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Abstract

The color origin of precious coral, a highly valued organic polycrystalline gemstone, has long
remained elusive. In this study, an integrated approach employing spectrophotometry, Raman, FTIR,
and UV-Vis spectroscopy, coupled with Spearman correlation analysis, was utilized to investigate a
color-graded series of precious coral samples ranging from white to red. The results demonstrate that
the calcareous skeleton consists exclusively of calcite. The actual chromophores are identified as a
blend of multiple distinct polyene species, characterized by Raman shifts at 1126 and 1515 cm™.
Inherently exhibiting a red-orange hue, the progressive accumulation of these polyenes drives a
systematic color transition from orange to red.Both absorption bands at 314 nm and 532 nm in the
UV-Vis spectra originate from the polyene pigment molecules. Specifically, the broad 532 nm band
is dominated by m-m* electronic transitions. As the pigment concentration increases, this band
exhibits pronounced broadening and enhancement, accompanied by a redshift of the maximum
absorption peak. This spectral evolution leads to an intensified absorption in the yellow-orange
region, elucidating the intrinsic mechanism underlying the color transition of precious coral from
orange to red with increasing pigment content. This work lays a solid foundation for the non-
destructive identification of precious corals and future research on their color genesis.

Keywords: precious coral; polyene pigment; FTIR spectroscopy; raman spectroscopy; UV-Vis
spectroscopy

1. Introduction

Precious coral, a highly valued organic gemstone[1], exhibits a continuous spectrum of hues—
spanning a gradual transition from white, pink, and orange to red —rather than being confined solely
to red. Its utilization by humans dates back over 7,000 years|[2]. Across diverse civilizations, including
ancient Greek, Roman, Christian, Buddhist, and Islamic cultures, precious coral has held profound
significance, historically endowed with auspicious connotations such as protection, sanctity, wisdom,
and prosperity[3].

Precious coral is the colonial skeleton of certain species within the Coralliidae family, primarily
composed of an inorganic phase (calcium carbonate) and an organic matrix comprising
carbohydrates, lipids, proteins, and pigments such as carotenoids and polyenes[4]. In terms of
biomineralization, corals can be classified into calcite and aragonite types based on their calcareous
skeletal composition. Early academic consensus generally held that white corals belonged to the
aragonite type, whereas red corals belonged to the calcite type. However, subsequent in-depth
studies have demonstrated the limitations of this view, revealing that many red corals are actually
aragonitic, while numerous white corals are calcitic[5,6].

The origin of the vibrant red color in precious coral has long been a focal point in academic
research, with investigative approaches primarily falling into two categories: ex-situ pigment
extraction and in-situ spectral analysis. Regarding pigment extraction, Fox et al. (1972) attempted
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extractions from various corals; however, due to the tight binding between the pigments and the
organic matrix, none of the organic solvents tested achieved effective separation[7]. Cvejic et al. (2007)
reported the successful extraction of precious coral pigments, identifying them as canthaxanthin[8],
though this conclusion failed to gain widespread acceptance in the scientific community[9]. Despite
the controversy surrounding their assertion that canthaxanthin is the principal pigment, this study
did confirm the actual presence of canthaxanthin within precious coral. Subsequently, Bracco et al.
(2016) made further extraction attempts, but the low extraction efficiency yielded pigment quantities
insufficient for subsequent molecular structural characterization and identification[10].

Compared to the challenges inherent in ex-situ extraction, in-situ spectral techniques—
particularly Raman spectroscopy —have achieved substantial progress in elucidating the coloration
mechanisms of precious coral. As early as the 1980s, Merlin’s team investigated the Raman spectra of
various carotenoids[11], and subsequent research extended to the actual coloring pigments in
precious corals, ultimately identifying them as polyene pigments[12].

