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Plant biomass is a valuable raw material for the production of important chemicals. Lignin depolymerization processes
make it possible to obtain valuable aromatic substances. In this work, the aromatic products of birch ethanol lignin
hydrogenation were studied. The lignin depolymerization process was carried out on a ruthenium catalyst, varying the
oxidation temperature of the carbon carrier. The hydrogenation products were analyzed by GC, GC-MS and DFT. It
was shown that the highest yield of monomeric methoxyphenols (about 11 wt%) was achieved using the 3% Ru/C(400)
catalyst. Catalysts have a significant effect on the yield and composition of solid, liquid and gaseous products. Thus,
the use of the most effective 3% Ru/C(400) catalyst increased the yield of monomeric methoxyphenols from 2.2 to 11.1
wt% compared to the non-catalytic experiment. The liquid products of birch ethanol lignin hydrogenation mainly
consist of syringol derivatives, which were studied using density functional theory methods. Spectroscopic (FTIR and
NMR) characteristics, HOMO-LUMO, Mulliken atomic charges, electronic parameters, MEP and ALIE were
calculated. Optical softness, softness and maximum charge transfer index values increased with increasing chain length
of the alkyl radical and the appearance of a double bond.
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INTRODUCTION

Recently, the use of renewable plant biomass
instead of fossil resources has attracted increasing
attention from researchers as a sustainable
alternative to the modern petrochemical industry.'
Wood is a widespread and accessible source of
biomass, considered as a raw material for the
production of a variety of chemical products. The
main structural components of wood are
interconnected into a complex rigid matrix and
thermal and solvolytic processing is required for
its selective transformation into products with
high added value."? A well-known method for
isolating lignin is the extraction of lignocellulosic

raw materials with low-boiling organic solvents or
their mixtures with water at temperatures of 180-
200 °C.? The resulting organosolv lignins, unlike
traditional technical ones, do not contain sulfur,
which reduces the efficiency of thermocatalytic
processing, and have high reactivity in the
temperature range of 250-400 °C. Effective
depolymerization of lignin can be achieved by
thermal conversion in lower aliphatic alcohols in
a supercritical state.” It is known that the use of
supercritical fluids in “green” chemistry processes
makes it possible to increase the yield of extracted
products.’ The choice of alcohols is due to the fact
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that their critical temperatures are lower or close
to the region of optimal temperatures for the
thermal destruction of lignin. To increase lignin
conversion and the yield of monomer products,
solid acid catalysts, such as zeolites, as well as Ni,
Mo, Co and platinum group metals on various
supports, are often used.®’

In this work, a comprehensive comparative
study of monomeric hydrogenation products of
birch ethanol lignin obtained on a Ru/C catalyst
with different characteristics of the catalyst
support was carried out. The main products of
hydrogenation of birch ethanol lignin were
studied using theoretical methods. The Ru/C
catalyst based on oxidized Sibunit showed good
catalytic properties in the depolymerization and
hydrogenolysis of various types of lignin.**

Table 1
Texture and acid characteristics of carbon support and supported ruthenium catalysts (3 wt% Ru)

EXPERIMENTAL

The extraction of ethanol lignin from wood was
carried out by extraction with an ethanol-water mixture
at a temperature of 185 °C and subsequent
precipitation with cold water according to a previously
described method.!°

Method for obtaining the catalyst

The catalyst was prepared on a graphite-like carbon
support Sibunit-4® ground in a porcelain mortar. A
fraction with a particle size of 56-96 pum was used.
The carrier was oxidized with humid air for 4 hours at
450 °C. A catalyst containing 1% ruthenium was
prepared by impregnating a carbon support according
to its moisture capacity with an aqueous solution of
ruthenium nitrasyl nitrate, followed by reduction in
hydrogen.!! The characteristics of the catalysts are
shown in Table 1.

Oxidation temperature

BET surface Pore volume Average pore size

Catalyst of support, area (Sger), (Vpore), (<dpore>),  pHpze*
°C my/g cm’/g nm

3%Ru/Sib-4 without oxidation 273 0.32 4.77 8.05

3%RuS400 400 300 0.37 5.01 7.12

3%RuS450 450 341 0.50 5.88 6.89

* pHpzc s the pH of the point of zero charge

Hydrogenation of birch ethanol lignin

The hydrogenation process was carried out in a
ChemRe SYStem R-201 autoclave (Korea) with a
volume of 300 mL. The reactor was loaded with 50 mL
of ethanol, 5.0 g of substrate and 0.5 g of catalyst.
Then, the autoclave was hermetically sealed and
purged with argon to remove air. Hydrogen was
supplied, the initial pressure of which was 3 MPa. The
reaction was carried out with constant stirring at a
speed of 1000 rpm, at a temperature of 300 °C for 1
hour. The rate of temperature rise was 10 °C/min, the
time to reach the required temperature was 20-25
minutes. The operating pressure in the reactor was 9.0
MPa. After cooling the reaction mixture to room
temperature, the gaseous products were collected in a
gasometer, their volume was measured, and the
composition was determined by gas chromatography.
Then, the reaction products were quantitatively
discharged from the autoclave by washing with
ethanol, and the resulting mixture of liquid and solid
products was separated by filtration.

The solid was washed with ethanol until the solvent
became colorless. The solvent was removed from the
liquid product using a rotary evaporator, and the
product was brought to constant weight by drying
under vacuum (1 mm Hg) at room temperature. The
solid product was dried at a temperature of 80 °C to
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constant weight. The yield of liquid products (al), the
yield of solid product (a2), the total yield of gaseous
products (a3) and the degree of lignin conversion (yl)
were determined using Equations (1-4):

a, = 2 Ej% X 100% "
a:q=ms (gj_mcat (gjxlﬂﬂ%
- m; (g) )
g = ™, (9) X 1000
m; (g) (3)
X = m; (gj +mcﬂt (g) —m, (gjx 100%
m; (g) 4)

where y — conversion of ethanol lignin, %; m; — mass
of liquid products (g), m; — mass of the original sample
(g), meat — catalyst mass (g), mg — mass of gaseous
products (g), ms — mass of solid residue.

