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Abstract: Pearls, a well-known organic gemstone, are popular for their attractive lustre and rich
colour. The pigmentation and colour of pearls have never been clearly explained. Understanding the
pigments and colour origin of pearls can be a guide for artificial cultivation and rational conservation.
In this study, Chinese freshwater cultured pearls were collected as research samples. The appearance
and colour characteristics of pearls were characterised using D65 standard light source photography
and UV–Vis spectroscopy, the molecular structure of the pigments in the pearls was characterised
using Raman spectroscopy, and Density Functional Theory (DFT) calculations were used to reveal the
characteristics of the pigments in the pearls in terms of molecular structure and electronic excitation.
It was proposed that freshwater pearls are coloured with polyene pigments, with the chain length of
the polyene determining the type of colour and the concentration of the polyene determining the
colour intensity of the pearl. The HOMO–LUMO transition of conjugated polyenes is intrinsically
responsible for the colour of pearls. Many colour-rich biominerals also have similar Raman spectral
features to pearls, and this study has wider implications for understanding the nature of pigments
and their colour origins.

Keywords: freshwater cultured pearls; Raman and UV–Vis spectroscopies; polyenes; colour origin;
DFT calculations

1. Introduction

Pearls, an important biomineral composed mainly of calcium carbonate and organic
matter, are popular in the jewellery market due to their beautiful lustre and rich colour [1,2].
Pearls can be divided into natural pearls and cultured pearls depending on the reason
for their formation, with the majority of pearls on the market being artificially cultured.
Pearls can also be divided into freshwater pearls and saltwater pearls, depending on the
environment in which they are grown [3]. China has a well-developed pearl aquaculture
industry and produces a large number of freshwater cultured pearls, which account for
a significant share of the world pearl market. As a result, freshwater cultured pearls
produced in China have received a great deal of attention [4,5]. Colour is an important
factor in determining the value of Chinese freshwater cultured pearls, and the pigments in
the pearls directly determine their colour. Surprisingly, the composition of the pigments in
pearls has always been a mystery. We believe that research into the pigments in pearls and
understanding the causes of their colour is important not only at a theoretical level but also
in two applications: to guide the artificial regulation of the colour of cultured pearls and
to provide guidance for the rational conservation and maintenance of pearls, an organic
gemstone whose colour is considered to be unstable.

As is generally stated at present, the primary pigments in freshwater pearls are
polyenes, including carotenoids and unmethylated polyenes [6–15]. Pigments containing
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polyene chains are widespread in nature [16]. Carriers include phytoplankton, calcareous
skeletons such as some mollusc shells, vegetables such as carrots, bird feathers and even
macular pigments of the human retina [17–36]. The vast majority of these pigments belong
to the carotenoid family. Due to the unique spectral characteristics in the Raman spectrum
of polyene, Raman spectroscopy is an important tool for researching polyenes [37,38].
There are two very strong Raman peaks in the range of 1450–1600 cm−1 (C=C stretching)
and 1100–1200 cm−1 (C-C stretching) [39–41]. This strong spectral enhancement is due to
the coupling of electronic transition and vibrational transition. Even in pearls, complex
biominerals, polyenes can be detected at very low concentrations [42]. Therefore, Raman
spectroscopy is an effective characterisation technique for studying the pigments in pearls.

In published studies [7–15], scholars have attempted to characterise the pigments in
pearls using Raman spectroscopy with UV–Vis spectroscopy to infer the colour of pearls
that may be due to polyenes or carotenoids. This approach is relatively indirect, with
little detailed study of the spectroscopic properties of the molecules postulated and little
in-depth discussion of the colour of pearls at the molecular level. Although some evidence
from Raman spectroscopy has been proposed for the colour origin of Chinese freshwater
cultured pearls, the nature of pigments and colour origin in Chinese freshwater cultured
pearls are still not well understood. In this study, we collected experimental Raman and
UV–Vis spectra of freshwater cultured pearls of different colours while we simulated
theoretical Raman and UV–Vis spectra of possible polyene molecules in pearls using high-
precision DFT calculations. Upon comparing the experimental spectra with the results of
the theoretical calculations, we speculated on the pigments in pearls and explained the
chromogenic mechanism of polyene pigments at the level of electronic excitation of the
molecules, providing a further understanding of the colour of freshwater pearls.