Following this, advancements unfolded in two main dimensions. In practical application,
Karampelas and Smith established Raman spectroscopy as an effective, non-destructive tool for
identifying precious corals[13,14]. Furthermore, Yang et al. conducted comparative analyses on
commercial varieties such as Aka, Sardinia, and Momo corals; observing consistent Raman peak
positions across these samples, they postulated that different species within the Coralliidae family
might share the same class of coloring pigments[15]. On a theoretical level, scholars including Kupka,
Bergamonti, and Brambilla introduced Density Functional Theory (DFT) to simulate the Raman
spectra of precious corals, deducing that the carbon-carbon double bond (C=C) conjugated chain
length of this polyene pigment is approximately 10 to 11 units[6,16-18].Additionally, the applicability
of Raman spectroscopy extends beyond precious corals, playing an irreplaceable role in the study of
shells[19-21] and pearls [22,23].

Compared to the extensive application of Raman spectroscopy in studying precious coral
pigments, the utilization of infrared (IR) and ultraviolet-visible (UV-Vis) spectroscopies remains
relatively limited in this field. In previous studies, IR spectroscopy has predominantly focused on the
calcareous skeleton of precious corals [24,25], whereas UV-Vis spectroscopy has primarily been
employed to quantify polyene pigments in other domains[26].

A comprehensive review of existing in-situ spectroscopic studies on precious coral, despite their
fruitful outcomes, reveals several notable deficiencies. Firstly, previous research has been confined to
discrete color samples, making it difficult to establish a rigorous correspondence between polyene
spectral signals and pigment content, thereby precluding conclusive correlations. Furthermore, in
terms of pigment-related research, color characterization has predominantly relied on visual
assessments. This approach is not only susceptible to interference from ambient lighting and observer
subjectivity, but also lacks quantifiability, rendering the documentation and expression of color
highly ambiguous.

In light of these limitations, the present study selected a suite of precious coral samples
encompassing a continuous color gradient from white to deep red. A systematic investigation was
conducted using an integrated approach comprising Raman, FTIR, and UV-Vis spectroscopies.
Simultaneously, colorimetric analysis was introduced to precisely quantify the macroscopic color
data, and Spearman’s correlation coefficients were employed to evaluate the relationships among
these parameters. This study aims to establish a multidimensional correlation among color, pigment
molecules, and spectral characteristics. Ultimately, it seeks to definitively confirm the intrinsic links
between the Raman signals (and their corresponding pigment molecules) and the color of precious
coral, and to elucidate the genesis of its broad color spectrum through a spectroscopic lens.

2. Materials and Methods

2.1. Materials

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.1664.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 April 2026 d0i:10.20944/preprints202604.1664.v1

3 of 18

The samples used in this study comprised 19 precious corals sourced from the Pacific Ocean.
They exhibited diverse morphologies, including oval, teardrop, branching, and irregular massive
forms. The surfaces were polished, displaying a bright vitreous luster, and the samples ranged from
translucent to semi-transparent. Their colors spanned a complete gradient from white to deep red,
and the samples were sequentially numbered from 1 to 19 in order of increasing color depth. Physical
photographs of the samples are presented in Figure 1.

Figure 1. Photographs of the precious coral samples used in this study, numbered 1-19 in order of increasing

color depth.

2.2. Experimental Methods and Instrumentation

Spectrophotometry

Color measurements were performed in Room 410 of the School of Gemmology, China
University of Geosciences (Beijing), using an X-Rite SP62 integrating sphere spectrophotometer. The
measurement conditions were set as follows: a D65 standard illuminant, the specular component
excluded (SCE) mode, a 2° observer viewing angle, and a measurement spot diameter of 4 mm. The
single measurement time was 2.5 s, with a wavelength sampling interval of 10 nm over an acquisition
range of 400-700 nm. To minimize errors, each sample was measured three times and the average
value was calculated. An N6 neutral gray background was used for the tests, and the color data were
recorded and exported in the CIE 1976 L*a*b* uniform color space.

