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ABSTRACT: Fast pyrolysis of lignocellulosic materials is a
promising research area to produce renewable fuels and chemicals.
Dehydration is known to be among the most important reaction
families during cellulose pyrolysis; water is the most important
product. Together with water, dehydration reactions also form a
range of poorly known oligomer species of varying molecular sizes,
often collected as part of the bio-oil water-soluble (WS) fraction. In
this work, we used electronic structure calculations to evaluate the
relative thermodynamic stabilities of several oligomer species from
cellulose depolymerization intermediates undergoing three consec-
utive dehydration events. A library of the thermodynamically
favored candidate molecular structures was compiled. Results
revealed that most of the water molecules are eliminated from the non-reducing end, forming thermodynamically more stable
conjugated compounds. This is consistent with results reported in literature where dehydration reactions occur preferably at the
non-reducing ends of oligomers. The theoretical Fourier-Transform Infrared Spectroscopy and NMR spectra of these proposed
sugar oligomers conform qualitatively to the experimental result of pyrolytic sugars. Understanding their chemical structure could
help to develop rational strategies to mitigate coke formation as sugars are often blamed to cause coke formation during bio-oil
refining. The estimated physical−chemical properties (boiling point, melting point, Gibbs free energy of formation, enthalpy of
formation, and solubility parameters among others) are also fundamental to conducting first-principles engineering calculations to
design and analyze new pyrolysis reactors and bio-oil up-grading units.

1. INTRODUCTION
Continued global population growth, industrialization, envi-
ronmental concerns, and depletion of fossil fuel reserves
demand the diversification of our energy portfolio.1−3

Lignocellulosic biomass, abundant, inexpensive, and non-
competing for food resources, is a renewable source of C to
produce fuels and chemicals. Cellulose is the most abundant
biomolecule synthesized by photosynthesis.4−6 It is composed
of repeating D-glucose units connected by β-1-4 glycosidic
bonds.7,8 Cellulose can be decomposed into various chemical
species through different methods including thermal decom-
position (e.g., fast pyrolysis).3

Fast pyrolysis is a promising conversion method where
biomass is subjected to moderately high temperatures (673 to
873 K) without oxygen.9,10 Several chemical transformations
occur in a complex network of chemical reactions as the
cellulose polymer chain breaks apart. During fast pyrolysis,
dehydration reactions result in water formation and poorly

known anhydrous sugars.11−13 This is coherent with the
experimental results obtained by Stankovikj et al.14 Terrell and
Garcia-Perez15 compared experimental results with hypo-
thetical pathways and assigned tentative chemical structures
to the dehydrated oligomers observed using Fourier transform
ion cyclotron resonance mass spectrometry (FT-ICR MS).
While experimental results give significant insights regarding

molecular mass and elemental composition of anhydrosugars,
complementing these results with first-principles calculations
could generate new information on the reaction mechanisms
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and molecular structure of pyrolysis products. Hu et al.16 and
Kostetskyy and Broadbelt17 discussed the recent developments
of using electronic structure calculations to assess the
mechanisms of biomass pyrolysis via quantum chemistry
(QC). They concluded that the use of QC modeling provides
deep insights to obtain a whole image of the complex biomass
pyrolysis chemistry (for both reaction mechanisms and
product structures), which are experimentally difficult to
grasp. Nimlos et al.18,19 used electronic structure calculations
to study the dehydration mechanism of alcohols and glycerol
and concluded that their work could be extended for
carbohydrates. Hosoya and Sakaki20 investigated the formation
of levoglucosan using dimer and hexamer oligomeric
carbohydrate models to represent the native cellulose. Results
of their study showed that dimer degradation occurs by means
of a concerted mechanism. The one-chain hexamer model
showed no formation of levoglucosan; instead, depolymeriza-
tion occurred. Two-chain models with interchain H bonds
clearly showed the formation of levoglucosan, and three-chain
models indicated selective degradation on the crystalline
surface. Easton et al.13 studied four water loss mechanisms of
glucose and cellobiose during cellulose-fast pyrolysis. Their
results showed that aldol condensation has the lowest free-
energy barrier, which is consistent with cellobiose, and
therefore could be applicable to glucooligosaccharides with a
higher degree of polymerization. Zhang et al.21 modeled the
mechanism of levoglucosan thermal decomposition during
pyrolysis employing direct C−C bond breaking, C−O bond
breaking, and 1,2-dehydration and found that the latter is the
most favorable pathway, removing the hydroxyl group from C2
and a hydrogen atom from C3. These computational works
contribute toward a comprehensive understanding of the
elementary reaction mechanisms of cellulose and could pave
ways to further study the heavy unknown oligomeric fractions
of the bio-oil.
The presence of anhydrosugar oligomers in bio-oil formed