2. Materials and Methods
2.1. Materials

This research was carried out on 8 untreated Chinese freshwater cultured pearls from
Hyriopsis cumingi, covering a wide range of colours typical for this material. The pearl
samples are divided into three main types according to colour: yellow–orange pearls
(marked as CF-1, CF-2 and CF-3), purple pearls (marked as CF-4, CF-5 and CF-6), and
orange–purple mixed-colour pearls (marked as CF-7 and CF-8). We used alcohol wipes to
clean the surface of the pearls before experimental characterisation.

2.2. Methods

In order to better show the colours of pearl samples, we use a standard D65 light
source in the lightbox to take photographs. Before photographing the pearl samples, we
calibrated the camera using a grey plate under a standard D65 light source.

The UV–Vis spectra of the pearls were collected by Skyray Gem UV-100 ultraviolet–
visible spectrophotometer (Skyray Instrument, Kunshan, China). Before collecting the
UV–Vis spectra of the pearls, we calibrated the equipment with a white plate (Polytetraflu-
oroethylene material), which was considered to have 100% reflectivity. For collecting the
UV–visible spectrum of pearls, we used the reflection method. The spatial resolution of
the UV–Vis spectrophotometer was 2 mm. Thus, relatively smooth surfaces of the pearl
samples were selected for testing as far as possible to reduce the influence of the mineral
structure of the pearl surface on the spectrum and to better characterise the absorption
characteristics of the different coloured pearls in the visible region. The regions with pure
colour and smooth surfaces of yellow–orange pearls (CF-1, CF-2, CF-3) and purple pearls
(CF-4, CF-5, CF-6) were chosen as the measured regions. In order to observe the visible
absorption characteristics of mixed-colour pearls and to compare them with pure colour
pearls, the regions with mixed colour and smooth surfaces of orange–purple mixed-colour
pearls were chosen as measured regions. The spectral range was 350–800 nm, the resolution
of wavelength in the UV–Vis spectrum was 3 nm, the integration time was 100 ms, and
the average number of scans was 8. Without considering the transmission of the sample,



Minerals 2023, 13, 959 3 of 14

the reflection spectrum was converted to the absorption spectrum using the conversion
formula: A (Absorbance) = 1-R (Reflectance). Integration of UV–Vis absorbance bands was
completed using the program SpectraGryph 1.2 (Friedrich Menges, Oberstdorf, Germany).

Raman spectra were collected using a ThermoFisher DXR™2xi Raman spectrometer
(ThermoFisher Scientific, Waltham, MA, USA). Before collecting the Raman spectra of
the pearls, we used single-crystal silicon to correct the Raman shifts. For pure yellow–
orange colour pearl samples (CF-1, CF-2, CF-3) and pure purple colour pearl samples (CF-4,
CF-5, CF-6), the Raman spectra were collected at smoother positions on the surface. For
orange–purple mixed-colour pearls (CF-7 and CF-8), the Raman spectra were collected at
different positions: for CF-7, the Raman spectrum of the more prominent orange position
was collected as CF-7-1 and the Raman spectrum of the more prominent purple position
was collected as CF-7-2. The same was performed for CF-8, the Raman spectrum of the
more prominent orange position was collected as CF-8-1, and the Raman spectrum of the
more prominent purple position was collected as CF-8-2. The incident laser excitation
was provided by a YAG laser source operating at 532 nm, and the power at the sample
was 15 mW. The spatial resolution of the Raman spectrometer was 500 nm. The spectra
were acquired with a resolution of 4 cm−1, with an acquisition time of 30 s, and 1000 scans
were accumulated. The scan range of the Raman shift was 600–1600 cm−1. All tests were
performed at 25 ◦C, and the Raman spectra were baseline corrected. The normalisation of
the Raman spectra of pearls was conducted using the program OMNIC 9, and the peak
fitting of the Raman spectra of pearls was completed using the program Origin. Integration
of Raman peaks was completed using the program SpectraGryph 1.2.