CIE 1976 L*a*b* Uniform Color Space

The CIE 1976 L*a*b* color space exhibits excellent visual uniformity[27]. This system is
composed of the lightness index L* and the chromaticity coordinates a* and b*. Specifically, L*
represents lightness; a* represents the red-green axis (+a* indicates red, while -a* indicates green);
and b* represents the yellow-blue axis (+b* indicates yellow, while -b* indicates blue). Based on these
parameters, the chroma C* and hue angle h° can be further derived from the a* and b* values using
the following formulas[28]:

C =g+ b7 .

*

h° = arctan—;
a (2)

Raman Spectroscopy

Raman spectroscopy was performed at the laboratory of the School of Gemmology, China
University of Geosciences (Beijing). The measurements were conducted using a LabRAM HR
Evolution micro-Raman spectrometer. The experimental parameters were set as follows: a 532 nm
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Ar* ion laser was utilized as the excitation source, the spectral acquisition range was 100-4000 cm™,
and the laser spot diameter was 1298 nm.

Fourier Transform Infrared (FTIR) Spectroscopy

FTIR measurements were performed at the laboratory of the School of Gemmology, China
University of Geosciences (Beijing), using a Bruker Tensor 27 spectrometer. Data were collected in
reflectance mode with a spectral resolution of 4 cm™ over the range of 400-4000 cm™. For a single
acquisition, the scanning time was 32 s, the aperture was set to 6 mm, and the scanning speed was 10
Hz.

Ultraviolet-Visible (UV-Vis) Spectroscopy

UV-Vis measurements were conducted at the laboratory of the School of Gemmology, China
University of Geosciences (Beijing), using a UV-3600 spectrophotometer. Data were collected in
reflectance mode over a spectral scanning range of 200-900 nm. The instrumental parameters were
set as follows: a slit width of 20 nm, an integration time of 0.5 s, and the high-speed scanning mode
was employed.

3. Results

3.1. Color Analysis

The fundamental color-forming mechanism of an object is essentially the interaction between
light and matter: upon illumination, the object selectively absorbs specific wavelengths of light, while
the remaining wavelengths are reflected and stimulate the human visual system, thereby generating
the perception of color.

Under the D65 standard illuminant, the color parameters of the 19 precious coral samples are
distributed as follows: the red-green chromaticity index a* ranges from -2.15 to 37.17, and the yellow-
blue chromaticity index b* ranges from 4.31 to 25.80. Their projections on the a*b* plane are illustrated
in Figure 2A. The lightness index L* varies from 31.95 to 88.64, falling within the medium-to-high
lightness range. The chroma C* spans from 4.82 to 43.93, with higher values indicating greater color
saturation. Additionally, the hue angle h° ranges from 24.49° to 116.51°.

50 90
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Figure 2. (A) Projections of a* and b* for samples 1-19; (B) Variation of hue angle (h°) with the pigment content

in samples 3-19.

As shown in Figure 2A, the chromaticity coordinates of the vast majority of precious coral
samples fall within the first quadrant of the a*b* plane (i.e., the red-yellow color region). Only samples
No. 1 and No. 2 deviate from this region, distributing in the yellow-green color region. These two
samples appear white, and their a* values are negative due to an extremely low content of organic
pigments. The a* values of all other samples are positive.
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The experimental samples were sequentially numbered based on their visually observed color
depth. Given that this visual depth is positively correlated with the internal pigment content, the
sample sequence number was utilized as a proxy indicator for both color depth and pigment
concentration. Figure 2B illustrates the mapping relationship between the sequence numbers of the
samples (Nos. 3-19) and their hue angles (h°). The results reveal a significant negative correlation
between the two (Spearman’s @ = -0.976). This extremely strong correlation intuitively demonstrates
that as the pigment content increases, the hue angle (h°) decreases, causing the hue to shift from
yellow-orange to true red.

3.2. Raman Spectroscopy

Based on the inelastic scattering (Raman scattering) of monochromatic light by matter, Raman
spectroscopy sensitively captures molecular vibrational and rotational information. It serves as a
powerful tool for elucidating chemical compositions and molecular structures, and has been widely
validated as an effective approach for authenticating precious corals and probing their internal
organic components[13] . To further elucidate the material composition of the samples, Raman
spectral analyses were conducted on all 19 precious coral specimens.