during cellulose pyrolysis was discussed by Mamleev et al.22

The study by Pecha et al.23 on the fast pyrolysis of hybrid
poplar between 0.4 and 100 kPa revealed the effect of pressure
on the formation of bio-oil anhydrosugars. Stankovikj et al.14

also confirmed the presence of highly dehydrated oligomeric

sugars in fast pyrolysis from cellulose using FT-ICR/MS. The
mechanistic modeling of fast pyrolysis of neat glucose-based
carbohydrates by Zhou et al.24 predicted the formation of
anhydrosugar products. These pyrolytic sugars are becoming
an important field of research because they can be converted
easily to platform chemicals such as furanics.25,26

The thermodynamic and physical properties of these
compounds, such as boiling point, critical temperature, and
pressure, enthalpy of formation and vaporization, enthalpy of
fusion, standard Gibbs free energy of formation, solubility
parameters, and so forth, are fundamental to understanding
their behavior in the mixtures and needed for the design of
extraction/conversion, separation, and upgrading processes.27

In the absence of experimental data due to cost or time
constraint, methods for estimation of thermophysical proper-
ties of compounds must rely on theoretical tools, such as
quantum mechanics, empirical correlations, and group
additivity-based methods. Estimation methods usually apply
the concepts of quantitative structure−property relationships
(QSPRs) and quantitative property−property relationships
(QPPRs), varying by the type of input data. QSPR methods
require only knowledge of the molecular structures of the
compound to estimate their physical properties while QPPR
uses thermodynamic data.28 The group contribution method
(GCM), a special case of QSPR approach, is a simple, quick,
and extensively used technique that relies on the additivity
principle of individual group contributions.29 The best known
GCM include the first-order approximations by Joback,30

Joback & Reid et al.,60 Lydersen et al.,55 and Stein and
Brown.31 These authors developed mathematical models
employing multiple linear regression techniques to determine
the group contributions from each fragment.
In this work, we aim to elucidate and propose potential

structures of the oligomeric sugar compounds found in bio-oil
through electronic structure calculations and then estimate
their physical and thermodynamic properties. Dehydrated
sugars, particularly levoglucosan, being the main product of fast
cellulose pyrolysis,32,33 and its oligomeric units (up to tetra-
state), linked by 1,4-β-glycosidic bonds, were used as the
starting model compounds. An in-depth understanding of
these compounds’ structure will contribute to developing and

Figure 1. Optimized structures of the model compounds: (a) levoglucosan, (b) cellobiosan, (c) cellotriosan, and (d) celloquatrosan.
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advancing biomass pyrolysis techniques and product upgrading
strategies, especially hydrotreatment where coke formation is
believed to be caused by the presence of sugar oligomers.

2. METHODOLOGY
2.1. Computational Details. The model compounds,

shown in Figure 1, were subjected to dehydration reaction by
means of the Maccoll elimination mechanism (otherwise
known as 1−2 dehydration), where a C−O bond is broken
with a concerted proton loss from a beta position, moving to
the oxygen atom to form a CC (double bond) and eliminate
water.13 Sequential dehydrations (up to 3×) of these model
compounds were completed in the gas phase with and typical
fast pyrolysis temperature of 773.15 K and pressure of 1 atm.
All possible pathway permutations eliminating water around
the model molecules were investigated. For example, the
double dehydration of the cellobiosan water molecule is
eliminated from the levoglucosan-end (LG-end) and the
second, from the nonreducing-end (NR-end). Another
possible route is eliminating both water molecules from the
same ring structure. It should be noted that the kinetics of
these dehydration events was not considered; only the relative
thermodynamics stabilities of the different isomers were
studied as the study focused more on the structure of the
final product and not the rate of reaction. The most
thermodynamically stable structure has the minimum Gibbs
free energy, and these calculated stabilities also provide
information on whether the reaction is endothermic or
exothermic. Though, kinetics is also a good parameter to
consider for future studies.
A systematic naming convention was assigned to identify the

reactants, intermediates, and products. LG stands for
levoglucosan, CBN for cellobiosan, CTN for cellotriosan,
and CQN for celloquatrosan. For example, in CBN34A, CBN
stands for cellobiosan as the name of the molecule under
study; A refers to ring 1 being the LG-end, the first number “3”
specifies the carbon position where the hydroxyl group is
removed, and the second number “4” identifies the hydrogen
atom being eliminated. This numbering convention is
illustrated in Figure 2.
Geometry optimization and frequency calculations of all