Study of hydrogenation products of birch wood
ethanol lignin

The composition of gaseous products of the thermal
transformation of ethanol lignin in supercritical ethanol
was determined by GC on a Kristall 2000 M
chromatograph (Chromatek, Russia), with a thermal
conductivity detector. The carrier gas was helium (flow
rate of 15 mL/min); detector temperature: 170 °C. To



analyze CO and CHa, a column with NaX zeolite (3 m
x 2 mm) was used in isothermal mode at a temperature
of 60 °C. The analysis of CO, and hydrocarbon gases
was carried out on a column with Porapak Q in the
mode: 1 min — 60 °C, and then increasing the
temperature to 180 °C at a rate of 10 °C/min.

Ethanol soluble liquid products were GC-MS
analyzed using an Agilent 7890A chromatograph,
equipped with an Agilent 7000A TripleQuad detector
of selective masses at recording the total ion current.
Products were separated using a capillary column HP-
SMS at temperature programmed between 40 and 250
°C. Products were identified using the NIST MS
Search 2.0 database.

Calculation details

The DFT/B3LYP and 6-311++G(d,p) methods
were used to optimize the molecular structures of
syringol and its derivatives. The programs
Gaussian09W 2 and GaussView5.0 ' were utilized to
carry out all the necessary DFT calculations and
visualizations.

RESULTS AND DISCUSSION
Hydrogenation of birch ethanol lignin

In the process of non-catalytic hydrogenation,
the conversion of birch ethanol lignin in
supercritical ethanol at 300 °C reaches 75.2 wt%
(Fig. 1). In the presence of ruthenium-containing
catalysts, the conversion of birch ethanol lignin
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increases to 98.9 wt%. The bifunctional catalyst
3%Ru/C (400) exhibits higher activity. The
conversion of birch ethanol lignin in its presence
is 98.9 wt%.

In the presence of catalysts, the yield of liquid
products formed during the hydrogenation of
birch ethanol lignin at a temperature of 300 °C
increases noticeably (Table 2). In the process of
non-catalytic hydrogenation of birch ethanol
lignin, the content of liquid and solid products is
63.0 and 24.8 wt%, respectively.

The use of ruthenium-containing catalysts
leads to an increase in the yield of liquid products
to 82.8 wt% and a decrease in the yield of solid
products to 1.1 wt%. The maximum content of
liquid products (82.8 wt%) is observed when
using a 3%Ru/C (450) catalyst. The minimum
solids content (1.1 wt%) is observed when using a
3%Ru/C (400) catalyst.

The composition of the gaseous products of
ethanol lignin hydrogenation consists mainly of
methane, as well as carbon dioxide and carbon
monoxide; ethane and alkanes with higher
molecular weights are found in trace amounts.®

Catalysts also help to increase the yield of
gaseous products (Table 2). The most intense gas
formation is observed in the case of the catalyst
3%Ru/C (400) — with 25.6 wt% at 300 °C.

3%Ru/C (450) 3%Ru/C (400) 3%Ru/Sib-4

Figure 1: Effect of catalysts on the conversion of birch ethanol lignin during its hydrogenation in supercritical ethanol
at 300 °C

Table 2

Yields of hydrogenation products of birch ethanol lignin with hydrogen in supercritical ethanol in the presence of
ruthenium-containing catalysts (300 °C, 1 hour, initial hydrogen pressure 3.0 MPa)

Yield of products, wt%

Catalyst Liquid Solid Gas Residue, %
W/o 63.0 24.8 114 0.8
3%Ru/C (450)* 82.8 1.9 13.1 22
3%Ru/C (400)* 73.3 1.1 19.5 6.1
3%Ru/Sib-4** 75.3 1.6 20.0 3.1

* The oxidation temperature of the carrier during catalyst preparation is given in parentheses;

** Oxidation of the carrier was not carried out
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Table 3

Composition of liquid products of non-catalytic and catalytic hydrogenation of birch ethanol lignin according to GC-
MS data (conditions: 300 °C, 1 hour, initial hydrogen pressure 3.0 MPa)

3%Ru/C  3%Ru/C 3%Ru/
RT Substance W/o cat. (450) (400) Sib-4
17.94  Guaiacol 0.06 0.25 0.53 0.41
20.78  4-cthylphenol - 0.09 - 0.04
21.51  4-methylguaiacol 0.17 0.30 0.53 0.49
23.63  3-methoxycatechin - 0.18 0.30 0.03
24.15  4-ethylphenol 0.07 0.16 0.28 0.33
26.23  Siringol 0.61 1.11 2.26 1.83
26.64  4-propylguaiacol 0.09 0.38 0.58 0.61
28.76  4-methylsyringol 0.58 1.08 1.86 1.59
29.26  Coniferyl alcohol - 0.04 0.05 -
30.724  4-ethylsyringol 0.15 0.45 0.78 0.67
32.74  4-propylsyringol 0.46 2.09 3.21 3.14
34.02  4-propenylsyringol 0.05 0.06 0.12 0.07
35.47  Ethanone, 1-(4-hydroxy-3,5-dimethoxyphenyl) - 0.09 0.15 -
36.27  Syringylacetone - 0.10 0.18 0.05
37.38  Propiosyringone - 0.09 0.13
38.76  Propanolsyringol - 0.30 0.19
Total yield of methoxyphenols 2.24 6.77 11.15 9.26

Analysis of ethanol
products

Liquid hydrogenation products of birch
ethanol lignin were analyzed by GC-MS (Table
3). The products obtained from the
depolymerization of lignin are represented mainly
by monomeric methoxyphenols, among which
syringol derivatives predominate: syringol, 4-
propylsyringol, 4-methylsyringol and, to a lesser
extent, guaiacol derivatives.

The use of ruthenium catalysts in the process
of hydrogenation of birch ethanol lignin leads to
an increase in the total yield of monomers by
almost 5 times (Table 2). Moreover, their
maximum yield is 11.2 wt% when using a
3%Ru/C (400) catalyst. Among the monomers
formed, the predominant one is 4-propylsyringol
with a yield of 3.2 wt%. A similar trend was
observed during the hydrogenation of birch wood
using a Ru/C catalyst (250 °C, 3 h), when the
catalyst provided an increase in the yield of
methoxyphenols by 4-5 times depending on the
processing conditions,' and the main monomer
was 4-propylsyringol. It should be noted that the
yields of  methoxyphenols  during the
hydrogenation of organosolv lignin are lower
compared to the hydrogenation of native lignin in
the original wood, which is associated with the
partial loss of reactive 3-O-4 bonds.

