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ABSTRACT: In this study, average structural characteristics of amber were researched and used as an
example to establish the three-dimensional (3D) average structure of resin. Two coal samples
containing solid amber were collected from Fushun and Hunchun in Northeast China, from which pure
amber samples were separated and resin was extracted. Solid-state nuclear magnetic resonance (*C
NMR) spectroscopy was used to obtain structural information of amber, and matrix-assisted laser
desorption ionization time-of-flight mass spectrometry was performed on the resins to determine their
molecular mass. The results of these studies revealed that the average structure of amber was dominated
by cycloalkane, with a small amount of aromatic carbon, and there were almost no aliphatic chains in the
structure. The molecular masses of the compounds in the resin were mainly in the range 99—750 Da,
and the average molecular mass was ~370 Da. To characterize the resin chemical structure, two 3D
molecular models based on density functional theory were established taking amber as the example, and
the relevant molecular bond energies were calculated. Based on these models, the interactions among
the components in oil were studied, and the binding energies of the different molecules were calculated.
In summary, in this study, amber was used as a medium to establish an accurate molecular model of
resin and proved that compared to hydrocarbon compounds, resin molecules were more likely to interact with bitumen.

(such as n-octane and toluene).”*” Coelho reported four kinds
of resin molecular models by studying the aliphatic chains of
resin.”® Fourier transform infrared spectroscopy (FT-IR) and
NMR spectroscopic studies were conducted by Li to detect
resin, and the results were used to simulate a Liaohe heavy oil
resin structural model.”’ However, compared with kerogen,
research on resin structure is still in its infancy, and there have
been fewer studies on the resin chemical structure model
Furthermore, there are a few reports on the relative range of the
resin molecular mass, and most resin molecular models are
based on experience or comparison with asphaltene mole-

1. INTRODUCTION

Resin is an important part of crude oil, and since its first
separation from petroleum, researchers have paid increasing
attention to its properties.”” It has a pale-to-dark yellow
appearance and is more soluble in organic solvents like
dichloromethane than hydrocarbon compounds (saturates,
aromatics) present in petroleum.l’3’4 At room temperature,
resin is viscous and has weak fluidity; its chemical groperties can
influence petroleum properties and migration.””

To clarify the microstructure characteristics of resin, there has
been some research on the resin molecular structure. For

example, Bava studied the different types of sulfur functional
groups in resin by X-ray absorption near-edge structure,” while
Klein researched the distribution of heteroatom compounds in
resin by Fourier transform ion cyclotron resonance mass
spectrometry.” '* Both resin and asphaltene are macro-
molecular components found in petroleum. Nuclear magnetic
resonance (NMR) is an important analysis method to study the
composition of petroleum, and many researchers have
investigated the interaction between resin and asphaltene."' ™"
Mousavi and Wang simulated the interactions between four
crude oil components based on density functional theory
(DFT).IS’M

In recent decades, molecular simulation study of organic
geologic matter has received widespread attention.'” ' Differ-
ent types of kerogen and asphaltene molecular models have been
established,'®*>** and the asphaltene molecular model has been
studied in great detail.'”'”***> Murgich established the basic
resin molecular structure using oil sand and organic solvents
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cules.”®*” This is gradually becoming a critical flaw in the study
of resin.

Instrumental methods have limitations because of the
colloidal property of resin; thus, many detection methods,
including solid-state NMR, cannot be applied to resin, and there
is no effective verification method once a structure is
established.”*™’ However, as a complex heteroatom com-
pound, resin molecular characteristics are difficult to describe
with a single compound.”**’ Additionally, how to establish an
average molecular structure has become a pressing issue.
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Table 1. Organic Element Content and Relative Atomic Number of Amber and Resin Samples

C H (6] N S
sample ID P“% R® P % R P % R P % R P % R
FS amber 86.94 100.00 10.29 142.00 2.68 2.31 0.08 0.08 0.01 0.00
ES resin 82.40 100.00 9.11 132.61 5.09 4.63 0.16 0.17 3.24 1.47
HC amber 86.57 100.00 10.85 147.73 2.52 2.14 0.06 0.06 0.00 0.00
HC resin 83.43 100.00 9.72 139.87 6.35 571 0.10 0.11 0.40 0.18

“Organic element content of samples. bRelative atom number per 100 carbon atoms in samples.