reactants, intermediates, and products were performed using

the Gaussian 16 (Revision C.01) electronic structure code.61

Errors associated with the calculations of structure and
electronic properties include the inaccurate description of
electron correlation, anharmonicity, and the solvation of the
Schrodinger equation34 but can be corrected by using scaling
factors to obtain a more accurate result. The choice of correct
functionals and basis set are then important to consider. The
M05-2X hybrid functional35 is recommended for carbohy-
drates, but we employed the newer version, M06-2X36 and 6-
311++G(d,p) basis set for the O, C, and H atoms. Each
converged geometry was verified with vibrational frequency
calculations for all structures. A scaling factor of 0.9567 was
used for the calculated vibrational frequencies, based on the
work of Ünal et al.34 The change in free energy for subsequent
dehydration events of the model compounds was calculated
according to eq 1, where Edeh,H O2 corresponds to the

E Edeh,H O carb2 (1)

energy of the dehydrated carbohydrate−H2O complex and
Ecarb is the energy of the reacting carbohydrate. The structure
of the reactant carbohydrate used for each subsequent
dehydration event was then that of a carbohydrate-only,
assuming desorption of water.
With the optimized and most stable product structures being

identified, the theoretical nuclear magnetic resonance (both 1H
NMR and 13C NMR) spectra were calculated using the M06-
2X hybrid functional, 6-311+G(d,p) basis set, and the gauge-
independent atomic orbital method. It is necessary to
understand that nuclear magnetic resonance (NMR) spectra
strongly depend on the molecular structure since they are
constantly in motion. Thus, we make sure to use the lowest
energy structure of the molecule of interest to generate the
NMR spectra of the stable products. Also, NMR spectra of the
typically used reference molecule, deuterated dimethyl
sulfoxide (DMSO), was calculated, and the shielding value
was subtracted from the spectrum of the stable products to
obtain the relative shifts. Theoretical results may slightly vary
for different functionals and basis sets and the type of reference
molecule employed for NMR calculations.

2.2. Validation of Simulations. Selected model com-
pounds, namely, D-glucose (Dextrose) anhydrous (≥99%,
Thermo Scientific Chemicals), D(+)-mannose (≥99%, Sigma-

Figure 2. Sequential dehydration and numbering scheme for CBN. CBN stands for cellobiosan, A for the LG-end, and B for the NR-end (in the
case of cellotriosan, B stands for the internal unit and C for the NR-end; the same pattern was followed for celloquatrosan).
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Aldrich), and levoglucosan (99.3%, AK Scientific, Inc.), were
subjected to both experimental and theoretical Fourier-
Transform Infrared Spectroscopy (FTIR) and NMR analyses
to assess the validity of the modeling results. Experimental
FTIR results were recorded in the solid phase using a
Shimadzu IRPrestige 21 spectrometer equipped with a
MIRacle single reflection ATR Ge probe. Enough samples
were applied to cover the crystal window for measurement.
Spectra were acquired at 600−4000 cm−1 and a resolution of 4
cm−1, but only the fingerprint region is shown in Figure 3.

Modeling results were calculated in the gas phase employing
the same method described earlier. Comparable results were
observed between the experimental and modeling for the
model compounds, as shown in Figure 3. The sum of areas
under the bands from 950 to 1200 cm−1 wavenumbers are
assigned to C−O stretch vibrations of alcohols.37,38 The
calculated spectra are harmonic frequencies and thus shifted to
a higher energy than the experimental spectra.39

Experimental 13C NMR and 1H NMR of the whole sugar
were also obtained and compared with modeling yields.
Pyrolytic sugars were separated from the whole bio-oil (BTG,
The Netherlands) by means of cold-water precipitation,40

followed by column chromatography (Sepabeads SP207)41 to
separate the sugars from phenols and finally rotary evaporation
to concentrate the sugars. The 13C NMR spectra were acquired

on a Bruker 500 Neo spectrometer equipped with a 5 mm
Prodigy broadband cryoprobe with Z-axis gradients. An
amount of 30 mg each of the selected model compounds
was dissolved in 0.7 ml of DMSO-d6 (99.9%, Cambridge
Isotope Laboratories, Inc.). The 13C NMR spectra were
acquired at 125.77 MHz with a 90° pulse angle (10.0 ms), 1.08
s acquisition time, relaxation delay d1 of 2 s, and inverse-gated
1H composite pulse decoupling using 4000 scans, a spectral
width of 30,120.5 Hz and 32,768 points. The FID was
apodized with 8 Hz exponential line broadening for the model
compounds. MestreNova 14.3.0 software was used for post-
processing spectra. Results (Figure 4) showed a good

agreement between the experimental and modeling yield
except for the shifting at 39.7 ppm in experimental results,
which is attributed to the solvent used (DMSO-d6). The
integration region between 60 and 80 ppm belongs to the
aliphatic C−O associated with hydroxyl groups of the sugar
compounds.12

