanide was a redox mediator. In addition, vibrational spectroscopy 
was effective in determining the mechanism of corrosion resistance of the coatings. When pitting 
corrosion occurs, the migration process of Cr(VI) ions to repair the coating in damage zones was 
described on the basis of Raman or IR spectra.  

• Studies of trivalent chromium conversion coatings 
• The toxicity of Cr(VI) species has restricted their use in surface finishing, and they have been 

replaced by Cr(III) species. Raman spectroscopy is a very effective technique for surface 
characterization because it clearly shows how the constituent ions of the bath are transformed 
into surface species. Vibrational spectroscopy revealed the formation mechanism of the coating 
on an Al alloy from a bath, which contains KଶZrF6, HBFସ and a Cr(III) sulfate salt. The trivalent 
chromium conversion coating consists of two main layers, whose compositions were identified 
on the basis of vibrational spectroscopy. The presence of Cr(VI) in these coatings is promoted by 
the presence of hydrogen peroxide, which is formed by the reduction of dissolved oxygen gas 
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in the bath. The formation of Cr(VI) in these coatings is controversial with respect to 
environmental directives. Consequently, it has been proposed that baths containing Cu(II) or 
Fe(II) species suppress the formation of Cr(VI). This strategy was evaluated via vibrational 
spectroscopy.  

• Studies of coatings formed from electroplated Cr(VI) baths. 
Vibrational spectroscopy has scarcely been used to answer the questions presented in Cr(VI) 

electrodeposition in sulfate baths. Nevertheless, studies of cathodes for the production of sodium 
chlorate have been described. The combination of several methods and vibrational spectroscopy 
results in a complete understanding of the surface at the molecular level, and the mechanisms of 
deposition were identified. 
• Studies of coatings formed from electroplated Cr(III) baths 

There are very few studies via vibrational spectroscopy, and unlike in the previous sections, 
where the baths and substrates were similar, in this section, the great differences in operational 
conditions and substrates prevent a common conclusion. In addition, in some studies, the Cr(III) 
bands were not addressed, and the spectra focused on the additives in the baths. Nonetheless, 
vibrational spectroscopy was able to identify the bonds Cr − O in the outer layer of a coating and the Cr − O − C bonds in the inner layer. 
• Studies of hexavalent chrome baths for conversion coatings or electrodeposition processes 

Few studies have focused on species in solutions. The candidate species of commercial Alodine 
Cr(VI) baths for chromate (VI) conversion coatings are CrଶO଻ଶି and CrଷOଵ଴ଶି; conversely, the use of a 
sulfate bath for the electrodeposition of Cr(VI) was revised in only 1 study, with the conclusion that 
the species in the bath are CrOସଶି ions. The solution species produced by the corrosion of a pure Cr 
electrode or Ni–Cr alloys were clearly identified. The combination of cyclic voltammetry and in-situ 
Raman spectroscopy enables an understanding of corrosion mechanisms. The predominant species 
at pH values less than 6 are CrଶO଻ଶି and HCrOସି  ions, whereas the predominant species at pH values 
greater than 6 are CrOସଶି  ions. In the literature, there are still discrepancies in the predominance 
ranges of Cr(VI), which can be resolved when vibrational spectroscopy is combined with other 
analytical techniques. 
• Studies of trivalent chromium baths used for conversion coatings or electrodeposition processes 

There are only 4 studies concerning Cr(III) baths. The wavenumbers of the IR bands of the main 
oligomers (monomers, dimers, and trimers) are clearly identified, and the 𝐶𝑟(𝐼𝐼𝐼) − 𝑂  bonds are 
weak in dimers or trimers because of the formation of hydroxide bridges between 2 Cr(III) ions. In 
other studies, the bands of Cr(III) are not addressed, but only the IR spectra of organic compounds 
are recorded; consequently, there is no evidence of the formation of bonds. 
• Reference spectra of the pure chromium compounds 

The reference spectra permit comparison between laboratories, and in our study, reference 
spectra of pure potassium dichromate were included. The reference spectra and data of the positions 
of the stretching vibrations (ν) in Tables 1-3 allow us to create the following inequality for the 
wavenumbers of the dichromate bands: 𝜈஼௥(௏ூ)ିைర > 𝜈஼௥(௏ூ)ିைି஼௥(௏ூ)       (10) 
where Cr(VI) − Oସ  are the terminal bonds and Cr(VI) − O − Cr(VI)  are bridge bonds in the 
dichromate compound. The inequality (11) was deduced on the basis of the positions of the bands 
corresponding to the stretching vibrations (ν) of pure CrଶOଷ and KଶCrOସ. νେ୰(୚୍)ି୓ర > νେ୰(୍୍୍)ି୓        (11) 

Inequalities (10)-(12) demonstrate that vibrational spectroscopy can effectively differentiate 
between Cr(VI) and Cr(III) species. 
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