It is known from the literature that ruthenium-
based catalysts lead to the formation of
predominantly  propyl-substituted = methoxy-

lignin hydrogenation
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phenols,"”” whereas when using Pd or Ni-
containing catalysts, the main content is 4-
propanol-substituted methoxyphenols.'>'®  The
results obtained confirm the literature data since
the yield of 4-propanosyringol does not exceed
0.3 wt%.

In addition, the acidity of the catalyst also
affects the yield of products. Previously, we
showed that during the hydrogenation of spruce
wood, the highest yield of methoxyphenols was
obtained with a Ru/C catalyst having a pHp, of
7.12,%!" similarly to this work.

Quantum chemical calculations of birch
ethanol lignin hydrogenation products

Theoretical methods for studying lignin and its
modification products are being actively
developed,'™'® including calculations of phenyl-
propane lignin units,'” model lignin compounds,
their derivatives.”! For theoretical calculations in
such studies, the following models are often used:
B3LYP/6-31G*,** M06/6-31G*,” M06-2X/6-31+
G(d,p),>** B3LYP/6-311G (d,p),” etc.

The main products of birch ethanol lignin
hydrogenation for quantum chemical calculations
were: syringol (a), 4-methyl syringol (b), 4-ethyl
syringol (c), 4-propyl syringol (d), 4-propenyl
syringol (e). The optimized structures of the
studied syringol derivatives are presented in
Figure 2. According to the data presented in
Figure 2 and Table 4, the introduction of an alkyl
radical and an increase in its length affects the



interatomic distance in the molecules under study.
Thus, the bond lengths in the C1-C2 benzene ring
increase from 1.398 to 1.4008 A when going from
syringol to 4-ethyl syringol, then a decrease in
this value is observed to 1.3979 and 1.3963 A for
4-propyl syringol and 4-propenyl syringol,
respectively. For the C1-C6 bond, a different
picture is observed: a decrease from 1.398 to
1.3936 A when going from syringol to 4-ethyl
syringol, with a subsequent increase to 1.3965 and
1.3952 A for 4-propyl syringol and 4-propenyl
syringol, respectively. For the C2-C3 bond, the
following values are observed for substances a-e:
1.3885, 1.3910, 1.3905, 1.3927 and 1.3975 A. For
the C3-C4 bond, the following values are
observed for substances a-e: 1.3976, 1.4036,
1.4053, 1.4025 and 1.4084 A. For the C4-C5 bond
for substances a-e the following values are
observed: 1.3906, 1.3890, 1.3876, 1.3902, 1.3854
A. For the C5-C6 bond, the following values are
observed for substances a-e: 1.4054, 1.4054,
1.4059, 1.4041 and 1.4077 A. It should be noted
that the C-O bond changes less when an alkyl
radical is introduced and increased into the
syringol molecule. Thus, the bond lengths in the
benzene ring change nonlinearly with the

Lignin

introduction of an alkyl radical of different
lengths.

Mulliken atomic charges

Mulliken atomic charges play an important
role in understanding the chemical reactivity of
compounds.”**® The calculated and indicated
charges of Mulliken atoms for syringol and its
derivatives are shown in Table 5. As indicated in
Table 5, the C3 atom for 4-propenyl syringol
carries the highest positive charge of 1.9733
among the other carbon atoms and is therefore
likely to be the site of nucleophilic attack. The C2
atom for 4-ethyl syringol carries the highest
negative charge of -1.043 among all syringol
derivatives studied. It should be noted that the
introduction of an alkyl substituent into the fourth
position of syringol affects all Mulliken atomic
charges of molecules. At the same time, an
increase in the alkyl substituent and the formation
of a double carbon-carbon bond does not linearly
change the atomic charges. Thus, for the 1C atom
for the molecules: syringol, 4-methyl syringol, 4-
ethyl syringol, 4-propyl syringol, 4-propenyl
syringol, the following values are observed: -
0.1919, -0.3893, -0.5138, -0.3868 and 0.0677,
respectively.

e)

Figure 2: Optimized structure of molecules (a-¢)
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Table 4
Bond parameters of molecules (a-¢)