The colour of a pearl may be closely related to the chain length of the polyene [3], so
attention needs to be paid to the spectroscopic properties of polyenes of different chain
lengths. To simplify the discussion, we assume a simple structural model, i.e., the polyene
chain with only C=C double bonds and C-C single bonds. We choose polyenes with 4 C=C
double bonds up to polyenes with 14 C=C double bonds. For convenience, we label the
polyene molecule with n C=C double bonds as Cn polyene. DFT calculation is a method
used to study the electronic structure of multi-electron systems. It can be used to study
various properties of molecules and crystals. It is one of the most commonly used methods
in the field of quantum chemistry. We used the quantum chemical program Gaussian 16
(Gaussian, Inc., Wallingford, CT, USA) to complete DFT calculations [43]. We analysed the
results obtained from DFT calculations using the wave function analysis program Multiwfn
(Beijing Kein Research Centre for Natural Sciences, Beijing, China) [44]. In DFT calculations,
the accuracy of the calculation results is closely related to the theoretical methods used,
and the theoretical methods applicable to different molecular systems also vary. Thus,
selecting appropriate functional and basis sets is very important. Before the spectroscopic
properties of the molecule can be calculated, the molecular structure of the polyene needs
to be optimised. We used B3LYP, a widely applicable functional, with basis sets 6-31G (d)
to optimise the molecular structures of polyenes, and we also calculated the theoretical
Raman spectra of polyenes at this level [45]. In the simulation of the Raman spectrum, the
wavenumber is often overestimated, so it needs to be corrected. At this calculated level,
the Raman shifts were scaled by 0.9614 to obtain a high-quality theoretical spectrum [46].
Structure optimisation and simulated Raman spectra of these polyenes were also calculated
at functional B3LYP with larger basis sets 6-311G(d,p) to make the results more reliable. The
applicable factors for Raman wavenumber correction vary at different calculated levels. The
simulated Raman shifts calculated at B3LYP/6-311G(d,p) level were scaled by 0.9729 [47].
We finally obtained theoretical Raman spectra from C4 polyene to C14 polyene. We found
possible polyene pigments by comparing theoretical Raman spectra with experimental
Raman spectra of pearls and then calculated their theoretical UV–Vis spectra and compared
them with experimental UV–Vis spectra of pearls to explain the colour origin of pearls
further. Theoretical UV–Vis spectra of polyene molecules can be obtained from electronic
excitation calculations. For electronic excitation calculations of conjugated molecules, the
functional PBE0 is much used and appropriate. We used commonly used functional PBE0
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with the 6-311G(d,p) basis sets to calculate the first 10 excited states of the optimised
structure of these polyenes based on time-dependent DFT (TDDFT) theory to attain their
simulated visible absorption spectra [48].

3. Results and Discussion
3.1. Colour Characterisation of the Pearls

For the colour characterisation of pearls, on the one hand, we use photographs taken
under a standard D65 light source in a lightbox to visualise the colour of the pearls, and on
the other hand, we use the UV–Vis spectrum to characterise the absorption characteristics
of pearls in the visible region, which in turn allows us to discuss the causes of the colour of
the pearls.

All the samples are shown in Figure 1, and the sample number is displayed underneath
each sample in order to facilitate discussion of the experimental test results of different
colour pearls.
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tively. At the same time, these two absorption bands are also present in the UV–Vis spectra 

Figure 1. Freshwater cultured pearl samples (yellow–orange pearls CF-1, CF-2, CF-3, purple pearls
CF-4, CF-5, CF-6, and orange–purple mixed-colour pearls CF-7, CF-8).