The Raman spectra of the two white samples (No. 1 and No. 2), the two aragonites, and a calcite
sample are compared in Figure 3.
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Figure 3. Raman spectra of white precious coral, aragonite, and calcite. The brownish-yellow, blue, and black

lines correspond to white precious coral, aragonite, and calcite, respectively.

As shown in Figure 3, the Raman spectra of the two white samples (No. 1 and No. 2) exhibit
exclusively the characteristic signals of their calcareous skeletons. Comparison with the Raman
spectra of inorganic minerals reveals the absence of aragonite characteristic peaks at 178 and 209 cm™!
in their spectra. Conversely, the Raman shifts at 157, 283, 715, and 1087 cm™ perfectly match the
characteristic peaks of calcite.

The Raman spectral peaks of samples No. 1 and No. 2 are assigned as follows: the weak peaks
located at 157 and 283 cm™ are attributed to the translational and rotational vibrations of the calcite
lattice, respectively; the signal at 1020 cm™ indicates the presence of bicarbonate ions (HCOs").
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Furthermore, a series of peaks at 713, 1087, 1441, and 1750 cm™ all originate from the internal
vibrations of carbonate ions (COs%"), corresponding sequentially to the in-plane bending vibration,
symmetric stretching vibration, asymmetric stretching vibration, and the second-overtone of the out-
of-plane bending vibration[18].

Theoretically, Raman signal intensity is positively correlated with analyte concentration;
however, due to interference from complex external factors—such as laser power, integration time,
sample surface polish, and laser incidence angle —the absolute intensity of spectra is unsuitable for
the accurate quantification of substance concentrations. Nevertheless, calcite accounts for up to
98%][29] of the mineral composition of precious coral (approximating a pure phase), meaning its
concentration can be treated as a constant. Leveraging this characteristic, the present study utilized
the characteristic Raman signal of calcite as an internal standard. By calculating the ratio of the
characteristic peak intensity of the target analytes to the reference peak intensity of calcite (i.e., the
relative intensity), the errors arising from fluctuations in testing conditions were effectively
eliminated, thereby enabling the semi-quantitative analysis of the internal components of precious
coral.

Using the strongest characteristic peak of calcite at 1087 cm™ as an internal standard, the Raman
spectra of samples No. 1-19 were normalized, and the results are presented in Figure 4. Following
this treatment, the absolute intensities of all other characteristic peaks were converted into relative
intensities referenced to calcite.
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Figure 4. Normalized Raman spectra of the precious coral samples (Nos. 1-19).
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The Raman characteristic peak positions of the polyene pigments are shown in Figure 4, and the
assignments are as follows:

The fundamental vibration peaks (the yellow region in Figure 4, 387-1584 cm™) are specifically
assigned as follows: the peak at 1017 cm™ (vs) originates from the rocking vibration of (-CHs) and is
degenerate with the 1120 cm™ peak of calcite; the peaks at 1126 cm™ (v;) and 1515 cm™ (v4) correspond
to the stretching vibrations of (C-C) and (C=C), respectively[12]; and the peak at 1299 cm™ (vy) is
attributed to the in-plane rocking vibration of the H atoms in (C-H)[16]. Additionally, polyene
pigment signals were also observed at 387, 580, 880, 1182, 1395, 1594, and 2986 cm™, although their
exact vibrational modes remain to be further confirmed.

In the high-wavenumber region (the blue region in Figure 4, 2140-3735 cm™), with the exception
of 2986 cm™, all other peaks are combination bands of the fundamental peaks. These specifically
include the combination bands at 2140 cm™ (v2+vs), 2249 cm™ (2v,), 2528 cm™ (vi+vs), 2633 cm™! (vi+Vvs),
3031 cm™ (2v; or 3v; and their degenerate peaks), 3367 cm™ (vi+vz+vs), and 3735 cm™ (v1+2v,)[12].