a b C d e
Bond o Bond o Bond o Bond o Bond o
lengths (A) Bond angles (°) lengths (A) Bond angles (°) lengths (A) Bond angles (°) lengths (A) Bond angles (°) lengths (A) Bond angles (°)
Cl1- C2- Cl- C2- Cl- C2- Cl- C2- Cl- C2-
Gy 1398 "G 119431 ) 13995 ([°C 119.5705 ) 14008 [ °( 119.7444 ) 13979 L 119.5411 Ly 13963 (" 119.4433
ci Ca- Cl- ca- cl c2- ci Ca- ci 2
C6' 1398 Cl- 118571 13948 Cl- 1182063 C6‘ 13936 C1- 118.0017 C6_ 13965 Cl- 1182473 C6‘ 13952 Cl- 1183681
09 09 09 09 09
Cl1- C6- Cl1- C6- Cl- C6- Cl1- C6- Cl1- C6-
Oo 13712 Cl- 1218846 S 13718 Cl- 122.1185 [0 13724 Cl- 1221456 (o 13718 Cl- 1221125 [ 1.3715 Cl- 122.0801
09 09 09 09 09
C2- Cl- C2- Cl- C2- Cl- C2- Cl- C2- Cl-
O 13885 0111205383 O 1391 5 (01215962 (3 13905 5 Lo 121.5804 7 13927 o Lo 121.5947 13975 oo 1219477
Cl- Cl- Cl- Cl- Cl-
51212 1.083 C2- 117.978 13?2 1.0838 C2- 117.4566 1%2 1.082 C2- 116.8422 13?2 1.0842 C2- 117.4828 }({:%2 1.0838 C2- 117.4906
HI2 HI2 HI2 HI2 H12
C3- C3- C3- C3- C3-
gi' 13976 C2- 1214819 %34 14036 C2- 120.9458 %34 14053 C2- 121.5758 %34 14025 C2- 120.922 %34 14084 C2- 120.5596
HI2 HI2 H12 HI2 H12
C3- C2- C3- C2- C3- C2- C3- C2- C3- C2-
13 10833 30, 120566 50 15107 (270, 1187484 0 15202 70, 1185166 ) 1513 °C, 1187463 1 14699 1, 1183134
C2- C2- C2- C2- C2-
82_ 1.3906 C3- 119.9549 CC‘; 1.389 C3- 121.1622 CC‘; 1.3876 C3- 1229138 CC‘; 1.3902 C3- 120.8553 %‘; 1.3854 C3- 118.7286
HI3 Cc21 21 Cc21 21
C4- C4- C4- C4- C4-
gﬁ 1.0816 C3- 119.4786 13?3 1.0827 C3- 120.0887 5‘1‘3 1.083 C3- 118.5685 13?3 1.0828 C3- 120.3742 5?3 1.0808 C3- 122.9576
HI3 c21 c21 c21 c21
Cs- C3- Cs- C3- Cs- C3- Cs- C3- Cs- C3-
Co 14054 " o 1189855 5 14054 ("o 1199612 L 14059 " 120.1987 o 14041 (" (o 119.9872 S 1.4077 ("5 119.9498
C3- C3- C3- C3- C3-
858' 13753 C4- 120.1581 %58 13756 C4- 119.6091 %58 13759 Cd- 119.4442 %58 1376 C4- 119.5564 %58 13752 C4- 1200753
H14 H13 H13 HI3 H13
C5- C5- C5- C5- C5-
g‘;' 13652 C4- 120.8561 %67' 13671 C4- 120.4294 %67' 13672 C4- 1203568 %67' 13671 C4- 120.4564 %67' 13644 C4- 119.9748
H14 H13 H13 HI3 H13
07- C4- 07- C4- 07- C4- 07- C4- 07- C4-
H1s 09671 (o 120.9397 117 0.9669 o [ 1211374 110 0.9669 o [ 121.0914 1) 0967 (o 121.089 17 09672 o (. 1213889
C4- C4- C4- C4- C4-
?:(1)1 14226 C5- 125.8319 8?1 14221 C5- 125.6854 gfl 1422 C5- 1257375 8?1 14222 C5- 125.6759 8?1 14226 C5- 125.6313
08 08 08 08 08
C6- C6- C6- C6- C6-
819(') 14336 C5- 1132221 819(') 14333 C5- 113171 819(') 14332 C5- 113.1641 819(') 1.4335 C5- 1132319 819(') 14335 C5- 112.9746
08 08 08 08 08
C10- Cl- C10- Cl- C10- Cl- C10- Cl- C10- Cl-
H1e 10895 (o (s 119.5288 1 1.0896 [ 118.9755 | 1.0896 "o 118.8575 [\ 0 1.0896 (o " 119.0279 [\ o 1.0895 (. 118.9467
Cl- Cl- Cl- Cl- Cl-
(13{1107'1.0912 C6- 1204469 (13{1106'1.0911 C6- 120.835 %1106'1.0911 C6- 120.9632 (13{1106' 1.091 C6- 120.7807 %1106'1.0912 C6- 120.8768
07 07 07 07 07
C5- C5- C5- C5- C5-
(13{11%'1.0957 C6- 120.0193 (13{1107'1.0958 C6- 120.1836 %1107_1.0958 C6- 120.1726 (13{1107'1.0957 C6- 120.1889%1107_1.0957 C6- 120.1713
07 07 07 07 07
C6- C6- C6- C6- C6-
(13{1119' 1.0887 O7- 107.3172 (13{1118' 1.0887 O7- 107.2411(}3111;_1.0888 07- 107.2183 (13{1118' 1.0887 O7- 107.2123 %1118_1.0887 07- 107.2829
HI5 H14 H14 H14 H14
C5- C5- C5- C5- C5-
(13{1210 1.0946 0O8- 118.5555 (13{1119' 1.0947 08- 118.6525 %1119'1.0947 08- 118.6297 (13{1119' 1.0947 0O8- 118.6205 %1119'1.0946 08- 118.6717
Cl1 Cl1 Cl11 Cl1 Cl11
Cl- Cl- Cl- Cl- Cl-
(13{1211' 1.0946 09- 116.7102 (13{1210 1.0947 09- 116.7258 ?{1210_1.0948 09- 116.7763 (13{1210 1.0947 09- 116.8174 %1210'1.0947 09- 116.6658
C10 C10 C10 C10 C10
09- 09- 09- 09- 09-
C10- 105.8295 (13{2212 1.0948 C10- 105.831 ?{2212_1.0968 C10- 105.8319 (13{2212 1.0963 C10- 105.8196 %2212'1.0889 C10- 105.8277
H16 HI5 H15 HI5 H15
09- 09- 09- 09- 09-
C10- 111.4631 (13{2213 1.0948 C10- 111.4782 %2213 1.097 C10- 111.4983 (13{2213 1.0955 C10- 111.4836 CC2213'1.3388 C10- 11148
H17 H16 H16 H16 H16
09- 09- 09- 09- 09-
C10- 110.3397 %2214 1.0915 C10- 1103421 %221‘_1.5296 C10- 110.358 %2214 1.5411 C10- 1103548 %34'1.0883 C10- 110.3459
HI8 H17 H17 H17 H17