The UV–Vis spectra of the orange–yellow pearls (CF-1, CF-2, CF-3), purple pearls
(CF-4, CF-5, CF-6) and orange–purple mixed-coloured pearls (CF-7 and CF-8) are shown in
Figure 2a–c, respectively. We marked the peak position at the highest position of the largest
absorption band in the visible region, as shown in Figure 2a,b. All yellow–orange pearls
have an obvious absorption band centred at 470 nm, and all purple pearls have an obvious
absorption band centred at 605 nm. These two absorption bands are probably produced by
the orange–yellow pigment and the purple pigment in the pearls, respectively. At the same
time, these two absorption bands are also present in the UV–Vis spectra of orange–purple
mixed-colour pearls, as shown in Figure 2c. This suggests that the two pigments may be
present in the mixed-colour pearls.



Minerals 2023, 13, 959 5 of 14

Minerals 2023, 13, x FOR PEER REVIEW 5 of 15 
 

 

of orange–purple mixed-colour pearls, as shown in Figure 2c. This suggests that the two 
pigments may be present in the mixed-colour pearls 

  
(a) (b) 

(c) 

Figure 2. (a) UV–Vis spectra of yellow–orange pearls (CF-1, CF-2, CF-3); (b) UV–Vis spectra of pur-
ple pearls (CF-4, CF-5, CF-6); (c) UV–Vis spectra of orange–purple mixed-colour pearls (CF-7 and 
CF-8). 

As can be seen from Figure 2a, the UV–visible spectra of samples CF-1, CF-2 and CF-
3 all have an absorption band centred at about 470 nm that is mainly located in the blue 
light region. The absorption of purple–blue light is far higher than that of orange light, 
which makes the pearl appear orange. It is noticeable that the more intense the orange–
yellow colour of the sample, the stronger the corresponding absorption band. We have 
integrated this absorption band and compared it with the colour of the pearl, as shown in 
Table 1. It is also noticeable that the more intense the orange–yellow colour of the sample, 
the larger the corresponding integral intensity of this absorption band. This suggests that 
this absorption band at 470 nm is closely related to the production of yellow–orange col-
our of the pearl.  

Table 1. Comparison of the colour of yellow–orange pearl with the integral intensity of UV–Vis 
absorbance band at 470 nm. 

Sample Colour 
Integral intensity of UV–Vis Absorbance Band at 

470 nm 
(Boundary: 350 nm to 600 nm)  

CF-1 Yellow 10,770 
CF-2 orange 15,060 
CF-3 Intense orange 17,440 

From Figure 2b, it can be seen that there is an absorption band centred at 605 nm that 
is mainly located at the orange–red light region in the UV–Vis spectra of purple pearls. 
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pearls (CF-4, CF-5, CF-6); (c) UV–Vis spectra of orange–purple mixed-colour pearls (CF-7 and CF-8).

As can be seen from Figure 2a, the UV–visible spectra of samples CF-1, CF-2 and CF-3
all have an absorption band centred at about 470 nm that is mainly located in the blue light
region. The absorption of purple–blue light is far higher than that of orange light, which
makes the pearl appear orange. It is noticeable that the more intense the orange–yellow
colour of the sample, the stronger the corresponding absorption band. We have integrated
this absorption band and compared it with the colour of the pearl, as shown in Table 1. It is
also noticeable that the more intense the orange–yellow colour of the sample, the larger the
corresponding integral intensity of this absorption band. This suggests that this absorption
band at 470 nm is closely related to the production of yellow–orange colour of the pearl.

Table 1. Comparison of the colour of yellow–orange pearl with the integral intensity of UV–Vis
absorbance band at 470 nm.

Sample Colour Integral Intensity of UV–Vis Absorbance Band at 470 nm
(Boundary: 350 nm to 600 nm)

CF-1 Yellow 10,770
CF-2 orange 15,060
CF-3 Intense orange 17,440

From Figure 2b, it can be seen that there is an absorption band centred at 605 nm that
is mainly located at the orange–red light region in the UV–Vis spectra of purple pearls.
The absorption of orange–red light is much stronger than that of purple–blue light, which
makes the pearl appear purple. It is noticeable that the more intense the purple colour
of the sample, the stronger the corresponding absorption band. We have integrated this
absorption band and compared it with the colour of the pearl, as shown in Table 2. It is also
observed that the more intense the purple colour of the sample, the larger the corresponding
integral intensity of this absorption band. This suggests that this absorption band at 605 nm
is closely related to the production of the purple colour of the pearl.
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Table 2. Comparison of the colour of purple pearl with the integral intensity of UV–Vis absorbance
band at 605 nm.