The normalized spectra (Figure 4) clearly illustrate the dynamic evolution of the polyene Raman
signals with increasing color depth. In the virtually pigment-free white samples (No. 1 and No. 2),
only the characteristic calcite peak at 1087 cm™ is present. Weak polyene signals begin to emerge in
the light pink samples (No. 3-5), with intensities lower than that of the 1087 cm™ calcite peak. As the
sample color transitions to orange-red (No. 6-8) and further to red-to-dark-red (No. 9-19), the
polyene Raman signals exhibit a remarkable increase. Not only do they vastly exceed the intensity of
the 1087 cm™ calcite peak, but in samples No. 9-19, they also alter the spectral profile: the intense
principal peak at 1126 cm™ envelops the 1087 cm™ peak, reducing it to a shoulder peak.

Relying solely on visual inspection to estimate spectral signal intensity is inherently imprecise;
moreover, the visual perception of color is susceptible to external environmental factors, such as the
spectral power distribution of the light source, illumination intensity, and the brightness and color of
the observation background. To eliminate the bias associated with subjective visual assessments of
spectral intensity and color variation, and to derive more objective conclusions, this study utilized
the integrated intensity of the characteristic polyene peak at 1515 cm™ as the indicator of polyene
concentration. Concurrently, the visual ranking of color depth and the instrumentally measured
lightness index (L*) were jointly employed as indicators of pigment concentration in the precious
coral. Correlation analyses were then performed between the integrated intensity of the 1515 cm™!
peak and the visual ranking as well as the L* values, with the results presented in Figure 5.
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Figure 5. Projections of the 1515 cm™ peak intensity against (A) the visual ranking and (B) the L* value.

The statistical analysis (Figures 5A and 5B) reveals a highly significant positive correlation
between the integrated intensity of the characteristic polyene peak at 1515 cm™ and the visual ranking
(Spearman’s ¢ = 0.937), as well as a highly significant negative correlation with the lightness value L*
(Spearman’s o = -0.946). These two highly significant correlations—one positive and one negative —
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validate the feasibility of using the lightness value (L*) measured by a spectrophotometer as a
substitute for the visually perceived color depth to inversely indicate pigment content.

3.3. Infrared Spectroscopy

IR spectroscopy achieves material analysis based on the selective absorption of infrared light by
molecules during vibrational energy level transitions. Many vibrational modes that are restricted or
exhibit weak signals in Raman spectroscopy often show strong responses in IR spectroscopy, making
the two techniques highly complementary in research. In this study, reflection-based IR spectra of
coral samples No. 1-19 were collected over the range of 400-4000 cm™. To effectively eliminate the
interference of physical factors—such as sample surface roughness and test coverage area—on the
absolute spectral intensity, the characteristic calcite absorption band at 1250-1630 cm™ was utilized
as an internal standard for normalization. The results are presented in Figure 6.
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Figure 6. Normalized IR spectra of the precious coral samples (Nos. 1-19).

As shown in Figure 6, the IR spectra of samples No. 1-19 clearly exhibit the characteristic
absorptions of both calcite and organic matter. Specifically, the fundamental vibration peaks of calcite
are assigned as follows: the peaks at 709 cm™ and 889 cm™ correspond to the in-plane and out-of-
plane bending vibrations of (COs?), respectively, while the broad absorption band at 1250-1630 cm™!
(the green region) is attributed to the asymmetric stretching vibration of (COs?")[5].
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In the organic signal region, the characteristic absorption at 2918 cm™ is assigned to the (C-H)
stretching vibration. Additionally, a highly anomalous concave structure appears in the 2280-2390
cm™! range (the blue region) of the spectra, within which a signal peak is located at 2349 cm™.

Additionally, despite careful examination, no signals associated with coloration were identified
in the IR reflection spectra.