978



Lignin

HI16- HI5- Coa HI5- 24 HI5- 2. HI5-
C10- 109.8136 C10- 109.8484 [ 1.0934 C10- 109.8473 [0 1.0954 C10- 109.8521 "0 14994 C10- 109.8054
H17 H16 H16 H16 H16
HI6- HI5- Coa HI5- 24 HI5- 2. HI5-
C10- 10939 C10- 109385 |07 1.0934 C10- 1093757 [ 1.0958 C10- 109374 2% 1.0927 C10- 1093944
HI8 H17 H17 H17 H17
H17- HI6- Coa HI16- 24 HI16- 5. HI6-
C10- 109.9152 C10- 109.8687 157 1.093 C10- 109.8428 7 1.531 CI0- 109.8687 1127 1.0963 C10- 109.8983
HI8 H17 H17 H17 H17
08- 08- 08- 7. 08- 2. 08-
Cl1- 106.0291 Cl1- 106.028 Cl1- 1060356 [;,¢ 10946 Cll1- 106.0304 2 1.0963 C11- 106.0102
H19 HI8 HIS HI8 HIS
08- 08- 08- 7. 08- 08-
Cl1- 111.0543 Cl1- 111.0988 Cl1- 1111003 |50 1.0935 Cl1- 111.0725 Cl1- 111.0591
H20 H19 H19 H19 H19
08- 08- 08- 7. 08- 08-
Cl1- 111.0745 Cl1- 111.0888 Cll- 1110976 117" 1.0948 Cl1- 111.1272 Cll- 111.0735
H21 H20 H20 H20 H20
HI9- HIS- HIS- HIS- HIS-
Cll- 109.524 Cl1- 109.5021 Cl1- 109.4986 Cl1- 109.5169 Cl1- 109.5268
H20 H19 H19 H19 H19
HI9- HIS- HIS- HIS- HIS-
Cl1- 109.4542 Cl1- 109.4454 Cl1- 109.4438 Cl1- 109.4245 Cl1- 109.4527
H21 H20 H20 H20 H20
H20- HI9- HI19- HI9- HI19-
Cl1- 109.6304 Cl1- 109.6033 Cl1- 109591 Cl1- 109.595 Cl1- 109.6432
H21 H20 H20 H20 H20
C3- C3- C3- C3-
C21- 1113706 C21- 108.3071 C21- 109.614 C21- 114297
H22 H22 H22 H22
C3- C3- C3- C3-
C21- 1114222 C21- 108.4221 C21- 109.3901 C21- 128.0423
H23 H23 H23 €23
C3- C3- C3- H22-
C21- 1111213 C21- 116.3648 C21- 113382 C21- 117.6606
H24 C24 €24 €23
H22- H22- H22- C21-
C21- 107.2775 C21- 105.4876 C21- 106.3403 €23- 119.7526
H23 H23 H23 H24
H22- H22- H22- C21-
C21- 107.7076 C21- 108.8524 C21- 108.951 C23- 124.5942
H24 C24 €24 €25
H23- H23- H23- H24-
C21- 107.7467 C21- 108.8668 C21- 108.9196 €23- 115.6531
H24 C24 C24 €25
C21- C21- C23-
C24- 111.7215 C24- 108.8996 C25- 111.5417
H25 H25 H26
C21- C21- C23-
C24- 111.6558 C24- 109.0345 €25- 111.2486
H26 H26 H27
C21- C21- C23-
C24- 110.1673 C24- 112.9311 €25- 11125
H27 c27 H28
H25- H25- H26-
C24- 107.9087 C24- 106.0813 €25- 108.0321
H26 H26 H27
H25- H25- H26-
C24- 107.5573 C24- 109.8509 €25- 108.0286
H27 c27 H28
H26- H26- H27-
C24- 107.6481 C24- 109.8071 €25- 106.5265
H27 c27 H28
C24-
C27- 111.2402
H28
C24-
C27- 1112757
H29
C24-
C27- 111.3052
H30
H28- 107.6355
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C27-

H29

H28-

C27- 1075373
H30
H29-
C27- 107.6576
H30
Table 5
Mulliken atomic charges of molecules (a-¢)
a b c d e

Atoms Charges Atoms Charges Atoms Charges Atoms Charges  Atoms  Charges
1C -0.1919 1C -0.3893 1C -0.5138 1C -0.3868 1C 0.0677
2C 0.2984 2C -0.6428 2C -1.0430 2C -0.2394 2C -0.2067
3C -0.2856 3C 0.5481 3C 1.4826 3C 1.5999 3C 1.9733
4C 0.2367 4C 0.4197 4C 0.3070 4C 0.0494 4C -0.9458
5C 0.0280 5C -0.1419 5C -0.5114 5C -0.3938 5C -0.5962
6C -0.5266 6C -0.0848 6C 0.1316 6C -0.3407 6C -0.3005
70 -0.2762 70 -0.2838 70 -0.2876 70 -0.2786 70 -0.2760
80 -0.2665 80 -0.2634 80 -0.2599 80 -0.2635 80 -0.2694
90 -0.1738 90 -0.1647 90 -0.1556 90 -0.1732 90 -0.1673
10C  -0.2810 10C  -0.2922 10C  -0.2996 10C -0.3038 10C -0.2971
11C  -0.2945 11C  -0.2951 11C  -0.3361 11C -0.3349 11C -0.3111
12H  0.1806 12H  0.1549 12H  0.1773 12H 0.2016 12H 0.1697
13H  0.1698 13H  0.1403 13H  0.1514 13H 0.1735 13H -0.0510
14H  0.1472 14H  0.3014 14H  0.3047 14H 0.2997 14H 0.3029
ISH  0.3012 I5SH  0.1495 I15SH  0.1488 15H 0.1505 15H 0.1499
16H  0.1510 16H  0.1636 I6H  0.1651 16H 0.1664 16H 0.1638
17H  0.1630 17H  0.1265 17H  0.1275 17H 0.1261 17H 0.1297
I8H  0.1244 I8H  0.1799 I8H  0.1679 18H 0.1701 18H 0.1818
I9H  0.1698 I9H  0.1657 I9H  0.1660 19H 0.1665 19H 0.1699
20H 0.1648 20H 0.1626 20H  0.1619  20H 0.1628 20H 0.1664
21H  0.1612 21C  -0.4214 21C  -0.2986  21C -0.7247 21C 0.1290
22H  0.1578  22H  0.1537  22H 0.1327 22H 0.1012
23H  0.1543 23H  0.1556  23H 0.1537 23C -0.2724
24H  0.1550 24C  -0.5498  24C -0.1597 24H 0.1319
25H  0.1466  25H 0.1462 25C -0.5765
26H  0.1499  26H 0.1306 26H 0.1433
27H  0.1580 27C -0.6363 27H 0.1447
28H 0.1304 28H 0.1447

29H 0.1468

30H 0.1282

For the 2C atom in the molecules of syringol HOMO-LUMO

derivatives, with increasing length and nature of
the alkyl substituent, the Mulliken atomic charges
values are observed: 0.2984, -0.6428, -1.0430, -
0.2394 and -0.2067, respectively. For the 3C atom
in the series syringol, 4-methyl syringol, 4-ethyl
syringol, 4-propyl syringol, 4-propenyl syringol,
the following values are observed: -0.2856,
0.5481, 1.4826, 1.5999 and 1.9733, respectively.
In general, a similar picture is observed for other
atoms, carbon, oxygen and hydrogen.