Sample Colour Integral Intensity of UV–Vis Absorbance Band at 605 nm
(Boundary: 450 nm to 800 nm)

CF-4 Slight purple 16,540
CF-5 Purple 18,600
CF-6 Intense purple 20,410

3.2. Characterisation of Pigments in Pearls by Raman Spectroscopy

The Raman spectra in the range of 600–1600 cm−1 of all pearl samples of different
colours are summarised in Figure 3. Raman spectra of pearls are shown according to colour
classification. Raman spectra of yellow–orange pearls (CF-1, CF-2, CF-3) and purple pearls
(CF-4, CF-5, CF-6) are shown in Figure 3a,b, respectively. Raman spectra of orange–purple
mixed-colour pearls (CF-7 and CF-8) are shown in Figure 3c,d. In the Raman spectra of
freshwater pearls, the Raman peaks at 1086, 706, and 702 cm−1, which are stable regardless
of the colour in the pearl, are assigned to the ν1 symmetric and ν4 in-plane binding modes
of carbonate ions (CO3

2−) in aragonite [11]. Except for the Raman peaks of aragonite, other
Raman peaks may be due to the presence of organic compounds [3]. All Raman peaks
have been normalised to the peak at 1086 cm−1 and shifted for clarity so that the relative
intensity of the pigment signals can be better compared. There are two strong Raman
peaks located at about 1500 to 1550 cm−1 and about 1100 to 1150 cm−1. They belong to the
stretching vibrations of the C=C double bond (ν1 close to 1500 cm−1) and the C-C single
bond (ν2 close to 1130 cm−1) in polyene [37,38]. Actually, in the system of conjugated C-C
bonds in polyenes, there are no single- and double-bonds: there are alternating shorter
and longer C-C bonds, all having multiplicities, intermediate between 1 and 2. The “C=C
double bond” is a shortened C-C bond with a multiplicity n in the range 1.5 < n < 2. The
“C-C single bond” is also conjugated with a multiplicity in the range 1 < n < 1.5. In this
research, “C=C double bond” and “C-C single bond” are used for simplicity.
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spectra of orange–purple mixed-colour pearl (CF-8).
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Raman spectra of the pure colour pearls are discussed first. In Figure 3a, there are
peaks at 1525, 1298, 1133 and 1017 cm−1 in the Raman spectra of the orange pearl in
addition to the peaks of aragonite. The ν1 (C=C stretching) is at 1525 cm−1, and the ν2 (C-C
stretching) is at 1133 cm−1. Judging by the intensity of the peaks, CF-3 is the strongest,
followed by CF-2, and CF-1 is the weakest. The orange colour also becomes weaker from
CF-3 to CF-1. Thus, the peaks at 1525, 1298, 1133, and 1017 cm−1 may belong to the
orange polyene pigment. It can be seen from Figure 3b that peaks are located at 1508, 1298,
1125, and 1017 cm−1 in the Raman spectra of purple pearls, the ν1 (C=C stretching) is
located at 1508 cm−1 and the ν2 (C-C stretching) is located at 1125 cm−1. Judging by the
intensity of the peaks, CF-6 is the strongest, followed by CF-5, and CF-4 is the weakest. The
purple colour also becomes weaker from CF-6 to CF-5. The positions of the two Raman
peaks are affected by the chain length of the polyene [3], indicating that the conjugated
chain length of the orange polyene pigment is different from that of the purple polyene
pigment, which affects the absorption in the visible light region, resulting in the different
colours in pearls [49,50]. As for the peaks at 1298 and 1017 cm−1, the peak at 1298 cm−1

could be assigned to C-H bending, and the peak at 1017 cm−1 may be assigned to the CH
out-of-plane wagging or CH3 rocking [12]. There is currently some controversy over the
assignment on the peak at 1017 cm−1 [12].