2.3. Estimation of Properties of the Proposed
Structures. QPPRs and GCM methods were applied to
estimate the important physical and thermodynamic properties
of the proposed oligomeric sugar structures. The complete
equations and procedures are found elsewhere.42 Briefly, the
number frequency of each group that constitutes the pure
compound or mixture was summed up and then multiplied by

Figure 3. Comparison between experimental and modeled FTIR
spectra of selected sugars.

Figure 4. Comparison between experimental and modeled 13C NMR
spectra of selected sugars (solvent peak: DMSO = 39.7 ppm).
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their corresponding group contribution terms. Among the
discrepancies associated with these methods are reliability due
to over simplicity of the molecular structures, which makes
isomers indistinguishable, size of model compounds, and the
need of experimental data, which may not be always
available.27 Therefore, the second-order group contributions
were built on the first-order groups to at least capture more
information on the molecular structure of compounds like the
fine differences among isomers and conjugate forms.27,43 In
this work, the first-group contributions were employed for
reasons of model simplification and user friendliness. Fonts et
al.42 and Manrique et al.44 used these same methods to
estimate the physical and thermodynamic properties of bio-oil

compounds derived from the fast pyrolysis of lignocellulosic
compounds.
The parameters evaluated in this study are the critical

properties, ideal gas properties, and condensed gas properties.
The critical properties such as critical temperature (Tc), critical
volume (Vc), and critical pressure (Pc) were estimated
employing the methods of Joback30 and Lydersen et al.;55

the enthalpy of vaporization via the methods of Joback,30

Riedel,57 and QPPR methods; the enthalpy of fusion by the
Joback30 method; the normal boiling point by Joback30 and
Stein and Brown31 methods; and the normal melting point by
Joback and Reid60 and Peŕez Ponce et al.58 methods. The
thermodynamic properties estimated using DFT were heat

Table 1. Most Thermodynamically Stable Structures of the Dehydrated Sugarsa

aNote: Water is also a product but is not shown here.
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capacity, standard Gibbs free energy, change in enthalpy, and
change in entropy. The methods of Joback and Harrison and
Seaton45 were also employed for gas heat capacity estimation.
Finally, the condensed phase properties considered were liquid
heat capacity obtained by the Chueh and Swanson59 method;
the solid heat capacity obtained by the Hurst and Keith
Harrison46 method; the liquid enthalpy of formation of
individual compounds via the QPPR approach; and the
Hansen solubility parameters obtained by the Stefanis and
Panayiotou47 method.

3. RESULTS AND DISCUSSION
3.1. Stable Structures of the Anhydrosugars. Table 1

shows the most thermodynamically stable molecular structures
identified as the likely constituents of the dehydrated anhydro-
oligo-sugars. The selection of the most stable structure was
based on the conformer that gives the minimum Gibbs free
energy. Note that although water is a product, it was not
shown in the table. Dehydration of depolymerized cellulose
oligomers is one of the main pyrolytic chemical trans-
formations. A library of product structures, assessing all
possible permutations of three dehydration events, and their
corresponding stability is shown as Supporting Information
(Tables S1−S11).
3.1.1. Monomer. There are six possible routes by which

water can be removed from a levoglucosan molecule (see
Supporting Information Table S1). The result shows that
pathway LG23 gave the most thermodynamically stable
dehydration route with the lowest Gibbs free energy (ΔG)
change of −88.6 kJ/mol. This means that the loss of a hydroxyl
group from carbon 2 and hydrogen from carbon 3 is the most
thermodynamically stable product. This finding is consistent
with the result of Zhang et al.,21 where they reported that the
dehydration reaction is most favorable when H is removed
from carbon 3 and the hydroxyl group is removed from carbon
2. On the one hand, LG21 and LG45 are less stable due to the
presence of the bridged ring. Further, the changes in enthalpy
(ΔH) and entropy (ΔS) of the most thermodynamically
favored structure are 38.4 kJ/mol and 164 J/mol K,
respectively.
For the double dehydration of levoglucosan, a total of 11

possible pathways were investigated (see Supporting Informa-
tion Table S2). Results show that the double dehydration of
levoglucosan is a non-spontaneous reaction as depicted by the
positive value of the ΔGrxn. This result is coherent with
experimental results, wherein we only observe levoglucosenone
products, and no other dehydrated product of levoglucose-
none. Also, since levoglucosan is very volatile, it significantly
vaporizes upon formation,24,48 justifying the abundance of
levoglucosan in experimental results.12,22