980

Frontier molecular orbitals, namely HOMO
and LUMO, play an important role in quantum
chemistry. Lowest unoccupied molecular orbitals
(LUMO) and highest occupied molecular orbitals
(HOMO), and their properties are very useful for
materials scientists, physicists and chemists.’' The
energy separation of the highest occupied
molecular  orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) has been
used as a simple indicator of kinetic stability.****



A large HOMO-LUMO gap implies high
kinetic stability and low chemical reactivity, since
it is energetically unfavorable to add electrons to a
high-lying LUMO, extract electrons from a low-
lying HOMO, and thus form an activated complex
of any reaction potential.** Pearson noted that the
HOMO-LUMO gap reflects the chemical stability
of the molecule.**® In general, an atom with a

Lignin

higher density HOMO should have a higher
ability to remove an electron, while an atom with
a higher density occupied by a LUMO should
have a higher force to gain an electron.’’*° Blue
and red colors represent positive and negative
phases, respectively. Data from the HOMO-
LUMO analysis are presented in Figure 3 and
Table 6.

44 (a)—‘_'— —0.00323
43 (a)—l:'— —0.00629
4z (a)—l:'— —0.01376
a
41 (a) 0. 21973
40 (a) —0.23388
29 (21 — A — —o. 28510
48 (a)—D— ~0.00198
47 (a)ﬂ— ~0.00707
. 46 (a)ﬂ ~0. 01417
45 (a) ~0.212390
a4 (a)l ~0.23087
13 (a0 = -0 28245
52 (a)—U— —0.00249
51 (a)—|:|— —0.00680
50 (a)ﬂ— —0.01393
c
19 (a)l —0.21214
48 (a)l —0.22966
47 (21— b= -0 28165
56 (a)—|_'— —0.00448
EE (a)ﬂ— ~0.005249
54 (a)—|:|— —0.01457
d
53 (a3 —{1}|— -0.21270
52 (a) —0.23060
£1 (a) ~0.28234
55 (a)—u— —0. 004328
54 (a)—D— —0 01463
53 (a)—D— _0.03382
e
52 (a.) —0. 20460
E1 (2} _0.23383
50 (2 — A b— -0 26587

Figure 3: HOMO-LUMO orbitals and energy ranges of molecules (a-¢)
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Table 6
Calculated electronic parameters of molecules (a-e) using B3LYP/6-311++G(d,p)
a b c d e
ELumo -0.3744 -0.3856 -0.3791 -0.3965 -0.9203
Enomo -5.9792 -5.7933 -5.7726  -5.7879 -5.5675
Energy band gap (AE) 5.6047 5.4077 5.3936 5.3914 4.6472
Electronegativity(y) 3.1768 3.0894 3.0758 3.0922 3.2439
Electrophilicity index (o) 1.8006 1.7650 1.7541 1.7735 2.2643
Chemical potential (L) -3.1768 -3.0894 -3.0758  -3.0922 -3.2439
Chemical hardness (1) 2.8024 2.7039 2.6968 2.6957 2.3236
Optical softness (c,) 0.1784 0.1849 0.1854 0.1855 0.2152
Softness (c) 0.3568 0.3698 0.3708 0.3710 0.4304
Ionization energy (IP) 5.9792 5.7933 5.7726 5.7879 5.5675
Maximum charge transfer index (ANmax)  1.1336 1.1426 1.1406 1.1471 1.3961
Nucleophilic index (N) 0.5554 0.5666 0.5701 0.5639 0.4416
Electron affinity (EA) 0.3744 0.3856 0.3791 0.3965 0.9203

According to the data presented in Table 6, the
LUMO energy gradually decreases with
increasing length of the alkyl radical, and
decreases significantly when moving from the
propyl radical to the propenyl radical, which is
due to the influence of the double bond on the
overall energy structure. In turn, the energy of
HOMO does not change linearly. It should be
noted that when going from syringol to 4-
methylsyringol and from 4-propyl syringol to 4-
propenyl syringol, the largest change in HOMO
energy values is observed. The Energy Band Gap
gradually decreases with increasing length of the
alkyl radical. The greatest change is observed
when moving from 4-propyl syringol to 4-
propenyl syringol, which is associated with an
increase in its chemical activity due to the
presence of a double bond.

The introduction of an alkyl radical reduces
the electronegativity and electrophilicity index of
syringol, and the presence of a double bond in the
alkyl radical increases the value of this parameter.
The values of chemical hardness and ionization
energy naturally decrease with the increase in the
chain of the alkyl radical; the presence of a double
bond for these parameters also leads to their
decrease. The optical softness, softness and
maximum charge transfer index values increase
with increasing chain length of the alkyl radical
and the appearance of a double bond. The
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nucleophilic index and electron affinity values
change nonlinearly with changes in the length of
the alkyl substituent in syringol derivatives.

MEP and ALIE analysis

MEP-ALIE analysis is a promising tool in
quantum chemistry for identifying effects in
atoms and their interactions.”’ Average local
ionization energy (ALIE) is defined as the energy
required to remove an electron from a specific
region of a molecule.*'** At the same time, to
assess molecular regions prone to electrophilic or
nucleophilic attacks, the molecular electrostatic
potential (MEP) is most often used.”” The MEP is
well visualized when its values are compared to
the electron density surface. MEP and ALIE
complement each other well, since MEP is often
used to determine regions of molecules prone to
electrophilic  attack, and ALIE provides
information on the amount of energy required to
remove an electron from a molecule.***

According to Figure 4, the ALIE surface for
the test substances is colored blue over the
benzene ring and red over the alkyl and methoxy
groups; for 4-propenic syringol, blue is also found
over the carbon-carbon double bond. On MEP
maps, the surface above the methoxy groups is
light blue, the alkyl substituent is blue-green, and
the benzene ring is yellow.



Lignin

Figure 4: ALIE (average local ionization energy) and MEP (molecular electrostatic potential) surfaces of molecules (a-

e)

Spectroscopic analysis of birch ethanol lignin of the studied syringol derivatives are presented in
hydrogenation products Figure 5, and the corresponding absorption bands

Lignin and its modification products are for the bonds are presented in Table 7.
actively studied by experimental and theoretical
spectroscopic methods.***® The theoretical spectra
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OH group

The hydroxyl group for syringol and its
derivatives is identified in the FTIR spectra in the
region of 3700-3600 cm™.* In all the presented
spectra, it has a clear absorption band of
noticeable intensity, without splitting into other
bands.