Therefore, in this research, amber can be used for solid-state
NMR studies because it has more stable properties than resin
and provides an analogue for establishing an average resin
structure.

To make up for the lack of detection methods, amber was
selected to represent the resin for relative analysis in this study.
Amber is another natural organic macromolecular geological
matter and is derived from resin under geological action.” In
recent years, the chemical structures of most amber compounds
have been resolved by researchers.>*?> GC/MS and PY/GC/
MS, techniques used to detect complex organic matter, were
used to identify the fragment structure in amber, and it was
found that amber contains a large amount of aromatic
compounds like amberene, homoamberene, and trimethylte-
33737 Especially in 1992, Anderson divided the resinites
into four categories according to pyrolysis compounds. Class I
and Class II were derived from polymers of labdatriene
(diterpenoid) carboxylic acids and sesquiterpenoid hydro-
carbons, respectively. Class III and Class IV were natural
polystyrenes and sesquiterpenoids. The detailed molecular
fragment information for the research of amber is provided.*®
According to previous research, amber and resin are similar in
structure.””** Both are composed of several short aliphatic

. .. 39 . .
chains and small aromatic ring clusters.”” Amber exists as a solid
41

tralin.

under normal conditions, and its main component is resin.
Therefore, the structure of amber can be used to approximate
the average resin structural model.

In this study, two amber samples were separated from
Hunchun (HC) and Fushun (FS) coals. Solid-state '*C NMR
spectroscopy was used to obtain the chemical information of
amber. FT-IR was used to detect the functional groups and
compare the difference between the chemical structures of
amber and resin.*”~** Due to the similarity between amber and
resin structures, in this study, we used amber structural
characteristics as the basic parameter to establish the resin
structure. Two-dimensional (2D) structural models were
established in the ACD software and were optimized to three-
dimensional (3D) resin structural models by DFT calculations
based on Gaussian 16. While establishing a molecular model, to
ensure the accuracy of the molecular mass, matrix-assisted laser
desorption ionization time-of-flight mass spectrometry (MALDI
TOF MS) was used to characterize the resin, which was
extracted from the coal by organic solvents, and to derive the
average molecular weight distribution. Based on the resin
models, the binding energy between resin and other organic
matter was calculated in Autodock 4.2. The purposes of this
study are (1) characterization of the chemical structure of
amber, (2) using amber as an example to establish average resin
molecular models for a reasonable molecular mass, and (3)
evaluation of the binding energy between resin molecules and
other components in oil to elucidate intermolecular interactions.

2. RESULTS AND DISCUSSION

2.1. Organic Element Content. The proportions of the
organic element are shown in Table 1. Carbon was the most
dominant organic element in amber samples comprising 86.95
and 86.57% of FS and HC samples, respectively. The hydrogen
contents were 10.29% in FS amber and 10.85% in HC amber.
Among the heteroatoms, the highest content was oxygen, while
sulfur and nitrogen were almost undetectable in the samples.

The relative numbers of atoms of each element per 100
carbon atoms are listed in Table 1. In the chemical structure of
amber, 100 carbon atoms corresponded to 142 hydrogen atoms
in the FS sample and 147 hydrogen atoms in the HC sample.
The number of oxygen atoms per 100 carbon atoms in the two
samples was around 2, while the number of nitrogen and sulfur
atoms was less than 1.

The elemental contents of resin samples are also listed in
Table 1; compared with amber, the proportion of carbon in resin
was slightly lower and that of oxygen was higher. The elemental
content of amber is similar to that of resin: both of them are
composed of carbon—hydrogen to form the skeleton and
connect part of the heteroatom functional groups. The
difference is the amount of heteroatoms in resin is more than
that in amber.