It was observed that not only water and molecules with
alkene moieties are formed as products but also some alkynes.
Furthermore, conjugated, isolated, and cumulated dienes are
formed. However, results showed that conjugated alkenes are
the most stable products. Reaction LG32A-45B, a conjugated
diene, gives the most thermodynamically stable structure with
Gibbs free energy change of 18.1 kJ/mol. The first water is
eliminated from the LG-end at carbon 3 and carbon 2, while
the second is removed at carbon 4 and 5. This result is
supported by the basic knowledge on diene stability.
Conjugated dienes are most stable compared to isolated and
cumulated diene due to several factors like delocalization of
charge through resonance and hybridization energy. Also,

when comparing alkenes and alkynes, alkenes are more
thermodynamically stable than alkynes. Moreover, this most
stable reaction’s enthalpy and entropy change accounts for
272.7 kJ/mol and 329 J/mol K, respectively. The same result
was observed with the single dehydration reaction, where the
dehydration routes near the bridge ring give the least favorable
pathway.

3.1.2. Dimer. A total of 11 reaction pathways were examined
for the single dehydration of cellobiosan (see Supporting
Information Table S3). The result shows that reaction
CBN34A results in the most thermodynamically stable product
with a ΔGrxn of −76.9 kJ/mol. This pathway involves removing
the hydroxyl group from carbon 3 and hydrogen from carbon
4. Enthalpy and entropy changes were calculated to be 59.7 kJ/
mol and 175 J/mol K, respectively.
The double dehydration of cellobiosan can evolve through a

total of 48 reaction permutations (see Supporting Information
Table S4). Results show that CBN43B-65B with a ΔGrxn of
−171.7 kJ/mol resulted in the most thermodynamically stable
product among all the reactions. This involves the removal of
two water molecules from the NR-end. The first hydroxyl
group of the first water is desorbed from carbon 4 and the
hydrogen atom from carbon 3. In contrast, for the second
dehydration event, the hydroxyl group is eliminated from
carbon six and the hydrogen atom from carbon 5. Water
elimination is more facile from the NR-end relative to the LG-
end due to the stability of the levoglucosan end. The same
observation as in the double dehydration of the monomer is
seen here, where there are formations of alkenes and a few
alkynes. The most thermodynamically favorable route, which is
CBN43B-65B, is a conjugated alkene. Enthalpy and entropy
changes are calculated to be 88.6 kJ/mol and 337 J/mol K,
respectively.
For the triple dehydration of cellobiosan, a total of 44

dehydration reactions were investigated (see Supporting
Information Table S5). Pathway CBN21B-43B-65B resulted
in the most thermodynamically stable product with Gibbs free
energy change of −257.5 kJ/mol. All three water molecules
were eliminated from the NR-end, that is, from 21B, 43B, and
65B positions. The calculated enthalpy and entropy changes
amounted to 137.7 kJ/mol and 510 J/mol K, respectively.

3.1.3. Trimer. A total of 16 reactions were investigated for
the single dehydration of cellotriosan (see Supporting
Information Table S6). Results show that CTN34A gives the
most thermodynamic product with Gibbs free energy change
equal to −82.3 kJ/mol. This pathway entails the cleavage of
the hydroxyl group from carbon 3 with a concerted proton loss
from carbon 4 in the LG-end. Enthalpy and entropy changes of
this route accounted for 53.3 kJ/mol and 184 J/mol K,
respectively.
For the double dehydration of cellotriosan, a total of 111

dehydration permutations were studied (see Supporting
Information Table S7). Results reveal that CTN43C−65C
showed the most thermodynamically stable product, with
Gibbs free reaction energy equal to −177.8 kJ/mol. That is,
removing both water molecules from the NR-end. Specifically,
the hydroxyl group is lost from carbon 4 and the hydrogen
from carbon 3 for the first water molecule, while for the second
water molecule, the hydroxyl group and hydrogen originate
from carbon 6 and carbon 5, respectively. Additionally, the
enthalpy and entropy changes of the second dehydration event
were calculated to be 80.0 kJ/mol and 333 J/mol K,
respectively.
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Moreover, removing three water molecules from cellotriosan
resulted in the investigation of 107 reaction pathways (see
Supporting Information Table S8). CTN21C−43C−65C was
observed to be the most thermodynamically stable product
with Gibbs free energy change of −269.8 kJ/mol. All three
water molecules were lost from the NR-end, again indicating
the ease of dehydration reactions at the NR-end. Enthalpy and
entropy changes of this pathway correspond to 129.3 kJ/mol
and 516 J/mol K, respectively.
3.1.4. Tetramer. Single dehydration of celloquatrosan