C-0 group

The C-O group in theoretical FTIR spectra is
observed in the regions of 1470-1530, 1210-1310,
1070-1120 and 1000-1090 cm™. Vibrations of this
group are widespread and have been actively
studied in previous works.’*>!

C-C group
The study of carbon-carbon bonds in biomass
components and products of its processing by

spectroscopic  methods is actively being
studied.”>> In our case, when studying syringol
and its derivatives, vibrations of the carbon-
carbon bond are observed in the regions: 1440-
1600 cm™ (for the aromatic ring), 1640-1670 cm’
(for the double bond in 4-propenyl syringol).

C-H group

Vibrations of the C-H group in theoretical
FTIR spectra for the substances under study are
observed in the region of 2900-3200 cm™. In this
region, many peaks of varying intensity are
observed, which is due to the presence of many C-
H bonds in the molecules of syringol and its
derivatives. Vibrations of this group were also
studied in previous reports.**>

J ]

Transmittance

T T T
4000 3000

I r
1000 0

Wavenumber (cm'1)

Figure 5: FTIR spectra of molecules (a-¢)

Calculated vibrational frequency (B3LYP/6-311G++(d.p) with PED assignments with VEDA 4 of a
(scaled by 0.9668)

Theoretical wavenumber (cm™")

PED (%)

Unscaled Scaled IR intensity

Assignments

3207.63 3101.136684 5.45
319733  3091.178644 7.27
3178.43  3072.906124 5.25

O 01N N bW —

377123 3646.025164 11456 v OH (100)

v CH (14)+v CH (80)

v CH (77)+v CH (10)+v CH (-13)
v CH (-18)+v CH (76)

3136.46 3032329528  18.60 v CH (90)

3131.78 3027.804904  19.57 v CH (74)+v CH (-25)

3093.99 2991.269532  29.58 v CH (16)+v CH (59)+v CH (-25)
3073.6  2971.55648  32.27 v CH (-50)+v CH (50)

3013.59 2913.538812  58.76 v CH (10)+v CH (15)+v CH (72)
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10 301231 2912.301308  64.99 v CH (-44)+v CH (-44)

11 1647.44 1592.744992  77.09 v CC (30)+v CC (-23)+3 CCC (11)

12 162859 1574.520812  13.37 v CC (34)+v CC (10)+v CC (-12)

13 152493 1474.302324  85.64 v OC (-10)+3 HCC (11)

14 151122 1461.047496  11.93 & HCH (-18)+5 HCH (52)+tHCOC (12)

15 1508.04 1457.973072  32.66 & HCC (-16)+3 HCH (11)+5 HCH (-23)+

16 1503.75  1453.8255  92.42 & HCH (-15)+5 HCH (-14)+5 HCH (35)+

17 1489.68 1440.222624  9.76 & HCH (-38)+5 HCH (35)+tHCOC (19)

18  1486.94 1437.573592  17.24 & HCH (-41)+5 HCH (26)+tHCOC (13)

19 147551 1426.523068  18.94 § HCH (23)+8 HCH (27)+5 HCH (15)

20 1469.04 1420.267872 1328 & HCH (27)+8 HCH (20)+3 HCH (15)

21 139121 1345.021828  47.79 v CC (-17)+8 HOC (29)+5 HCC (11)

22 131138 1267.842184 20824 v OC (-10)+v OC (-13)+8 HOC (18)+v CH ()

23 129195 1249.05726 1240 v CC (25)+5 HCC (-13)

24 125729 1215.547972  88.54 v OC (-24)y+v OC (21)+8 CCC (12)+3 HCC (10)

25 124146  1200.243528 25533 v CC (-11)+v OC (-13)+v OC (20)+  HOC (12)

26 121324 1172.960432  11.80 & HCH (12)+tHCOC (19)+tHCOC (-25)

27 120145 1161.56186  0.82 & HCH (11)+tHCOC (21)+tHCOC (-22)

28 118131 1142.090508 624 3 HCC (-18)+8 HCC (35)+8 HCC (-13)

29 1170.89 1132.016452  3.13  § HCH (13)+3 HCH (-16)+tHCOC (-32)+ 1 HCOC (23)+1
HCOC(15)

30 1169.94 1131.097992  0.63 & HCH (-13)+3 HCH (13)+tHCOC (39)+tHCOC (-17)+1
HCOC (-17)

31 1116.87 1079.789916  216.65 v OC (43)

3210929  1056.61572  27.73 v CC (21)+v CC (19)+ HCC (26)

33 103651 1002.097868  36.16 v OC (12)+v OC (65)

34 94813 916.652084  0.82  tHCCC (-35)+tHCCC (45)

35 91561 885211748 4473 v OC (-17)+v OC (16)+v OC (19)+v OC (-14)

36 869.72  840.845296 103 tHCCC (30)+tHCCC (10)+tHCCC (41)

37 83691  809.124588 832  vOC (22)+5 CCC (-14)+3 CCC (32)

38 784.11  758.077548 2443  tHCCC (-16)+tHCCC (10)+OUT OCCC (-13)+ OUT
OCCC (15)+OUT OCCC (16)

39 7288  704.60384  46.15 tHCCC (21)+tHCCC (16)+tHCCC (-26)+OUT OCCC (-13)

40 70104  677.765472 827 v CC (12)+v OC (11)+8 CCC (10)

41 62688  606.067584 359  §COC (-14)+OUT OCCC (-31)+OUT OCCC 21)

42 59283 573.148044  10.82 5 OCC (25)+5 OCC (12)

43 56151  542.867868 101 tCCCC (36)+tCCCC (-16)+1CCCC (11)+OUT OCCC (20)

44 53357 515855476 6.12 8 CCC (-13)+3 CCC (22)+3 CCC (-10)+ & CCC (10)

45 48091  464.943788 928 v OC (-10)+5 CCC (22)+5 CCC (-13)+ 8 OCC (-10)

46 4553  440.18404  88.19 tHOCC (93)

47 393.19  380.136092  6.80 & OCC (14)+5 COC (-18)+5 COC (20)

48 350.07 338447676  5.12 8 OCC (-19)+5 COC (14)+8 COC (11)+OUT OCCC (-13)

49 30526 295.125368 120§ OCC (-30)+3 OCC (17)+OUT OCCC (12)

50 28436 274919248 035  1CCCC (14)

51 24375 235.6575 033 8 0CC (11)+5 COC (-14)+tCCCC (-13)