2.2. Molecular Mass of the Chemical Structure. The
results of MALDI TOF MS are shown in Figure 1. Figure la

|l.lll l‘“ll

. Matrix (a)
1

FS (b)

HC (c)

99 250 500 750 1000
Molecular mass (Da)

Figure 1. MALDI TOF mass spectra of the blank and resins.

shows the mass spectrum of the matrix used in the detection,
while Figure 2b,c shows the spectra of the FS and HC resin
samples extracted from the coal samples. These spectra show
that many small molecular compounds were detected in the two
samples. The molecular mass of most compounds was within the
range 99—750 Da. The molecular masses of most compounds in
the FS and HC samples were around 370 Da. The number of
compounds with molecular mass above 370 Da decreased
gradually, and compounds with molecular mass above 1000 Da
were difficult to detect in the sample. Therefore, MALDI TOF
MS provided evidence of the molecular mass distribution in the
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Figure 2. FT-IR spectra of amber and resin samples.

resin and provided the basic parameters of the average molecular
mass. In this study, the molecular mass of the average molecular
structural models of the two samples was approximately 370 Da.

2.3. Functional Groups. The composition of functional
groups in amber and resin samples was detected by FT-IR, and
the results are shown in Figure 2. In the figure, the aliphatic
group is the majority component of four samples (FS amber, FS
resin, HC amber, and HC resin). The ranges of symmetric
stretching vibration of this functional group are 1370—1480 and
2800—3000 cm™.*"* C=0 (1700 cm™!) stretch was
detected, and this shows that there are carbonyl and carboxyl
groups in samples. Bands of 126S, 1247, and 1030 cm™'
represented the phenolic OH, C—O—C stretch, and asymmetric
C—0O-—C stretch, respectively.“_44 It is worth noting that all of
the above-mentioned structure units are present in ambers and
resins, and the proportions of them are roughly the same (Figure
2). This meant that both ambers and resins have extremely high
similarities in the composition of functional groups.

The only obvious difference between amber and resin under
FT-IR detection is that amber contains a small amount of
aromatic C=C stretching vibration (1605 cm™"); however, two
resin samples do not have this structural feature."””~** This
phenomenon indicated that there is a small amount of aromatic
carbons contained in amber, while in resin, there are almost no
complete aromatic rings. This result provides important
structural information for the establishment of models.

2.4. Amber Structure Information. The structural
information of amber samples was obtained from the solid-
state *C NMR spectra (Figure 3). According to previous
studies, 12 types of organic carbon functional groups can be
detected by *C NMR studies, including aliphatic carbon,
aromatic carbon, carboxyl carbon, and carbonyl carbon, whose
chemical shifts are 5—95, 95—150, 150—185, and 185—225
ppm, respectively.””*>*

2.4.1. Aliphatic Carbon. The proportion of each type of
carbon is listed in Table 2 and Figure 4. Aliphatic carbon
accounted for the largest proportion in the amber structure,
exceeding 85% in both samples. The aliphatic carbon is
composed of six functional types: aliphatic methyl (fcysa),
aromatic methyl (fcy,), methylene (fcy), methine (fcy),

quaternary (fc), and O-alkyl (f,) with chemical shifts of 10—19,
19-22,22-35,35—45,45—60, and 60—9S ppm, respectively, as
Guan and Tong showed for the kerogen structure.*”** In Table
2, two methyl chemical shifts were 14 and 20 ppm (aliphatic
methyl and aromatic methyl), the methylene chemical shift peak
was 29 ppm, four chemical shift peaks (34, 38, 44, and 47 ppm)
constituted the methylene group, quaternary carbon was located

1
Methine iCarboxylI

Aromatic methyl
|

P Bridgehead!
\I

S

Carbonyl
/

0 100 200
Chemical Shift (ppm)

Figure 3. Solid '*C NMR spectra of amber samples.

at 54 ppm, and the O-alkyl was composed of two peaks at 58 and
64 ppm. According to the NMR results of the two samples
(Figure 4), methine was the highest content aliphatic functional
group with a proportion around 40%; this was followed by
methyl with 23%, and methylene, the most important group of
aliphatic chains, around 17%. In addition, the content of
quaternary carbon group in the amber chemical structure was
around 3%, while the content of O-alkyl was only around 2%,
which was consistent with the low oxygen content in the sample.
The results of the carbon functional group content analysis
indicated that in the amber chemical structure, the aliphatic
chains are short, and a large amount of methine represents the
cycloalkane functional group. Therefore, the amber average
structure models might contain several cycloalkanes and a few
short aliphatic chains.