It can be clearly seen from Figure 3c,d that ν1 (C=C stretching) is apparently formed by
the composite of two peaks located at 1525 cm−1 and 1508 cm−1, respectively. According
to the previous analysis, the peak at 1525 cm−1 represents the orange polyene pigment,
and the peak at 1508 cm−1 represents the purple polyene pigment. As for CF-7-1 and
CF-8-1, orange is the dominant colour, and purple is the non-dominant colour, so the
content of orange polyene pigment may be higher than that of purple polyene pigment.
The 1525 cm−1 Raman peak intensity is stronger than the 1508 cm−1 one. On the other side,
for CF-7-2 and CF-8-2, the purple colour is more dominant than the orange colour; thus,
the content of purple polyene pigment may be higher than that of orange pigment. The
1508 cm−1 Raman peak intensity is stronger than the 1525 cm−1 one.

In order to better show the characteristics of ν1 (C=C stretching), the samples CF-7
and CF-8 were selected for peak fitting, as shown in Figure 4. The peak at 1508 cm−1

represents the purple polyene plotted by the purple curve and marked as Peak 1, and the
peak at 1525 cm−1 represents the orange polyene plotted by the orange curve and marked
as Peak 2. Figure 4a,c show that the peak intensity of Peak 2 is higher than that of Peak 1 in
the dominant orange position of mixed-colour pearls, indicating that the concentration of
orange polyene is significantly higher than that of purple polyene. While Figure 4b,d clearly
show that the peak intensity of Peak 1 is higher than that of Peak 2 in the purple dominant
position of mixed-colour pearl, implying that the concentration of purple polyene is higher
than that of orange polyene.

The distribution of pigments on the pearl surface of sample CF-7 was analysed by
Raman mapping. The intensity of peaks located at 1525 and 1508 cm−1 were used approxi-
mately to represent the concentration of orange polyene and purple polyene, respectively.
The intensity ratio of the peaks at 1525 and 1508 cm−1 represents the distribution of pig-
ments on the pearl surface. Figure 5a shows the colour characteristics of the pearl surface
taken by micrograph. It can be seen that the colour in the upper left corner is purple, and
the colour in the lower right corner is orange. The colour gradually changes from purple to
orange from the upper left to the lower right corner. Figure 5b shows the distribution of the
1525 cm−1/1508 cm−1 peak intensity ratio. The peak intensity ratio increases from blue to
red. It can be observed from Figure 5b that the distribution of peak intensity ratio shows a
tendency of gradual increase from the upper left corner to the lower right corner, meaning
that the proportion of 1525 cm−1 peak intensity increases from the upper left corner to the
lower right corner and the proportion of 1508 cm−1 peak intensity decreases. This Raman
mapping result shows that the proportion of orange polyene increases from the upper left
corner to the lower right corner, and the proportion of purple polyene decreases, which is
very consistent with the colour distribution characteristics of orange–yellow from the upper
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left corner to the lower right corner of the pearl surface. The Raman mapping technology
can show well the distribution of the pigment on the pearl surface.
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To further illustrate the relationship between the colour of the pearls, the major visible
absorption bands and the major Raman peak positions of the polyene pigments, the major
absorption bands in the UV–Vis spectrum and the major Raman peaks of the polyene pigments
were integrated and compared to the colour of the pearls as shown in Tables 3 and 4.
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Table 3. Comparison of integral intensity of UV–Vis absorbance band at 470 nm with integral intensity
of Raman band at 1525 cm−1 in yellow–orange pearls.

Sample Colour
Integral Intensity of UV–Vis

Absorbance Band at 470 nm (Boundary:
350 to 600 nm)

Integral Intensity of Raman Band at 1525 cm−1

(Boundary: 1450 to 1600 cm−1)

CF-1 Yellow 10,770 4.371
CF-2 Orange 15,060 8.124
CF-3 Intense orange 17,440 14.63

Table 4. Comparison of integral intensity of UV–Vis absorbance band at 605 nm with integral intensity
of Raman band at 1508 cm−1 in purple pearls.