52 21656 209.370208 221  § OCC (22)+8 COC (-15)+tHCOC (-12)

53 192.87  186.466716 125 tHCOC (10)+tCCCC (17)+tCCCC (-12)

54 157.84 152599712 235  tHCOC (35)+tHCOC (10)+tCCCC (-10)

55 12559  121.420412 058  1CCCC (-12)+tCCCC (11)+tCCCC (26)+ 1 COCC(14)+OUT
0CCC (-13)

56 7121 68.845828 335  1COCC (-63)

57 60.98  58.955464 569  1COCC (66)
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Theoretical 'TH-NMR of a
24 24
g g
Q Q
5 5
g i § 1
0 T T T T T T 1 0 T T T T T T 1
7 6 5 4 3 2 1 0 7 6 5 4 3 2 1 0
Shift (ppm) a) Shift (ppm) b)
- 34
* T Theoretical PR of &
24 24
>
g g
o Q
|5 5
8 8
1 14
0 T T T T T 1 0 T T T T T T 1
7 6 5 4 3 2 1 0 7 6 5 4 3 2 1 0
Shift (ppm) C) Shift (ppm) d)
Theoretical "H-NVIR of &
2
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g
Q
5
&1
0 T ™ T T T T 1
7 6 5 4 3 2 1 0
Shift (ppm) e)
Figure 6: 1H-NMR spectra of molecules (a-¢)
NMR spectroscopy has proven itself well as an chemical shifts in the spectra of syringol

analysis of biomass processing products.***%’

Syringol and its derivatives are products of
various catalytic processes for processing various
types of biomass.®® Determination of syringol
derivatives by NMR spectroscopy is important for
their identification and subsequent regulation of
experimental conditions.”® Calculation of the
NMR spectra of syringol and its alkyl derivatives
can make it possible to determine them in more
detail in the products of various thermocatalytic
processes of biomass processing. The calculated
NMR spectra are shown in Figure 6, and their
corresponding values are shown in Table 8.
According to the data presented in Table §, the
introduction of an alkyl substituent leads to a
change (shift and/or change in intensity) of most
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derivatives. Thus, the 12-H value for the original
syringol is 6.7709 ppm, for 4-methyl syringol —
6.6304 ppm, for 4-ethyl syringol — 6.6671 ppm,
for 4-propyl syringol — 6.6412 ppm, and for 4-
propenyl syringol — 6.713 ppm. For the 13-H
atom in the series: syringol, 4-methyl syringol, 4-
ethyl syringol, 4-propyl syringol, 4-propenyl
syringol, the following values are observed:
6.7369, 6.2861, 6.2953, 6.2983 and 6.5997 ppm,
respectively. For the 14-H atom in the molecules
of syringol derivatives, with increasing length and
nature of the alkyl substituent, the following
values are observed: 6.4067, 4.9392, 49179,
4.922 and 5.1072 ppm, respectively. For other
hydrogen atoms, changes in the NMR spectra are
also observed, as shown in Figure 6 and Table 8.



Table 8
Chemical shifts of hydrogen atoms for molecules (a-e)

Lignin

b c d
12-H 6.7709 12-H 6.6304 12-H 6.6671 12-H 6.6412 13-H 6.713
13-H 6.7369 13-H 6.2861 13-H 6.2953 13-H 6.2983 12-H 6.5997
14-H 6.4067 14-H 4.9392 16-H 49383 16-H 49513 24-H 6.3389
15-H 5.1768 16-H 4.8835 14-H 49179 14-H 4.922 22-H 6.311
17-H 4.8915 18-H 4.0428 18-H 4.0392 18-H 4.0814 14-H 5.1072
19-H 4.0451 15-H 3.7721 15-H 3.8058 15-H 3.7309 16-H 4.8131
16-H 3.7931 20-H 3.6704 20-H 3.6833 20-H 3.7297 18-H 4.0297
21-H 3.6779 19-H 3.6172 19-H 3.6339 19-H 3.683 15-H 3.72
20-H 3.6339 17-H 3.2011 17-H 3.2421 17-H 3.2064 19-H 3.6511
18-H 3.2446 22-H 2.3065 23-H 2.7142 23-H 2.2806 20-H 3.6366
12-H 6.7709 23-H 2.2921 22-H 2.7011 22-H 2.2259 17-H 3.1819
13-H 6.7369 24-H 1.7738 25-H 1.161 25-H 1.4503 27-H 1.9136
14-H 6.4067 27-H 1.1303 26-H 1.398 28-H 1.9134
15-H 5.1768 26-H 1.1216 29-H 1.1361 26-H 1.6699
28-H 0.8687
30-H 0.8419
CONCLUSION ACKNOWLEDGEMENTS: The authors would

The effect of solid bifunctional ruthenium-
containing catalysts on the yield and composition
of birch ethanol lignin hydrogenation products has
been established. It has been shown that the most
effective catalyst is 3% Ru/C with a support
oxidation temperature of 400 °C. The use of this
catalyst ensures the maximum production of
monomeric methoxyphenols with a yield of about
11.1 wt%. The main components of the liquid
products are alkyl derivatives of syringol. The
main derivatives of 4-alkylsyringol have been
studied using the density functional theory
method.  Spectroscopic (FTIR and NMR)
characteristics, HOMO-LUMO, Mulliken atomic
charges, eclectronic parameters, MEP and ALIE
have been calculated for these molecules. The
effect of the length and nature of the alkyl (or
allyl) radical on the energy structure and
physicochemical parameters of the syringol
derivative has been shown. The introduction of an
alkyl radical reduces the electronegativity and
electrophilicity index of syringol, and the
presence of a double bond in the alkyl radical
increases the value of this parameter. The values
of chemical hardness and ionization energy
naturally decrease with the increase in the chain
of the alkyl radical; the presence of a double bond
for these parameters also leads to their decrease.
The results obtained may subsequently help in the
identification ~of syringol derivatives in
multicomponent mixtures, such as wood
hydrogenation products and hardwood lignin.

like to thank Bitlis Eren University for Gaussian
software and Bingdl University for the server.
Experimental work was conducted within the
framework of the budget plan # 0287-2021-0012
for Institute of Chemistry and Chemical
Technology SB RAS using the equipment of
Krasnoyarsk Regional Research Equipment

Center of SB RAS.
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