2.4.2. Aromatic Carbon and Other Functional Groups.
Aromatic carbon has been classified into four types in previous
studies:**” protonated (fH a), bridgehead (fB a), branched (fS
a), and oxy-aromatic (fO a), with corresponding chemical shifts
of 95—118, 118—135, 135—145, and 145—15S ppm, respec-
tively. In this study, protonated aromatic carbon was not
detected in the samples. Table 2 and Figure 4 show only three
types of aromatic functional carbon groups: bridgehead (fB a),
branched (fS a), and oxy-aromatic (fO a). The relative
proportions of bridgehead aromatic carbon in amber samples
were 4.31% (FS) and 4.20% (HC), roughly equivalent to those
of oxy-aromatic carbons. Branched aromatic carbon was the
least abundant aromatic functional carbon in the sample, its
relative content in the two samples not exceeding 3% (Figure 4).

Carboxyl (fcoon) and carbonyl (fo—q) carbons were detected
in amber samples (Table 2 and Figure 4). However, the contents
of these two functional groups were very low, especially
carboxyl, and were difficult to detect in the amber chemical
structure.

2.4.3. Characteristics of the Average Chemical Structure
Model. Combining the results of the three detection methods,
the amber structure information was used to establish the
average structure model, and the molecular mass of resin was
used to standardize the model size. As summarized from the
relative detection, it was found that the molecular model has the
following characteristics:

(1) The model skeleton is composed of hydrogen and carbon

atoms with a small number of oxygen atoms. Few oxygen

https://doi.org/10.1021/acsomega.1c04342
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Table 2. Carbon Parameters from *C NMR

Chemical Structure
. FS (% HC (% Functional gro Abbreviation .
shift (ppm) ) ) b group v schematic
14 4.65 4.96 Aliphatic methyl feH3al —I[dH,
[CIH,
20 19.18 18.24 Aromatic methyl feusar O
29 17.44 17.14 Methylene foma —CH,—@H,—CH,
34 5.45 6.18
38 2115 19.87 |
Methi fi —O—
44 349 598 etne o
47 10.08 8.40
\
54 3.567 321 Quaternary fc ——
58 2.03 1.63
- —[dH,—o0—
65 000 077 O-alkyl fo ’
. C]
126 431 420 Bridgehead f
. C
C
133 2.37 291 Branched f, O
140 3.62 333 OH
.
145 - 129 Oxy-aromatic 0 O
177 0.36 0.70 Carboxyl fcoon —I[doon/rR
(0]
185 121 1.20 Carbonyl fc-o Il
y —O—
454
Methine
40+
35+
~~
S 304
= hyl
= 254 Met
g 25 y
=
§ 20+ Methylene
B 154 B FS
B HC
104
54 Quaternary Bridgehead = Oxy-aromatic
O-alkyl Branched Carbonyl
Carboxyl

Functional group

Figure 4. Functional group distribution.

()

)

atoms are attached to the carbon atoms, and carboxyl and
carbonyl functional groups are rare in the amber structure.

According to MALDI TOF MS, the molecular mass of the
average resin structure model is approximately 370 Da,
and its atomic composition includes carbon, hydrogen,
and oxygen atoms. Due to the low nitrogen and sulfur
contents, they are not included in the average molecular
model.

The proportion of aliphatic carbon is higher than that of
aromatic carbon. Among the aliphatic carbons, most exist

28257

(4)

in a cycloalkane form, although there are some short
aliphatic chains in the structure.

The aromatic carbon content in the sample is very low,
and in the average structure model, the aromatic ring
structures might contain only one aromatic ring or even
less. However, this does not mean that there are only small
aromatic cluster structures in the sample. Larger-scale
aromatic clusters can be present in the compound with
larger molecular mass, but they are difficult to represent in
the average structure model.

https://doi.org/10.1021/acsomega.1c04342
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Figure S. 2D chemical structures of resins and comparison spectra.

9

Figure 6. 3D resin molecular models. (a) Representative FS sample and (b) representative HC sample. The serial number in the model corresponds to
Table 3. The hydrogen atoms of nos. 45 and 65 in (a) and nos. 42, 41, 35, and 38 in (b) are blocked behind the marked atoms. The 3D models are

attached to the support material.