Sample Colour
Integral Intensity of UV–Vis

Absorbance Band at 605 nm (Boundary:
450 to 800 nm)

Integral Intensity of Raman Band at 1508 cm−1

(Boundary: 1450 to 1600 cm−1)

CF-4 Slight purple 16,540 5.965
CF-5 Purple 18,600 12.62
CF-6 Intense purple 20,410 28.72

As can be seen from Tables 3 and 4, in the pure colour pearls, the integration of
the main visible absorption bands increases with increasing colour intensity, as does the
integral intensity of the main Raman peaks of the polyene pigments, indicating a positive
correlation between colour intensity, visible absorption bands, and the main Raman peaks
of the polyene pigments. Therefore, we can perform DFT calculations on polyene pigments
to understand the colour origin of pearl in greater depth.

3.3. Theoretical Analysis of Pigments and Colour Origin of Pearls

Based on the UV–Vis and Raman spectra, the Raman spectra of pearls, there may
be polyenes with different chain lengths in pearls of different colours. To further explain
the spectral properties and colour origin of pearls, we simulated the Raman spectrum of
polyenes by DFT calculation and calculated the electronic excitation of polyenes by TDDFT
to obtain their theoretical UV–Vis spectra. The molecular structures of polyenes in different
colours of pearls were investigated by comparing the theoretical Raman spectra with the
experimental Raman spectra of pearls. Then the potential structures were selected for
the electron excitation calculation based on TDDFT, and the theoretical UV–Vis spectra of
polyenes were obtained to discuss the colour of the pearl further.

According to previous research results, the B3LYP function is more applicable to
calculating the vibrational frequency of polyenes. Even if a small basis set is used, as long
as a reasonable frequency correction factor is used, highly accurate results can be achieved.
The Raman shifts of the C=C double bond stretching vibration of the polyenes with various
chain lengths were calculated under different calculation conditions (B3LYP/6-31G(d)
and B3LYP/6-311G(d,p)). In Figure 6, the number of C=C double bonds of each polyene
molecule was taken as the abscissa and the Raman shift of the C=C stretching was taken as
the ordinate. An orange line and a purple line were drawn horizontally at 1525 cm−1 and
1508 cm−1, respectively.

From Figure 6, it can be noticed that the Raman shifts calculated by the same functional
(B3LYP) with different basis sets (6-31G(d) and 6-311G(d)) are very close to each other as
long as the frequency correction factor is reasonable. This result is relatively ideal. From
the abscissa value corresponding to the intersection of the orange line with the curve, we
can see that the number of C=C double bonds contained in the orange polyene is 10 (C10
polyene). Similarly, we could determine that the number of C=C double bonds contained
in the purple polyene is 12 (C12 polyene). According to the experimental Raman spectra
of pearls and the theoretical Raman shifts of polyenes, we tentatively speculate that the
orange and purple pearls are produced by C10 polyene and C12 polyene, respectively.
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We have calculated the electronic excited states of C10 polyene and C12 polyene by
TDDFT to obtain their theoretical UV–Vis spectra. PBE0 is a function commonly used
to calculate the UV–Vis spectra of polyenes. The theoretical UV–Vis spectra of the two
polyenes are shown in Figures 7a and 7b, respectively.
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There is an absorption band centred at 452 nm in the theoretical UV–Vis spectrum of
C10 polyene, as shown in Figure 7a. This absorption band mainly absorbs purple–blue light
and transmits orange light, so C10 polyene may appear orange–yellow. This absorption
band is very close to the absorption band at 470 nm in the experimental UV–Vis spectrum
of orange pearl, indicating that C10 polyene is the main structure that colours the orange
pearl. There is an absorption band centred at 572 nm in the theoretical UV–Vis spectrum
of C12 polyene in Figure 7b. This absorption band mainly absorbs the orange light and
transmits the purple light, causing the polyene to appear purple. The position of this
theoretical absorption band is close to the absorption band at 605 nm in the experimental
UV–Vis spectrum of purple pearl. The theoretical absorption characteristics of polyenes are
close to the experimental absorption characteristics of pearl. The colour origin of the pearls
could be interpreted by explaining the theoretical absorption band of polyene.