3.4. Ultraviolet-Visible Spectroscopy

UV-Vis spectroscopy analyzes material composition based on the absorption of ultraviolet and
visible light during electronic energy level transitions within molecules or ions. Unlike infrared
spectroscopy, which focuses on vibrational energy level transitions, UV-Vis spectroscopy reflects the
electronic transition behavior within a substance; thus, the two techniques are highly complementary
in molecular characterization. To further elucidate the coloration mechanism of precious coral from
the perspective of electronic transitions, UV-Vis spectra of samples No. 1-19 were acquired, and the
results are presented in Figure 7.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 7. UV-Vis spectra of the precious coral samples (Nos. 1-19).

As shown in Figure 7, the UV-Vis spectra of the precious coral can be divided into two regions:
ultraviolet and visible. In the deep ultraviolet region, all 19 samples exhibit a consistent characteristic
absorption at 222 nm. In the deep-to-mid ultraviolet range, the light-colored samples (No. 1-12) show
a distinct absorption around 284 nm, whereas this signal is not observed in the dark-colored samples
(No. 13-19). In fact, the absorption at 284 nm does not actually disappear; rather, it is masked by the
intensely broadened absorption band at 532 nm. Because the broad band encompasses the 284 nm
region, the latter cannot be effectively resolved in the spectra.

In the mid-to-near ultraviolet range, the absorption band centered at 314 nm exhibits an
extremely regular correlation with the color of the samples: this band shows no characteristic
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response in the white samples (No. 1-2), appears as a gentle and weak absorption in the light yellow-
orange samples (No. 3-6), manifests as a slight protruding absorption in the light red samples (No.
7-10), and significantly intensifies again in the red to dark red samples (No. 10-19). By projecting the
integrated intensity of the 314 nm absorption peak against the parameter L*—which serves as an
inverse indicator of pigment concentration—to generate Figure 8A, a highly significant negative
correlation was found between the two (Spearman’s g = -0.900).
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Figure 8. (A) Projection of L* versus the peak intensity at 314 nm; (B) Projection of L* versus the peak intensity
at 532 nm. The black-to-white gradient bar on the left indicates the variation in lightness, and the red-to-yellow

gradient bar on the right represents the change in sample color.

In the visible light region, as the sample color deepens, a broad absorption band with its
maximum at 532 nm appears (the blue region in the figure). Its evolution is highly consistent with
the color change: samples No. 1-2 show no characteristic absorption in this range, resulting in total
reflection of visible light and appearing white. In samples No. 3-10, the absorption band in the 400-
570 nm range emerges and gradually intensifies (the darker blue region) as the color deepens. Within
this band, three characteristic absorption peaks can be resolved at 465, 493, and 523 nm, although the
maximum absorption point is not yet 532 nm but 493 nm. This spectral region covers the violet, blue,
and green light zones; its selective absorption causes the red-orange light to be reflected, which gives
the samples their orange-red hue.By the stage of the red to dark red samples (No. 11-19), the
absorption band further broadens to the 210-685 nm range, where the three previously distinct peaks
overlap and merge, causing the absorption maximum to undergo a redshift to 532 nm. At this point,
the visible light outside the red wavelength range is completely absorbed, accompanied by
concurrent absorption in the ultraviolet region, and the sample hue shifts entirely from orange-red
to red.

By projecting the integrated intensity of the 532 nm absorption band against the parameter L*,
which serves as an inverse indicator of pigment concentration, Figure 8B was generated. The two
parameters exhibit a highly significant negative correlation (Spearman’s @ = -0.981).

To illustrate the enhancement and broadening of the 532 nm absorption band alongside the hue
variation, the 532 nm band intensity and its long-wavelength absorption edge were plotted against
the hue angle (h°) to generate Figure 9.
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Figure 9. (A) Projection of h° versus the 532 nm peak intensity; (B) Projection of h° versus the long-wavelength

edge position of the 532 nm peak.

As shown in Figure 9, the sample hue exhibits a highly significant negative correlation with both
the long-wavelength edge position and the peak intensity of the 532 nm absorption band (Spearman’s
0 =-0.882 and -0.952, respectively); that is, the enhancement and broadening of the 532 nm band
correspond to a decrease in hue.