2.5. Establishment of the Amber Average Structure
Model. Based on the results of experiments, two chemical
structural models were established in the ACD software, and
gNMR was used to simulate the NMR spectra of models as in
our previous work.””*°~** By modifying the molecular models,
the simulated NMR spectrum was gradually made consistent
with the experiment NMR spectrum; at the same time,
considering the detection results of FT-IR, only a small amount
of aromatic carbon appeared in the structure. When the two
spectra had a high degree of similarity, the molecular model was
considered as reflecting the chemical characteristics of the
sample accurately. Based on the information of the elements of
samples, carbon and hydrogen are the most important elemental
compositions, but restricted by the carbon numbers of average
structural models, only the highest content of oxygen atoms is
added to the average molecular structure, while sulfur and
nitrogen atoms do not emerge.

However, limited by the average molecular weight, we paid
more attention to the structural characteristics of the sample
instead of molecular fragments during the establishment of
models. The average chemical structure models of samples are

28258

shown in Figure S; these had formulas of C,4H,,0 and C,sH,,O
for FS and HC, respectively. The molecular masses of the two
samples were 368 and 396 Da, consistent with the results of
MALDI TOF MS. The experiment NMR spectra and the
simulation spectra are also shown in Figure S, and there was
good similarity between the two spectra, indicating that the
models could reflect the amber chemical structure.

From Figure 5, the two structural models contained multiple
cycloalkane structures and almost no aliphatic chains. There
were only a few methyl groups attached to the structure. In the
chemical shift range of 95—150 ppm, there were no aromatic
rings in the average molecular models, and there were only a few
carbon—carbon double bonds, which appeared at the aromatic
carbon chemical shift on the NMR spectra.

2.6. Molecular Model Optimization. To restore the state
of resin structures in nature, Gaussian 16 was used to optimize
the structure to a 3D form, which met the most stable state with
the lowest energy.””* The structural optimization was based on
DFT using the RB3LYP calculation method and the 6-311G (+
+) basis set. The 3D resin models are shown in Figure 6 (the
source file of the models is included in the Supporting

https://doi.org/10.1021/acsomega.1c04342
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Table 3. Chemical Bond Length of the Average Resin Model

chemical bond length chemical
sample bond (A) bond
FS resin molecular model C2-Cl1 1.518 C19-CS
C3-C2 1.355 020-C19
C4—-Cl1 1.508 C21-C14
Cs5—C4 1.353 C22—-C10
C6—-C2 1.509 C23-C18
C7-Cé6 1.589 C24-C13
C8-C3 1.508 C25-Cé6
c9-C7 1.568 C26—C16
C10—-C8 1.556 C27-C9
Cl11-C9 1.586 H28-C1
CIl2-C11 1.562 H29-C1
C13-C12 1.538 H30-C4
Cl14—-C12 1.543 H31-C6
C15-C7 1.560 H32-C7
Cl16-Cl11 1.585 H33-C8
C17-C10 1.540 H34-C10
C18—C16 1.577 H35-Cl11
HC resin molecular model C2-Cl1 1.517 C20-C17
C3-C2 1.355 021-Cl15
C4-Cl1 1.512 C22—-C20
C5-C4 1.353 C23-C19
C6—-C2 1.499 C24—-C22
C7-Cé6 1.549 C25—-C22
C8-C3 1.517 C26—C20
c9-C7 1.585 C27-Cl1
C10-C8 1.561 C28—C13
Cl11-C9 1.547 C29-C14
Cl12—-C11 1.536 H30-C1
C13—-C12 1.539 H31-C4
Cl14—-C13 1.553 H32-C6
C15-CS 1.50S H33-C6
Cl16—Cl11 1.564 H34-C7
C17-C10 1.560 H35-C8
C18-C16 1.542 H36-C9
C19-C10 1.576 H37-C10