resulted in a total of 21 potential dehydration pathways (see
Supporting Information Table S9), revealing CQN34MacA as
the most stable product with Gibbs free energy change equal to
−79.1 kJ/mol. This pathway involves the removal of the
hydroxyl group from carbon 3 and proton loss from carbon 4
in the LG-end. Enthalpy and entropy change of this route
accounted for 53.9 kJ/mol and 172 J/mol K, respectively.

For the double dehydration of celloquatrosan, a total of 66
reaction pathways (see Supporting Information Table S10)
were investigated. Reaction pathways which are expected to
yield less stable products as evidenced in the dimers and
trimers were not considered in this calculation. The CQN43D-
65D pathway was found to be the most stable route with a
Gibbs free energy of −164.5 kJ/mol. Both water molecules
were desorbed from the NR-end. The enthalpy and entropy
changes were correspondingly 93.5 kJ/mol and 334 J/mol K.
Finally, a total of 69 reaction pathways were studied for the

triple dehydration of celloquatrosan (see Supporting Informa-
tion Table S11), resulting in CQN21D-43D-65D being the
most thermodynamically stable product with a Gibbs free
energy change of −255.0 kJ/mol. All three water molecules
were lost from the NR-end. Enthalpy and entropy changes
accounted for 131.13 kJ/mol and 500 J/mol K, respectively.
Similarly, the reaction pathways expected to yield less stable
products were not investigated.

Figure 5. Theoretical FTIR spectra of the identified dehydrated anhydrosugars.
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In summary, results revealed that the LG-end is more stable
than the NR-end. The thermodynamic stabilities of product
molecules undergoing sequential dehydration events showed
that most of the water molecules are eliminated from the NR-
end, forming conjugated compounds. This result is consistent
for the oligomeric units of the anhydrosugars (dimer, trimer,
and tetramer) except for the single dehydration reactions
exhibiting greater stability of products when water is
eliminated from carbons 3 and 4 of the LG-end. According
to Mamleev et al.,5,22 dehydration reaction mostly happens at
the NR-end and not from the LG-end because LG is a stable
product.
3.2. Theoretical Spectra of the Dehydrated Anhy-

drosugars. 3.2.1. Fourier Transform Infrared. Figure 5 shows
the theoretical FTIR spectra of the proposed structures of
dehydrated anhydrosugars and the experimental result of the
whole sugar. A scale factor of 0.9567 was applied to the
calculated vibrational frequencies toward generating the
theoretical IR spectra.34 The theoretical peaks conform to
experimental results reported in previous works.37,38 These
include the hydroxyl functional group seen at 3500 to 3887
cm−1, C−H vibrations from the alkane groups (2875 to 3000
cm−1), alkenes and conjugated CC bond (1605 to 1750 cm−1),
C−C stretch from alkanes (1500 to 1550 cm−1), and the C−O
stretch from alcohols (1047 to 1250 cm−1). The region
between 1605 and 1750 cm−1 was shown to be more intense
when more water molecules are eliminated, resulting in the
formation of conjugated systems upon dehydration. The
discrepancies on the OH stretches, which is observed to be
broad in the experimental result, could be attributed to residual
water. Nonetheless, there is a strong qualitative agreement of
the FTIR results of the model compounds and the
experimental analysis of the whole sugar especially in the
fingerprint region. The fingerprint regions of both exper-
imental and modeling yields are within the absorbance range of
the water-soluble (WS) bio-oil fraction reported in the
literature.12

3.2.2. Nuclear Magnetic Resonance. Figure 6 displays the
theoretical 1H NMR spectra of the dehydrated anhydrosugar
oligomers and the experimental result of the whole sugar.
Results show that the most downfield/de-shielded regions at
4.5 to 6.1 ppm are the proton types originating from alkenes
and conjugated CC systems, where the dehydration reaction
occurred. The spectral areas at 3.0 to 4.5 ppm are the protons
attached to carbon atoms associated with the alcohol groups.
Lastly, regions at 0.2 to 2.2 ppm are attributed to the protons
from alkanes. The peak observed at 2.5 ppm for the
experimental sugar is traced back to the DMSO solvent.
Compared to the experimental 1H NMR result of the whole
sugar, the peaks of the proposed dehydrated sugar structures
are within the range of chemical shifts. These modeling and
experimental chemical shifts of the pyrolytic sugar also confirm
qualitatively to the experimental results for pyrolysis bio-oils
reported previously.14

