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h i g h l i g h t s

� The most plausible position for hydroxyl group in coal is that with lowest energy.
� Hydroxyl substituted on the pyridine ring show the most preference.
� The hydroxyl groups are inclined to form hydrogen bond in coal structure.
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a b s t r a c t

Coal structure is very complicated. The ratio of various functional groups in coal may be studied by exist-
ing analysis techniques, but the connections of these functional groups are still mostly unknown. In this
work we assume that the most stable position for a certain group could be the most plausible position for
that group in the coal structure, then with the help of Density Functional Theory (DFT) calculations we
have studied the most plausible position for hydroxyl group in coal. We found the order of preferential
position for hydroxyl group is: (1) pyridine rings; (2) polycyclic aromatic hydrocarbons; (3) monocyclic
aromatic hydrocarbons; (4) monocyclic heteroatomic molecules (pyrrole, furan and thiophene); (5) ali-
cyclic rings. Besides, double substituted hydroxyl groups on pyridine and polycyclic aromatic ring are
possible. Hydroxyl groups tend to be in the positions where they can form hydrogen bond. Electron
donating and withdrawing groups do not obviously change the preference of hydroxyl group unless there
is hydrogen bond formed.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Coal structure is very complicated andhighly depends on the ori-
gin, history, and age or rank of the particular coal. Nonetheless,
insights of the macromolecular structure of coal at molecular level
are helpful for improving the efficiency of coal processing technol-
ogy. A lot of coal molecular structure models have been proposed
over the past few decades [1–3], and several representational coal
macromolecular structure model are well known such as Fuchs
and Sandoff [4], Given [5], Wiser [6] and Shinn [7]. The coal molec-
ular structure could be derived with the help of a variety of sources,
including elemental composition, carbon and hydrogen ratios, and
developed analytical techniques such as nuclear magnetic
resonance (NMR) [8–12], FTIR [13–15], X-ray photoelectron
spectroscopy (XPS) [16–18], X-ray diffraction (XRD) [19,20], and

high-resolution transmission electron microscopy (HRTEM)
[21–27], which all provided additional insights to the coal structure.

There are a surprisingly large number of coal molecular models
have been published over the last decades. The first coal model was
presented by Fuchs and Sandoff in 1942 [4], this model pave the
way for further advancements of generating a two dimension
structure representation. The three dimension space-filling coal
models would not appear until Spiro [28]. With the advances in
computational power, software tools and analytical techniques,
numerous models are beginning to emerge and these models are
being applied broadly, which range from swelling behaviors of coal
observed in solvents and gases [29–31] to pyrolysis [32–34], lique-
faction [7,35], char formation [36–38], and spontaneous combus-
tion [39–41].

Coal molecular structures are usually constructed using organic
molecular fragments which are created to match the observed
properties of coal, including elemental distribution, H/C ratio, func-
tional group composition, etc. The large amount of fragments and
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possible connections will inevitably result in numerous possible
structure models since the crosslinks and functional groups posi-
tion are uncertain. The molecular models of coal structure revealed
the preferences and interests of the chemists who constructed
them with knowledge of chemistry.

The connections of the functional groups in coal are very impor-
tant for its properties. Unfortunately, there is still no effective
method to get the accurate information. Since the coal have been
formed under extremely high pressure in millions of years, we
think it is reasonable, at least at some extent, to assume that
the most stable position for a certain functional group could be
the most plausible position in coal structure. The stability of the
groups at various positions can be estimated by Density Functional
Theory (DFT) calculations. Therefore, with this assumption, we
proposed a way to study the possible position for the functional
groups in coal. Considering the oxygen is the most predominant
heteroatom in coal, and the phenolic hydroxyl appears to be the
most abundant oxygen functional group [7,42], in this work we
studied the possible position of hydroxyl group in coal structure
using this protocol. The hydroxyl substitution energy (HSE) has
been taken as the criterion for the relative stability of hydroxyl
group at various positions on the coal fragments. With the help
of DFT calculations, the order of preference for hydroxyl group
has been proposed. We found the most likely position for hydroxyl
group is on pyridine ring, then on the polycyclic aromatic hydro-
carbons (PAHs), and the alicyclic rings are the most unlikely
position.