bond length chemical bond length chemical bond length

(A) bond (A) bond (A)
1.503 H36—-C12 1.095 HS3-C23 1.093
1.464 H37-C13 1.094 H54—-C23 1.093
1.545 H38-C14 1.097 H55-C23 1.091
1.539 H39-C14 1.093 H56—-C24 1.091
1.541 H40-C15 1.090 H57-C24 1.094
1.541 H41-C15 1.096 HS58-C24 1.095
1.551 H42-C17 1.093 H59-C25 1.092
1.558 H43-C17 1.098 H60—-C25 1.091
1.560 H44—-C18 1.098 H61-C25 1.089
1.098 H45-C19 1.091 H62—-C26 1.089
1.096 H46—-C19 1.090 H63-C26 1.092
1.079 H47-020 0.975 H64—-C26 1.088
1.100 H48—-C21 1.095 H65-C27 1.093
1.092 H49-C21 1.096 H66—C27 1.091
1.099 HS0-C22 1.093 H67-C27 1.086
1.094 H51-C22 1.093

1.098 HS52-C22 1.091

1.580 H38-Cl11 1.101 H56—-C23 1.095
1.461 H39-C12 1.096 HS57-C24 1.092
1.575 H40-C12 1.096 HS58-C24 1.096
1.542 H41-C13 1.100 H59-C25 1.093
1.537 H42-C14 1.101 H60-C25 1.093
1.539 H43-C15 1.091 H61-C25 1.093
1.543 H44-C15 1.093 H62—-C26 1.093
1.545 H45-C16 1.097 H63-C26 1.090
1.540 H46—-C17 1.099 H64—-C26 1.091
1.542 H47-C18 1.092 H65-C27 1.092
1.101 H48-C18 1.089 H66—-C27 1.092
1.080 H49-C18 1.088 H67—-C27 1.092
1.093 HS0-C19 1.098 H68—-C28 1.091
1.101 HS51-C20 1.097 H69-C28 1.095
1.100 HS52-021 0.975 H70-C28 1.093
1.103 Hs53-C22 1.098 H71-C29 1.095
1.095 HS54-C23 1.090 H72-C29 1.090
1.096 H55-C23 1.089 H73-C29 1.090

Information), and to show the characteristics of the molecular
model clearly, the serial numbers of each atom are marked in the
model. As shown in Figure 6, the molecular model is affected by
the bond angle, and the models are curved.

Table 3 lists the bond length of each chemical bond in the
amber molecular models. In the models, the length of the C—H
bond was around 1.09 A, which was the shortest chemical bond.
The C=C chemical bond length was approximately 1.35 A,
slightly shorter than the C—C bond, which was the longest bond
type in the model (around 1.55 A). This phenomenon indicates
that the C—C bond was the weakest chemical bond in the
structure, and it was more prone to breakage compared with
other bonds.

2.7. Calculation of Binding Energy. To evaluate the
intermolecular interactions between resins and the other
compounds in oil, component docking was performed in
Autodock 4.2, a commonly used molecular modeling package,
which can calculate the binding state of two molecules.

N-Octadecane and dimethyl naphthalene were selected to
represent the saturated hydrocarbon and aromatic hydrocarbon
compounds in crude oil. According to our previous work, the
molecular model of Huoshiling (HSL) bitumen was used to
substitute macromolecule geological organic matter like
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asphaltene.”’ The 2D HSL molecular model was optimized to
a 3D model following the same method as in the amber
molecules.

The structures of resin molecules bonded with n-octadecane,
dimethyl naphthalene, and HSL molecules are shown in Figure
7. The binding energy (Gibbs free energy) of each model is
listed in the figure. From Figure 7, the n-octadecane molecule
was distorted by the intermolecule force and distributed at the
periphery of the resin molecules; the dimethyl naphthalene
molecule was also distributed on the outside of the resin
molecules like the n-octadecane. The resin molecules were
closely bound with the bitumen molecules and were located in
the cavity formed by aliphatic chains and aromatic clusters in the
bitumen models. In addition, the binding energy between n-
octadecane and dimethyl naphthalene models and the resin
models was positive, while the binding energy of HSL bitumen
and FS resin was —7.01 kcal/mol and that of HSL bitumen and
HC resin was —8.52 kcal/mol. The negative Gibbs free energy
value shows an energy release during docking, and the lower the
value, the easier to bind. This phenomenon indicates that under
geological conditions, resin molecules are more likely to bind
with bitumen than with hydrocarbons. This demonstrates that
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Figure 7. Images of docked poses for molecules. (a) FS resin: C,gHyg;
(b) HC resin: C;gHsg; (c) FS resin: Cy,Hy; (d) HC resin: C;,H,,; (e)
FS resin: HSL bitumen; (f) HC resin: HSL bitumen. The binding
energy (Gibbs free energy) of resin molecules and bitumen molecules is
negative, while the binding energy of hydrocarbons is positive,
indicating that the resin bond with bitumen molecules is more stable
than for hydrocarbon compounds.