Figure 7 shows the theoretical 13C NMR spectra of the
proposed structures and the experimental spectra of the whole
sugar. The CC bond from 160.0 to 180.0 ppm and 100 to 120
ppm represented the alkenes and conjugated structure of the
dehydrated sugars. Spectral regions between 60.0 and 100.0
ppm originated from the singly bonded carbon atoms attached
to hydroxyl/alcohol groups (aliphatic C−O), with the non-ring
carbon atom (carbon 6) being the most up-field. Most of the
crowding is seen in this region due to the significant presence

of alkane and aliphatic groups. These modeling yields are in
good qualitative agreement with the experimental result of the
whole sugar. A 13C NMR analysis on the WS bio-oil fraction
from which the whole sugar was extracted (Figure 8) also
shows that our modeling results are within the expected
chemical shift range.12 Though there are more peaks in the WS
fraction due to the presence of phenols and other aromatic
compounds, the integration region under 60.8 to 95.8 ppm of
the WS fraction was reported to represent the aliphatic C−O
associated with hydroxyl groups, and peaks at 95.8 to 125.0
ppm, 125.0−142.0 ppm, and 142.0 to 166.5 ppm represented
aromatic C−H, aromatic C−C, and aromatic C−O,
respectively.12 The aliphatic C−O region is consistent with
our modeling result. The aromatic regions in the WS fractions
under 142.0 to 160.0 ppm and 170.0 to 180.0 ppm are shown
to have very low intensity in our experimental 13C NMR result
because the phenols and aromatic compounds are no longer
present in the pyrolytic sugar.
These theoretical 1-D 1H and 13C NMR of the sugar

conforms to the experimental 2-D heteronuclear single
quantum coherence spectroscopy (HSQC) NMR of bio-oil
showing the presence of pyrolytic sugars as evidenced by the
alcohol functional groups around 60 to 100 ppm chemical
shifts for the 13C NMR and 3 to 5 ppm for the 1H NMR.49

Figure 6. Theoretical 1H NMR spectra of the dehydrated
anhydrosugars.
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The functional groups found in the theoretical NMR results
are consistent with the functional groups identified in the FTIR
results.

3.3. Thermodynamic and Physical Properties of the
Proposed Oligomeric Structures. 3.3.1. Physical Proper-
ties. Table 2 shows the results for the estimated physical
properties of the proposed oligomeric sugar. The dehydrated
oligomeric sugars were first broken down into sets of
functional groupings as proposed in the literature.29,42,47 The
physical properties investigated include critical properties like
temperature, pressure, and volume, normal boiling point and
melting point, and enthalpy of vaporization and fusion. These
properties are fundamental parameters to predict thermody-
namic behavior. The procedures used is described elsewhere.42

There are no literature data found for comparison for the
thermodynamic and physical properties of anhydrous-oligo-
sugar molecules, as they have not been studied in the past.14

Thus, we have used experimental data for levoglucosan and
cellobiosan as the point of reference, only if available.
Otherwise, the estimation of Fonts et al.42 for levoglucosan
and cellobiosan was used as point references.
For the critical temperature, the Joback30 method gave a

higher value than the Lydersen et al.’s55 method except for the
trimer which has a very high value and thus needs to be treated
with caution, since these molecules are bigger than the
molecules used for GCM models. Similarly, Fonts et al.
estimated a high value averaging to 832.25 and 1456.1 K for
the levoglucosan and cellobiosan, respectively. The more
dehydrated the compound, the lower is the critical temper-
ature. That is, the twice dehydrated cellobiosan has the lowest
critical temperature. Critical temperature is the maximum
possible temperature, at which the compound can exist as a
liquid. Estimation of the critical pressure and critical volume
resulted in quite closer values for both the Joback30 and
Lydersen et al.55 methods. Also, these values are not too far
from the estimated values reported by Fonts et al.42 for
levoglucosan (5.12 MPa, 375 cm3/mol) and cellobiosan (3.32
MPa, 739 cm3/mol).
For the normal boiling point, using the Joback30 method

gave a closer value to experimental results for levoglucosan,
cellobiosan, and cellotriosan accounting for 658 K,50 853 K,11