3. Discussion

Based on the colors of Samples No. 1 and No. 2, which contain extremely low pigment levels, it
can be inferred that in the complete absence of pigment, precious coral would exhibit a white hue
with an extremely faint yellowish-green tint (imperceptible to the naked eye). Furthermore, the
observation that increasing pigment content decreases the hue value, driving a color transition from
orange to red, indicates that the intrinsic color of the pigment in precious coral is red.

In the Raman spectra, Samples 1 and 2 exhibit patterns identical to calcite, while in the FTIR
spectra, all samples display calcite signatures. Neither the characteristic peaks of aragonite (around
1085 cm™) nor the in-plane bending vibration peaks of vaterite (around 745 cm™) were detected[25].
This cross-validation of Raman and FTIR results further conclusively confirms that the calcareous
skeletons of precious corals—regardless of being white or red—are compositionally uniform,
consisting exclusively of calcite. This definitively rules out the presence of aragonite or vaterite,
delivering a robust refutation of the conventional assertion that “white corals are aragonite, while
red corals are calcite.”

In the Raman spectra (Figure 4), the visual color demonstrates a synchronous variation with the
microscopic signal intensity of polyenes. The integrated intensity of the characteristic peak at 1515
cm'—representing polyene concentration—shows a highly significant correlation with both the
visual color ranking sequence and the lightness value (L*), which represent pigment concentration
(Spearman’s ol >0.930). This high degree of statistical consistency explicitly demonstrates that the
concentration gradient of polyene substances in precious coral strictly corresponds to its pigment
concentration. Consequently, it is conclusively confirmed that this polyene substance acts as the
color-inducing pigment of precious coral, thereby substantially bolstering the reliability of previous
conclusions[9,12,13].

The color origin of polyene compounds lies in the conjugated system within their molecular
backbone, which consists of alternating carbon-carbon single (C-C) and double (C=C) bonds. The m-
electron delocalization effect induced by this system significantly reduces the energy gap required
for the mt-rt* transition, causing a shift of the absorbed light wavelength towards longer wavelengths
(a bathochromic shift, or red shift)[30]. Once the absorption band enters the visible light region,
selective absorption occurs and the complementary color is perceived; the optical mechanism
underlying the red coloration of precious coral follows exactly this principle.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.1664.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 April 2026 d0i:10.20944/preprints202604.1664.v1

14 of 18

In the FTIR spectra (Figure 6), the broad absorption band of calcite in the 1250-1630 cm™ range
exhibits splitting, resolving into two distinct peaks at 1429 cm™ and 1484 cm™, accompanied by a
slight splitting phenomenon at the 889 cm™ peak. Fundamentally, this peak splitting reflects lattice
distortion, which is hypothesized to arise from the synergistic effects of two mechanisms. First is the
ion substitution effect: precious coral belongs to high-Mg calcite, where the incorporation of Mg?*
into the lattice by substituting for Ca?* induces local lattice distortion, causing the original vibrational
modes to split. Second is biomineralization regulation: the crystallization process of coral calcite is
controlled by an organic matrix; the presence and regulatory role of these organics lead to varying
degrees of crystal defects or distortions, which subsequently trigger further splitting of the IR
absorption peaks.

In Figure 6, a concave feature appears in the 2280-2390 cm™ region (blue area). Natkaniec-
Nowak et al. also captured this anomalous spectral band in previous research but did not provide an
in-depth analysis[31]. Observing Figure 6 from bottom to top, the depth of this concavity appears to
increase with pigment content, superficially suggesting a signal arising from the vibration of a
specific functional group within the polyene pigments of the precious coral.

However, subsequent in-depth tracing revealed that this anomalous concavity actually
originates from the vibrational absorption interference of CO,within the experimental
environment (2280-2390 cm™?). The illusion that the concavity “deepens with color intensity” is, in
fact, an artifact caused by the testing sequence. Because the samples were analyzed strictly in
sequential order from white to red, the CO, concentration in the enclosed testing space gradually
accumulated due to the operator’s respiration as the testing time increased, thereby causing a
continuous enhancement of this absorption signal. Therefore, this spectral band has no relevance to
the polyene pigments in precious coral and is purely an environmental background interference.