this method is suitable for studying the interactions among
geological organic matter.

3. CONCLUSIONS

In this study, in two coal samples collected from FS and HC coal
samples, natural solid amber was separated and resin was
extracted from the coal. Following the detection of structural
parameters and molecular mass, molecular simulation research
was performed, and the following conclusions were obtained:

(1) The study characterized the chemical structure of natural
solid amber, which was dominated by cycloalkanes with a
small amount of aromatic carbon. There was a small
number of methyl, carbonyl, and carboxyl groups and
almost no aliphatic chains in the structure.
The resin compound molecular mass distribution was
mainly within the range of 99—750 Da, with the highest
compound content around 370 Da. Therefore, the
average resin molecular model used this relative mass.
Based on the results of solid-state NMR, two average
molecular models of resin were established. The
molecular models were consistent with the NMR results
and could reflect the structural characteristics of amber
and resin accurately.
(3) The models were optimized in three dimensions based on
DFT, and the most stable state under natural conditions

)
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was obtained. Meanwhile, the length of each chemical
bond in models was calculated to evaluate the stability of
the chemical bonds in the models.

(4) The intermolecular interaction between resin and the
other oil components was calculated in Autodock 4.2, and
the binding energy indicated that the binding of resin and
bitumen molecules was more stable than saturated and
aromatic hydrocarbon compounds.

4. MATERIALS AND METHODS

4.1. Materials. The amber samples in this study were
collected from the FS and HC coal samples. Figure 8 shows that

Figure 8. Images of FS (a) and HC (b) coal samples; the black solid is
coal and the yellow transparent solids are the amber sample particles in
the coal.

amber is distributed in the coal. The coal samples were broken
into small pieces, and the amber fragments were picked by
tweezers without organic solvents. Amber was crushed to 120
mesh (particle size ~0.125 mm) for the organic elemental
analysis and the solid-state NMR analysis.

After the separation of amber, the soluble organic matter was
extracted from the coals using dichloromethane and methanol in
the volume ratio of 93:7 for 72 h. Column chromatography was
used to separate the soluble components into four parts:
saturated hydrocarbons, aromatic hydrocarbons, resins, and
asphaltenes (SARA). MALDI TOF MS was used to determine
the resin content and relative molecular mass.

4.2. Analysis. In this study, to establish the average
molecular structure of resin, elemental analysis and solid-state
BC NMR spectroscopy were used to study the amber, and
MALDI TOF MS was used to analyze the relative molecular
mass of resins. The analyses are presented in greater detail as
follows:

(1) Relative elemental contents (C, H, N, O, and S) were

analyzed by using an Elementar Vario EL IIL Five organic
elements were tested separately, and the chemical
components of amber samples were obtained.
(2) FT-IR spectroscopy was performed on a Bruker
Vertex-70 V Fourier transform infrared spectrometer
(GIG, CAS) using the KBr pressed disk technique. The
spectra were collected in the range of 4000—400 cm ™
with 64 scans and the resolution was 4 cm™.

(3) Solid-state '*C NMR analysis of amber samples was

performed on a Bruker AVANCE II 600 MHz instrument

using a 4 mm probe at a spinning speed of 14,000 Hz and a

spectral width of 150.6 M Hz, as per the DP/MAS

method. The number of scans of the method was S k.

(4) The resin molecular masses were detected by using a

TOF/TOF 5800 system (SCIEX) in the positive ion

mode. The MALDI stage was operated in the continuous
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motion mode. The mass range of the instrument was from
100 to 4000 Da.
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