The molecular orbital transition (MO transition) is commonly used to discuss the
characteristics of electron excitation, but it usually involves many MO pairs. When the
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contribution of the MO transition is absolutely dominant, the electron excitation can be
described by the properties of these molecular orbitals. The main absorption band is
dominated by the MO transition between the HOMO and LUMO. Diagrams of the HOMO
and LUMO of C10 polyene and C12 polyene were drawn using the Multiwfn program (as
shown in Figure 8). The electron excitation could be divided into local excitation and charge
transfer excitation based on the distribution area of electrons before and after excitation.
We could find that the MO transitions from HOMO to LUMO of the two polyenes do not
obviously change the distributions of electrons, as shown in Figure 8, so the excitation
types of these two polyenes are both local excitations.
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Figure 8. Dominant contribution of MO transitions (HOMO and LUMO) to the absorption band at
452 nm of C10 polyene and dominant contribution of MO transitions (HOMO and LUMO) to the
absorption band at 572 nm of C12 polyene. The isosurface exhibit MO wavefunctions; the green and
blue parts correspond to isovalues of 0.05 and −0.05, respectively.

Although MO transition could be used to discuss the feature of electron excitation,
hole-electron analysis theory can present a unique distribution of hole and electron. The
hole describes where the excited electron leaves, and the electron describes where the
excited electron goes [51]. The electron and hole for the main absorption bands between the
excited state and ground state of polyene chains were drawn using the program Multiwfn,
as shown in Figure 9.
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It can be observed that the isosurfaces of the HOMO and LUMO are almost the same as
the isosurfaces of hole and electron, respectively. Through hole-electron analysis, we could
find that the distribution of electrons is similar before and after excitation, and there is no
obvious change in the distribution of electrons from Figure 9. It can also be concluded from
the hole-electron analysis that the excitations of the two polyenes belong to local excitation.
Then, we conclude that the absorption bands centred at 452 nm and 572 nm of simulated
UV–Vis of polyenes are mainly caused by the HOMO→LUMO transition in the polyene
chains, and they are both local excitations. Therefore, the orange colour of freshwater pearls
is mainly caused by the HOMO–LUMO transition of polyene with 10 shortened C–C bonds
with a multiplicity n in the range 1.5 < n < 2; similarly, the purple colour of freshwater
pearls is mainly caused by the HOMO–LUMO transition of polyene with 12 shortened C–C
bonds with a multiplicity n in the range 1.5 < n < 2, and the orange–purple mixed colour is
caused by the HOMO–LUMO transitions of the two polyene structures together.

4. Conclusions

The Raman spectra of freshwater pearls of different colours show the characteristics of
polyene pigments: a strong Raman peak at approximately 1500 cm−1 (ν1 C=C stretching)
and a strong Raman peak at approximately 1130 cm−1 (ν2 C-C stretching). The specific
positions of ν1 and ν2 will vary among different coloured pearls. The ν1 and ν2 of pure
orange pearls are located at 1525 cm−1 and 1133 cm−1. The ν1 and ν2 of pure purple pearl
are located at 1508 cm−1 and 1125 cm−1. At the same time, the Raman spectral peaks of the
orange–purple mixed-colour pearls show the mixed character of these peaks. Through the
simulated Raman spectra obtained by DFT calculation, it was found that the exact position
of ν1 depends on the number of C=C double bonds. Orange and purple pearls are caused
by the polyene with 10 C=C double bonds (10 shortened C-C bonds with the multiplicity
n in the range 1.5 < n < 2) and the polyene with 12 C=C double bonds (12 shortened
C-C bonds with a multiplicity n in the range 1.5 < n < 2), respectively. The colour of the
orange–purple mixed colour mainly depends on the proportion of the content of these
two polyene structures. According to the experimental UV–Vis spectra of pearls and the
electronic excitation calculation of polyenes based on TDDFT, we believe that the colour
of pearls is mainly caused by the HOMO–LUMO transition of the conjugated structure
of polyene.
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