2. Computational method

Although different coals could have very different molecular
structures, the fragment structure for certain rank coal is more or
less the same. In this work, we selected several typical fragment
structures, summarized in Table 1, which are usually used to con-
struct coal model structure in literatures [6,43]. The HSE of hydro-
xyl substituted reaction on the fragments (take hydroxyl
substituted on benzene as example, Reaction 1) was used to depict
the stability of hydroxyl at certain position, which was used as cri-
terion for evaluating the degree of stability for hydroxyl at various
positions of coal fragment structures. The more negative the HSE is,
the more likely the position is for hydroxyl substitution.

(Reaction 1)

The HSE can be calculated by Eq. (1):

HSE ¼ HðC6H6OÞ þ Hð _HÞ � HðC6H6Þ � Hð _OHÞ ð1Þ
where H is the enthalpy of the related species.

Double hydroxylation is also studied. The HSE for the second
hydroxylation is defined as that for the second hydroxylation reac-
tion (take second hydroxyl substituted on benzene as example,
Reaction 2).

(Reaction 2)

The HSE of second hydroxylation reaction can be calculated by
Eq. (2):

HSE ¼ HðC6H6O2Þ þ Hð _HÞ � HðC6H6OÞ � Hð _OHÞ ð2Þ
All calculations were carried out with Gaussian 09 program

[44]. Considering the large amount of the fragment molecules,
we selected M06-2X [45] method to balance the accurate results
with computational economy to the greatest extent [46]. The
M06-2X/cc-pVDZ was used for all geometry optimizations and
vibrational frequency calculations. Single-point energies on the
optimized structures were calculated at M06-2X/cc-pVTZ level.
The zero point energy (ZPE) and thermal corrections for enthalpies
at 298 K (H298K) was obtained from the vibrational frequencies cal-
culations. The enthalpy was calculated using Eq. (3) [47].

H298K ¼ Eþ ZPEþ Htrans þ Hrot þHvib þ RT ð3Þ

whereE is electronic energy,Htrans,Hrot, andHvib represents the trans-
lational enthalpy, rotational enthalpy, and vibrational enthalpy,
respectively, and the values are calculated with the equilibrium sta-
tistical mechanics with harmonic oscillator approximation using
unscaled vibrational frequencies under standard temperature.

3. Results and discussion

3.1. Single hydroxylation on the fragments

A comprehensive test set of singly hydroxylated fragments was
examined. Hydroxylation can take place at different positions on
the fragments structure, and all potential substituted carbon sites
are indicated in Table 1. The computed HSE are summarized in
Fig. 1. Among the model compounds we have studied, the most
favorite substituted site is the ortho-position of N in pyridine ring,
including pyridine (12), substituted pyridine (25), and pyridine
fragment in the polycyclic aromatic molecules (13, 14, 18). The
HSE varies from �11.9 to �9.2 kcal/mol. In cases of having two dif-
ferent ortho-positions such as structure 14 (14-2 and 14-8) and 18
(18-2 and 18-10), there are few differences between two sites, and
the sites 14-8 and 18-10 are slightly favorable. As a comparison,
the HSE of para- (�4.0 to �3.5 kcal/mol) and meta-position (�0.7
to 3.3 kcal/mol) of pyridine ring is much higher, indicating that
they are not the preferred position for hydroxyl.

The most favorable substitute sites for PAHs are 4-2, 5-2, 6-2,
7-1, 8-11, respectively. The species 4-2, 5-2, and 6-2 can be
described as naphthalene-like structures, and their HSE values
are very similar (�1.8 kcal/mol for 4-2, �2.0 kcal/mol for 5-2, and
�2.1 kcal/mol for 6-2). The species 7-1, 8-11 are illustrated as
pyrene-like structures, they also have similar local environment
as in the four- and five-membered ring PAHs (�2.1 kcal/mol for
7-1, �2.5 kcal/mol for 8-11). The hydroxyl substituted on benzene
requires a higher energy with the value of �1.7 kcal/mol. These
show that PAHs are more favorable to hydroxyl substitution than
monocyclic benzene. The substituted monocyclic aromatic
molecules (3, 21, 22, 23, 24) show lower HSE value than benzene,
ranging from �2.4 to �1.8 kcal/mol for the best favorable position.
The observed phenomenon can be rationalized by the effect of p-p
conjugation between the hydroxyl group and the aromatic ring,
where hydroxyl is an electron donating group. The stronger the
p-p conjugation is, the easier for hydroxyl substitution, and vice
versa. The hydroxyl substituted on pyridine is the most favorable
due to the strong electron attracting effect of nitrogen atom, which
makes the strong p-p conjugation between the hydroxyl group and
pyridine ring. The PAHs have more electrons to participate in the
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