In the UV-Vis spectra (Figure 8), the parameter L*, which inversely represents pigment
concentration, shows a highly significant negative correlation with the intensities of the absorption
bands at 314 nm and 532 nm (Spearman’s |o!| > 0.900) —equivalently, pigment concentration exhibits
a significant positive correlation with the intensities of these two bands. This demonstrates that both
absorption bands essentially originate from electronic energy level transitions of the polyene
pigments within the precious coral, with the 532 nm band specifically corresponding to the m-mt*
electronic transition.

As observed in Figure 9, the intensification and long-wavelength broadening of the 532 nm
absorption band are accompanied by a decrease in the hue of the samples. This result reveals the
intrinsic mechanism by which the hue of precious coral changes with pigment concentration: as the
pigment concentration increases, the 532 nm absorption band undergoes significant enhancement
and broadening, which in turn intensifies the absorption in the yellow-orange light region. This
intensified absorption reduces the hue value, ultimately driving the color evolution from yellow-
orange to red. This spectral pattern explains the phenomenon described earlier (Figure 2B), where
the hue decreases as pigment concentration rises.

Concomitant with the enhancement and broadening of the 532 nm absorption band, its
absorption maximum undergoes a significant long-wavelength shift (redshifting from 493 nm to 532
nm). Such a peak shift cannot be explained by the concentration change of a single pigment,
indicating that there are at least two color-inducing pigments within the precious coral: one with a
main absorption peak at 493 nm, and another at 532 nm, whose enrichment dominates the long-
wavelength broadening of the absorption band. While further elucidating the intrinsic mechanism of
the hue variation in precious coral, this finding also corroborates previous assertions by scholars that
the pigments in precious coral are not of a single type [15,18].

In this study, the color, FTIR, Raman, and UV-Vis spectra of precious corals spanning a white-
to-red color gradient were systematically collected and analyzed to determine their inorganic
composition. The results conclusively demonstrate that polyene pigments act as the color-inducing
agents in precious corals and elucidate the intrinsic mechanism driving the hue transition with
increasing pigment concentration. Furthermore, corroborative evidence was obtained indicating that
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the pigment composition in red corals is not singular. These findings lay a solid foundation for the
identification and authentication of precious corals, as well as for further in-depth research into their
color genesis.

5. Conclusions

1, The hue of precious coral exhibits a regular shift from orange-red to red as the internal
polyene pigment content increases.

2, Cross-validation by Raman spectral characteristic peaks (e.g., 157, 283, 715, 1087, 1441, and
1750 cm™) and infrared spectral characteristic peaks (e.g., 709, 889, and 1250-1630 cm™) definitively
confirms that the calcareous skeletons of all precious coral samples are composed exclusively of
calcite, refuting the conventional assertion that white corals are aragonite while red corals are calcite.

3, The intensity of the characteristic Raman peak at 1515 cm™ for polyene substances exhibits a
significant correlation with pigment concentration (as characterized by color and L*; Spearman’s lo| >
0.930), confirming that this polyene substance is the color-inducing pigment in precious coral.
Furthermore, other unassigned signal peaks at 387, 580, 880, 1182, 1395, 1594, and 2986 cm™ also carry
structural information about this pigment.

4, In the UV-Vis spectra, both the 314 nm and 532 nm absorption bands originate from
electronic transitions within the polyene pigments. Notably, the broad 532 nm absorption band is
dominated by m-7t* electronic transitions. As the pigment concentration increases, this band exhibits
significant broadening and enhancement, accompanied by a synchronous redshift of its absorption
maximum. This results in intensified absorption in the yellow-orange light region, elucidating the
intrinsic mechanism driving the hue evolution of precious coral from orange to red with increasing
pigment concentration. Furthermore, the redshift of the main peak provides additional evidence that
the polyene pigments in precious coral are not of a single type.
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