and 1063 K,22 respectively. Similarly, Le de et al.56 obtained
almost the same values of 612, 854, and 1065 K for the
levoglucosan, cellobiosan, and cellotriosan, respectively.
Mamleev et al.22 also reported a true boiling point of
levoglucosan, which is in the range of 563 to 573 K. The
estimated Tb values for the cellobiosan and cellotriosan are
higher than the typical fast pyrolysis temperature (773 K). This
is consistent with the experimental results reported by Pecha et
al.,23 where these molecules are driven by the ejection
mechanism instead of vaporizing during the fast pyrolysis
reaction. Similarly, Gong et al.51 reported that at 773 K, there
are no sugars or anhydrosugars detected during the reaction,
because almost all of the cellulose have already decomposed at
such high temperature. For the normal melting point,
estimation using both Joback30 and Perez-Ponce58 methods
gave quite a similar value. Oja and Suuberg52 recorded a
melting point of 453 K for levoglucosan and 513 K for
cellobiose. The enthalpy of vaporization at boiling point and
room temperature (298 K) resulted in a closer value for both
the methods applied, except for thrice the dehydration of
cellotriosan, which has values quite far from each other.
Table 3 shows estimated enthalpy of formation, standard

Gibbs free energy of formation, and the heat capacity
estimated under ideal gas by Joback, Harrison and Seaton,
and DFT methods. Standard Gibbs free energy is a useful

Figure 7. Theoretical 13C NMR spectra of the dehydrated
anhydrosugars.

Figure 8. Experimental 13C NMR spectra of the WS BTG bio-oil
fraction. Reproduced with permission from Ref 12. Copyright 2023.
ACS Publications.
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parameter to determine the spontaneity of a reaction. The
standard enthalpy of formation is widely used to conduct
energy balances. It is the energy released or consumed during
the formation of 1 mol of the substance at standard conditions.
Entropy reflects the change in the degree of system disorder
during the reaction.
The values estimated in this work for the singly dehydrated

levoglucosan and cellobiosan for both the gas standard
enthalpy and Gibbs free energy of formations are reasonable
compared to the values obtained by Fonts et al. for
levoglucosan (ΔH°f,G = −815.1 kJ/mol, ΔG°f,G = −508.6 kJ/
mol) and cellobiosan (ΔH°f,G = −1686.3 kJ/mol, ΔG°f,G =
−1065.7 kJ/mol) using the Joback method. For the gas heat
capacity, results obtained from Joback, Harrison and Seaton,
and the DFT methods seem to agree with each other, resulting
in quite closer values. Fonts et al. reported a gas heat capacity
at constant pressure equivalent to 187.2 J/mol.K for
levoglucosan. This result is not too far from the estimated
value for the single dehydration of levoglucosan reported in
this work.
Table 4 presents the estimated condensed gas properties of

the proposed structures of anhydrosugars. These properties
include the liquid heat capacity, solid heat capacity, liquid
standard enthalpy of formation, and the Hansen solubility
parameters. Again, no literature data were found for
comparison of results obtained in this study. Generally, the
estimated values for the monomers and dimers seem to agree
with each other for the methods applied but are seemingly far
for bigger compounds like the trimer and tetramers. This may
be attributed to the reason that GCM was developed and
patterned for small molecules and not for the bigger ones.
For the liquid heat capacity, solid heat capacity, and liquid

standard enthalpy of formation properties, Fonts et al.42

estimated values that are close to experimental results. Hence,
we can conclude that the estimated results in this work are
within the range of validity of the method, considering we
applied exactly the same method. Finally, Hansen solubility
parameters predict the ability of one substance to dissolve into
another and thus an important factor to determine suitable
solvents for extraction of bio-oil compounds. The estimated
Hansen solubility parameters included dispersion forces (δd),
dipole−dipole interactions (δp), and hydrogen bonding (δhb).

4. CONCLUSIONS
In this work, we were able to identify and propose potential
structures of the heavy oligomeric sugars obtained during
cellulose pyrolysis using the DFT method and glucose-based
carbohydrates as model compounds. Several potential products
have been investigated, as shown in the library compiled in the
Supporting Information section. It is concluded that water is
typically removed from the non-reducing end. The theoretical
FTIR and NMR spectra of the proposed structures of
oligomeric sugars qualitatively conform to the experimental
result of pyrolytic sugars. The use of QSPRs and QPPRs for
the thermophysical characterization of resulting structures also
shed some light on the oligomers found in bio-oil, which are
fundamental for the efficient design of extraction, conversion,
separation, and refining/upgrading technologies and processes.
Results for the thermophysical properties cannot be compared
with experimental data as they have not been studied in the
past. Future efforts will help in extending this approach to the
analysis of more heterogeneous feedstocks such as lignin or
aggregate biomass.T
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